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Case Report: Optic Atrophy and
Nephropathy With m.13513G>A/
MT-ND5 mtDNA Pathogenic Variant
Valentina Barone1, Chiara La Morgia2, Leonardo Caporali 2, Claudio Fiorini 2,
Michele Carbonelli 1, Laura Ludovica Gramegna1,2, Fiorina Bartiromo1,2, Caterina Tonon1,2,
Luca Morandi1,2, Rocco Liguori 1,2, Aurelia Petrini 3, Rachele Brugnano4, Rachele Del Sordo5,
Carla Covarelli 5, Manrico Morroni 6, Raffaele Lodi1,2 and Valerio Carelli 1,2*

1Department of Biomedical and Neuromotor Sciences (DIBINEM), Alma Mater Studiorum-University of Bologna, Bologna, Italy,
2IRCCS Istituto delle Scienze Neurologiche di Bologna, Bologna, Italy, 3Nephrology Division, “S. Giovanni Battista Nuovo”
Hospital, Foligno, Italy, 4Department of Nephrology and Dialysis, S. Maria della Misericordia Hospital, Perugia, Italy, 5Department
of Medicine and Surgery, Section of Anatomic Pathology and Hystology, Medical School, University of Perugia, Perugia, Italy,
6Department of Experimental and Clinical Medicine, Section of Neuroscience and Cell Biology, School of Medicine, Università
Politecnica delle Marche, Ancona, Italy

Isolated complex I deficiency represents the most common mitochondrial respiratory
chain defect involved in mitochondrial disorders. Among these, the mitochondrial DNA
(mtDNA) m.13513G>A pathogenic variant in the NADH dehydrogenase 5 subunit gene
(MT-ND5) has been associated with heterogenous manifestations, including phenotypic
overlaps of mitochondrial encephalomyopathy with lactic acidosis and stroke-like
episodes, Leigh syndrome, and Leber’s hereditary optic neuropathy (LHON).
Interestingly, this specific mutation has been recently described in patients with adult-
onset nephropathy. We, here, report the unique combination of LHON, nephropathy,
sensorineural deafness, and subcortical and cerebellar atrophy in association with the
m.13513G>A variant.

Keywords: LHON, Mitochondrial nephropathy, m.13513G>A mutation, MT-ND5, cerebellum

INTRODUCTION

Mitochondrial diseases (MDs) constitute a heterogenous group of rare diseases characterized by
frequent multisystemic involvement and pleomorphic clinical manifestations. Mitochondria are
crucial for tissues and organs with a high energy demand, including the central nervous system and
in particular the neural retina and organs such as the kidney and liver (La Morgia et al., 2020).
Primary kidney disorders in MDs are more frequently reported in children than in adults, and their
typical manifestations include both tubular disorders and glomerulopathies (Emma et al., 2016).

The most important causes of focal segmental glomerulosclerosis (FSGS) are represented by
defects in coenzyme Q10 biosynthesis due to nuclear DNAmutations and the m.3243A>Gmutation
affecting the mtDNA-encoded tRNA-Leu gene (Emma et al., 2016). Kidney involvement was
recently described in association with SSBP1 gene mutations, leading to mtDNA depletion and
expressing a complex phenotype, which may include optic atrophy, foveopathy and retinal
dystrophy, sensorineural deafness, myopathy, and kidney failure, requiring transplantation (Del
Dotto et al., 2020).

Mitochondrial nephropathy has also been described in patients with the m.13513G>A pathogenic
variant in the MT-ND5 gene encoding for a complex I subunit (Bakis et al., 2020).
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Complex I deficiency is the most common biochemical defect
in MDs (Alston et al., 2017), and pathogenic mutations have been
identified in all seven mtDNA-encoded subunits. Among these,
the MT-ND5 gene is a mutational “hot-spot” (Liolitsa et al., 2003;
Bannwarth et al., 2013), and its pathogenic variants have been
associated with different clinical phenotypes, including Leigh
syndrome (LS) (Kirby et al., 2003; Blok et al., 2007),
mitochondrial encephalomyopathy with lactic acidosis stroke-
like episode (MELAS) syndrome (Liolitsa et al., 2003; Shanske
et al., 2008), Leber’s hereditary optic neuropathy (LHON)
(Howell et al., 1993), or combinations of these (Wang et al., 2010).

Here, we report a case with the unique combination of optic
atrophy, sensorineural deafness, subcortical and cerebellar
atrophy, and adult-onset nephropathy associated with the
heteroplasmic m.13513G>A/MT-ND5 mtDNA variant.

CASE DESCRIPTION

A 48-year-old male patient was referred to our institution with a
history of bilateral visual loss and chronic kidney disease (CKD).
His mother and sister were affected by an asymptomatic duplex
collecting system (Figure 1). From age 43, he presented bilateral
sensorineural deafness. At the age of 47, he developed acute-onset
visual loss in the right eye, followed by the left eye after a few
months. Ophthalmological examination showed visual acuity loss
(0.3 in OD and 0.5 in OS). Due to the LHON-like phenotype, the
mtDNA was analyzed for classic primary mutations, which were
negative. MtDNA complete sequencing from muscle biopsy
revealed the m.13513G>A/MT-ND5 heteroplasmic mutation.
Therefore, idebenone treatment (900 mg/die) was started,
about 10 months after the onset of visual loss in the first eye.
The patient reached the nadir 15 months after the onset (visual
acuity was counting fingers bilaterally). At the last follow-up
26 months after the onset, the patient showed partial recovery of
visual acuity (0.1 in OD and 0.06 in OS), and therapy with
idebenone is still ongoing.

The patient also presented a five-year history of secondary
hypertension and CKD, for which he was taking a low-salt, low-
protein diet. He never developed tubulopathy signs. Renal biopsy
specimens showed FSGS (Figure 2). Autoimmune and
cardiovascular diseases and Fabry and Alport syndromes were
excluded. The patient is on dialysis since September 2021 and is
currently on a waiting list for a kidney transplant.

At the time of our first observation, neurologic examination
showed a marked reduction of visual acuity bilaterally, upper
limb dysmetria, and diffuse brisk deep tendon reflexes. The Mini-
Mental State Examination (MMSE) score was 28 (a possible
influence of low vision should be considered). Fundus
examination revealed the temporal optic disc pallor to be
more severe in the right eye. Optical coherence tomography
(OCT) disclosed a bilateral diffuse and severe thinning of the
retinal nerve fiber layer (Figure 3). Blood examinations showed
normal lactic acid levels in plasma at rest (9.6 mg/dl, normal
range 5–22) but abnormally elevated levels after standardized

FIGURE 1 | Pedigree and genetic analysis. Pedigree of the family (A).
Asterisks indicate the individual investigated. The m.13513G > A/MT-ND5
variant heteroplasmy (B) in the peripheral blood (B), urinary sediment (U), and
kidney biopsy (K) is reported. The mtDNA content from the kidney (C)
from the proband (IV:1, n = 1) and controls (CTRLs, n = 6). Data were
presented as a scatter plot with mean and SD.
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exercise (55.1 mg/dl) and after recovery (36.7 mg/dl). The serum
creatinine value was elevated (4.61 mg/dl, normal range 0.5–1.2).
Electrocardiogram was unremarkable.

MATERIALS AND METHODS

Renal Biopsy Histology and Electron
Microscopy
Renal biopsy was performed for light microscopy and electron
microscopy without samples for immunofluorescence.
Hematoxylin and eosin (H&E), periodic acid Schiff (PAS),
Masson’s trichrome, Jones Methenamine Silver stains, and
CD68 immunohistochemistry (clone Kp-1, ready to use, Cell
Marque) were applied for light microscopy.

Genetic Analysis
DNA was extracted from peripheral blood and urine sediment by
using the Maxwell® 16 Blood DNA Purification Kit. DNA from

formalin-fixed paraffin-embedded tissues (FFPE) was purified
starting from three sections of 10 microns each, using the
NucleoSpin Tissue kit (Macherey-Nagel, Dueren, Germany).
The m.13513G>A/MT-ND5 variant was quantified by the
SNaPshot Multiplex System (Álvarez-Iglesias et al., 2008).
MtDNA content/cell was assessed by Real-Time PCR
(Giordano et al., 2014).

Brain MRI Protocol
The high-field (3T) protocol included 3D T1- 3D FLAIR T2 axial
TSE T2 and SWI imaging and a single-voxel proton MR
spectroscopy (1H-MRS) study of the left parietal white matter.

RESULTS

Histology and Electron Microscopy
Light microscopy examination revealed eight glomeruli. Three
glomeruli were globally sclerotic. Masson’s trichrome staining

FIGURE 2 | Histology and electron microscopy. Masson’s trichrome (200x): global (black arrow) and segmental (white arrows) glomerulosclerosis (A). H&E (400x):
glomerulus with mesangial matrix expansion, mesangial hypercellularity, capillary loops adherent to Bowman capsule, and foam cells (black arrow) (B). Masson’s
trichrome (400x): foam cells (black arrow) and segmental (white arrows) sclerosis (C). Masson’s trichrome (400x): diffuse interstitial fibrosis (D). H&E (400x): loss of apical
cytoplasm, necrosis of individual cells, detachment of epithelial cells in tubular lumen (black arrow), denudation of the tubular basement membrane (white arrow)
(E). PAS (400X): hyalinosis in a small artery (black arrow) (F). Mitochondrion with a cyst-like structure (arrowhead) in (a) and amyelin figure (arrow) in (b). In (c), the arrows
represent the narrowing of a long mitochondrion and in (D) an electron-dense inclusion within a mitochondrion. The kidney of control: normal mitochondria contained in
glomerulus (e) and proximal tubule (f) Scale bar: a = 0,5 µm; b = 0.45 µm; c = 1.25 µm; d = 1.25 µm; e = 0,5 µm; f = 1 µm
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disclosed three glomeruli with segmental glomerulosclerosis
(Figure 2A). Another glomerulus, beyond sclerosis, showed
mesangial matrix expansion, mesangial hypercellularity, and
capillary loops adherent to Bowman capsule and foam cells
(Figures 2B,C). The reactivity of foam cells for CD68 was
consistent with that of macrophages. Diffuse tubular atrophy
and interstitial fibrosis and mononuclear inflammation involved
40% of the cortex (Figure 2D). Some tubular segments showed a
thyroidization pattern and focal acute proximal tubular injury
(Figure 2E). Hyalinosis was present in a small artery (Figure 2F).
These histological features were consistent with FSGS (Columbia
classification) (Man-Hoon Han, 2019). At electron microscopy,

we observed in the podocytes some mitochondria containing
cyst-like structures (Figure 2a), while in proximal tubules, there
were a variety of mitochondrial alterations (Figures 2b−d),
including myelin figures apparently lying in the mitochondrial
matrix, long narrowed mitochondria, electron-dense inclusions,
mitochondria with scarce cristae arranged on the periphery (not
shown), and giant mitochondria (not shown).

Genetic Analysis
The assessment of the m.13513G>A/MT-ND5 variant in the
peripheral blood, the urinary sediment, and the kidney biopsy
from the proband revealed a variable load of mutant

FIGURE 3 |Optical coherence tomography (OCT). OCT (upper line) shows bilateral RNFL thinning more evident in the temporal sector. Computerized visual fields
(lower line) show a generalized defect bilaterally.
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heteroplasmy (7, 66, and 72%, respectively) (Figure 1C), whereas
the mutation was absent in the tissues from the asymptomatic
mother and sister. The mtDNA content from the kidney was
increased compared to that of controls (Figure 1C).

Brain MRI
Brain MRI detected mild optic nerve atrophy, diffuse subcortical
cerebral atrophy, enlargement of IV ventricle, and moderate
enlargement of pericerebellar subarachnoid spaces. Pallidal
nuclei signal changes consistent with mineralization were
present, as confirmed by a CT scan. Single-voxel proton MR
spectroscopy study of the parietal white matter revealed,
compared to sex and age-matched healthy controls, normal

N-acetyl aspartate (NAA), choline (Cho), and myo-inositol
(mI) content, but traces of lactate, which normally is absent
(Figure 4).

DISCUSSION

We, here, reported the unprecedented combination of LHON-
like optic neuropathy, sensorineural deafness, subcortical and
cerebellar atrophy, and nephropathy as a new phenotypic
manifestation of the m.13513G>A/MT-ND5 pathogenic
variant. The kidney pathology, characterized by histologic
evidence of glomerular and tubular cell involvement and

FIGURE 4 | Brain MRI and proton MR spectroscopy study. Brain MRI. Axial TSE T2 (A) and FLAIR T2 (B) weighted images show, respectively, IV ventricle dilation
and lateral ventricle occipital horn dilation associated with periventricular hyperintensity. On axial TSE T2, bilateral symmetrical hyperintense signal changes in the globi
pallidi [(C) upper image], with correspondent hypointensity on the axial SWI [(C) lower image], consistent with mineralization, is evident. (D) 1HMR spectrum (3T Siemens
Skyra scanner, TR/TE/NS = 2000 ms/30 ms/64) from the volume of interest (8 ml) in the left parietal white matter (on the left the localization on 3D T1 images)
shows the resonance at 1.3 ppm coming from pathological traces of lactate (Lac). NAA = N-acetyl aspartate, Cho = choline, Cr = creatinine, mI = myo-inositol.
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abnormal mitochondrial ultrastructure, was associated with high
heteroplasmic mutation load.

The m.13513G>A/MT-ND5 variant, first described by
Santorelli et al. in a patient with MELAS (Santorelli et al.,
1997), has been later identified in over 40 additional individuals
with heterogenous clinical manifestations, including LS (Shanske,
et al., 2008), Wolff Parkinson-White (WPW) syndrome (Wang
et al., 2008), and LHON and overlapping phenotypes (Santorelli
et al., 1997). We expanded this spectrum by presenting a case
which, besides LHON, had nephropathy, sensorineural deafness,
and subcortical and cerebellar atrophy, features commonly seen in
MELAS (Gramegna et al., 2021).

This mutation leads to the substitution of an evolutionarily
conserved amino acid (D393N) in the ND5 subunit of complex I,
the entry site of the mitochondrial respiratory chain, with
consequent impairment of oxidative phosphorylation. Usually,
the heteroplasmic mutant load shows a good correlation with
disease severity and the spectrum of clinical phenotypes, ranging
from fatal neonatal forms to asymptomatic cases (Ng et al., 2018).

In addition to optic atrophy, other ophthalmologic findings
have been described in association with the m.13513G>A/MT-
ND5 variant, such as ptosis, ophthalmoplegia, early-onset cataract,
and even central retinal vein occlusion (Chol et al., 2003; Kirby
et al., 2003; Sudo et al., 2004; Ruiter et al., 2007; Hsieh et al., 2011).
However, only one LHON case without other extraocular
manifestations has been reported so far (Sun et al., 2021).
Remarkably, this pathogenic variant has also been recently
described in patients with adult-onset nephropathy (Motoda
et al., 2012; Ng et al., 2019; Bakis et al., 2020). Another
reported case associated with nephropathy and optic atrophy
has been reported (Bakis et al., 2020), with a different nucleotide
change, yet affecting the same codon, but leading to a different
amino acid substitution (D393G vs. D393N) (Corona et al., 2001).
The kidney histology and heteroplasmy were not available.

Our case not only presented with classic LHON but also suffered
bilateral sensorineural deafness and asymptomatic CKD preceding
the neurological manifestation. The kidney biopsy showed
nonspecific histological features (granular swollen tubular cells,
arterioles, and small arteries with disorganized arrangement and
irregular size of smooth muscle cells), consistent with hyalinosis,
which is usually reported in hypertensive patients. However, electron
microscopy revealed abnormal mitochondrial morphology both in
podocytes and proximal renal tubules. The mtDNA analysis
confirmed a high m.13513G>A/MT-ND5 mutant load in the
kidney supporting that histological and ultrastructural
abnormalities were consequent to mitochondrial dysfunction
(Finsterer and Scorza, 2017). Furthermore, the heteroplasmic load
of mutant mtDNA was remarkably low in blood cells, as previously
reported for other cases with MT-ND5 mutations (Valentino et al.,
2006; Sun et al., 2021), and the genetic analysis in proband’s
asymptomatic mother and sister failed to reveal the pathogenic
mtDNA change, which may suggest that the duplex collecting
system could be an independent trait.

According to the previously reported cases, kidney involvement
with the m.13513G>A/MT-ND5 variant can either manifest as
tubulointerstitial kidney disease, sometimes with “secondary”
FSGS, or segmental glomerulosclerosis. However, in all cases,

glomerular mitochondria were reported to be morphologically
normal (Ng et al., 2019; Bakis et al., 2020). Tubular disorders
are more common in mitochondrial cytopathies, probably due to
the very high metabolic rates and abundant mitochondria in renal
tubular cells (Emma and Salviati, 2017). In our patient, the
histological prevalence of glomerulopathy might be due to the
high heteroplasmic load. The numerous mitochondria in
glomerular podocytes and their crucial role in cellular functions
support the glomerulosclerosis occurring in our case.

Multisystem involvement is a common hallmark of
mitochondrial disease. In fact, in addition to the kidney,
retinal ganglion cells, a preferential target of complex I
alterations including MT-ND5 mutations, also were affected in
this patient, leading to the LHON-like phenotype (Carelli et al.,
2009), suggesting, as for the kidney, a supra-threshold load of
mutant heteroplasmic mtDNA.

In conclusion, we reported the clinical, radiologic, histologic, and
genetic data of this case with the unique clinical combination of
nephropathy, deafness, subcortical and cerebellar atrophy, and
LHON due to the m.13513G>A/MT-ND5 pathogenic variant.
This case expands the range of clinical manifestations and
highlights the new phenotypic overlap of both glomerular and
tubular involvement in the kidney. Our case and the others raise
the possibility that the kidney is a preferential tissue target of the
m.13513G>A/MT-ND5 pathogenic variant. We are also aware that
this mutation may be a more frequent cause of LHON than
previously recognized, and the association of FSGS and optic
atrophy must prompt testing of the m.13513G>A/MT-ND5 variant.
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Methylmalonic acidemia is a rare autosomal recessive metabolic disease. However,

because of the atypical clinical symptoms, the type of late-onset methylmalonic

academia is often misdiagnosed. Especially when the blood vitamin B12 and folic

acid levels are normal, it is not easy to think of this disease. Herein we report a

9-year-old girl who developed normally on a relatively balanced diet before 7 years of age.

However, she presented with fatigue and attention deficit when she followed a vegetarian

diet. Laboratory examination showed moderate macrocytic anemia, high levels of

homocysteine, high level of propionylcarnitine/acetylcarnitine, urinary methylmalonic

acid and methyl citrate. Gene mutation analysis showed c.609G > A and c.80A > G

compound heterozygous mutations in the MMACHC gene, supported late-onset

combined methylmalonic academia with homocysteinemia. Then treatment performed

with add meat to the diet, vitamin B12, folic acid betaine and L-carnitine supplement.

One week later, the child’s clinical symptoms and the laboratory examinations were

significantly improved.

Keywords: methylmalonic academia, homocysteinemia, metabolic disease, vegetarian diet, pediatrics, China

INTRODUCTION

Methylmalonic acidemia (MMA) is a rare autosomal recessive metabolic disease caused by
methylmalonyl-CoA mutase or cobalamin (cbl, also known as vitamin B12) deficiency. In China,
cbl C deficiency is the most common type of combined MMA and homocysteinemia, which
is caused by congenital defects in cbl metabolism (1, 2). The main manifestations include the
increase in urinary methylmalonic acid and blood homocysteine (3). Most patients exhibit an early
onset, before 1 year old. These patients are characterized by acute diseases in infancy, such as
dysplasia, acute nervous system degeneration, intellectual disability, retinopathy, multiple organ
system dysfunction and hematological abnormalities (4, 5). However, there are few reports on
combined MMA with homocysteinemia of late-onset cblC (onset after 4 years old), and it is easily
misdiagnosed (6).

Here, we report a case of a 9-year girl who presented fatigue and inattention induced by a
vegetarian diet. Examination revealed moderate macrocytic anemia, high levels of homocysteine,
high level of propionylcarnitine(C3)/acetylcarnitine(C2), urinary methylmalonic acid and methyl
citrate. Compound heterozygous mutations of c.609G > A and c.80A > G were found in the
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MMACHC gene. The child was diagnosed with the type of
late-onset combined MMA with homocysteinemia and was
administered timely treatment to delay disease progression.

CASE DESCRIPTION

A 9-year-old girl presented to our hospital with a 2-year history
of fatigue and attention deficit disorder. In the last 3 months,
she realized that the above symptoms were aggravated, and she
experienced nightmares and became timid. She had shown no
obvious abnormal symptoms before that and denied any history
of prior disease.

Her previous and personal history was as follows: she was
the first child in her family. She had normal birth weight, head
circumference, height, and developmental history. She was a
mediocre pupil in grade 4 at school. She was not picky about food.
Before the age of 7, she had meals in kindergarten 3 times a day.
After that, she went to primary school and had meals at home
with her grandmother, who was mainly vegetarian. She followed
her grandmother’s plant-based diet.

The girl’s physical examination revealed a normal body
development. She had an ear temperature of 37◦C, a pulse
of 90 beats per minute, and a blood pressure of 90/60mm
Hg. She had clear consciousness but a slow reaction. Her
palpebral conjunctiva and lips were pale and appeared mild to
moderate anemia. No edema in her eyelids and lower limbs.
Cardiopulmonary and abdominal examinations were normal.
The muscle strength of her limbs was normal, but the muscle
tone of her lower limbs was minimal. Bilateral knee tendon reflex
decreased. Her sensations of pain and heat were normal. The
joint position sense of the limbs was normal. Her bilateral plantar
reflex was normal. Upper limb rotation, finger-to-nose tests and
heel-to-shin and Romberg tests were normal.

After admission, we did some tests for her. Routine blood
examination showed moderate macrocytic anemia. Hb levels
were 84 g/L, red blood cell (RBC) levels were 1.88 × 1012/L
(normal range, 3.8–5.1 × 1012/L), mean corpuscular volume
(MCV) was 128.7 fL (normal range, 80–100 fL), red blood cell
distribution width (RDW-SD) was 75.50 fL (normal range, 37–
50 fL), hematocrit (HCT) was 24.20% (normal range, 35–45%),
mean hemoglobin (MCH) was 44.7 pg (normal range, 27–34 pg),
platelet (PLT) levels were 425.00×109/L (normal range, 100–300
× 109/L), the reticulocyte percentage was 1.75% (normal range,
0.5–1.5%). Vitamin B12 levels were 389 pg/mL (normal range,
200–1,000 pg/mL), folic acid levels were 22.6 ng/ml (normal
range, 5.21–20 nq/ml), and homocysteine increased to 159
umol/L (normal range, 0–15 umol/L). Routine urine analysis
showed the following: 36.1 RBC/UL, urine occult blood 2+,
urine protein 3+, and negative urine bilirubin. The urinary
red blood cell morphology suggested glomerular hematuria.
The 24-h urinary protein level was 269.1 mg/24 h (normal
range, 28–141 mg/24 h). She had normal urine output, blood
creatinine of 68.9 umol/L (normal range, 41.0–73.0 umol/L)
and urea was 9.85 mmol/L (normal range, 2.60–7.5 mmol/L),
β2-microglobulin 3.02 mg/L (1–3.00 mg/L). Routine fecal and
occult blood tests were negative. The levels of blood cholesterol,

triglyceride, albumin and hemobilirubin were normal. The
coagulation functions were normal. Serum anti-erythrocytic
antibodies, anti-IgG, anti-C3, anti-IgG+C3 and free antibody
tests were all negative. Ferritin (104.5 ng/mL) and transferrin
(1.92 mg/dL) were normal or nearly normal. The patient had
no acidemia, and the pH (7.43), HCO3− (22.0 mmol/L), and
BE (-1.5 mmol/L) levels were within the normal range. The
anion gap (16.6 mmol/L) was slightly increased. No abnormality
was found on magnetic resonance imaging scan of head. No
abnormalities in cardiac structure or urinary system were found
by color doppler ultrasound.

Then, we obtained the consent of the patient’s parents and
performed the measure of plasma amino acid and acylcarnitine
by tandem mass spectrometry, and the urine concentrations of
organic acids by gas chromatography mass spectrometry. The
C3/C2 ratio in plasma was increased to 0.43 (normal range, 0.02–
0.20). The urinary methylmalonic acid and methylcitrate levels
were increased to 92.7 mg/g creatinine (normal range, 0.0–4.0
mg/g creatinine) and 1.8 mg/g creatinine (normal range, 0.0–0.7
mg/g creatinine), respectively.

The clinical manifestations and laboratory examination of the
patient supported the diagnosis of late-onset combindMMAwith
homocysteinemia, macrocytic anemia and renal damage. Then,
we used next-generation sequencing for gene mutation analysis,
revealing c.609G > A (p.W203X) and c.80A > G (p.Q27R)
compound heterozygous mutations in theMMACHC gene of the
proband. Both mutations are pathogenic mutations, Her parents
with normal clinical phenotype were c.609G > A and c.80A
> G mutation carriers respectively, so the mutation inherited
from her parents (Figure 1). The patient is classified as the
cblC subtype.

Once the diagnosis was confirmed, the corresponding
treatment was performed: the addition of meat to the diet,
intramuscular injection of 1 mg/d vitamin B12 for 3 days and
then adjusted to 0.5mg intramuscular injection three times a
week, and oral supplementation of 5 mg/d folic acid, betaine 3
g/d and 1 g/d L-carnitine. During the treatment above, her blood
pressure and vital signs remained stable without any other new
symptoms. One week later, anemia significantly improved: red
blood cells increased to 2.2 × 1012/L, Hb increased to 90.0 g/L,
MCV decreased to 117.0 fL, and the percentage of reticulocytes
increased to 6.99%. Plasma homocysteine level decreased to 49.6
µmol/L. The urine protein and occult blood decreased to 1+, the
blood urea decreased to 4.6 mmol/L. In addition, the girl’s spirit
improved, and the reaction was more flexible than before. Her
appetite increased, and her weight increased by 0.5 kg in a week.

DISCUSSION

MMA is a rare autosomal recessive metabolic disorder of
methylmalonyl-CoA mutase or its coenzyme cbl that leads
to abnormal accumulations of methylmalonic acid, propionic
acid, methyl citrate, and other metabolites, causing nerve,
liver, kidney, bone marrow, and other organ damage (7–
9). Two main forms of the disease have been identified,
including isolated MMA and combined MMA (10), which is
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FIGURE 1 | The genetic characteristics of the family with the MMACHC mutation. (A) The pedigree of the family. The proband is a compound heterozygous mutation

in the MMACHC gene. Both of their parents are carriers. (B) Sequencegrams. MMACHC c.609G>A and c.80A>G were identified in the DNA of the patient (II-1). The

mutation of MMACHC c.609G>A was found in DNA samples derived from his father (I-1). The mutation of MMACHC c.80A>G was found in DNA samples derived

from his Mather (I-2).

accompanied by homocysteine. In Europe, America and Japan,
isolated MMA is the main type. However, in China, combined
MMA with homocysteinemia is the main type, accounting for
70% of all patients (4, 11). Depending on the age of disease
onset, MMA patients are divided into the early-onset type
(during the first year after birth) and late-onset type (after the
age of 4) (12).

CblC is the most common type of combined MMA and
homocysteinemia, which is caused by decreased function in
vitamin B12 due to mutations in the MMACHC gene. The
estimated incidence of cblC in Europe and the United States
ranges from 1:46,000 to 1:200,000 (13, 14), and it has been
deduced from 1:3220 to 1:21,488 (8, 15, 16) in China.
Approximately 90% of reported patients with cblC disease
present with the severe, infantile, early-onset form of the disease
(12, 17, 18). However, late-onset cblC disease is rare, and a patient
with atypical clinical symptoms is easily misdiagnosed (6, 19).
The clinical symptoms of this child appeared late with large cell
anemia accompanied by renal damage. After admission, vitamin
B12 and folic acid levels were within the normal range, which
could be easily misdiagnosed as renal anemia or digestive system
disease. Subsequently, we performed the analysis of plasma
amino acids, C3 levels and urine concentrations of organic
acids. The results showed that plasma C3, C3/C2, and urine
methylmalonic acid levels were increased. Due to the presence
of high homocysteine levels, she was clinically diagnosed with
combined MMA and homocysteinemia (20). Mutation analysis

is more reliable evidence for MMA diagnosis. The child was
more than 4 years old at the age of onset; thus, this disease
was considered to be a late-onset subtype of combined MMA
and homocysteinemia (cblC type) precipitated by vegetarianism.
Excessive accumulation of MMA in the blood can cause
mitochondrial dysfunction, neuronal apoptosis, oxidative stress,
resulting in neurodevelopmental disorders (21). High level of
homocysteine may damage endothelial cells and stimulate pro-
inflammatory signaling pathways (18), which contribute to the
child renal dysfunction and not good academic performance.
The clinical symptoms of the child improved significantly after
treatment, including the renal functions which improved swiftly
and not requiring the need for renal biopsy. In addition, there
was no hypertension or abnormality in coagulation factors.

It is worth noting that the vitamin B12 blood levels in these
children are within the normal range compared to those in
normal individuals. Although vitamin B12 concentrations were
normal in our patient, they should be measured to exclude
nutritional deficiency disorders of the absorption of vitamin B12
(7). Vitamin B12 is not synthesized in the human body. It is
naturally found in animal food products, includingmeat, poultry,
(shell) fish, eggs, milk, and other dairy products (22). Vitamin
B12 is generally not present in plant foods. A diet rich in plant-
based foods and with fewer animal source foods will increase the
risk of vitamin B12 deficiency, especially for people who need
more vitamin B12. Diet-associated vitamin B12 deficiency, which
can lead to large cell anemia and nervous system damage, occurs
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only in people who have been on a strict vegetarian diet for a long
time without extra supplement (23).

The grandmother of this child was not a strict vegetarian,
so she did not show clinical symptoms caused by vitamin B12
deficiency. However, due to the existence of MMACHC gene
mutations, she demanded for a high dose of vitamin B12 and
sufficient calories to maintain methylmalonic acid metabolism
and satisfied the need of the growth and development in the body
(24, 25). Therefore, the child developed normally on a relatively
balanced diet before 7 years of age. However, she presented
with non-specific clinical symptoms later when she changed her
usual diet. The reason can be relatively insufficient of vitamin
B12 intake and also the overall reduction in her calories that
led to her ‘catabolic’ state leading to production of higher than
usual amounts of MMA in her body, and trigger a series of
clinical symptoms.

The treatment principles of combined MMA and
homocysteinemia are to reduce the generation of metabolic
poisons and/or to accelerate their clearance (26). Intramuscular
cbl is more effective in reducing homocysteine and
methylmalonic acid levels compared with oral administration,
and hydroxycobalamin is more effective than methyl
or cyanocobalamin for the patients of cblC (27), so
we chose intramuscular hydroxycobalamin. Given that
L-carnitine promotes the excretion of propionyl- and
methylmalonylcarnitine, the tolerance to nutrients causing
propionate production such as odd-chain fatty acids should
increase. Oral folic acid and betaine reduce blood homocysteine
levels (20). In this case, the patient’s anemia rapidly improved.
Follow-up methylmalonic acid and homocysteine levels were
significantly reduced after intramuscular injections of cbl,
confirming a good therapeutic effect.

The prognosis of children with combined MMA and
homocysteinemia mainly depends on the type of disease, onset
and clinical compliance (3). In general, patients who respond to
vitamin B12 have a better prognosis, whereas patients with late-
onset have a slower clinical progression (28). After 1 week of the
above treatment, her blood C3/C2, urine methylmalonic acid and
homocysteine levels were significantly reduced, and her clinical
symptoms were significantly improved. These results indicate
that vitamin B12 treatment was effective in this child. This finding

suggests a good prognosis in the near term, but the long-term
efficacy still needs to be further observed.

In conclusion, clinicians should pay attention to the possibility
of combined MMA when older children have mental symptoms,
large cell anemia, high levels of homocysteine, but normal folic
acid and vitamin B12 levels, which may also accompanied by
other organ function impairment. The girl we report had both
mental symptoms and renal damage. The active improvement
of blood amino acid and acylcarnitine levels was conducive
to timely and correct diagnosis, and early treatment improved
and avoided complications as much as possible. Improved gene
analysis provides important evidence for clear genotyping and
accurate genetic counseling.
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Case Report: Severe Hypotonia
Without Hyperphenylalaninemia
Caused by a Homozygous GCH1
Variant: A Case Report and Literature
Review
Yun Chen, Kaiyu Liu, Zailan Yang, Yaozhou Wang and Hao Zhou*

Department of Pediatric Neurology, Guizhou Provincial People’s Hospital, Guizhou University, Guiyang, China

Dopa-responsive dystonia (DRD) comprises a group of rare but treatable dystonias that
exhibit diurnal fluctuation. The GCH1 gene encodes GTP cyclohydrolase-1 (GTPCH-I), a
protein that catalyzes the first rate-limiting step of tetrahydrobiopterin biosynthesis.
Pathogenic variants in GCH1 are the most common causes of DRD. However, the
autosomal recessive form of DRD caused by biallelic GCH1 variants is very rare.
Homozygous GCH1 variants have been associated with two clinically distinct human
diseases: hyperphenylalaninemia, and DRD with or without hyperphenylalaninemia. Here,
we describe one patient who presented during infancy with severe truncal hypotonia and
motor developmental regression but without diurnal fluctuation and
hyperphenylalaninemia. Treatment with levodopa/carbidopa resulted in the complete
and persistent remission of clinical symptoms without any side effects. This was
accompanied by age-appropriate neurological development during follow-up. A
homozygous GCH1 variant (c.604G>A/p.V202I) was identified in the patient. To our
knowledge, this is the first Chinese case of DRD caused by a homozygous GCH1 variant,
thus expanding the spectrum of DRD phenotypes. Autosomal recessive DRD that is
associated with homozygous GCH1 variants should be considered in patients with severe
truncal hypotonia, with or without diurnal fluctuation, even if there is an absence of limb
dystonia and hyperphenylalaninemia.

Keywords: GCH1, dopa-responsive dystonia, hypotonia, homozygous, variant

INTRODUCTION

Dopa-responsive dystonia (DRD), a condition first described in 1971, comprises a group of rare
disorders that are clinically and genetically heterogeneous (Wijemanne and Jankovic, 2015). The typical
characteristic of DRD is the childhood onset of dystonia with diurnal fluctuation; in most patients,
treatment with levodopa typically results in a dramatic effect (Kim et al., 2016; Jinnah et al., 2018).
Several genes have been frequently associated with DRD, including guanosine triphosphate (GTP),
cyclohydrolase-1 (GCH1), tyrosine hydroxylase (TH), 6-pyruvoyl tetrahydrobiopterin synthase (PTS),
sepiapterin reductase (SPR), and quinoid dihydropteridine reductase (QDPR) (Wijemanne and
Jankovic, 2015; Weissbach et al., 2021). All of the enzymes encoded by these genes are known to
be involved in the biosynthesis of monoaminergic neurotransmitters (Wijemanne and Jankovic, 2015).
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The GCH1 gene consists of six exons, is located on
chromosome 14q22.1-q22.2, and encodes the GTP
cyclohydrolase-1 protein (GTPCH-1). GTPCH-1 is the first
rate-limiting enzyme for the biosynthesis of
tetrahydrobiopterin (BH4), an essential cofactor for
phenylalanine hydroxylase, tyrosine hydroxylase, and
tryptophan hydroxylase (Wijemanne and Jankovic, 2015).
Thus far, more than 400 autosomal dominant variants in
GCH1 have been reported among DRD patients worldwide,
thus accounting for 66% of all monogenic DRD conditions
(Wijemanne and Jankovic, 2015; Weissbach et al., 2021).
Dystonia is the most frequent motor and initial sign in the
majority of patients with autosomal dominant GCH1 (AD-
GCH1) patients (Weissbach et al., 2021). Cases involving
autosomal recessive DRD are very rare and usually arise from
pathogenic variants in the TH or SPR genes; these are rarely
caused by biallelic autosomal recessive GCH1 (AR-GCH1)
variants (Weissbach et al., 2021; Wijemanne and Jankovic,
2015). In comparison to AD-GCH1 patients, those with AR-
GCH1 usually present with a more complex phenotype and are
associated with an infantile onset in most cases. Non-motor
features, including global developmental delay and motor
delay, are common in AR-GCH1 patients (Weissbach et al.,
2021). In addition, patients with AR-GCH1 variants are
usually diagnosed with hyperphenylalaninemia during a
newborn screening and characterized by the neonatal onset of
poor sucking and swallowing difficulties, severe hypotonia,
seizures, and psychomotor retardation (Bodzioch et al., 2011;
Opladen et al., 2011).

Here, we describe the case of one patient without
hyperphenylalaninemia who presented with severe truncal
hypotonia and motor developmental regression during infancy.
A novel homozygous variant of GCH1 was identified in this
patient.

CASE PRESENTATION

An 18-month-old girl, the first child of non-consanguineous
Chinese parents, was born at full-term after a non-eventful
pregnancy. Her birth weight was 3,650 g and the Apgar score
was 10 at both 1 and 5 min. The patient was breast-fed, without
feeding problems, and her development was normal during the
first few months of life. She sat independently when she was
6 months-of-age. However, she was unable to sit well at
7 months-of-age. Objective neurological findings were
hypotonia and strephexopodia. The patient was admitted to
another hospital, where routine investigations were performed,
including plasma ammonia and lactate, electroencephalography
(EEG), and brain magnet resonance imaging (MRI); all findings
were negative. She was diagnosed with cerebral palsy; this was
followed by rehabilitation training. However, the patient showed
no developmental progress.

At the age of 12 months, she developed an obvious floppy
trunk without clear diurnal variations and was referred to our
department. Physical examination revealed severe truncal
hypotonia, symmetrical hyperreflexia, bilateral extensor plantar

responses, and valgus deformity of the right foot. In terms of
development, the patient showed poor head control; an inability
to sit unsupported for more than 20 s, roll over or crawl; and was
unable to produce speech (Supplementary Video S1). No similar
cases were detected in the family. Her parents were examined and
found to be free of neurological symptoms. Laboratory tests were
all normal, including blood count, routine biochemistry, serum
lactate, ammonia, and ceruloplasmin. Nerve conduction
velocities, EEG, ophthalmological examination, brain-stem
auditory-evoked and visual-evoked potential studies, and brain
MRI were normal. Analysis of plasma amino acids revealed a
normal level of phenylalanine while urinary organic acids were
also normal.

When referred to us, the patient was suspected to have dopa-
responsive dystonia. However, her parents refused to perform
genetic analysis along with neurotransmitter and GTPCH-1
enzyme activity analysis. We commenced a trial replacement
therapy with low doses of levodopa/carbidopa (1 mg/kg/day).
The patient showed an improvement of trunk hypotonia 2 days
after starting therapy and was able to sit unsupported for longer
than 1 min. Four weeks later, she became able to crawl, control
her head, and sit without any support (Supplementary Video
S2). Shortly afterwards, she started imitating syllables and began
to walk, although slight trunk hypotonia remained. Then, the
levodopa/carbidopa dosage was slowly increased, without any
significant side effects. Folic acid (5 mg/day) was added to prevent
the depletion of cerebral folate by levodopa/carbidopa treatment.
The patient showed a gradual, steady, and remarkable
improvement in motor function. When the patient was
18 months-of-age (levodopa/carbidopa, 10 mg/kg/day), after
she had undergone therapy for 6 months, no hypotonia was
observed, and her neurological development was age
appropriate (Supplementary Video S3).

During follow-up, genetic analysis was performed after
obtaining informed consent from the parents. In accordance
with the Declaration of Helsinki of the World Medical
Association, genomic DNA from the patient and her parents
was extracted from peripheral leukocytes using standard
techniques. Exome sequencing of the patient and parents was
then performed and targeted variants were verified by Sanger
sequencing. The patient was found to be homozygous for a
missense variant in GCH1, c.604G>A/p.V202I [NM_000161.3]
in exon 5. Both parents, who were asymptomatic, were
heterozygous for this mutation (Figure 1). This variant is rare,
with an allele frequency of 0.0000069773 in the gnomAD
database, and is associated with several computational
predictors for deleterious conditions. The variant reported was
classified as a variant of uncertain significance (VUS) according
to the American College of Medical Genetics and Genomics
guidelines (PM2_Supporting + PP3) (Richards et al., 2015).
However, following a review of the relevant literature, we
found a heterozygous p.V202I variant which had been
described previously by Hagenah et al. (2005) in a DRD
patient with lower limb dystonia. Moreover, several studies
have reported homozygous variants associated with DRD
presenting with significant hypotonia and limbs dystonia, but
without diurnal fluctuation (Nardocci et al., 2003; Opladen et al.,
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2011; Ray et al., 2022). As a result, we finally ranked the variant
carried by our patient as a likely pathogenic variant.

LITERATURE REVIEW

We searched the PubMed database (https://pubmed.ncbi.nlm.
nih.gov/) for homozygous GCH1 variants by applying search
terms in the English literature until March 2022 (for a description
of the detailed search strategy, please refer to Supplementary
Material S1). We focused on the following information: age at
onset, initial symptoms, diagnostic delay, dystonia, diurnal
fluctuations of symptoms, other neurological symptoms, and
treatment. Our literature search revealed eight articles (Blau
et al., 1995; Ichinose et al., 1995; Hwu et al., 1999; Nardocci
et al., 2003; Horvath et al., 2008; Opladen et al., 2011;
Brüggemann et al., 2012; Ray et al., 2022). We extracted data
from 12 patients, including five female and seven male patients.
These patients descended from nine families (seven from
consanguineous families), and involved nine homozygous
variants. Family history was positive in 58% of cases (n = 7).
Patients showed a median age at onset of 1 month (range: 0–6.
5 years) and 83% (n = 10) of all patients experienced onset within
1 year. The median diagnostic delay was 8 months (range: 0–1.
5 years). Diurnal fluctuation was observed in seven patients
(58%). The initial symptoms included abnormal movements in
the extremities or developmental delay. Dystonia was the most

frequent motor sign and was observed in the limbs (n = 12,
100%), trunk (n = 9, 75%), and neck (n = 7, 58%). Some patients
also showed hypotonia (n = 6, 50%), or Parkinsonism-likely
symptoms (n = 8, 67%). Oculogyric crises were reported in
five patients (41%). Patients also exhibited deficiency, or
partial deficiency, in GTPCH activity (n = 8, 100%; four
patients were not tested). Several patients also showed reduced
levels of homovanillic acid, 5-hydroxyindoleacetic acid,
neopterin, and tetrahydrobiopterin (BH4) in cerebrospinal
fluid (CSF), as well as hyperphenylalaninemia in the blood
(n = 3). All patients showed a positive response to levodopa/
carbidopa (dose range: 1–20 mg/kg/d). Detailed information is
provided in Table 1.

DISCUSSION

Here, we report a Chinese patient associated with a homozygous
GCH1 variant. The patient presented with infantile onset of
severe hypotonia and normal blood phenylalanine level.
Diagnosis was performed by clinical evaluation and response
to levodopa and was confirmed by genetic analyses. CSF
neurotransmitter analysis, phenylalanine loading tests and
GTPCH-1 enzyme activity tests were not performed because
of the lack of parental consent. Her symptoms were
completely and persistently responsive to levodopa/carbidopa
treatment, and without any side effects. Our patient differed

FIGURE 1 | (A) Family pedigree; the arrow indicates the proband. (B) The homozygous GCH1 c.604G > A variant detected in the patient (p); the parents were
heterozygous for this mutation (f,m). The figure shows reverse strand verification. (C) The conserved reside corresponding to the site of the missense variant is shown
in red.
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TABLE 1 | Clinical and genetic features of the current patient and published patients with homozygous GCH1 variants.

Study Ichinose
et al.
(1995)

Blau
et al.
(1995)

Hwu et al. (1999) Nardocci et al. (2003) Horvath
et al.
(2008)

Opladen et al. (2011) Brüggemann et al. (2012) Ray et al.
(2022)

Current
case

Patient P1 P2 P3 P4 P5 (twin sister
of P4)

P6 P7 (younger
brother of P6)

P8 P9 P10 (younger
brother of P9)

P11 P12 P13

Mutation c.551G > A/
p.R184H

c.633G > A/
p.M211I

c.C747G/
p.R249S

c.C595G/
p.P199A

c.C595G/
p.P199A

c.617T > C/
p.V206A

c.617T > C/
p.V206A

c.218C > A/
p.A73D

c.309G > C/
p.Q103H

c.309G > C/
p.Q103H

c.703C > G/
p.R235G

c.457C > T/
p.H153Y

c.604G > A/
p.V202I

Sex F M F F F M M M M M F M F
Age of onset First week of life Since birth 2 years and

8 months
<1 month <1 month Since birth Since birth <3 months 3 months Prenatal

replacement
4 months 6.5 years 7 months

Consanguineous N N N N N Y Y Y Y Y Y Y N
Family history N N N Y Y Y Y Y Y Y N N N
Diagnostic delay 6 months 9 months 5 months 12 months 12 months 9 months <1 month 12 months 7 months Prenatal

diagnosis
4 months 1.5 years 5 months

Clinical features
Initial

symptom or sign
Feeding
problems, poor
sucking, poor
muscle tone

Hypotonia
of neck and
limbs

Rigidity and
tremors of the
extremities

Rigidity and
tremors of the
extremities

Rigidity and
tremors of the
extremities

Poor suck,
tremulous
movements

Tremulous
movements

Psychomotor
development
retarded

Jerky leg
movements,
inability to
control the
head

Postural
tremor of
extremities

Delayed
milestones

Abnormal
walking
posturing,
tremulousness
of upper limbs

Motor
developmental
regression

Diurnal
fluctuation

Y N Y Y Y N N N Y Y N Y N

Limb dystonia Y Y Y Y Y Y Y Y Y Y Y Y N
Truncal

dystonia
NM Y Y Y Y Y Y Y Y Y NM NM Y

Cervical
dystonia

NM Y Y Y Y N N Y Y Y NM NM Y

Hypotonia Y Y N Y Y N N Y N N Y N Y
PLS Choreoathetosis PLS

movement,
tremors

Tremor Tremor Tremor N N N Tremor Tremor Choreoathetoid
movements

N N

Oculogyric
crises

NM N N N N Y Y N Y Y (suspicious) Y N N

Motor delay Y Y N Y Y Y Y Y Y N Y N Y
GDD Y Y N N N Y Y Y Y N N N N
Cognitive

impairment
N Y N N N N N N Y N N N N

Microcephaly N N N N N Y N N N N Y N N
Seizure Y N N N N N N N N N N N N
Other

neurological sign
N Upper limbs

tendon
reflexes

Tremor,
rigidity

Rigidity,
tremor, limbs
hyperkinesias,
symmetric
hyperreflexia

Rigidity,
tremor, limbs
hyperkinesias,
symmetric
hyperreflexia

N N Rigid; passive
flexion was
barely
possible

Rigidity,
tremor,
myoclonic
jerks;
spasticity,
brisk tendon
reflexes

Tremor,
increased
muscle tone

N N Symmetrical
hyperreflexia,
bilateral
extensor
plantar
responses

Treatment
Levodopa/

carbidopa
Y (5.8–15)

mg/kg/d
20 mg/kg/d 5 mg/kg/d 5 mg/kg/d (1–10)

mg/kg/d
(1–6)
mg/kg/d

(2–8) mg/kg/d (1–10)
mg/kg/d

(1–10)
mg/kg/d

1 mg/kg/d 6 mg/kg/d (4–10) mg/kg/d

BH4 Y (3.0–3.8)
mg/kg/d

N N N 2 mg/kg/d (1–2.5)
mg/kg/d

N N N N N N

5-HT Y (2.3–3.0)
mg/kg/d

N N N (1–8) mg/kg/d (1–4)
mg/kg/d

N N N 3 mg/kg/d N N

(Continued on following page)
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TABLE 1 | (Continued) Clinical and genetic features of the current patient and published patients with homozygous GCH1 variants.

Study Ichinose
et al.
(1995)

Blau
et al.
(1995)

Hwu et al. (1999) Nardocci et al. (2003) Horvath
et al.
(2008)

Opladen et al. (2011) Brüggemann et al. (2012) Ray et al.
(2022)

Current
case

Other N Low-Phe
diet

N N N Folic acid
(5 mg/d)

Folic acid
(5 mg/d)

N N N Folic acid
(15 mg/d), low-
Phe diet

Folic acid
(10 mg/d)

Folic acid
(5 mg/d)

Biochemical features
HPA, (Phe,

normal range)
umol/L

Y (>2400, <25) Y
(1488, <20)

N N N N N N N N Y (300, 20–150) N N

Decrease of
CSF HVA,
5HIAA,
Neo, BH4

NM Y (all) NM NM NM Y (HVA,
Neo, BH4)

Y (Neo, BH4) Y (all) Y (all) NM NM NM NM

Plasma Bio
and Neo
decrease

Y (all) NM NM NM NM Y (Bio) NM NM NM NM NM NM NM

Deficiency of
GTPCH-1
activity

Y (liver biopsy
not detectable)

Y (liver
biopsy not
detectable)

Y
(mononuclear
blood cells,
partial
deficiency,
GTPCH-1
activity
4.2 pmol/mg/
h, range:
[38.4–102.6]
pmol/mg/h)

Y (skin
fibroblasts,
partial
deficiency,
GTPCH-1
activity
0.35 uU/mg
and 0.36 uU/
mg,
respectively,
range:
[1.4–6.5]
uU/mg)

Y (skin
fibroblasts
almost
undetectable)

NM Y (skin
fibroblasts,
partial
deficiency,
GTPCH-1
activity
reduced
down to 35%)

Y (skin
fibroblasts,
partial
deficiency,
GTPCH-1
activity
reduced
down to 17%
and 31%,
respectively)

Y (skin
fibroblasts,
partial
GTPCH-1
deficiency,
activity
reduced down
to 35%)

NM NM NM

Therapy outcome
Levodopa-

induced
dyskinesia

N N N N N N N N N N N N N

Residual
symptom

Partial
improvement
(died at the age
of 10-year)

33-month
of age:
slight ataxic
gait, slight
mental
retardation
remained

Completely
remission

Both with
slight
generalized
hyperreflexia

Both with
slight
generalized
hyperreflexia

3 years:
normal motor
and mental
development;
head
circumference
improvement

18-month of
age:
neurological
development
is age-
appropriate)

6 years:
average age-
related results
in all subtests

26-month of
age: mental
developments
delayed,
cognitive
impairment

17-month of
age: started
walking,
speak single
words,
mental
development
delayed

Follow-up
40 months:
significant
improvement in
milestones and
dystonia

Follow-up
12 months:
baseline
milestones was
normal,
significant
improvement in
dystonia

Completely
remission

M, male; F, female; Y, yes; N, no; NM, not mentioned; PLS, Parkinsonism-likely symptom; HPA, hyperphenylalaninemia; CSF, cerebrospinal fluid; HVA, homovanillic acid; 5HIAA, 5-hydroxyindoleacetic acid; Phe, phenylalanine; Neo,
neopterin; Bio, biopterin; BH4, tetrahydrobiopterin; GTPCH-1, GTP, cyclohydrolase I
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from the classic phenotype of the disease: she presented with
severe truncal hypotonia and motor developmental regression
but without apparent limb dystonia. This case expands the
spectrum of DRD phenotypes.

Dopa-responsive dystonia (DRD) encompasses a group of
clinically and genetically heterogeneous disorders that typically
manifest as limb-onset, diurnally fluctuating dystonia and exhibit
a sustained response to levodopa treatment (Wijemanne and
Jankovic, 2015). Autosomal dominant GTP cyclohydrolase 1
(GTPCH-1) deficiency, also known as Segawa disease, is caused
by dominant GCH1 variants and is the most common and best-
characterized condition that manifests as DRD. Although DRD is
usually caused by a dominant variant in GCH1, several recessive
variants in GCH1 have also been reported. In DRD patients with
recessive GCH1 variants, there is a spectrum of symptom severities
ranging from mild to very severe. Patients with recessive GCH1
variants could have symptoms of intellectual disability, seizures,
abnormal muscle tone, and movements (Blau et al., 1995; Ichinose
et al., 1995; Furukawa et al., 1998; Nardocci et al., 2003). However, a
patient with a homozygous variant ofGCH1maymanifest withmild
symptoms of typical DRD (Hwu et al., 1999). These conditions may
be associated with residual GTPCH-1 activities. In cases of patients
with recessive variants, the analysis of GTPCH-1 activity in
fibroblasts or liver biopsy usually reveals a reduction in activity
by up to 35% (Blau et al., 1995; Nardocci et al., 2003; Horvath et al.,
2008; Opladen et al., 2011). In patients carrying homozygous
variants, the levels of activity may even decrease to far less than
50% (even undetectable) due to the inactivation of both alleles (Blau
et al., 1995; Ichinose et al., 1995; Horvath et al., 2008), which might
cause more severe symptoms such as severe intellectual disability
and seizures. When variants partially affect the expression levels of
the enzyme (e.g., 50%), DRD patients with recessive variants might
exhibit typical DRD symptoms, as shown in patients with a single
dominant variant. In addition, the phenylalanine/tyrosine ratio is
usually elevated during the phenylalanine loading test, with a striking
reduction of plasma biopterin (Opladen et al., 2011).

In early childhood, the required doses of levodopa for patients
with AR-DRD are usually higher than in classical DRD but may
decrease with increasing age (Horvath et al., 2008; Bodzioch et al.,
2011; Opladen et al., 2011). In patients with compound
heterozygosity for GCH1 mutations, a higher frequency of
intolerable levodopa-induced dyskinesias may restrain therapeutic
efforts to optimally alleviate extrapyramidal signs (Furukawa et al.,
2004; Bodzioch et al., 2011). These dyskinesias in DRD patients
subside after dose reduction and do not reappear with subsequent
slow dose increments (Kim et al., 2016). However, to date, none of
the patients reported to have homozygous GCH1 variants have
exhibited levodopa-induced dyskinesias. In our patient, treatment
with levodopa/carbidopa had a dramatic and immediate effect
without any side effects. The dosage of levodopa used
corresponds to those published for other forms of recessive
GTPCH deficiency (Kim et al., 2016; Weissbach et al., 2021).
Interestingly, the heterozygous p.V202I variant was first described
by Hagenah et al. in a DRD patient with lower limb dystonia
(Hagenah et al., 2005). The parents of our patient were found to
carry the heterozygous p.V202I variant, but bothwere asymptomatic
and without obvious neurological signs. According to previous

reports, approximately 30–50% of individuals with autosomal
dominant DRD have no family history of clinically apparent
dystonia (Bandmann et al., 1996). Therefore, the possibility that
the symptoms associated with a variant of p.V202I with incomplete
penetrance cannot be excluded (Bandmann et al., 1996).

Within the broad spectrum of phenotypes, AR-DRD shows
some overlapping features with several disorders and is subject to
frequent misdiagnosis, particularly as cerebral palsy (Talvik et al.,
2010; Flotats-Bastardas et al., 2018; Giri et al., 2019) or epilepsy
(Brüggemann et al., 2012; Gowda et al., 2019). Our patient was
misdiagnosed as cerebral palsy. Moreover, several reports
indicated that mild intellectual disability and/or cognitive
impairment may remain, despite long-term treatment.
Previous studies reported that slight ataxic gait, intellectual
disability, and speech delays remained following the initiation
of levodopa/carbidopa for 17–24 months (Blau et al., 1995;
Brüggemann et al., 2012); the other cases also experienced
neurological impairments, including learning difficulties and
moving disorders after 36 months (Bandmann et al., 1998).
These reports indicate that early diagnosis and the initiation of
replacement treatment during early infancy are important for the
prevention of mental and/or cognitive impairment, speech, and
movement deficits (Brüggemann et al., 2012).

In terms of the current patient, we were unable to measure
pterins levels in the urine and CSF or GTPCH-1 activity in the
patient’s fibroblasts cells. Such tests are highly specialized and not
readily available; furthermore, we had no parental consent for
lumbar puncture. After careful clinical evaluation, we initiated a
trial replacement therapy with low doses of levodopa/carbidopa.
Shortly afterwards, genetic detection was performed. Fortunately,
her symptoms were completely and persistently responsive to
levodopa/carbidopa treatment without any side effects and there
were no delays in the initiation of treatment and diagnosis.

CONCLUSION

We describe one DRD patient associated with a homozygous
GCH1 variant. The patient presented with severe hypotonia,
motor developmental regression, without apparent limb
dystonia and hyperphenylalaninemia. Autosomal recessive
DRD caused by GCH1 variants should be considered in
patients with early infantile onset hypotonia and dystonia,
even if diurnal fluctuation and hyperphenylalaninemia are
absent. Confirmation of the diagnosis can be achieved by
genetic analysis of the GCH1 gene or by enzyme analysis in
cultured skin fibroblasts. The early initiation of levodopa/
carbidopa leads to a very favorable long-term outcome
regarding motor and mental development.
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Supplementary Video S1 | Patient at the age of 12 months before starting
levodopa/carbidopa therapy: note appropriate social contact, inability to control
her head and inability to sit without support.

Supplementary Video S2 | Four weeks after the start of levodopa/carbidopa
treatment (1 mg/kg/d), the patient was able to control her head and sit without
support.

Supplementary Video S3 | Six months after commencing of levodopa/carbidopa
treatment (10 mg/kg/d), the patient was able to walk; her language was restricted to
two-to-three-word sentences. Coordination and neurological development were
age appropriate.

Supplementary Material S1 | Search strategy for the literature review.
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Rare cause of coronary artery
ectasia in children: A case report
of methylmalonic acidemia with
hyperhomocysteinemia
Tu Juan, Chen Chao-ying*, Li Hua-rong and Wan Ling

Department of Nephrology, Children’s Hospital Affiliated to Capital Institute of Pediatrics, Beijing,
China

Background: Methylmalonic acidemia (MMA) with hyperhomocysteinemia is

caused by cobalamin deficiency, mainly due to disturbance of cobalamin C

(cblC) metabolism. Its clinical manifestations involve many organs. However,

cases of coronary artery ectasia have been rarely reported.

Case presentation: Here, we report the case of a 4-year-old girl who

was hospitalized mainly because of pallor, brown urine, and fatigue,

followed by hypertension, renal insufficiency, hemolytic anemia, cardiac

enlargement, cardiac insufficiency, and coronary artery ectasia. Thrombotic

microangiopathy (TMA) was confirmed by renal pathological examination.

Metabolic examination showed hyperhomocysteinemia and methylmalonic

aciduria. Furthermore, genetic assessment confirmed MMACHC gene variant,

which confirmed the final diagnosis of a cblC defect. Intramuscular injection

of hydroxy-cobalamin, oral medications of betaine, levocarnitine, folic acid,

and aspirin were administered. Three months later, the patient’s condition

was significantly improved. Anemia was corrected, and the renal function was

normal. Heart size, cardiac function, and coronary artery structure completely

returned to normal.

Conclusion: The clinical manifestation of cblC deficiency is atypical. This

critical condition may be associated with multiple organ involvement. A rare

complication, coronary artery ectasia, can also occur. Early identification,

careful evaluation, and appropriate treatment are crucially important for the

improvement of this disease prognosis.

KEYWORDS

methylmalonic academia, cobalamin C defect, homocystinemia, coronary artery
ectasia, case report

Background

Methylmalonic acidemia (MMA) with hyperhomocysteinemia is caused by
congenital abnormal metabolism of cobalamin. Cobalamin plays an important role
in the metabolism of methylmalonic acid and homocysteine. Therefore, in cobalamin
disorders, methylmalonic acid, and homocysteine accumulate in the body, which can
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be manifested as multiple organ damage (1). Notably, its clinical
manifestations often lack specificity. Cardiovascular system
involvement can be characterized by myocardial injury and
hypertension, but coronary arteries involvement is very rare
(2). Here, we report the case of a 4-year-old girl with MMA
complicated with hyperhomocysteinemia, caused by a cblC
congenital defect. To the best of our knowledge, this is the first
report of MMA combined with coronary artery ectasia.

Patient information

A 4-year-old girl was admitted to hospital because of
pale complexion and brown urine, accompanied by abdominal
pain, vomiting, and fatigue. She was the second child of non-
consanguineous parents whose first daughter was healthy. Her
perinatal medical and family histories were unremarkable.
She had normal level of mental and motor development
for her age. Three months earlier, the child had undergone
hemoglobin tests in local hospital, with a result of 84 g/L
[mean corpuscular volume (MCV) 101 fL (reference value
range 80–100 fL), mean corpuscular hemoglobin concentration
(MCHC) 307 g/L (reference value range 310–350 g/L), serum
iron 7.2 µmol/L (reference value range9–27 µmol/L)]. In
addition, considering her poor appetite she was diagnosed with
“iron deficiency anemia” and iron supplement treatment was
administered. One month later, the anemia of the girl was
improved with the hemoglobin level of 113 g/L (MCV103
fL, MCHC318 g/L).

Physical examination revealed normal body temperature,
pulse 122 times/min, blood pressure 140/94 mmHg, Height
100 cm, Weight 14.2 kg, BMI 14.2 kg/m2, BMI-for-age z score
−1.1. The girl had pale appearance, with swelling in face and
lower extremities. The first heart sound (S1) was low and dull.
No murmurs, gallops, or rubs were detected.

Laboratory examinations showed that the patient had
hypocomplementemia C3 0.73 g/L (normal rage 0.9–1.8 g/L).
Autoantibodies like antinuclear antibody, anti-DNA, anti-
neutrophil cytoplasmic antibody and anti-glomerular basement
membrane antibody were negative. Pathogenic tests including
hepatitis B virus, hepatitis C virus, cytomegalovirus, Epstein-
Barr virus and parvovirus B19 were also negative. And blood
gas analysis was normal.

Hematological assessment

The complete blood count showed macrocytic anemia.
The hemoglobin level was 62 g/L. The MCV was 107 fL
(reference value range 80–100 fL), MCHC was 369 g/L
(reference value range 310–350 g/L), and the reticulocytes were
increased to 9.6%. The platelet count was 194∗109/L, and the
white blood cell count is normal. Red blood cell fragments

were visible in the peripheral blood smears. Serum lactate
dehydrogenase (LDH) was significantly increased to 939 U/L
(normal value range 80–300 U/L). The levels of the serum
vitamin B12 [19 ng/mL (normal value range 3.1–19.9 ng/mL)],
folic acid [700 pg/ml (normal value range 197–775 pg/mL)],
ferritin [114 ng/mL (normal value range 10–120 ng/mL)],
and transferrin saturation [23% (normal value range 20–55%)]
were normal. Bone marrow examination revealed significant
erythroid hyperplasia. Large red blood cells were also observed,
along with a normal number of megakaryocytes and platelets.
The Coomb’s test was negative and the coagulation index was
normal. Combined with the aforementioned findings of the
blood system examinations, we concluded that the child had
non-immune hemolytic anemia.

Kidney assessment

The results of the kidney examinations were as follows:
serum creatinine 124 µmol/L (reference value range 19–44
µmol/L), urinary total protein excretion reached 1,632 mg/d,
urine centrifugal microscopy showed red blood cell (RBC)
40–50/high-power field (hpf). Additionally, the child had non-
immune hemolysis with abnormal renal function, so hemolytic
uremic syndrome (HUS) was highly suspected, although she
was not accompanied by the typical manifestation of HUS—
thrombocytopenia. Without any contraindication, renal biopsy
was performed on day 8 after the girl’s admission. Light
microscopy showed proliferated and swelled endothelial cells,
some capillary loops were compressed and narrowed, the
lumen of some of the afferent arterioles was occluded, and the
intima was edematous, which were consistent with thrombotic
microangiopathy (Figures 1A,B). We determined the activity
of the complement factor H, the serum level of antibody
against factor H and C5b-9, and all showed normal. Normal
ADAMTS-13 activity and negative ADAMTS-13 antibody ruled
out thrombotic thrombocytopenic purpura.

Cardiac assessment

N-terminal pro-brain natriuretic peptide (NT-BNP) 1,290
pg/mL (reference value range < 289 pg/mL), high-sensitivity
troponin T (hsTnT)17 ng/L (reference value range ≤ 14
ng/L). The echocardiography findings showed that the left
atrium and left ventricle were enlarged. The ventricular wall
motion amplitude was reduced, and the left ventricular systolic
function was decreased [ejection fraction, (EF) 44%]. Vascular
ultrasound revealed: left main coronary artery [diameter 3.6 mm
(Z = + 3.59)], anterior descending branch [diameter 2.7 mm
(Z = + 2.57)], and circumflex artery [diameter 2.5 mm
(Z = + 2.42)] dilation. The walls of these blood vessels
were not smooth.

Frontiers in Pediatrics 02 frontiersin.org

28

https://doi.org/10.3389/fped.2022.917734
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


fped-10-917734 July 18, 2022 Time: 19:22 # 3

Juan et al. 10.3389/fped.2022.917734

FIGURE 1

(A,B) Light microscopy evaluation of renal biopsy using HE and
PASM staining. A. HE staining implied that some lumen
occlusion and intima edema was in partial afferent arteriole (Red
arrowhead). (B) PASM staining showed endotheliocytes were
swollen and proliferative, partial capillary loops were
compressed and narrowed (Red arrowhead), GBM were
incrassated and degenerated, with lamina rata internal
expansion and formation of double contours (Green
arrowhead). (A) (HE, ×200), (B) (PASM, ×400).

Metabolism testing and diagnostic
assessment

The specific biochemical examination revealed that the level
of serum homocysteine was significantly increased up to 216.7
µmol/L (normal range 3.7–13.9 µmol/L). The level of propionyl
carnitine (C3) in the blood reached 7.31 µmol/L (normal
range 0–5.41 µmol/L); the ratio C3/acetyl carnitine (C2) was
0.31 (normal range 0.03–0.20). The concentration of urinary
methylmalonic acid reached 43.05 (normal range 0–5.34).
Using next-generations sequencing, we detected compound
heterozygous variants in the MMACHC gene. The variant sites
c.80A > G (p.Q27R) and c.609G > A (W203X) were derived
from the father and mother, respectively (Figures 2A–D).
According to the American College of Medical Genetics
(ACMG) guideline, they all were pathogenic variants (3, 4). In
addition, we did not find any pathogenic variant in genes of
atypical hemolytic uremic syndrome (aHUS). Until then, the

FIGURE 2

(A–D) The variants in the MMACHC gene of the patient and her
family. HGB, hemoglobin; SCr, serum creatinine; SHcy, serum
homocysteine. (A) The patient had compound heterozygous
variants in the MMACHC gene. (B) The father of the child had a
heterozygous variant at c.609G > A of the MMACHC gene, and
c.80A site is normal. (C) The mother of the child had a
heterozygous variant at c.80A > G of the MMACHC gene, and
c.609G site is normal. (D) There was no variant in the MMACHC
gene of the sister of the child.

diagnosis of the child was clear: methylmalonic acidemia with
homocysteinemia (cblC type) and secondary TMA.

Therapy and follow-up
examinations

The child was given active treatment to correct the metabolic
disorder of cblC defect. The specific treatments included
intramuscular injection of hydroxy-cobalamin (1 mg/day), oral
betaine (300 mg/kg/day), carnitine (75 mg/kg/day), and folic
acid (5 mg/d); ramipril and amlodipine were applied to lower
the high blood pressure. Considering that the child had coronary
artery ectasia, a low-dose aspirin (3–5 mg/kg/day) was also used
as an antiplatelet aggregation agent.

One month after the start of the above treatment, the child’s
heart and kidney functions were significantly improved, and
hemolytic anemia was corrected. Three months later, the child
visited the outpatient clinic for a follow-up examination. She was
lively and talkative, with normal blood pressure, negative urine
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FIGURE 3

The changes of hemoglobin, serum creatinine, and serum homocysteine.

protein (Figure 3 and Table 1). Her blood homocysteine level
decreased, and the condition of her coronary artery dramatically
returned to normal: left main coronary artery diameter 2.6 mm
(Z = + 1.20), anterior descending branch diameter 2.0 mm
(Z= + 1.80)], circumflex artery diameter 1.5 mm (Z=−0.28)].

Discussion and conclusion

CblC deficiency is an autosomal recessive hereditary disease,
which is caused mainly by variants in the MMACHC gene.
The protein it encodes is located in the cytoplasm and
plays an important role in the transport of cobalamin within
the cytoplasm as well as into the mitochondria, thereby
affecting mitochondrial cobalamin metabolism also. MMACHC
disorders result in decreased intracellular production of
adenosylcobalamin and methylcobalamin (MeCbl), which
ultimately affect the metabolism of methylmalonic acid and
homocysteine (1, 2). The incidence of cblC deficiency is
estimated to be within the range 1/60,000–36,000. It is the most
frequent type of methylmalonic acidemia in China (5). Due

TABLE 1 The changes of clinical and lab value before and
after treatment.

Clinical and lab
value

Baseline
value

One month
after

treatment

Three months
after

treatment

HGB (g/L) 62 102 118

Bp (mmHg) 140/94 125/85 102/62

EF (%) 44 48 56

Egfr (ml/min/1.73 M2) 29.4 57.0 89.6

UPr/Cr (mg/mg) 9.07 1.4 0.2

HGB, hemoglobin; Bp, blood pressure; EF, ejection fraction; eGFR, estimated glomerular
filtration rate; UPr/Cr, urinary protein creatinine ratio.

to the accumulation of hyperhomocysteinemia, methylmalonic
acid and secondary metabolites in the body, patients experience
multiple organ involvement (1).

The patient had a late onset age of 4 years old. The
first symptoms are pale skin, brown urine, and digestive
tract involvement, and then the manifestation of TMA
was presented. TMA is an important complication of cblC
deficiency. The vascular damage caused by homocysteinemia
plays an important role in its pathogenesis. An earlier review
of published case reports and case series established that 36
patients with cblC deficiency had TMA, which was manifested
with hemolytic anemia, thrombocytopenia, and peripheral red
blood cell fragments (6). Our case had the clinical features of
TMA, but without thrombocytopenia, and the diagnosis was
finally confirmed by renal biopsy. Thrombocytopenia is a typical
clinical manifestation of TMA, but many reports have shown
that there is no thrombocytopenia in cblC deficiency combined
with TMA (7, 8). Platelet aggregation and consumption
have been speculated not to be the only mechanism of
microangiopathy in such patients. Endothelial cell swelling and
smooth muscle cell proliferation also play important roles.
Anemia was another important clinical feature of this girl,
manifested as macrocytic anemia. Hematological manifestations
are very common in children with cblC deficiency, and it
accounted for 83.3% of the cases described in a previous report
from China (5). Apart from hemoclasis generated by TMA,
the causes of anemia are also related with obstruction of DNA
synthesis due to cobalamin disorders, eventually impairing cell
division and inducing megaloblastic anemia.

In addition, the cardiovascular involvement in this
case was very obvious. Cardiac complications of cblC
deficiency often manifest as congenital heart disease, dilated
cardiomyopathy, pulmonary hypertension, and arterial
hypertension (2). To the best of our knowledge, this is the
first report of MMA combined with coronary artery ectasia.
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Coronary artery ectasia in children is always secondary to
Kawasaki disease, and few of cases are also secondary to
other vasculitis types such as systemic lupus erythematosus and
polyarteritis nodosa, as well as to infections such as Epstein-Barr
virus and syphilis (9, 10). Dilated coronary arteries can form
local thrombus, vascular stenosis, and myocardial ischemia,
leading to poor prognosis (11). Geraghty et al. reported a case
of coronary artery disease in a child with cblC deficiency,
who also had TMA, nervous system damage, and eventually
died. The autopsy revealed intimal hyperplasia of the right
coronary artery and local fibrosis of the endocardium (12).
The pathogenesis of coronary artery ectasia may be related
to hyperhomocysteinemia, which plays an important role in
the occurrence and development of vascular lesions through
cytotoxicity, promoting thrombosis and atherosclerosis (13).

The genetic test of the child indicated that the MMACHC
gene has compound heterozygous variant s. The c.609 G > A
is the most common variant site in Chinese patients with
cblC deficiency, accounting for 48–55.4% of all cases. Patients
with this variant often manifest as early onset methylmalonic
acidemia. The c.80A > G variant is also common, with an
incidence of cblC defects in the Chinese population within the
range 5.1–9.09% (4, 5, 14). Previous reports have described
the cases of patients with MMACHC gene variants, similarly
to this child, which showed compound heterozygous variants
of c.80A > G (p.Q27R) and c.609G > A (W203X). The
disorder in such patients had often been accompanied by HUS
or pulmonary hypertension. Therefore, it has been speculated
that this type of compound heterozygous variant sites has
susceptibility to microvascular damage (6, 15, 16).

In summary, we report a case of a 4-year-old girl diagnosed
with cblC disorder, with clinical manifestations of critical illness,
including renal insufficiency, cardiac insufficiency, hemolytic
anemia, and coronary artery dilation. Despite the serious
condition of this child at the onset of the illness, a good
prognosis was finally achieved by effective treatment. Therefore,
in children with multiple damage, especially with TMA, it
is critical to consider cblC deficiency. Metabolic analysis
and gene detection are essential for making the diagnosis.
In addition, it is necessary to conduct a comprehensive
cardiac assessment in such patients. Furthermore, coronary
B-ultrasound examination findings are important for the
provision of timely treatment and an appropriate follow-
up duration.

Data availability statement

The datasets for this article are not publicly available
due to concerns regarding participant/patient anonymity.
Requests to access the datasets should be directed to the
corresponding author.

Ethics statement

The studies involving human participants were reviewed
and approved by the Institutional Ethics Committee of the
Capital Institute of Pediatrics. Written informed consent to
participate in this study was provided by the participants’ legal
guardian/next of kin. Written informed consent was obtained
from the individual(s), and minor(s)’ legal guardian/next of kin,
for the publication of any potentially identifiable images or data
included in this article.

Author contributions

TJ drafted the initial manuscript. CC-Y reviewed and revised
the manuscript. LH-R and WL collected data of the patient. All
authors approved the final manuscript as submitted and agreed
to be accountable for all aspects of the work.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

References

1. Carrillo-Carrasco N, Chandler RJ, Venditti CP. Combined methylmalonic
acidemia and homocystinuria, cblC type. I. Clinical presentations, diagnosis and
management. J Inherit Metab Dis. (2012) 35:91–102. doi: 10.1007/s10545-011-
9364-y

2. Carrillo-Carrasco N, Venditti CP. Combined methylmalonic acidemia
and homocystinuria, cblC type. II. Complications, pathophysiology, and
outcomes. J Inherit Metab Dis. (2012) 35:103–14. doi: 10.1007/s10545-011-
9365-x

Frontiers in Pediatrics 05 frontiersin.org

31

https://doi.org/10.3389/fped.2022.917734
https://doi.org/10.1007/s10545-011-9364-y
https://doi.org/10.1007/s10545-011-9364-y
https://doi.org/10.1007/s10545-011-9365-x
https://doi.org/10.1007/s10545-011-9365-x
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


fped-10-917734 July 18, 2022 Time: 19:22 # 6

Juan et al. 10.3389/fped.2022.917734

3. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards
and guidelines for the interpretation of sequence variants: a joint consensus
recommendation of the American college of medical genetics and genomics and the
association for molecular pathology. Genet Med. (2015) 17:405–24. doi: 10.1038/
gim.2015.30

4. Liu MY, Yang YL, Chang YC, Chiang SH, Lin SP, Han LS, et al. Mutation
spectrum of MMACHC in Chinese patients with combined methylmalonic aciduria
and homocystinuria. J Hum Genet. (2010) 55:621–6. doi: 10.1038/jhg.2010.81

5. Wang F, Han L, Yang Y, Gu X, Ye J, Qiu W, et al. Clinical,
biochemical, and molecular analysis of combined methylmalonic acidemia
and hyperhomocysteinemia (cblC type) in China. J Inherit Metab Dis. (2010)
33(Suppl. 3):S435–42. doi: 10.1007/s10545-010-9217-0

6. Beck BB, van Spronsen F, Diepstra A, Berger RM, Kömhoff M. Renal
thrombotic microangiopathy in patients with cblC defect: review of an under-
recognized entity. Pediatr Nephrol. (2017) 32:733–41. doi: 10.1007/s00467-016-
3399-0

7. Kömhoff M, Roofthooft MT, Westra D, Teertstra TK, Losito A, van de Kar NC,
et al. Combined pulmonary hypertension and renal thrombotic microangiopathy
in cobalamin C deficiency. Pediatrics. (2013) 132:e540–4. doi: 10.1542/peds.2012-
2581

8. Liu J, Peng Y, Zhou N, Liu X, Meng Q, Xu H, et al. Combined methylmalonic
acidemia and homocysteinemia presenting predominantly with late-onset diffuse
lung disease: a case series of four patients. Orphanet J Rare Dis. (2017) 12:58.
doi: 10.1186/s13023-017-0610-8

9. Boles U, Eriksson P, Zhao Y, Henein MY. Coronary artery ectasia: remains
a clinical dilemma. Coron Artery Dis. (2010) 21:318–20. doi: 10.1097/MCA.
0b013e32833b20da

10. Reyna J, Reyes LM, Reyes L, Campos FH, Meza P, Lagunas A, et al. Coronary
artery dilation in children with febrile exanthematous illness without criteria
for Kawasaki disease. Arq Bras Cardiol. (2019) 113:1114–8. doi: 10.5935/abc.201
90191

11. Devabhaktuni S, Mercedes A, Diep J, Ahsan C. Coronary artery ectasia-a
review of current literature. Curr Cardiol Rev. (2016) 12:318–23. doi: 10.2174/
1573403x12666160504100159

12. Geraghty MT, Perlman EJ, Martin LS, Hayflick SJ, Casella JF,
Rosenblatt DS, et al. Cobalamin C defect associated with hemolytic-
uremic syndrome. J Pediatr. (1992) 120:934–7. doi: 10.1016/S0022-3476(05)
81967-5

13. Bhargava S, Ali A, Manocha A, Kankra M, Das S,
Srivastava LM. Homocysteine in occlusive vascular disease: a
risk marker or risk factor. Indian J Biochem Biophys. (2012) 49:
414–20.

14. Wang C, Li D, Cai F, Zhang X, Xu X, Liu X, et al. Mutation spectrum of
MMACHC in Chinese pediatric patients with cobalamin C disease: a case series
and literature review. Eur J Med Genet. (2019) 62:103713. doi: 10.1016/j.ejmg.2019.
103713

15. Chen M, Zhuang J, Yang J, Wang D, Yang Q. Atypical hemolytic uremic
syndrome induced by CblC subtype of methylmalonic academia: a case report
and literature review. Medicine (Baltimore). (2017) 96:e8284. doi: 10.1097/MD.
0000000000008284

16. Chen Q, Bao H, Wu H, Zhao S, Huang S, Zhao F. Diagnosis of cobalamin C
deficiency with renal abnormality from onset in a Chinese child by next generation
sequencing: a case report. Exp Ther Med. (2017) 14:3637–43. doi: 10.3892/etm.
2017.4970

Frontiers in Pediatrics 06 frontiersin.org

32

https://doi.org/10.3389/fped.2022.917734
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/jhg.2010.81
https://doi.org/10.1007/s10545-010-9217-0
https://doi.org/10.1007/s00467-016-3399-0
https://doi.org/10.1007/s00467-016-3399-0
https://doi.org/10.1542/peds.2012-2581
https://doi.org/10.1542/peds.2012-2581
https://doi.org/10.1186/s13023-017-0610-8
https://doi.org/10.1097/MCA.0b013e32833b20da
https://doi.org/10.1097/MCA.0b013e32833b20da
https://doi.org/10.5935/abc.20190191
https://doi.org/10.5935/abc.20190191
https://doi.org/10.2174/1573403x12666160504100159
https://doi.org/10.2174/1573403x12666160504100159
https://doi.org/10.1016/S0022-3476(05)81967-5
https://doi.org/10.1016/S0022-3476(05)81967-5
https://doi.org/10.1016/j.ejmg.2019.103713
https://doi.org/10.1016/j.ejmg.2019.103713
https://doi.org/10.1097/MD.0000000000008284
https://doi.org/10.1097/MD.0000000000008284
https://doi.org/10.3892/etm.2017.4970
https://doi.org/10.3892/etm.2017.4970
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Identification and molecular
analysis of 11 cases of the PTS
gene variants associated with
tetrahydrobiopterin deficiency
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Background: Tetrahydrobiopterin deficiency (BH4D) is a rare autosomal

recessive amino acid metabolic disease that belongs to a kind of

hyperphenylalaninemia (HPA), and 6-pyruvyltetrahydrotrexate synthase

(PTPS) deficiency is the most common type of BH4D. This study investigates

the clinical and genetic characteristics of 11 PTPS deficiency cases in the Beijing

area, identifies the genetic pathogenic factors, and evaluates the value of high-

throughput sequencing in the precise diagnosis of PTPS deficiency.

Methods: The Beijing Neonatal Disease Screening Center diagnosed patients

with HPA. The study used phenylalanine (Phe) in blood, the ratio of Phe to Thr,

urotrexate spectrum analysis, erythrocyte dihydrotrexate reductase (DHPR)

activity determination, and high-throughput sequencing as methods.

Bioinformatics software analyzed the variants’ pathogenicity and used RT-

PCR to identify deep intron variants’ pathogenicity.

Result: Among 635 cases with HPA, 38 cases were diagnosed with BH4D, of

which the incidence in HPA was 5.98%. Nine kinds of PTS gene variants were

detected, including seven missense variants, one splicing variant, and one

deletion variant. The splicing variant c.84–291A>G had three splicing results

in vivo: normal length, 79bp pseudoexon insertion, and exon 3 skipping.

Bioinformatics and Sanger sequencing were performed to verify the

identified variants.

Conclusion: High-throughput sequencing is a helpful tool for clinical diagnosis

and differential diagnosis of BH4D. This study confirms that c.84–291A>G is the

hot spot variant of PTPS deficiency, and it is the first reported variant with a new

splicing pattern in vivo. A novel deletion variant c.84_163del (p.Lys29Cysfsp9)

was found to enrich the genetic variant spectrum of the disease.
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Introduction

Hyperphenylalaninemia (HPA) is an autosomal recessive

metabolic disorder of amino acids. It can be divided into two

main categories: phenylalanine hydroxylase (PAH) deficiency

and tetrahydrobiopterin deficiency (BH4D) (Blau et al., 2010; van

Spronsen et al., 2021). PAH deficiency is due to reduced or

deficient activity of phenylalanine hydroxylase (PAH). BH4D is

caused by the synthesis of cofactor tetrahydrobiotrexate or by a

congenital defect of an enzyme in its metabolic pathway. The two

treatments are different (Ye et al., 2013; Singh et al., 2014). There

is no clinical manifestation in the initial stage of BH4D, except for

the increase in blood phenylalanine (Phe), which means it is easy

to be misdiagnosed as the PAH deficiency type and adopt the low

Phe diet therapy. Although the blood Phe of the children

decreases quickly after treatment, progressive neurological

damage symptoms will appear and lead to severe irreversible

consequences. Therefore, it is essential to differentiate and give

appropriate treatment to HPA children as soon as possible after

neonatal disease screening.

BH4D is an autosomal recessive hereditary disease that can

be divided into five types (van Spronsen et al., 2021), 6-

pyruvyltetrahydrotrexate synthase (PTPS) deficiency,

dihydroterine reductase (DHPR) deficiency, guanylate

triphosphate cyclization hydrolase (GTPCH) deficiency,

trexin-4A-dimethoxylamine dehydrase deficiency (PCD), and

sepiapterin reductase (SR) deficiency. They are caused by

variants of 6-pyruvyltetrahydrotrexate synthase (PTS),

dihydroterine reductase (DHPR), guanylate cyclization

hydrolase I (GTPCH1), trexin-4A-dimethoxylamine dehydrase

(PCD), and sepiapterin reductase (SR), respectively (Song et al.,

2020), and the lack of any enzyme will lead to the obstruction of

BH4 synthesis (Opladen et al., 2012). It is important to

emphasize that PTS deficiency accounts for the largest

proportion. PTS gene variant makes dihydroneopterin

triphosphate unable to produce 6-acetonyl hydropterin,

resulting in the increase of neopterin and biopterin synthesis

being impaired (Opladen et al., 2012; van Spronsen et al., 2021).

BH4D has noticeable regional differences; the prevalence of

BH4D was higher in the northern regions (4.1‰) of China

than in the central regions (3.4‰) or southern regions

(1.6‰) (Ye et al., 2001; Wang et al., 2006; Yuan et al., 2021).

More interesting, the total proportion of BH4D cases among

HPA cases was 3.9%, and the highest proportion occurred in the

southern region (15.1%), while the lower proportion was

observed in the northern region (2.0%). (Ye et al., 2001;

Wang et al., 2006; Yuan et al., 2021). At present, the

differential typing of HPA mainly depends on a variety of

comprehensive diagnosis methods such as blood Phe

detection, urinary methotrexate spectrum analysis, DHPR

activity determination, and BH4 load test (Song et al., 2020).

However, the whole differential typing process requires several

tests, biochemical detection is influenced by many factors and is

not precise sufficiently. Gene testing could reduce false-positive

results and facilitate timely diagnostics of HPA (Cao et al., 2014).

In addition, it can quickly identify and classify the type of HPA,

especially for the differential diagnosis of BH4D, which has been

widely used in the clinic.

This study comprehensively analyzed the clinical diagnosis

and genetic testing results of 11 children with PTPS deficiency in

the Beijing Neonatal Disease Screening Department and explored

the genetic etiology of PTPS deficiency and the value of high-

throughput sequencing in the early diagnosis of PTPS deficiency.

Methods and materials

Family recruitment and ethical sight

In a total of 635 cases of HPA, one patient from another city

was hospitalized due to clinical symptoms, and all the other

patients, whose heel blood Phe concentration was >2 mg/dl

(120umol/L), were collected in Beijing Neonatal Disease

Screening Department from 1989 to 2021. We identified

38 individuals with a clinical diagnosis of BH4D, and 11 of

them were available with reliable clinical and molecular data.

Eleven patients and families with PTPS deficiency were

ultimately diagnosed by urinary butterfly spectrum analysis,

DHPR activity determination, and gene detection. All the

subjects in this study had no family history, and their parents

had normal phenotypes and were not consanguineous in

marriage. This study was approved by the Ethics Committee

of Beijing Obstetrics and Gynecology Hospital affiliated with

Capital Medical University, and family members (or guardians)

all signed informed consent.

Urotrexate spectrum analysis and
erythrocyte DHRP activity determination

The study collected fresh urine, and vitamin C was

immediately added, mixed, and dropped on filter paper to dry

naturally. HPLC determined urine neopterin (N) and biopterin

(B) to screen for BH4 deficiency. The drops of heel blood

sampling were taken and dropped on the filter paper to detect

DHPR activity. Meanwhile, each test measured standard control

samples, and the percentage (%) of the samples was measured as

the regular control activity. Shanghai Xinhua Hospital completed

the aforementioned two projects.

Blood sample collection and DNA
extraction

The blood sample was drawn from the affected and

normal individuals. Genomic DNA was extracted using the
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phenol-chloroform method and was quantified using

Nanodrop-2000 using standard methods.

High-throughput sequencing

Genomic library preparation: genomic DNA was randomly

interrupted and spliced with primers to prepare the required

library; hybridization capture: IDT’s xGen Lockdown system was

used to lockdown the probes with the target region libraries of the

relevant genes in the samples to enrich the DNA sequences in the

exon region; sequencing: Illumina Novaseq high-throughput

sequencing was performed on qualified products; data

analysis: sequence data were analyzed, filtered, and compared

with the human PTS (NC_000,011.10) gene reference sequence.

This study mainly focused on nonsynonymous, homozygous, or

compounded heterozygous variants with a minor allele frequency

of 1% (dbSNP142 or ExAC) retained to identify plausible

pathogenic variants. The variants were cross-checked in the

Human Gene Mutation Database (HGMD; http://www.hgmd.

cf.ac.uk/ac/index.php) to know whether that identified variants

are novel or already reported.

Primer designing and mutation
confirmation

The PTS (NM_00,031.7) gene sequence was obtained from

the website (http://genome.ucsc.edu). Primer 5.0 software was

used to design the specific PCR primers (Supplementary Table

S1). The target region was amplified by polymerase chain

reaction (PCR) following the manufacturer’s instructions.

Bioinformatics analysis

Different bioinformatics software, including sorting

intolerant from tolerant (SIFT, http://www.sift.jcvi.org/),

Polyphen-2 (http://genetics.bwh.harvard.edu/pph2), Mutation

Taster (http://www.mutationtaster.org/), and REVEL (https://

sites.google.com/site/revelgenomics/) were used for functional

effect prediction. Meanwhile, variant frequencies were

determined in the 1000 Genomes Project, ExAC (http://exac.

broadinstitute.org/), and GnomAD ALL (http://gnomad-sg.org/)

database. Finally, the American College of Medical Genetics and

Genomics (ACMG) 2015 guidelines were used for the

interpretation of variants.

Validation of the splicing variant

RNA analysis was used to confirm if the intronic variant c.84-

291A>G affects RNA splicing. The study extracted 2 ml venous

blood from patient-1 and used TRIzol (Invitrogen, Cat

No.15596018) reagent to isolate RNA. Reverse transcriptase-

PCR (RT-PCR) was performed using oligo dT (Promega, Cat.

No. A5001). Nest-PCR was used to amplify the target cDNA

fragments, and T-clones (Pmd19-T Vector Cloning Kit, Takara)

were used to analyze the sequence of the amplicons.

Results

Clinical characteristics

In this study, among 635 cases with HPA, 38 cases were

diagnosed with BH4D. BH4D accounted for 5.98% (38/635)

of HPA. Due to technical limitations and many families

refusing to do gene testing, so many patients are only

diagnosed with BH4D, and failed to carry out accurate

clinical classification. At the same time, many patients

have been lost to follow-up. Thus, 11 of 38 cases in this

study have complete clinical molecular data and were

diagnosed with PTPS deficiency. Of the 11 cases, four

were males and seven were females, including a pair of

twins (patient-1 and patient-2). The other 10 were

newborn disease screening cases except for patient-10,

who was hospitalized due to motor development delay

and abnormal muscle tone. Most of the patients have

normal skin and hair color, and no symptoms such as

eczema, convulsion, dystonia, or other neurological

abnormalities (Table 1). Seven cases have continued

treatment and regular follow-up, and four cases have

stopped treatment.

Biochemical results

The primary blood Phe concentration range of 11 cases with

PTPS deficiency was 2.52–12.45 (mg/dl). The Phe level’s

minimum value was 2.4 (mg/dl), and the maximum value was

37.1 (mg/dl) (Table 1). The results of the urine neopterin

spectrum showed that neopterin (N) increased significantly in

other patients except for patients 1, 2, 3, 4, and 11. Except for

patient-6, biopterin (B) decreased significantly in all other cases.

Only B% of patient-7 and patient-9 were between 5 and 10%, and

B% of other cases were less than 5%. Blood DHPR activity was

normal in all patients (Table 1).

Molecular analysis

Variant analysis of PTS in PTPS-deficient patients
Among the 11 PTPS-deficient patients, only one variant

was detected in patient 9, homozygous variants in patient 6,

and compound heterozygous variants in other cases (Table 1).

Frontiers in Genetics frontiersin.org03

Li et al. 10.3389/fgene.2022.919209

35

http://www.hgmd.cf.ac.uk/ac/index.php
http://www.hgmd.cf.ac.uk/ac/index.php
http://genome.ucsc.edu/
http://www.sift.jcvi.org/
http://genetics.bwh.harvard.edu/pph2
http://www.mutationtaster.org/
https://sites.google.com/site/revelgenomics/
https://sites.google.com/site/revelgenomics/
http://exac.broadinstitute.org/
http://exac.broadinstitute.org/
http://gnomad-sg.org/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.919209


TABLE 1 Clinical and genetic characteristics of patients recruited in this study.

Patient Gender Birth
weight(g)

Birth
height(cm)

Initial
Phe
level(mg/
dl)

Age
at
first
visit

Diagnosis
Phe
level(mg/
dl)

Age at
diagnosis
of HPA

Age at
diagnosis
of PTPS

Age
at
last
visit

Clinical characteristics Genetic characteristics

The
color
of
hair

The
color
of
skin

Dystonia Neurological
abnormalities

N
(mmol/
molCr)

B
(mmol/
molCr)

B%
[B/
(N+B)%]

DHPR
(%)

BH4
reactivity

Continuous
treatment

Gene Zygote
type

Allele
origin

Variant
location

Nucleotide
(amino acid)
change

Novel
variant

1* female 2400g 48 5.83 13d 2.4 20d 33d 7m Normal Normal N N 0.99 0.01 1.38 82.54 Y Y PTS C-het P E5 c.286G>A (p.D96N) N

M I1 c.84-291A>G N

2* female 2350g 47 4.86 13d 2.7 20d 33d 7m Normal Normal N N 1.2 0.03 2.04 103.49 Y Y C-het P E5 c.286G>A (p.D96N) N

M I1 c.84-291A>G N

3 female 2650 49 9.99 16d 7.9 17d 25d 1yr 1m Normal Normal N N 1.95 0.03 1.4 133.97 Y Y C-het P E5 c.272A>G (p.K91R) N

M E5 c.259C>T (p.P87S) N

4 male 2520 47 11.82 11d 26.8 13d 25d 1yr 10m Normal Normal N N 1.93 0.07 3.49 106.67 N/A Y C-het P E2 c.84_163del(p.Lys29Cysfs*9) Y

M E6 c.317C>T (p.T106M) N

5 female 3780 50 2.52 12d 11.9 18d 25d 1m Normal Normal N N 4.09 0.17 3.98 59.68 N/A N C-het P E5 c.286G>A (p.D96N) N

M I1 c.84-291A>G N

6 male 3640 50 8.45 11d 37.1 16d 44d 2yr 11m Normal Normal N N 20.36 0.88 4.14 31.75 Y Y hom P/M E5 c.259C>T (p.P87S) N

7 male 3430 51 3.66 15d 14.2 20d 28d 3yr 6m Normal Normal N N 3.14 0.21 5.65 54.86 N/A N C-het P E5 c.286G>A (p.D96N) N

M I1 c.84-291A>G N

8 female 3410 50 3.3 14d 11 16d 23d 5yr 5m Normal Normal N N 3.05 0.01 1.9 76.95 Y N C-het P I1 c.84-291A>G N

M E5 c.276T>A(p.N92K) N

9 male 3760 51 2.86 16d 6.9 18d 30d 5m Normal Normal N N 4.61 0.28 5.71 87.62 N/A N C-het P E5 c.259C>T (p.P87S) N

N/A N/A N/A N

10 female 3400 50 N/A 15 yr

4 m

2.97 15 yr 4 m N/A 17yr 5m Normal Normal Y Y N/A N/A N/A N/A Y Y C-het P E5 c.276T>A (p.N92K) N

M E5 c.272A>G (p.K91R) N

11 female 2520 47 12.45 34d 2.76 37d 107d 3yr 10m Normal Normal N N 2.22 0.06 2.43 54.99 Y Y C-het P E3 c.166G>A (p.V56M) N

M E2 c.155A>G (p.N52S) N

*, Twins; N, neopterin; B, biopterin; d, day; yr, year; m, month; Y, yes; N, no; N/A, not available; hom, homozygote; C-het, compound heterozygote; P, paternal; M, maternal; E, exon; I, intron.
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There were nine kinds of variants, including seven missense

variants [c.286G>A (p.D96N), c.317C>T (p.T106M),

c.259C>T (p.P87S), c.276T>A (p.N92K), c.272A>G
(p.K91R), c.166G>A (p.V56M), and c.155A>G (p.N52S)],

one splicing variant (c.84-291A>G), and one deletion

variant [c.84_163del (p.Lys29Cysfs*9)]. Variants were

mainly concentrated in exon 5, accounting for 52.38% (11/

21). The splicing variant (c.84-291A>G) accounted for the

highest proportion, up to 23.81% (5/21). In all the variants

that have been mentioned, only the deletion variant

[c.84_163del (p.Lys29Cysfs*9) is the novel variant.

SIFT, Polyphen-2, MutationTaster software, and REVEL

were used for joint analysis of the seven missense variants,

indicating that the variants were pathogenic (Table 2).

Meanwhile, all variant-related diseases were highly consistent

with the clinical phenotypes of patients, which was supporting

evidence of pathogenicity.

Identification of the intronic variant
Patient 1 carried the compound heterozygous variant of

c.286G>A (P.D96N) and c.84-291A > G (Figure 1A), and

RNA was isolated from the blood of the patient, followed by

sequencing of RT-PCR products (Figure 1B); RNA analysis

showed four forms of transcript product by T-clone (Figures

1C, D). Transcript 1 included amissense variant (c.286G>A); this
variation came from the paternal allele (Figure 1Ci), and the

proportion of this product was 47.6% (10/21) (Figure 1D).

Three transcripts were produced by the deep intronic variant

c.84-291A>G. Transcript 2 was the normal transcript, including

all exons (Figure 1Cii), and this product accounted for 23.8% (5/

21) (Figure 1D). Transcript 3 had exon 3 skipping (Figure 1Ciii),

and this product accounted for 14.3% (3/21) (Figure 1D).

Transcript 4 included the 79 bp pseudo-exon and exon

3 skipping (Figure 1Civ), and it accounted for 14.3% (3/21)

(Figure 1D).

FIGURE 1
Identification of compound heterozygous variants of PTS in patient 1. (A) Sequence analysis of genomic DNA with compound heterozygous
variants [c.286G>A (p.D96N) and c.84–291A > G] from patient 1. (B) RNA analysis of patient 1 by RT-PCR. (C) Four forms of the RNA product by
T-clone: i. transcript 1 includes a missense variant (c.286G>A); ii. transcript 2 is the normal transcript, including all exons; iii. transcript 3 has exon
3 skipping; iv. transcript 4 includes the 79 bp pseudo-exon and exon 3 skipping. (D) Schematic map of the compound heterozygous variants of
PTS in patient 1. Transcript 1 includes a missense variant (c.286G>A); this variation comes from the paternal allele, and the proportion of this product
is 47.6% (10/21); three transcripts are produced by the deep intronic variant c.84–291A>G. Transcript 2 is the normal transcript, and this product
accounts for 23.8% (5/21). Transcript 3 has exon 3 skipping, and this product accounts for 14.3% (3/21). Transcript 4 includes the 79 bp pseudo-exon
and exon 3 skipping, and it accounts for 14.3% (3/21).
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Discussion

BH4 is not only the phenylalanine hydroxylase coenzyme but

also the coenzyme of tyrosine hydroxylase, tryptophan

hydroxylase, and other enzymes. Insufficient or lack of

BH4 will affect the activity of PAH and reduce the activity of

tyrosine hydroxylase and tryptophan hydroxylase, thus affecting

the synthesis of neurotransmitters (such as dopamine and

serotonin) in the brain, which results in more severe

symptoms of neurological damage and intellectual impairment

in children (Leuzzi et al., 2010; Song et al., 2021). Therefore,

untreated children with BH4D have more severe clinical

symptoms and worse prognosis than those with typical PKU.

However, in neonatal BH4D children, there is no clinical

manifestation except the increase of blood Phe, and the

clinical symptoms often appear only 1–3 months after birth.

Due to the completely different treatment methods for BH4D

and PAH deficiency, BH4D is easily misdiagnosed as PAH

deficiency in the early stages, which delays the treatment

opportunity for BH4D. Therefore, the early diagnosis and

differential diagnosis of BH4D is vital for clinical treatment

(He et al., 2021).

PTPS deficiency is the most common type of BH4D caused

by PTS gene variant (van Spronsen et al., 2021). In 1992, Thony

cloned the cDNA of the PTS gene from adult liver cells (Thöny

et al., 1992). The human PTS gene is located on 11q22.3. It

includes six exons and five introns, with a total length of 2 kb and

encoding more than 500 nucleotides. Most of the PTS gene

variants are located in the exon of the coding region or the

junction region between exon and intron, and their effect on

enzyme activity mainly depends on the form and location of the

variant (Thöny et al., 1994; Kluge et al., 1996). Until March 2022,

the BH4D-related gene database (http://www.Biopku.org/

PNDDB/search-results.asp) has reported 1192 PTS gene

variants, including missense variants, nonsense variants,

splicing variants, deletion, and duplication variants, among

which missense variant accounted for the most. The most

common variants have been reported as variant c.155A>G (p.

N52S), c.259C>T (p.P87S), c.272A>G (p.K91R), and c.286G>A

(p.D96N). The variant c.286G>A (p.D96N) is mainly found in

the northern population, the variant c.155A>G (p.N52S) occurs

predominantly in the southern population; and the variant c.

259C>T (p.P87S) is common in the north and south of Chinese

population (Ye et al., 2001; Wang et al., 2006; Ye et al., 2013; Li

et al., 2018).

In this study, 11 cases with PTPS deficiency were diagnosed,

including nine cases with compound heterozygous variants in the

PTS gene and one patient with homozygous variants, all derived

from parents. There is another patient, whose family provided

only one PTS variant and refused to cooperate with gene testing

(Table 1). Twenty-one variants were detected in 11 patients with

PTS, including nine kinds of variants: c.286G>A (p.D96N),

c.317C>T (p.T106M), c.259C>T (p.P87S), c.276T>A
(p.N92K), c.272A>G (p.K91R), c.166G>A (p.V56M),

c.155A>G (p.N52S), c.84-291A>G, and c.84_163del

(p.Lys29Cysfs*9), among which there were seven sorts of

missense variants, accounting for 77.78% (7/9). The splicing

variant c.84-291A>G accounted for the highest proportion, up

to 23.81% (5/21), a hot spot variant of PTS in Beijing. Followed by

c.286G>A (p.D96N) and c.259C>T (p.P87S), accounting for

19.05% (4/21) and 14.29% (3/21), respectively. The deletion

variant c.84_163del (p.Lys29Cysfs*9) has not been reported

and it is a novel variant.

The deep intronic variant c.84-291A>G is located in intron

1 of the PTS gene. Through RNA cloning, it is found that the

variant affects the mRNA splicing process. There are three

lengths of splice mRNA: normal length, exon 3 deletions, and

79bp pseudoexon insertion (Figures 1C, D). Due to the variant

still having a normal splicing product (23.8%), it can maintain

the enzyme activity of partial PTS genes, thus, it leads to mild

PTPS deficiency, which is consistent with the literature reports

(Ye et al., 2001). However, it is the first reported that transcript

4 is the simultaneous existence of 79 bp pseudoexon insertion

and exon 3 skipping. In previous reports, only 79 bp pseudoexon

was thought to be produced (Liu et al., 2001; Chiu et al., 2012).

We observed that patients 1, 2, 5, 7, and 8 all carry the variant

c.84-291A > G. The initial screening blood values of these cases

were between 2 and 6 (mg/dl). Patients 5, 7, and 8 stopped drug

TABLE 2 Bioinfomatic analysis of PTS variants.

ExACALL 1000 g 2015 aug all Gnom AD ALL SIFT Polyphen2 Mutation Taster REVEL ACMG

c.286G>A (p.D96N) - 0.00019968 0.00000398 D (0.002) D (0.92) D(1) D (0.817) LP

c.317C>T (p.T106M) 0.00007855 - 0.0001 D(0) D(1) D(1) D (0.941) LP

c.259C>T (p.P87S) 0.00005766 0.00039936 0.00007556 T (0.523) D (0.579) D(1) D (0.501) LP

c.276T>A (p.N92K) - - - D (0.003) D (0.986) D(1) D (0.821) P

c.272A>G (p.K91R) - - - T (0.255) B (0.114) D(1) D (0.754) P

c.166G>A (p.V56M) 0.00001647 - 0.00001591 D (0.014) D (0.852) D (0.581) D (0.729) LP

c.155A>G (p.N52S) 0.0002 - 0.0001 D (0.003) D (0.969) D(1) D (0.801) LP

N, No; Y, Yes; D, Damaging; T, Tolerated; B, benign; LP, Likely pathogenic; P, Pathogenic.
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treatment at the early stage and were under follow-up

observation. The phenylalanine level was in the reference

range (<2 mg/dl), consistent with our expectation. In addition,

we found that the diagnosis phenylalanine blood values of cases-

5, -7, and -8 were 11.9, 14.2, and 11, which we suspect may be

related to increased protein compliance or temporary

impairment of liver enzyme activity after adequate lactation.

Patient 1 and patient 2 are twins who are still under drug

treatment. We explained the disease and genes in detail to the

patients’ parents and recommended a drug withdrawal

observation treatment scheme. However, the parents were

very cautious and afraid of adverse consequences caused by

drug withdrawal, so they insisted on continuing to take drug

treatments.

The variant c.286G>A (p.D96N) means the 286th base from

G to A, resulting in the conversion of aspartic acid at 96th to

asparagine. It has been reported that this variant leads to the PTS

enzyme activity of only 10% (Imamura et al., 1999). Patients 1, 2,

5, and 7 are c.286G>A (p.D96N) and c.84-291A > G compound

heterozygous, and they are all mild PTPS deficiency.

The variant c.259C>T (p.P87S) means the 259th base from C

to T, resulting in the change of 87th proline to serine. This variant

resulted in an almost complete loss of enzyme activity (Dudesek

et al., 2001; Wang et al., 2006). Patient 3 was a compound

heterozygous patient with c.272A>G (p.K91R) and c.259C > T

(p.P87S), and the initial screening blood value was 9.99 (mg/dl).

Patient-6 was a homozygous patient with c.259C>T (p.P87S),

and the initial screening blood value was 8.45 (mg/dl). Both

patients were severe PTPS deficiency. In particular, patient-6,

whose diagnosis Phe blood value was up to 37.1 (mg/dl), the

homozygous variant of P87S that resulted in significant

impairment of enzyme activity. Patient-9 only found a

variation of c.259C>T (p.P87S) but the initial screening value

was low and the disease was mild. We suspect that patient-9 may

carry a mild variant. However, the family refused to continue

genetic testing, so we have no way to confirm another variant.

So far, some mutants [c.155A>G (p.N52S), c.166G>A
(p.V56M), c.272A>G (p.K91R), c.276T>A (p.N92K), and

c.317C>T (p.T106M)] have no experimental information

on protein stability, or activity is available (Thöny and

Blau, 1997). Through literature reports and case

summaries, it is suggested that variants c.155A>G (p.N52S)

and c.317C>T (p.T106M) may lead to severe clinical

manifestations (Liu et al., 2001) and variant [c.166G>A
(p.V56M), c.272A>G (p.K91R) and c.276T>A (p.N92K)]

may be associated with a mild clinical phenotype (Liu

et al., 2001; Manti et al., 2020).

The routine diagnostic process of BH4D is as follows:

neonatal screening, recall of suspected positive patients for

blood Phe, urine dimethylamine analysis, DHPR activity, and

other comprehensive diagnostic analysis methods (Song

et al., 2020). In this study, the initial screening blood Phe

concentration of all the cases was 2.52–12.45 (mg/dl), after

sufficient lactation, the blood value changed greatly. The

range was 2.4–37.1 (mg/dl), which could be diagnosed as

HPA, but it was challenging to make a differential

diagnosis for the classification. Urotrexate spectrum

analysis was completed in Shanghai Xinhua Hospital. The

experiment involved the storage and transportation of urine

samples. The N of patients 1, 2, 3, 4, and 11 did not increase

significantly, and patient-6’s B was 0.88, which did not

decrease significantly. We considered that this was related

to various factors such as urine sample contamination,

preservative failure, and sunlight exposure. Compared with

fresh urine samples, the storage and transportation of blood

plaques were relatively stable, and the activity of blood DHPR

was regular in all cases.

PTPS deficiency can be easily diagnosed when B% is less than

5%. However, if the B% is between 5 and 10% (such as in patients

7 and 9), this situation needs to be comprehensively analyzed

with other results (Bao et al., 2019; Himmelreich et al., 2021).

Therefore, the whole diagnostic process takes a long time. In

particular, we found patient-11’s situation that the longest time

from the initial diagnosis of HPA to the diagnosis of PTPS

deficiency was 73 days, due to problems in the preservation or

transportation of samples. Therefore, the diagnosis of BH4 was

delayed.

Based on the limitations and long timeliness of the

aforementioned methods, gene testing technology has been

widely used, especially with the mature high-throughput

sequencing technology and rapid development, which can

realize the accurate capture of target genes and the

comprehensive analysis of high genetic heterogeneity diseases

(Li et al., 2020). It has lower operation costs, high-throughput,

and fast operation and has reliable and stable results. Meanwhile,

it has been successfully applied to the diagnosis and differential

diagnosis of BH4D (Liu et al., 2016; Manti et al., 2020). More

importantly, high-throughput sequencing can provide genetic

counseling for families.

Conclusion

In this study, we analyzed the clinical situation, differential

diagnostic criteria, and gene variants of 11 cases of PTPS

deficiency in detail. The hot spot variant of PTPS deficiency

in the Beijing area and a new variant of the PTS gene were found,

which enriched the variant spectrum of the PTS gene, and

revealed three splicing results of c.84–291A > G in vivo. At

the same time, it suggested that clinicians should pay more

attention to genetic testing, use high-throughput sequencing

technology to identify the etiology quickly, and improve

disease diagnosis efficiency so that PTPS deficiency patients

can be diagnosed early and treated timely and effectively.

What’s more, effective genetic counseling and prenatal

diagnosis can be provided to the patient’s family.
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Purpose: Glycogen storage disease type IV (GSD IV) has historically been

divided into discrete hepatic (classic hepatic, non-progressive hepatic) and

neuromuscular (perinatal-congenital neuromuscular, juvenile neuromuscular)

subtypes. However, the extent to which this subtype-based classification

system accurately captures the landscape of phenotypic variation among

GSD IV patients has not been systematically assessed.

Methods: This study synthesized clinical data from all eligible cases of GSD IV in

the published literature to evaluate whether this disorder is better

conceptualized as discrete subtypes or a clinical continuum. A novel

phenotypic scoring approach was applied to characterize the extent of

hepatic, neuromuscular, and cardiac involvement in each eligible patient.

Results: 146 patients met all inclusion criteria. The majority (61%) of those with

sufficient data to be scored exhibited phenotypes that were not fully consistent

with any of the established subtypes. These included patients who exhibited

combined hepatic-neuromuscular involvement; patients whose phenotypes

were intermediate between the established hepatic or neuromuscular

subtypes; and patients who presented with predominantly cardiac disease.

Conclusion: The application of this novel phenotypic scoring approach showed

that–in contrast to the traditional subtype-based view–GSD IV may be better

conceptualized as a multidimensional clinical continuum, whereby hepatic,

neuromuscular, and cardiac involvement occur to varying degrees in different

patients.
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1 Introduction

Glycogen storage disease type IV (GSD IV) is an autosomal

recessive disorder caused by deficiency of glycogen branching

enzyme (GBE), a ubiquitously-expressed enzyme that catalyzes

the formation of alpha 1,6 branch points during glycogen

synthesis (Brown and Brown, 1966; Bruno et al., 2004;

Magoulas and El-Hattab, 2019). Absent or diminished activity

of this enzyme leads to the accumulation of linear, amylopectin-

like glycogen molecules (polyglucosan bodies) that are relatively

insoluble due to the absence of normal branching patterns. The

accumulation of polyglucosan bodies is thought to cause damage

to cells via a foreign body reaction or osmotic mechanism,

although much remains unknown about the pathophysiology

of this disorder (Howell, 1991; Magoulas and El-Hattab, 2019).

Clinically, GSD IV is characterized by a remarkable degree of

phenotypic heterogeneity. Although the first known reports of this

disorder in the 1950s and 1960s described patients with progressive,

fatal hepatic disease (Andersen, 1956; Sidbury et al., 1962; Holleman

et al., 1966; Fernandes and Huijing, 1968), the range of phenotypes

known to be associated with this disorder was subsequently

expanded to include patients with predominantly neuromuscular

or cardiac manifestations (Servidei et al., 1987; Reusche et al., 1992;

Herrick et al., 1994; Tang et al., 1994) and patients with milder

hepatic disease (Greene et al., 1988; McConkie-Rosell et al., 1996).

Adult polyglucosan body disease (APBD)—an adult-onset disorder

characterized by urinary incontinence, neuropathy, gait

abnormalities, and other neurological disturbances—was also

found to be caused by deficient GBE activity in the 1990s

(Lossos et al., 1991). Despite sharing the same underlying

enzymatic defect, GSD IV and APBD have traditionally been

considered to represent distinct disorders, although this view has

recently been challenged (Mochel et al., 2012; Paradas et al., 2014).

In recognition of the phenotypic heterogeneity of this

disorder, GSD IV has been divided into several discrete

clinical subtypes, which have been described in both the

research literature and clinical references related to this

disorder (Akman et al., 2006; Iijima et al., 2018; Szymanska

et al., 2018; Magoulas and El-Hattab, 2019). Under the

established subtype-based classification system, patients are

categorized into either hepatic or neuromuscular subtypes that

are then further sub-divided based on clinical severity and the

rate of disease progression. Hepatic subtypes include the 1)

severe “classic hepatic” form, which is typically defined to

include patients with progressive liver dysfunction leading to

death or a need for liver transplant (LT) within the first 5 years of

life (Magoulas et al., 2012; Magoulas and El-Hattab, 2019;

Sreekantam et al., 2020); and 2) the milder, “non-progressive

hepatic” subtype, which is less clearly defined and includes

patients with stable hepatopathy that does not progress to

severe liver failure requiring transplantation by age 5 years

(McConkie-Rosell et al., 1996; Iijima et al., 2018; Ichimoto

et al., 2020). Neuromuscular subtypes include the 1) “perinatal

neuromuscular” and 2) “congenital neuromuscular” subtypes,

which have been recognized as distinct from one another by

some authors (Bruno et al., 2004; Akman et al., 2006; Magoulas

and El-Hattab, 2019) and combined into a single group by others

(Maruyama et al., 2004; Iijima et al., 2018). Both subtypes

(hereafter referred to as “perinatal-congenital neuromuscular”)

are characterized by the presence of profound skeletal muscle

weakness that is evident at or before birth, leading to respiratory

failure and death during early infancy. The 3) “childhood

neuromuscular” or “juvenile neuromuscular” subtype

(hereafter referred to as “juvenile neuromuscular”) is

considered less severe and follows a protracted clinical course

characterized by chronic, progressive myopathy and exercise

intolerance during childhood (Reusche et al., 1992; Schröder

et al., 1993). Cardiomyopathy has been reported to occur in

association with all of the aforementioned subtypes (Reusche

et al., 1992; Janecke et al., 2004; Willot et al., 2010; Aksu et al.,

2012).

At least two key assumptions are implicit in the established

subtype-based classification system. The first is that most patients

with GSD IV exhibit either predominantly hepatic or

predominantly neuromuscular manifestations. The second is

that phenotypic variation is clustered into discrete, mutually

exclusive subgroups within the hepatic and neuromuscular

domains, rather than varying along a continuum. The validity

of these assumptions has been challenged by reports of patients

with GSD IV whose phenotypes did not fully correspond with

any of the existing subtypes (Burrow et al., 2006; Malfatti et al.,

2016; Szymanska et al., 2018; Ndugga-Kabuye et al., 2019),

prompting some authors to question whether GSD IV is

better conceptualized as a clinical continuum rather than as

discrete subtypes (Burrow et al., 2006; Derks et al., 2021).

However, this claim has not been evaluated systematically,

since clinical studies of this disorder have, to date, been

limited primarily to individual case reports and small case

series. Therefore, this study conducted an analysis of all

published reports of patients with a confirmed diagnosis of

GSD IV presenting during childhood or early adulthood. A

novel approach to phenotypic characterization was applied to

these cases in order to evaluate the validity of the established

subtype-based classification system and to comprehensively

describe the multisystem involvement in GSD IV.

2 Materials and methods

2.1 Literature search and data extraction

A systematic search of the literature was undertaken to identify

all published cases of GSD IV. Using a strategy designed by a Duke

University School of Medicine medical librarian, the databases

MEDLINE via Ovid, Embase via Elsevier, and Scopus via

Elsevier were searched for relevant publications, as detailed in
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Figure 1 and Supplementary Appendix S1. References identified by

this search were imported into Covidence Systematic Review

Software (Veritas Health Innovation, Melbourne, Australia) for

further review. After duplicate references and papers not relevant

to GSD IV were excluded, the remaining papers were evaluated by

two independent reviewers to assess their eligibility for inclusion.

Conflicts were resolved by discussion with input from a third

reviewer. Papers were excluded if the full text could not be

located in English, if no clinical data were reported, or if clinical

data were reported in aggregate rather than at the individual patient

level. Papers exclusively reporting data on patients with the adult-

onset form of GSD IV (APBD) were also excluded, as the aim of the

current study was to characterize phenotypic variation among

patients with onset of GSD IV symptoms during the first

24 years of life (hereafter referred to as “youth-onset GSD IV”).

All patients identified via this strategy were assigned an

identification number for the purposes of the current review

(Supplementary Tables S1, S2, S3). Each identification number

had a preceding “L” for “literature.” Patients who were reported

more than once in the published literature were assigned a single

FIGURE 1
Systematic Review Process. A systematic search of MEDLINE viaOvid, Embase via Elsevier, and Scopus via Elsevier was undertaken to identify all
published cases of GSD IV. Search strategy is detailed in Supplementary Appendix S1. 1 Pre-clinical studies, review articles, and papers reporting
biochemical or genetic data without associated clinical findings were excluded due to a lack of original clinical data. 2 Records were excluded if
clinical data were reported in aggregate or if patients were not individually identified via the use of unique labels and/or table entries (for records
reporting data from more than one GSD IV patient).
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identification number, and data were extracted from all relevant

publications to capture their comprehensive medical history. The

final analyses were limited to patients for whom the diagnosis of

GSD IV was established via identification of biallelic GBE1

mutations and/or enzymatic confirmation of reduced GBE

activity, as reported by the original authors. Patients diagnosed

based solely on histological findings (i.e., without genetic or

enzymatic confirmation) were included only if they had a sibling

with an enzymatically- or genetically-confirmed diagnosis. These

criteria were applied so as to avoid the inclusion of patients with

mutations in other genes—such asGYG1, RBCK1, PFKM, PRKAG2,

LAMP2, EPM2A, NHLRC1, and others—that may produce clinical

and/or histological findings similar to those observed in GSD IV

(Akman et al., 2020). For each patient meeting the inclusion criteria,

all publications describing the patient were reviewed and relevant

data were extracted into a Qualtrics (Qualtrics, Provo, UT) form,

which was then exported directly into an Excel (Microsoft® Excel®

2019 version 1808) spreadsheet.

2.2 Assessment of multisystem
involvement

For all patients with available data, disease expression was

assessed across three systems: hepatic, neuromuscular, and

cardiac. Patients who died in utero were not scored. Clinical

involvement of each of these systems was scored as present or

absent based on the following criteria (Figure 2).

2.2.1 Hepatic involvement
Defined as present if the patient had any current or prior

history of hepatomegaly, splenomegaly, varices, ascites, and/

or laboratory abnormalities [elevated alanine

aminotransferase (ALT), gamma-glutamyl transferase

(GGT), alkaline phosphatase, prothrombin time (PT)/

international normalized ratio (INR), bilirubin, low

albumin, or fasting hypoglycemia].

Defined as absent if the authors stated that there was no

evidence of hepatic involvement or if they stated that the results

of routine laboratory tests and/or abdominal imaging were

normal at all reported visits.

2.2.2 Neuromuscular involvement
Defined as present if the patient had any current or prior history

of contractures, respiratory weakness requiring ventilator support,

hypotonia, hyporeflexia, atrophy or hypotrophy, abnormal motor

development, abnormal electromyography (EMG) or nerve

conduction velocities (NCV), and/or weakness or exercise

intolerance.

Defined as absent if the original authors stated that the

patient’s development and/or neuromuscular examination

were normal at all reported visits.

FIGURE 2
Assessment of Multisystem Involvement in GSD IV. All patients with available data were characterized based on their reported history of disease
expression (present or absent) in three systems: hepatic (H), neuromuscular (N), and cardiac (C). Those with sufficient data to assess all three systems
(n = 82) were represented on a Venn diagram in the following categories: neuromuscular-only (N present, H and C absent); hepatic-only (H present,
N and C absent); cardiac-only (C present, H and N absent); neuromuscular + hepatic (H and N present, C absent); hepatic + cardiac (H and C
present, N absent); neuromuscular + cardiac (N and C present, H absent); or hepatic + neuromuscular + cardiac (all three present). 1 Neurological
abnormalities that could not be definitively attributed to GSD IV (e.g., childhood epilepsy, isolated language delay) were not used for characterization
purposes. 2 Structural cardiac defects other than cardiomyopathy (e.g., ventricular septal defects, double aortic arch) were not used for
characterization purposes due to their unclear association with GSD IV. 3 The following findings, if present, were not used for hepatic
characterization: 1) hypoglycemia and/or hyperbilirubinemia limited to the immediate newborn period; 2) ascites that occurred exclusively in the
setting of heart failure.
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2.2.3 Cardiac involvement
Defined as present if the patient had any current or prior

history of cardiomyopathy, systolic dysfunction, cardiac

hypertrophy, cardiomegaly, and/or conduction defects, as

assessed by imaging, gross inspection on autopsy, or other

testing such as electrocardiography (ECG).

Defined as absent if the original authors stated that the
patient had no evidence of cardiac involvement or if they
reported that the results of standard cardiac evaluations (e.g.,
ECG, echocardiogram) were normal at all reported visits.

2.3 Phenotypic scoring

In addition to being scored as present or absent, hepatic and

neuromuscular disease manifestations were further characterized

in order to evaluate the extent to which each patient’s overall

phenotype was consistent with one of the established subtypes.

To facilitate systematic phenotypic characterization, the

definitions of the established subtypes were operationalized

into four-point hepatic (H0-H3) and neuromuscular (N0-N3)

phenotypic scoring scales, which were used to assign all patients

with available data a two-part score consisting of hepatic and

neuromuscular components.

Within the neuromuscular domain, scoring criteria were

defined such that the maximum score of N3 would be

consistent with the perinatal-congenital neuromuscular

subtype, while N1 would be consistent with the juvenile

neuromuscular subtype. The criteria for the score of

N2 were defined so as to include patients with phenotypes

that were intermediate between the established

neuromuscular subtypes. Since at least two major

features—1) the timing of symptom onset, and 2) the

duration of survival—distinguish the perinatal-congenital

neuromuscular subtype from the juvenile neuromuscular

subtype (Magoulas and El-Hattab, 2019), these two features

were used as the basis for defining the scoring criteria, as

detailed below (Figure 3):

N3 (perinatal-congenital neuromuscular): Onset of

neuromuscular manifestations at or before birth, leading

to death at <6 months of age.

FIGURE 3
Novel Approach to Phenotypic Characterization of GSD IV. (A) The definitions of the established subtypes for youth-onset GSD IV were used as
the basis for defining four-point hepatic (H0-H3) and neuromuscular (N0-N3) scoring scales. All patients were assigned a two-part score with
hepatic and neuromuscular components based on the scoring algorithms shown here. (B) Two-part scoring combinations were represented on a
4 × 4matrix with hepatic scores on the horizontal axis and neuromuscular scores on the vertical axis. Under this proposedmodel, patients with
the following scoring combinations were considered to be phenotypically consistent with one of the established subtypes: N1-H0 (“juvenile
neuromuscular” subtype); N3-H0 (“perinatal-congenital neuromuscular” subtype); N0-H1 (“non-progressive hepatic” subtype); N0-H3 (“classic
hepatic” subtype). All other scoring combinations describe phenotypes that are not fully consistent with any of the established subtypes, including
intermediate phenotypes (N2-H0 and N0-H2); mixed hepatic-neuromuscular phenotypes (N>0-H>0); or cardiac-only phenotypes (N0-H0). 1 See
Figure 2 for the definition of “any history of neuromuscular involvement.” 2 See Figure 2 for the definition of “any history of hepatic involvement.” 3

Definition of severe hepatic features: any history of liver failure or synthetic dysfunction; jaundice or hyperbilirubinemia; ascites; varices or
gastrointestinal bleed; or splenomegaly with thrombocytopenia.
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N2 (intermediate neuromuscular): Onset of neuromuscular

manifestations at or before birth, with survival to ≥6 months

of age.

N1 (juvenile neuromuscular): Onset of neuromuscular

manifestations after birth.

Within the hepatic domain, a parallel approach was used to

establish the criteria for scores of H3 (consistent with the classic

hepatic subtype) and H1 (consistent with the non-progressive

hepatic subtype). The criteria for the score of H2 were defined so

as to include patients with phenotypes that were intermediate

between the established hepatic subtypes. Two key distinguishing

features of the classic hepatic subtype—1) the severity of hepatic

disease, and 2) requirement for LT within the first 5 years of

life—were used as the basis for defining the hepatic scoring

criteria (Magoulas and El-Hattab, 2019). Hepatic disease was

defined as “severe” if the patient had any reported history of

liver failure or synthetic dysfunction; jaundice or

hyperbilirubinemia; ascites; varices or gastrointestinal bleed; or

splenomegaly with thrombocytopenia (<150,000/µl; consistent

with “definite” clinically evident portal hypertension) (Bass et al.,

2019). Based on these definitions, patients were scored as follows

(Figure 3):

H3 (classic hepatic): Hepatic involvement with severe

features leading to LT or death at <5 years of age.

H2 (intermediate hepatic): Hepatic involvement with severe

features, surviving to ≥5 years of age without LT.
H1 (non-progressive hepatic): Hepatic involvement without

severe features

Under this proposed model, the established subtypes may be

thought of as corresponding to scoring combinations of N3-H0

(perinatal-congenital neuromuscular subtype); N1-H0 (juvenile

neuromuscular); N0-H3 (classic hepatic); and N0-H1 (non-

progressive hepatic). All other possible scoring combinations

correspond to phenotypes that are not fully described by the

established subtype-based classification system, due to the presence

of both hepatic and neuromuscular involvement (N>0 andH>0) and/
or phenotypic features that are intermediate in severity between the

established subtypes (N2 and/or H2). By applying this scoring system

to the patients in the current study, it was possible to determine the

frequencywithwhich patients with youth-onsetGSD IV—as reported

in the published literature—exhibit phenotypes that are not fully

consistent with the established subtypes.

3 Results

3.1 Systematic search

The systematic search identified 136 papers reporting

individual-level clinical data on 179 unique patients with

youth-onset GSD IV (Figure 1). Of these 179 patients,

146 met the full criteria for inclusion, with a genetically- and/

or enzymatically-confirmed diagnosis (n = 139) or a

histologically-confirmed diagnosis and an affected sibling

whose diagnosis was confirmed via genetic testing or

measurement of GBE activity (n = 7).

3.2 Clinical course and survival

As of the last reported follow-up, 43.9% of patients were

living (median age at last report: 6 years, range: 11 months to

31 years) while 56.1% were deceased. Analysis of the timing and

reported causes of death identified several clusters. 24.3% (n =

19) of all deaths occurred prenatally. Whereas deaths between

0 and 4 months of age (n = 35; 44.9% of all deaths) typically

occurred in patients with profound neuromuscular weakness

associated with ventilator dependence or cardiopulmonary

failure, most of the patients that died between 6 months and

3 years of age (n = 18; 23.1% of all deaths) had a history of severe

hepatic disease. Common causes of death in the latter group

included liver failure or hemorrhage (L10, L24, L121, L114, and

L139), complications associated with liver transplant (L29 and

L30), progression of extrahepatic disease such as cardiomyopathy

(L38 and L103), and other causes such as infection (L8 and L12).

Only 7.7% of all deaths (n = 6) occurred after 4 years of age.

These included three patients who died of infection; two patients

in whom progressive cardiomyopathy contributed to death at

8 years (L22) and 20 years (L41) of age; and one patient who died

of liver failure in the setting of hepatocellular carcinoma at

13 years of age (L21).

3.3 Disease expression by system

Clinical evidence of neuromuscular involvement, as defined

previously, was reported to be present in 80.0% of the

110 patients with available data. Hepatic involvement was

present in 81.8% of the 110 patients with available data. The

frequency with which specific hepatic and neuromuscular disease

manifestations were reported in this sample is shown in

Supplementary Table S4. Cardiac involvement, as defined

previously, was reported to be present in 37.9% of all patients

with available data. There was substantial variation in the age at

which cardiac abnormalities were initially detected, ranging from

infancy to the third decade of life. In addition to cardiomyopathy,

arrhythmias and conduction abnormalities were reported in

several patients, including multiform ventricular arrhythmia

(L145); ST segment or T wave changes (L89, L108, and L145);

AV block (L22); long QT interval (L47); and atrial fibrillation

(L145).

The 82 patients for whom sufficient data were available to

assess disease expression in all three systems (hepatic,
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neuromuscular, cardiac) were plotted on a Venn diagram

(Figure 2). Of these patients, 31.7% (n = 26) were reported

to exhibit clinical involvement of just one out of three systems:

hepatic-only (17.1%; n = 14), neuromuscular-only (12.2%;

n = 10), or cardiac-only (2.4%; n = 2). An additional 46.3%

(n = 38) exhibited involvement of two systems: hepatic and

neuromuscular (39.0%; n = 32), hepatic and cardiac (3.7%; n =

3), or neuromuscular and cardiac (3.7%; n = 3). The remaining

22.0% (n = 18) were reported to exhibit hepatic,

neuromuscular, and cardiac involvement.

3.4 Phenotypic scoring

Sufficient data were available to assign a complete phenotypic

score with hepatic and neuromuscular components to

82 patients. The distribution of hepatic-neuromuscular score

combinations that were observed in this sample is shown in

Figure 4. Analysis of the observed scoring combinations showed

that 39.0% of these patients were phenotypically consistent with

one of the established subtypes, as defined previously; these

included score combinations of N0-H1 (n = 10, corresponding

FIGURE 4
Distribution of Hepatic and Neuromuscular Phenotypes among Patients with GSD IV. For youth-onset GSD IV patients with sufficient data to
calculate both neuromuscular (N) and hepatic (H) scores (n = 82), their combination of scores was plotted on a two-dimensional grid. Each dot
corresponds to an individual patient. The established subtypes may be thought of as corresponding to scoring combinations of N3-H0 (“perinatal-
congenital neuromuscular” subtype); N1-H0 (“juvenile neuromuscular” subtype); N0-H3 (“classic hepatic” subtype); and N0-H1 (“non-
progressive hepatic” subtype). All other scoring combinations correspond to phenotypes that are not fully consistent with one of the established
subtypes. Scoring criteria are detailed in Figure 3.
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to the “non-progressive hepatic” subtype); N0-H3 (n = 7, “classic

hepatic” subtype); N1-H0 (n = 2, “juvenile neuromuscular”

subtype); N3-H0 (n = 13, “perinatal-congenital

neuromuscular” subtype). The phenotypes of the remaining

61.0% of patients did not correspond fully with any of the

established subtypes. These included patients who exhibited a

combination of both hepatic and neuromuscular disease

manifestations (N > 0 and H > 0; n = 42); patients who

presented with phenotypes that were intermediate in severity

between the established subtypes within the hepatic (N0-H2; n =

3) or neuromuscular (N2-H0; n = 3) domains; and patients who

exclusively presented with cardiac disease without hepatic or

neuromuscular involvement (N0-H0; n = 2).

4 Discussion

GSD IV is an ultra-rare autosomal recessive disorder caused

by deficiency of GBE, a ubiquitously-expressed enzyme that is

essential for the synthesis of normal glycogen branch points.

Clinically, this disorder is characterized by a remarkable degree

of phenotypic heterogeneity and has been described as consisting

of distinct hepatic (classic or non-progressive) and

neuromuscular (perinatal-congenital or juvenile) clinical

subtypes (Magoulas and El-Hattab, 2019). However, the

validity of this subtype-based classification system has not

been evaluated empirically, and the published clinical

literature on GSD IV has, to date, been primarily limited to

individual case reports and small case series. This study

synthesized clinical data from all eligible cases reported in the

published literature to comprehensively capture the multisystem

involvement in GSD IV. The use of a novel phenotypic scoring

system in this study yielded a number of important insights that

challenge the existence of discrete clinical subtypes and

emphasize the importance of long-term, multidisciplinary

clinical follow-up for all patients with GSD IV.

The first major conclusion of the current study is that many

patients with GSD IV exhibit some degree of multisystem

involvement. Whereas the established classification system

divides patients into discrete hepatic or neuromuscular

subtypes, the current study adopted a systematic approach to

phenotypic characterization that assessed the extent of hepatic,

neuromuscular, and cardiac involvement in each patient. This

approach identified numerous patients with mixed phenotypes

that are challenging to account for under the established subtype-

based classification system. These included patients who

presented at birth with evidence of neuromuscular weakness,

followed by onset of progressive hepatic dysfunction leading to

death or a requirement for transplant (L55, L143, and L12),

consistent with features of both the congenital neuromuscular

and classic hepatic subtypes. At the less severe end of the disease

spectrum, several other patients presented with features that were

consistent with elements of both the non-progressive hepatic and

juvenile neuromuscular subtypes (L35, L36, L141) These findings

suggest that hepatic and neuromuscular disease do not constitute

mutually exclusive GSD IV subtypes, but rather, may be

considered to represent distinct dimensions of phenotypic

variation that are involved to different degrees in each patient.

Compared to the traditional subtype-based view, this model

better accounts for the wide range of phenotypes that were

observed in this sample, including patients with exclusive

hepatic or neuromuscular involvement; mixed hepatic and

neuromuscular involvement; and neither hepatic nor

neuromuscular involvement, as was the case for the two

patients who presented exclusively with cardiac manifestations

(L150, L165).

The findings of this study also suggest that for patients with

clinical involvement of more than one system, the rate of disease

progression may vary between different organ systems. This idea

is supported by the observation that, within the current sample,

none of the patients who died within the first 6 months of life due

to severe neuromuscular weakness (scored as N3) were reported

to exhibit clinically severe hepatic disease, as defined previously

(Figure 3). However, a number of these patients exhibited milder

evidence of hepatic disease, such as hepatomegaly (L65, L90, L92,

L96, and L149), elevated transaminases (L45, L74, L75, and L93),

and/or hepatic fibrosis at autopsy (L72 and L102). One possible

explanation for this finding is that the rate of clinical disease

progression may differ by organ system, such that, among

patients with both hepatic and skeletal muscle involvement at

the tissue level, more time may be required for hepatic disease

manifestations to become clinically severe. Thus, it may be the

case that the patients with the most severe degree of

neuromuscular involvement died before sufficient time had

elapsed for hepatic disease to progress. Whereas hepatic and

neuromuscular disease manifestations, when present, tended to

become apparent within the first few years of life, the age at which

cardiomyopathy was detected varied widely among the patients

represented in this sample, ranging from infancy to the third

decade of life. However, the extent to which this finding reflects

delays in diagnosis, versus true variation in age at onset, is

unclear and requires further study. Overall, the factors that

contribute to variation in the timing and severity of disease

expression across different organ systems remain poorly

understood. Careful, long-term clinical surveillance is

therefore warranted in all patients.

The second major conclusion of the current study is that

variation in disease severity among patients with GSD IV is better

characterized as a continuum rather than discrete categories.

Under the subtype-based classification system, patients with

predominantly hepatic manifestations are classified into either

the more severe “classic hepatic” subtype–typically defined by the

need for LT by 5 years of age–or the milder “non-progressive”

hepatic subtype (Iijima et al., 2018; Magoulas and El-Hattab,

2019; Ichimoto et al., 2020). Careful analysis of hepatic

phenotypes in the current study identified several patients
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whose outcomes appeared to be intermediate between these

subtypes (scored as H2). These included two patients

(L21 and L44) who survived beyond 5 years of age without

transplant and thus did not meet the definition of the classic

hepatic subtype, but later went on to develop severe hepatic

complications, including hepatocellular carcinoma in one case,

that led to death or LT during the second decade of life. These

findings suggest that there is graded variation in the rate of

hepatic disease progression in GSD IV, undermining the

dichotomization of hepatic disease into just two subtypes.

Neuromuscular disease manifestations may likewise vary

along a continuum. The established classification system

recognizes the perinatal-congenital neuromuscular

subtype–characterized by onset of profound weakness at or

before birth, leading to respiratory insufficiency and death

during early infancy–as distinct from the juvenile

neuromuscular subtype (Szymanska et al., 2018; Magoulas and

El-Hattab, 2019). However, the current study identified several

patients whose clinical course appeared to be intermediate

between these subtypes (L55, L86, L130, L143, L168, L171,

and L172). These patients (scored as N2) presented with

significant weakness and/or contractures at the time of birth

but survived beyond the newborn period and exhibited a more

protracted clinical course compared to the most severely-affected

patients. Several of these patients have been followed well into

childhood or even adolescence, andmost were reported to exhibit

significant motor delays and/or require the use of assistive

mobility devices, such as a walker or wheelchair (L86, L168,

and L171). For these patients, their timing of symptom onset was

most consistent with the perinatal-congenital subtype while their

clinical course more closely approximated the juvenile

neuromuscular subtype (Burrow et al., 2006). These findings

suggest that the neuromuscular manifestations of GSD IV exist

along a continuum with respect to clinical severity and the timing

of onset.

Collectively, these findings undermine the view of GSD IV

as consisting of discrete, mutually exclusive clinical subtypes.

It may instead be more accurate to suggest that GBE deficiency

has the potential to cause a spectrum of manifestations across

multiple systems, and that each affected individual may

exhibit different degrees of hepatic, neuromuscular, and/or

cardiac involvement at different points in time. Although the

scoring system that was utilized in the current study was

designed for descriptive purposes and was not intended for

use as a prospective clinical scoring tool, it raises important

questions about the merits of adopting an approach to

phenotypic classification that accounts for graded variation

in disease expression across multiple systems. Far from being

merely semantic in nature, these questions have important

implications for affected patients. In the clinical setting, an

accurate understanding of the GSD IV phenotypic spectrum is

needed to counsel affected families, identify appropriate

candidates for transplantation, and ensure that patients

receive adequate long-term surveillance. Additionally, the

way in which phenotypic variation is categorized has

implications for research. Given the challenges involved in

predicting the likely clinical trajectories of individual patients

with GSD IV, characterization of potential prognostic

markers, including genotype, represents a key priority for

future research. Since the ability to draw accurate conclusions

about the prognostic value of a putative marker depends, at

least in part, on the quality of the phenotypic data used to infer

the relationship, the use of imprecise or inaccurate phenotypic

categories could obscure relationships that do exist or lead to

the identification of spurious associations.

Although the approach to phenotypic characterization

that was utilized in the current study yielded a number of

key insights, several important limitations are worth noting.

As a systematic review, the current study relied on data

extracted from a heterogeneous set of papers and abstracts

published over the course of more than 50 years, which varied

substantially with respect to the extent of clinical,

biochemical, genetic, and/or histological data that was

reported. In order to accommodate this heterogeneity, the

scoring categories utilized in the current study were

deliberately broad, which may have subsumed patients with

clinically important differences into the same group. In many

cases, clinical information was limited or incomplete, as

evidenced by the number of patients for which there was

not sufficient data to assign a complete phenotypic score.

Although the three systems that were assessed

(neuromuscular, hepatic, and cardiac) were selected based

on the most commonly-reported clinical findings in the

published literature on GSD IV, there may be disease

manifestations in other organ systems that were not

captured in the current study. Moreover, in the interest of

diagnostic accuracy, this analysis was restricted to patients

with an enzymatically and/or genetically confirmed GSD IV

diagnosis (along with their affected siblings, where applicable)

and excluded patients who were diagnosed based exclusively

on histopathological findings. Collectively, these

considerations underscore the need for prospective,

longitudinal natural history studies to catalog phenotypic

variation in GSD IV in a more comprehensive and granular

manner. With continued advances in research, high-quality

phenotypic data from human patients will be needed to

validate potential prognostic markers, define clinically

important endpoints, and evaluate the effects of novel

treatments as they become available. Additionally, the

current study did not examine the relationship between

histopathological findings and clinical disease severity,

which is an area that warrants further investigation.

Finally, there is also a need for additional studies to

capture the spectrum of phenotypic variation in the adult-

onset form of GBE deficiency (APBD), as this was not

addressed by the current study.

Frontiers in Genetics frontiersin.org09

Kiely et al. 10.3389/fgene.2022.992406

50

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.992406


5 Conclusion

The current study systematically characterized phenotypic variation

in patients with youth-onset GSD IV based on a comprehensive review

of data from all eligible cases in the published literature. Overall, the

findings of this study challenge the existence of discrete subtypes and

instead support the view that there is continuous variation in the pattern

and severity of disease expression in patients withGSD IV. Importantly,

the timing of onset and rate of disease progression may differ not just

between different patients but also between different organ systems

within the samepatient, underscoring the need for all patientswithGSD

IV to receive comprehensive, long-term clinical surveillance. Although

this studywas limited by its reliance on retrospective, incomplete data, it

nonetheless demonstrated the potential value, from both a clinical and

research perspective, of adopting an alternative approach to phenotypic

classification that accounts for the existence ofmultisystem involvement

and graded variation in disease severity. A better understanding of the

full spectrum of phenotypic variation associated with GSD IVmay lead

to improved outcomes for affected patients.
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Development of a clinically
validated in vitro functional assay
to assess pathogenicity of novel
GAA variants in patients with
Pompe disease identified via
newborn screening
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Jennifer L. Cohen1, Deeksha S. Bali1,3‡ and Priya S. Kishnani1*‡

1Division of Medical Genetics, Department of Pediatrics, Duke University School of Medicine, Durham,
NC, United States, 2Department of Pathology, Duke University Medical Center, Durham, NC,
United States, 3Biochemical Genetics Laboratory, Duke University Medical Center, Durham, NC,
United States

Purpose: The addition of Pompe disease (Glycogen Storage Disease Type II) to

the Recommended Uniform Screening Panel in the United States has led to an

increase in the number of variants of uncertain significance (VUS) and novel

variants identified in the GAA gene. This presents a diagnostic challenge,

especially in the setting of late-onset Pompe disease when symptoms are

rarely apparent at birth. There is an unmet need for validated functional studies

to aid in classification of GAA variants.

Methods: We developed an in vitro mammalian cell expression and functional

analysis system based on guidelines established by the Clinical Genome Resource

(ClinGen) Sequence Variant Interpretation Working Group for PS3/BS3. We

validated the assay with 12 control variants and subsequently analyzed eight

VUS or novel variants in GAA identified in patients with a positive newborn

screen for Pompe disease without phenotypic evidence of infantile-onset disease.

Results: The control variants were analyzed in our expression system and an

activity range was established. The pathogenic controls had GAA activity between

0% and 11% of normal. The benign or likely benign controls had an activity range of

54%–100%. The pseudodeficiency variant had activity of 17%. These ranges were

then applied to the variants selected for functional studies. Using the threshold

of <11%, we were able to apply PS3_ supporting to classify two variants as likely

pathogenic (c.316C > T and c.1103G > A) and provide further evidence to support

the classification of likely pathogenic for two variants (c.1721T>Candc.1048G>A).

One variant (c.1123C > T) was able to be reclassified based on other supporting

evidence.Wewere unable to reclassify three variants (c.664G >A, c.2450A >G, and

c.1378G > A) due to insufficient or conflicting evidence.

Conclusion: We investigated eight GAA variants as proof of concept using our

validated and reproducible in vitro expression and functional analysis system.While

additional work is needed to further refine our system with additional controls and
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different variant types in order to apply the PS3/BS3 criteria at a higher level, this tool

can be utilized for variant classification to meet the growing need for novel GAA

variant classification in the era of newborn screening for Pompe disease.

KEYWORDS

pompe disease, newborn screening, variant classification, functional studies, in vitro
assay, lysosomal storage disease (LSD), glycogen storage disease type 2

1 Introduction

Pompe disease (OMIM 232300), also known as Glycogen

Storage Disease Type II, is an autosomal recessive disorder

caused by deficiency of the lysosomal enzyme acid alpha-1,4-

glucosidase (GAA), leading to toxic accumulation of glycogen in

cardiac, skeletal, and smooth muscle (Hers, 1963). This

deficiency is caused by biallelic pathogenic variants in the

GAA gene, which can affect transcription, protein expression,

catalytic activity, or the intracellular trafficking of the translated

protein, resulting in decreased functional GAA enzyme (Hers,

1963; Hermans et al., 1993; Moreland et al., 2005; Tager et al.,

1987; Wisselaar et al., 1993). The disease ranges in severity from

infantile-onset Pompe disease (IOPD), characterized by

hypertrophic cardiomyopathy and rapidly progressing muscle

weakness and death within the first 12 months of life, to late-

onset Pompe disease (LOPD), a more slowly progressive form

without cardiomyopathy in the first year of life and symptom

onset varying across the lifespan (Kishnani et al., 2006).

Currently, treatment is available across the full disease

spectrum with enzyme replacement therapy (ERT).

Due to the availability of treatment and evidence from Taiwan’s

newborn screening (NBS) program demonstrating improved

clinical outcomes with early detection and treatment (Chien

et al., 2009; Chien et al., 2011; Yang et al., 2016), Pompe disease

was the first lysosomal storage disorder added to the Recommended

Uniform Screening Panel (RUSP) in the United States in 2015. At

the time of this publication, over half of US states screen for Pompe

disease at birth. Low GAA enzyme activity in blood followed by

GAA sequencing is accepted as the standard of care for clinical

diagnostic testing (Chiang et al., 2012). Clinical decision making

regarding follow up evaluation and treatment initiation is based on

the results of these studies (Burton et al., 2017a). While there have

been over 900 GAA variants described (Nino et al., 2019), many of

which are variants of uncertain significance (VUS), the adoption of

NBS has led to detection of increasing numbers of novel GAA

variants and VUS (Burton et al., 2017b; Ficicioglu et al., 2020; Tang

et al., 2020). At the time of this publication, there are 631 reported

missense variants in GAA in ClinVar; 450 of them (71%) are

classified as VUS and an additional 48 (7%) have conflicting

interpretations of pathogenicity (Landrum et al., 2018). These

numbers are rapidly increasing with the adoption of NBS. VUS

and novel variant identification presents a challenge in the diagnosis

and management of patients suspected to have Pompe disease,

especially LOPD, in the setting of NBS.

Unlike patients with IOPD or clinically ascertained LOPD for

whom diagnoses can be confirmed clinically and biochemically

and treatment can be initiated in a timely manner, diagnosis of

LOPD in the setting of NBS is more difficult. Infants with LOPD

do not have cardiomyopathy, muscle weakness may be subtle, if

present, and biomarkers such as urine glucose tetrasaccharide

(Glc4), creatine kinase (CK), and aspartate aminotransferase

(AST) are often normal in the pre-symptomatic phase of

LOPD (Huggins et al., 2022). Thus, confirmation of a

diagnosis of LOPD often relies heavily on GAA sequencing in

the absence of a clear clinical phenotype. GAA sequencing is

critical for the exclusion of carriers and/or those with

pseudodeficiency alleles; this is especially challenging in the

setting of one or more VUS or novel variants, which may

occur in cis with a pseudodeficiency allele. Given that the

majority (~80%) of Pompe disease cases detected by NBS are

ultimately classified as LOPD (Burton et al., 2017b), clear

classification of GAA variants is crucial to the successful

implementation of NBS. Unclear variant classification may

lead to misdiagnosis, improper initiation of or delayed

treatment with ERT, unnecessary healthcare expenses, and

parent/caregiver anxiety. Thus, there is a time-sensitive need

for proper classification of VUS and novel variants in the

GAA gene.

Rare or novel missense GAA variants are challenging to

classify without some evidence of the individual variant’s

effect on GAA activity. In 2015, the American College of

Medical Genetics and Genomics/Association for Molecular

Pathology (ACMG/AMP) published guidelines for the

interpretation of sequence variants (Richards et al., 2015).

These guidelines established a robust framework for

classification of sequence variants as likely pathogenic/

pathogenic (LP/P) or likely benign/benign (LB/B) based on

various types and strengths of available evidence (e.g., very

strong, strong, moderate, and supporting). Variants that do

not meet the threshold of evidence for LP or LB remain

classified as a VUS. Well-validated in vivo and in vitro

functional studies can provide strong evidence toward

pathogenicity (PS3) or benign classification (BS3). These

studies must be robust, reproducible, and informative for the

specific variant type or disease mechanism being studied;

however, the ACMG/AMP framework does not provide

specific criteria for the validation of a functional assay that

can be used as evidence for clinical variant classification. The

Clinical Genome Resource (ClinGen) established the Sequence
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Variant Interpretation (SVI) Working Group1 with the goal of

further refining the original criteria set forth by the ACMG/AMP

guidance in 2015. The ClinGen SVI published specific

recommendations for functional assay validation and the use

of functional data in applying PS3/BS3 criteria towards

classification of any variant (Brnich et al., 2019). The level of

strength at which functional data can be applied is based on the

number of validated controls used. In order for assays to meet a

moderate level of evidence (PS3_moderate and BS3_moderate), a

balanced mix of at least 11 well-established, known pathogenic

and benign controls must be included in the assay validation. In

order tomeet a supporting level of evidence (PS3_supporting and

BS3_supporting), fewer controls may be used to validate the

assay with the number of pathogenic and the number of benign

controls influencing the strength at which PS3 or BS3 may be

applied.

Our team of clinical, molecular, and biochemical geneticists

experienced in the diagnosis and management of Pompe disease

developed a mammalian cell expression and functional analysis

system with the above criteria in mind to evaluate the

pathogenicity of VUS or novel variants detected in patients

with a positive NBS for Pompe disease. Herein, we describe

the development and validation of our in vitro functional assay

using 12controls (7 pathogenic, 4 benign, and 1 pseudodeficiency

variant) and describe the outcome of testing eight VUS or novel

variants from seven unrelated patients with either suspected or

confirmed LOPD identified via NBS.

2 Materials and methods

We developed an in vitro expression system using human

embryonic kidney cells (HEK293). A combination of seven known

pathogenic GAA variants (two null and five missense variants), four

known benign/likely benign GAA variants (one silent change and

three missense variants), and one known pseudodeficiency variant

were selected as controls (n= 12). These controls were used to validate

the functional assay and in vitro expression system (Table 1). The

pathogenic control variants selected have been reported in classic

IOPD when present in homozygosity, with the exception of

c.670C >T which has been reported in childhood onset disease

(de Faria et al., 2021; Nino et al., 2019). Eight variants identified

in seven unrelated patients were selected for functional studies

(Table 2). All patients had positive NBS for Pompe disease. Four

patients (1–4) were enrolled in aDukeUniversityHealth System IRB-

approved observational research study (Pro00010830, Pro00100223,

or Pro00001562). Patients were classified as having LOPD based on

deficient GAA enzyme activity in blood on confirmatory testing, and

TABLE 1 Known pathogenic and benign variants used as functional assay controls. GAA enzyme activity expressed as% of wild-type detected for each
known variant using the HEK293 cell-based assay.

Control variant ClinVar accession ClinVar classification Residual GAA activity
detected in our
system

c.2560C >T (p.Arg854*) VCV0000004034 Pathogenic None detected

c.525delT (p.Glu176Argfs*45) VCV000004033 Pathogenic None detected

c.1933G >A (p.Asp645Asn) VCV000188728 Pathogenic None detected

c.655G >A (p.Gly219Arg) VCV000189065 Pathogenic 11%

c.670C >T (p.Arg224Trp) VCV000189188 Pathogenic 6.4%

c.925G >A (p.Gly309Arg) VCV000188797 Pathogenic 1.3%

c.1655T >C (p.Leu552Pro) VCV000279811 Pathogenic 7.8%

c.2338G >A (p.Val780Ile) VCV000092476 Benign 100%

c.668G >A (p.Arg223His) VCV000092488 Benign 100%

c.1935C >T (p.Asp645 = ) VCV001131864 Likely Benign 100%

c.596A >G (p.His199Arg) VCV000092486 Benign 54%

c.1726G >A (p.Gly576Ser) VCV000092467 Benign; other (Pseudodeficiency) 17%

TABLE 2 Genotypes of patients whose variants were selected for
functional analysis. All patients had a confirmed pathogenic
variant (Variant 1) except Patient 4.

Patient Variant 1 Variant 2

1 c.−32-13T >G c.316C >T, p.Arg106Cys
2 c.−32-13T >G c.1103G >A, p.Gly368Asp
3 c.−32-13T >G c.1721T >C, p.Leu574Pro
4 c.664G >A, p.Val222Met c.2450A >G, p.His817Arg

5 c.1589del, p.Glu530Glyfs*48 c.1048G >A, p.Val350Met

6 c.−32-13T >G c.1378G >A, p.Glu460Lys
7 c.−32-13T >G c.1123C >T, p.Arg375Cys

1 Sequence Variant Interpretation Working Group (SVI) updates -
ClinGen | Clinical Genome Resource. https://clinicalgenome.org/
tools/educational-resources/materials/sequence-variant-
interpretation-working-group-svi-updates/.
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absence of cardiomyopathy within the first year of life. Three

additional patients (5–7) were identified at external institutions

and de-identified data were sent to our team to review. None of

these patients harbored any known pseudodeficiency variants or

alleles, which are known to suppress GAA activity levels in vitro

enzyme assays. The functional impact of each selected variant was

assessed using our validated in vitro expression system. Final variant

classification was completed using results of the GAA functional

analysis and additional information captured from publicly available

databases and resources.

2.1 Generation, expression, functional
analysis and characterization of novel
variants

pcDNA3.1+/C-(K)-DYK vector cloned GAA (NM_000152.5)

open reading frame (ORF) was commercially obtained from

Genscript (https://www.genscript.com). Cloned GAA ORF

nucleotide sequence was 2,859 base pairs (bp) long, making a

recombinant vector length of 8,249 bp, which was used for

transfection and expression in mammalian cell culture. This clone

was used as a wild-type positive control as well as a template for

generating targeted point mutations using site directed mutagenesis.

2.2 Mutagenic primer design and synthesis

As per manufacturer’s instructions, 24–27 bp mutant

primers with the desired nucleotide substitution in the center

of the oligonucleotide sequence were designed and synthesized

(Integrated DNA Technologies). Each primer was checked for

the Tm (melting temperature), and secondary structure

formation. Both the forward and reverse sequences of the

mutant primers for each GAA variant, with a specific

nucleotide substitution are listed in Supplementary Materials.

2.3 Synthesis of pcDNA3.1 cloned GAA
targeted variants

GenEZ GAA (NM_000152.5) ORF cloned in pcDNA3.1+/C-

(K)-DYK vector was used as a template. Following

manufacturers’ instructions (Quikchange II XL site directed

mutagenesis by Agilent Technologies), PCR reactions were

performed and the mutant primer was extended to generate

each targeted pcDNA3.1 cloned GAA point mutation. Mutant

plasmid clones were transformed with XL10-Gold

ultracompetent E. coli cells provided with the kit. Isolated

colonies of specific mutant GAA clones were cultured, and

plasmid was purified (Qiagen maxiprep kit). Subsequently,

purified plasmid was sequenced to confirm the targeted

nucleotide substitution.

2.4 HEK293 mammal cell culture-based
expression and functional assay of mutant
constructs

HEK293 cells were transfected with wild-type pcDNA3.1-GAA

and withmutant constructs, using standard calcium phosphate-DNA

precipitation methods. HEK293 cell culture plates (10 cm) were

transfected with 10 µg of cloned GAA plasmid. Cultured cells were

harvested after 48 h of transfection andwere lysed by sonication. Each

mutant and wild-type cell lysate was analyzed for protein

concentration using a bicinchoninic acid (BCA) assay and

volumes were adjusted for uniform protein concentrations. GAA

enzyme activity was measured using artificial substrate 4-

methylumbelliferyl-α–D glucopyranoside (4MUG; Sigma-Aldrich)

and expressed as nM/hour/mg protein. For evaluation of each

GAA variant, HEK293 cells with mock transfection (negative

control) and cultures transfected with wild-type pcDNA3.1-GAA

(positive control) were utilized as controls. Each variant was expressed

in two separate HEK cell culture plates, and independently analyzed

for GAA enzyme activity and protein characterization. Values

reported in Table 3 are the average of these two independent

experiments. Western blot analysis was also performed on cell

lysate protein using 10% SDS-PAGE gels following standard

protocols (Laemmli, 1970; Towbin et al., 1979). Mouse anti-

human GAA antibody was used to visualize protein bands using a

chemi-luminescence detection kit by GE Healthcare.

3 Results

3.1 Functional assay validation

The known pathogenic GAA variants used for validation of

the functional assay were found to have reduced or deficient

levels of GAA activity (range = 0%–11% of normal) as shown in

Table 1. In contrast, the known likely benign/benign GAA

variants were found to have a GAA enzyme activity range of

TABLE 3 GAA enzyme activity of each variant tested in the
HEK293 cell-based functional analysis assay. Values in parenthesis
are average of 2 experiments.

Patient Variant % Residual GAA activity

1 c.316C >T (p.Arg106Cys) 11.05, 10.35 (10.7)

2 c.1103G >A (p.Gly368Asp) 2.6, 2.9 (2.8)

3 c.1721T >C (p.Leu574Pro) Not detectable

4 c.664G >A (p.Val222Met) 11.4, 12.1 (11.7)

c.2450A >G (p.His817Arg) Not detectable

5 c.1048G >A (p. Val350Met) 1.8, 1.2 (1.5)

6 c.1378G >A (p.Glu460Lys) 18.9, 16 (17.5)

7 c.1123C >T (p. Arg375Cys) 10.8, 12.5 (11.7)
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54%–100% of normal. The well-known pseudodeficiency variant

(c.1726G >A; p. Gly576Ser) had a GAA enzyme activity of 17% of

normal, falling slightly above the highest enzyme activity of a

pathogenic control (11%) and well below the lowest level of GAA

activity seen in a benign control (54%) (Table 1).

3.2 Identification and analysis of variants
among patients

3.2.1 Patient #1
Clinical Presentation: The patient is a 6-month-old

Caucasian male diagnosed with LOPD after positive NBS.

Average GAA enzyme activity on dried blood spot (DBS) was

1.59 µmol/hr, reported as 13.9% of daily mean activity (normal

range >15%). Confirmatory enzyme testing in leukocytes

revealed decreased GAA activity at 5.1 nmol/hr/mg (reference

range: 23.1-232.0).GAA sequencing revealed two variants, c.−32-

13T >G (pathogenic, “late-onset” variant) and c.316C >T
(p.Arg106Cys) reported as a VUS. Parental testing confirmed

that these variants were in trans. Echocardiogram was negative

for hypertrophic cardiomyopathy (HCM). The patient had

overall normal serum biomarkers including CK, AST, and

ALT and normal urine Glc4. He was meeting developmental

milestones for age but performed slightly below average for age

on standardized physical therapy assessments.

Results: pcDNA3.1 cloned GAA with c.316C >T
(p.Arg106Cys) demonstrated reduced GAA enzyme activity at

10.7% of the wild-type positive control (Table 3). Protein

characterization by western blot revealed faint precursor

(110 kDa) and mature (76 kDa) GAA protein bands but with

lower intensity compared to the positive control, indicating this

variant may be impacting GAA protein stability and processing.

3.2.2 Patient #2
Clinical Presentation: The patient is an 11-month-old

Caucasian male diagnosed with LOPD after positive NBS.

GAA enzyme on DBS was low at 0.42 µmol/L/hr (normal

range ≥2.1). GAA sequencing revealed two variants, c.−32-

13T >G (pathogenic, “late-onset” variant) and c.1103G>A
(p.Gly368Asp), classified as a VUS. Parental testing confirmed

that these variants were in trans. Echocardiogram was negative

for HCM. Serum biomarkers (CK, AST, and ALT) remained

persistently elevated, while Glc4 remained within normal limits.

Although the patient met overall gross motor milestones, mild

muscle weakness and postural concerns were noted on

examination.

Results: pcDNA3.1 cloned GAA with c.1103G >A
(p.Gly368Asp) demonstrated reduced GAA enzyme activity at

2.8% of the positive control (Table 3). Protein characterization by

western blot revealed both precursor (110 KDa) and mature

(76 KDa) GAA protein bands but with much lower intensity

compared to the positive control, indicating this variant may be

impacting GAA protein stability and processing.

3.2.3 Patient #3
Clinical Presentation: The patient is a 13-month-old

Caucasian male diagnosed with LOPD after positive NBS.

GAA activity on DBS was low at 0.61 µmol/L/h (normal

range ≥2.1) with a repeat GAA activity of 0.41 µmol/L/hr.

Confirmatory enzyme testing in leukocytes revealed GAA

activity of 0.8 µmol/L/hr. GAA sequencing revealed two

variants, c.−32-13T>G (pathogenic, “late-onset” variant) and

c.1721T >C (p.Leu574Pro). Parental testing confirmed that the

variants were in trans. Echocardiogram was negative for HCM.

Initial serum biomarkers were normal, but were trending upward

and urine Glc4 remained within normal limits. He had mild

postural concerns and signs of muscle weakness but overall met

gross motor milestones appropriately.

Results: pcDNA3.1 cloned GAA with c.1721T>C
(p.Leu574Pro) demonstrated complete loss of catalytic GAA

activity (Table 3). Protein characterization by western blot

revealed only the precursor (110 KDa) GAA protein band,

with no visible mature protein band. Absence of the mature

form of the GAA protein may be an indication of aberrant post-

translational modification and localization.

3.2.4 Patient #4
Clinical Presentation: The patient is a 15-month-old

Caucasian male diagnosed with LOPD after positive NBS.

GAA enzyme activity in DBS was 8.2% of normal (normal

range: >15% of daily mean). GAA enzyme activity was

repeated in blood at 6 months of age was found to be in the

deficiency range seen in patients affected with Pompe disease

(3.3 nmol/hr/mg protein; normal range = 23.1-232.0). He was

reported to have two GAA VUS in trans: c.664G >A
(p.Val222Met) inherited from his father and c.2450A >G
(p.His817Arg) inherited from his mother. The patient’s

parents had blood GAA enzyme analysis, and each was found

to have enzyme levels in the indeterminate range, as is often

observed in carriers: mother: 6.60 pmol/punch/hr and father:

7.70 pmol/punch/hr (affected range: ≤3.88; normal range:

>10.88). Echocardiogram was negative for HCM. Although

CK was initially normal, it was elevated at age 6 months, but

by 15 months it returned to normal. Glc4 was elevated at 2 weeks

of life but was within normal limits at age 15 months when

adjusted for age. He was appropriately meeting developmental

milestones. On physical therapy evaluation, he had age-

appropriate gross motor skills and some mild postural concerns.

Results: pcDNA3.1 cloned GAA with c.664G>A
(p.Val222Met) demonstrated reduced GAA enzyme activity at

11.7% of the positive control (Table 3). Protein characterization

by western blot revealed precursor (110 kDa) and mature

(76 kDa) GAA protein bands but with lower intensity
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compared to the positive control, indicating that this variant may

be impacting functionally active GAA protein levels.

The second variant identified in this patient,

pcDNA3.1 cloned GAA with c.2450A >G (p.His817Arg),

demonstrated complete loss of GAA activity. Protein

characterization by western blot revealed only the precursor

(110 KDa) GAA protein band, with no visible mature protein

band. Absence of the mature form of the GAA protein may be an

indication of aberrant post-translational modification and

localization.

Patients 5, 6 and 7 were identified via NBS at external

institutions and de-identified data were provided for analysis

and review. One pathogenic variant and one VUS or novel

variant were detected in trans in each patient. All three

patients were ascertained through positive NBS for Pompe

disease with significantly reduced GAA enzyme activity levels

on blood samples (Table 2).

3.2.5 Patient #5
GAA enzyme activity in blood was 1.01 pmol/punch/hr

(affected range ≤3.88). The patient had one pathogenic

frameshift variant (c.1589del, p.Glu530Glyfs*48) and a

missense variant (c.1048G>A; p. Val350Met).

Results: pcDNA3.1 cloned GAA with c.1048G>A
(p.Val350Met) demonstrated reduced GAA enzyme activity at

1.5% of the positive control (Table 3). Protein characterization by

western blot revealed faint precursor (110 k Da) and mature

(76 kDa) protein bands but with lower intensity compared to the

positive control, indicating this variant may be impacting GAA

protein stability and processing.

3.2.6 Patient #6
GAA enzyme activity in blood was 2.9 nM/mg Pr/h (normal

range: 6.7-21.7). The patient had one pathogenic variant (c.−32-

13T >G) in combination with a VUS (c.1378G >A;
p. Glu460Lys).

Results: pcDNA3.1 cloned GAA with c.1378G >A
(p.Glu460Lys) demonstrated reduced GAA enzyme activity at

17.5% of the positive control (Table 3). Protein characterization

by western blot revealed both precursor (110 kDa) and mature

(76 kDa) GAA protein bands, but with lower intensity compared

to the positive control, indicating this variant may be impacting

GAA protein stability and processing.

3.2.7 Patient #7
GAA enzyme activity in blood was 0.94 µmol/L/h (normal

range ≥2.10). The patient had one pathogenic variant (c.−32-

13T>G) in combination with a missense variant (c.1123C >T;
p. Arg375Cys).

Results: pcDNA3.1 cloned GAA with c.1123C>T
(p. Arg375Cys) demonstrated reduced GAA enzyme activity

at 11.7% of the positive control (Table 3). Protein

characterization by western blot revealed both precursor

(110 kDa) and mature (76 kDa) GAA protein bands,

indicating this variant may be impacting GAA protein

stability and processing.

3.3 Classification of variants

Following the ACMG/AMP variant classification standards

and rules, and ClinGen SVI guidance for functional studies

(Brnich et al., 2019; Richards et al., 2015), we applied PS3 at

the supporting level in the classification of the variants identified

in Patients 3 and 4 (c.1721T >C and c.2450A >G). Both variants

showed absent/undetectable GAA enzyme activity in our in vitro

functional assay, and the presence of only inactive precursor

protein bands on western blot analysis, indicating a failure of

GAA protein processing to mature active forms. Despite this

functional data, c.2450A >G (Patient 4) remains a VUS due to

insufficient evidence.

The remaining six variants had detectable, but reduced GAA

enzyme activity using our in vitro functional assay. Three

variants (c.316C >T, c.1103G>A, and c.1048G >A) had

enzyme activity below the threshold established by the

pathogenic control variants (11%). Thus, we applied PS3 at

the supporting level. All three variants were subsequently

classified as likely pathogenic. The remaining three variants

(c.664G >A, c.1378G >A, and c.1123C >T) had enzyme

activity levels between the thresholds established during our

functional assay validation (11%–54%); therefore, PS3 could

not be applied in the classification of these variants at any

strength level. Table 4 illustrates the final classifications for all

interrogated variants based on functional analysis and additional

evidence using criteria established by the ACMG/AMP

guidelines where pathogenic criteria are weighted as very

strong (PVS1), Strong (PS1-4), Moderate (PM1-6), or

Supporting (PP1-5) and benign criteria are weighted as

standalone (BA1), strong (BS1-4) or supporting (BP1-6).

4 Discussion

The utility of NBS for Pompe disease in the US has been

demonstrated with the development of successful screening

programs in many states resulting in significant improvements

in clinical outcomes for IOPD (Li et al., 2021), yet there remains a

challenge in appropriately diagnosing and managing patients

with LOPD. This challenge is critically important to address

because of the high number of patients with suspected LOPD

ascertained via NBS (the vast majority of which do not have a

phenotype in the neonatal period) and the large number of these

infants with a genotype that includes a VUS or novel variant

(Burton et al., 2017b; Klug et al., 2020). GAA enzyme analysis

followed by GAA sequencing is critical for confirmation of a

diagnosis of Pompe disease, and more specifically, for
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TABLE 4 Evidence used for variant classification using ClinGen GAA VCEP specifications2.

Patient Variant In vitro GAA activity
(% wildtype) (<11% =
PS3_supporting)

Allele frequency
(gnomAD)
PM2_supporting/BS1

In trans with a
pathogenic
variant (PM3)

Different missense
variant at same codon,
classified as
pathogenic (PM5)

REVEL score
(PP3/BP4)

Clinical phenotype
for pompe disease
(PP4_Moderate)

Final
classification

1 c.316C >T
(p.Arg106Cys)

10.7%
PS3_supporting

<0.001 in all continental
populations
PM2_supporting

c.−32-13T >G
PM3

NA 0.566 PP4_Moderate Likely pathogenic
(No conflict)

2 c.1103G >A
(p.Gly368Asp)

2.8%
PS3_supporting

Absent
PM2_supporting

c.−32-13T >G
PM3

NA 0.647 PP4_Moderate Likely pathogenic
(No conflict)

3 c.1721T >C
(p.Leu574Pro)

Not detectable
PS3_supporting

Absent
PM2_supporting

c.−32-13T >G
PM3

NA 0.958
PP3

PP4_Moderate Likely pathogenic
(No conflict)

4 c.664G >A
(p.Val222Met)

11.7% >0.005 (South Asians)
BS1

NA NA 0.446
BP4

PP4_Moderate VUS
(Evidence in
conflict)

c.2450A >G
(p.His817Arg)

Not detectable
PS3_supporting

Absent
PM2_supporting

NA NA 0.926
PP3

PP4_Moderate VUS
(Insufficient
Evidence)

5 c.1048G >A
(p. Val350Met)

1.5%
PS3_supporting

0.00022
PM2_supporting

p.Glu530Glyfs*48
PM3

NA 0.878
PP3

PP4_Moderate Likely Pathogenic
(No conflict)

6 c.1378G >A
(p.Glu460Lys)

17.5% 0.00002
PM2_supporting

c.−32-13T >G
PM3

NA 0.546 PP4_Moderate VUS
(Evidence in
conflict)

7 c.1123C >T
(p.Arg375Cys)

11.7% 0.00004
PM2_supporting

c.−32-13T >G
PM3

c.1124G >T (p.Arg375Leu)
PM5

0.9539
PP3

PP4_Moderate Likely Pathogenic
(No conflict)

1Sequence Variant Interpretation Working Group (SVI) updates - ClinGen | Clinical Genome Resource. https://clinicalgenome.org/tools/educational-resources/materials/sequence-variant-interpretation-working-group-svi-updates/.
2ClinGen Lysosomal Storage Disorders Expert Panel Specifications to the ACMG/AMP Variant Interpretation Guidelines Version 2. https://www.clinicalgenome.org/affiliation/50009/docs/assertion-criteriaforthemostrecentversion.
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discernment between IOPD, LOPD, and pseudodeficiency alleles

or carriers. The presence of cardiomyopathy or cardiomegaly

within the first year of life is a clear distinguishing feature

between IOPD and LOPD. The latter represents the majority

of cases identified via NBS and over time, some of these infants

have developed features of Pompe disease and have been initiated

on ERT (Burton et al., 2017b; Huggins et al., 2022). Unclear

diagnoses lead to uncertainty regarding disease management.

Consequently, this could lead to unnecessary initiation or delay

in initiation of ERT and anxiety for parents and caregivers. With

more states adding Pompe disease to their NBS panels, the need

for robust lines of evidence for GAA variant classification is more

urgent than ever.

Although in vitro expression systems do not mimic nor

represent the in vivo genetic complexity and human

physiologic background, we demonstrate the utility of

HEK293 cells in GAA expression systems. Expanding on prior

work (Kroos et al., 2012), we have utilized ClinGen guidance and

have established functional assay control ranges using known

pathogenic (n = 7), likely benign/benign (n = 4), and a

pseudodeficiency (n = 1) variant. Our GAA expression system

for measuring GAA enzyme activity combined with

immunoblotting for GAA protein analysis has been effective

in characterizing the behavior of specificGAA variants in vitro. In

addition, recommendations from the ClinGen Variant Curation

Expert Panel (VCEP) for GAA, which consists of a team of highly

experienced clinicians and scientists in the field of Pompe

disease, were utilized to further tailor the ultimate

classification of the GAA variants examined.

The application of PS3_supporting based on our novel

functional data was critical to the classifications of c.316C >T
and c.1103G >A as likely pathogenic. The clinical and

enzymatic data available for both probands allowed for the

application of PP4_moderate, and each of these variants was

detected in trans with a known pathogenic variant (PM3). The

frequency of these variants in the general population met the

threshold for the application of PM2_supporting; however,

the REVEL score did not meet the threshold established by the

ClinGen GAA VCEP (>0.7), and PP3 could not be applied.

Without the novel functional data, those variants would

remain classified as VUS.

Additional clinical details and publicly available information

was critical for the classification of variants examined by this

study (Table 4). Despite having an in vitro enzyme activity level

(11.7%) just above the set threshold (<11%), c.1123C >T can be

classified as likely pathogenic based on other evidence, including

the classification of a different missense change at the same

amino acid position c.1124G>T; p.Arg375Leu as pathogenic (six

independent likely pathogenic/pathogenic ClinVar submissions),

allowing the PM5 criterion to be applied. While our functional

data supports the classification of c.1721T >C and c.1048G >A as

deleterious variants with in vitro enzyme activity levels of <2%,

these variants could be classified as likely pathogenic using only

the patient clinical data and additional publicly available

information such as the variant allele frequency in the general

population (gnomAD) and in silico prediction algorithms

(REVEL score).

The classification of two variants, c.664G >A and

c.2450G >A, is complicated by the fact that they were

observed in trans in the same patient (Patient 4). Although

our functional data suggests that c.2450G >A is clearly

deleterious (no residual enzyme activity), the lack of

additional evidence at the moderate strength level means that

this variant remains of uncertain significance. The in trans

variant in Patient 4, c.664G >A, had an in vitro enzyme

activity level in the indeterminate range, but has an allele

frequency high enough in the South Asian population for

BS1 to apply, and a REVEL score that meets the threshold for

the application of BP4 as evidence toward a benign classification.

The combination of a strong and a supporting piece of evidence

can result in a likely benign classification. This variant has not

been curated by the ClinGen GAA VCEP, and is classified as

likely benign/benign by five independent ClinVar submitters.

Given the deficient enzyme activity observed in Patient 4, and the

indeterminate (carrier range) enzyme activity level of the

heterozygous father, an impact on enzyme activity cannot be

excluded. This variant may cause reduced enzyme activity

(in vitro and/or in vivo), but not in the range typically

observed for truly pathogenic alleles. Both of the variants

observed in Patient 4 remain classified as VUS.

One additional variant interrogated by our functional assay

remains classified as a VUS: c.1378G >A. While this patient

(Patient 6) meets the clinical and in vivo enzymatic criteria for the

application of PP4_moderate, and a known pathogenic variant

was detected and proven to be in trans (PM3), our functional

assay showed an in vitro enzyme activity in the indeterminate

range (17.5%), and the REVEL score (0.546) does not meet the

threshold for the application of PP3. In fact, the REVEL score is

just above the threshold for the application of BP4 (<0.5) in favor

of a benign classification. This variant remains classified as a VUS

due to conflicting evidence.

In order to increase the strength at which the PS3/BS3 criteria

can be applied using data from our assay, additional validation

controls are needed. The ability to apply PS3/BS3 at the moderate

level is especially important for the classification of rare or novel

variants that have not been previously reported in the literature.

Although we chose a variety of known pathogenic GAA variants

(2 nonsense and 5 missense) as controls in order to cover a broader

spectrum of residual GAA enzyme activity levels, there still remains

a gap in residual enzyme activity levels in the indeterminate range

(11%–54% of wild-type control) in our assay that presents a

challenge for variant classification. Further work is needed to

evaluate additional milder missense and splice site variants,

including variants that have been exclusively reported in LOPD,

thatmay fall within this enzyme activity range to aid in classification.

We acknowledge this conservative approach in establishing the
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threshold used for the application of PS3_supporting (<11%) was
influenced by the pathogenic variants chosen as controls for

functional assay validation. This threshold may change as

additional known pathogenic variants are assayed. Future data

may indicate that a threshold value for the application of

PS3_moderate may be more stringent than for the application of

PS3_supporting, but further validation of the assay using additional

pathogenic and benign controls is necessary and is currently

underway. Three variants’ in vitro enzyme activity levels fell in

the indeterminate range; we were therefore unable to apply the

PS3_supporting criteria to aid in classification of these three variants:

c.664G >A, c.1123C >T, and c.1378G >A. If our functional study
had included the additional controls necessary for the application of

PS3_moderate, we may have been able to reclassify c.2450A >G as

likely pathogenic.

We have successfully interrogated eight variants identified

through NBS for Pompe disease using our in vitro expression and

functional analysis model using HEK293 cell lines and site-directed

mutagenesis. Our assay was validated using 11 controls (7 pathogenic

and 4 likely benign/benign variants) plus a pseudodeficiency variant.

Using our assay, we were able to provide critical evidence to classify

2 variants as likely pathogenic, and supporting evidence for

2 additional variants. To date, our focus has been on missense

variants; however, this site-directed mutagenesis system can be

used for other variant types identified in GAA. Careful

consideration of clinical disease phenotype and presentation of

each individual will remain crucial to accurate diagnosis. We will

continue to refine our robust and reproducible in vitro functional

analysis system which will allow us to continue to provide critical

information to aid in the classification of many VUS and novel

variants in GAA. This work aims to fill the growing unmet need for

novel variant classification andmolecular diagnostic confirmation for

patients with positive NBS for Pompe disease.
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Citrullinemia type I in Chinese
children: Identification of two
novel argininosuccinate
synthetase gene mutations
Mei Xiong and Mingwu Chen*

Department of Pediatrics, The First Affiliated Hospital of USTC, Division of Life Sciences and
Medicine, University of Science and Technology of China, Hefei, China

Background: In this study, we evaluated the clinical characteristics, prognosis,

and gene mutations of five children with citrullinemia type I (CTLN1)

diagnosed in our department and identified two novel ASS1 gene mutations.

Methods: We examined the clinical characteristics, prognosis, and gene

mutations of the five children through data collection, tandem mass

spectrometry, and whole-exon sequencing. MutationTaster, regSNP-intron,

and SWISS-MODEL were used for bioinformatic analysis to evaluate the

two novel gene mutations. We analyzed differences in blood ammonia and

citrulline levels based on clinical phenotypes. Finally, we reviewed the medical

literature describing Chinese children with CTLN1.

Results: ASS1 C773 + 6T > G and c.848 delA as well as c.952_953 del insTT and

c.133G > A have not been previously reported in the Human Gene Mutation

Database. Using MutationTaster and regSNP-intron, we predicted that these

mutations affected protein function. The 3D structure obtained using SWISS-

MODEL supported this prediction. Through comparative analysis showed that

the ammonia level of the neonatal type was markedly higher than that of other

types, whereas citrulline levels did not differ between groups.

Conclusion: We identified two novel mutations that cause disease. The

blood ammonia level of neonatal form citrullinemia was markedly higher

than that of other types. The genotype-phenotype association in Chinese

patients remains unclear and should be further evaluated in genetic studies

of larger sample sizes.

KEYWORDS

argininosuccinate synthetase gene, novel mutations, citrullinemia type I, tandem
mass spectrometry, whole-exome sequencing
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Introduction

Citrullinemia type I (CTLN1) is a rare congenital metabolic
disease (1 in 250,000 live births) caused by mutations in the
argininosuccinate synthetase (ASS1) gene (1, 2). The resulting
enzyme deficiency leads to high concentrations of ammonia and
citrulline (3) in the blood and plasma. Based on the different
functions of ASS1, CTLN1 can be divided into four clinical
phenotypes: acute neonatal, mild later-onset, asymptomatic,
and an additional form in which women express symptoms
during pregnancy (4). The virulence ASS1 of CTLN1 is in
9q43.1, and numerous mutations have been identified in ASS1
(5). For example, the mutation p.Gly390Arg (5) is commonly
detected worldwide. In Korea (6), the most widely distributed
variation is the p.Gly324Ser mutation, which has been reported
in many countries such as America and Germany but has not
been reported in Japan. The c.421-2A > G mutation (7) is
very common in Japan. In German patients, the p.Arg363Trp
mutation is the most common mutation.

In this study, we evaluated the clinical features, laboratory
data, outcomes, and genetic characteristics of five children
with CTLN1, in whom two novel mutations were identified.
Moreover, using the keyword CTLN1, we performed literature
searches and summarized the previously reported characteristics
of Chinese children with CTLN1 to improve the understanding
of this disease in the Chinese population.

Materials and methods

Subjects

From August 2020 to February 2022, five inpatients
with CTLN1 in the First Affiliated Hospital of Science and
Technology of China participated in this study. Informed
consent was obtained from all guardians of the participants,
and the patients were diagnosed based on their clinical
characteristics, laboratory data, tandem mass spectrometry,
and gene mutation analysis. Blood samples were obtained
for genetic analysis, and blood and urine were evaluated in
tandem mass spectrometry analysis. This study was approved
by the medical research ethics committee of our hospital. We
also reviewed previously published literature on children from
China with CTLN1.

Tandem mass spectrometry analysis of
blood and urine

Non-anticoagulant whole blood or urine was collected and
spotted onto dry blood filter paper by the Chief Resident at the
First Affiliated Hospital of Science and Technology of China.
Three blood spot specimens were collected from each patient,

cooled, dried at 15–22◦C, and transferred to the screening
laboratory at 3–9◦C. The derivative reagent (60 µL of 3 mmol/L
n-butyl acetate) was added to U-bottom plates. After incubation
for 35 min at 40◦C, 70 µL of the solution in the plates was
transferred to new plates. The liquid was left standing for 2.5 h at
20–25◦C, and then 30 µL of liquid was collected for metabolite
analysis via tandem mass spectrometry on an instrument from
AB SCIEX (Framingham, MA, USA). The n-butyl acetate,
amino acid internal standard, acylcarnitine internal standard,
carbinol, and other reagents were purchased from Guangzhou
Jin Xinrui Biotechnology Co., Ltd. (Guangzhou, China).

Direct sequencing analysis of
argininosuccinate synthetase

Target region capture and sequencing
Peripheral blood (2 mL) was drawn from the subjects

and controls. Genomic DNA was extracted using a
MagPure Buffy Coat DNA Midi KF Kit (Beijing Genomics
Institute, Beijing, China) according to the manufacturer’s
instructions. Genomic DNA was cleaved into 100–500 bp
fragments using a Segmentase enzyme kit (BGI, Cambridge,
MA, USA), and then 280–320 bp fragments were collected
using magnetic beads. In the collection, the “A” base was added
at the 3’ overhangs after end repair to ensure that the fragments
could pair with the “T” base on the special adapter. A single
individual DNA library was prepared after ligation-mediated
polymerase chain reaction and purification. The library was
enriched for 16–24 h (47◦C) by array hybridization (Roche
NimbleGen, Basel, Switzerland), followed by elution and
post-capture amplification. The products were evaluated using
a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA) to estimate the magnitude of enrichment. Qualified
products were pooled and quantified according to the different
library quantities. Single-strand library products were prepared
for circularization and to prepare DNA nanoballs. The
products were sequenced to obtain the 100 bp paired-end
reads on an MGISEQ-2000 (MGI Tech Co., Ltd., Mogi das
Cruzes, Brazil) This strategy first generates a 100 bp first-
end read and then generates a 100 bp second-end read. The
detailed 100 bp pair-end sequencing steps performed on the
DNBSEQ MPS platform were as follows. A DNA nanoball,
as a concatemer containing copies of the adaptor sequence
and inserted genomic DNA, was hybridized with a primer
for first-end sequencing. After generating the first-end read
(100 bp), controlled and continued extension was performed by
strand-displacing DNA polymerase to generate complementary
strands. When the 3’ ends of the newly synthesized strands
reached the 5’ ends of the downstream strands, the 5’ ends
were displaced by DNA polymerase to generate single-stranded
DNA overhangs, creating a “branched DNA nanoball.”
A second-end sequencing primer was hybridized to the
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adaptor copies in the newly created branches to generate a
second-end read (100 bp).

Sanger sequencing (whole-exome sequencing)
The Sanger sequencing workflow involved amplifying the

sequence by PCR and performing sequencing and capillary
electrophoresis. During PCR and cycle sequencing, the DNA
was denatured into single strands. Annealing was performed to
hybridize the oligonucleotide primer close to the sequence of
interest. In the extension step, the DNA polymerase extended
the primer from its 3’ hydroxyl group to synthesize a new strand.
An adenine base (A) was paired with each thymine (T) on the
template and a cytosine (C) with each guanine (G), and vice
versa. Occasionally, one of the four chain-terminating ddNTPs
was inserted by chance, which interrupted elongation of the
DNA strand. The elongation reaction was repeated for 30–
40 cycles.

Following obtaining clean sequencing reads, the newly
synthesized DNA fragments were separated by electrophoresis
in a single long glass capillary filled with a gel polymer. Using
an optimized combination of a very thin capillary, appropriate
choice of gel or polymer, and electric field parameters, capillary
electrophoresis separated DNA strands up to ∼1,000 bp in
length at single-nucleotide resolution.

When the fragments migrated through the capillary, a laser
excited the fluorescent label on the ddNTP incorporated at the
end of each terminated chain. Because each of the four ddNTPs
was labeled with a different color, the signal emitted by each
excited nucleotide corresponded to a specific base. Software
generated a chromatograph showing the fluorescent peak of
each labeled fragment.

Data analysis

After sequencing, the raw data were saved in FASTQ format.
Both MGI sequencing adapters and low-quality reads (<80 bp)
were filtered using cutadaptor software.1 The clean reads were
mapped to the UCSC hg19 human reference genome using
the BWA parameter in Sentieon software.2 Duplicate reads
were removed using the parameter driver in Sentieon, and base
correction was performed such that the quality value for the
reads of the final output BAM file were close to the probability
of mismatch with the reference genome. The mapped reads were
used for variation analysis. Single-nucleotide polymorphism and
insertion-deletion variants were detected using the parameter
driver in Sentieon. The data were transformed into VCF format.
Variants were further annotated using ANNOVAR software3

and searched in multiple databases, including 1000 Genome,

1 http://code.google.com/p/cutadapt/

2 https://www.sentieon.com/

3 http://annovar.openbioinformatics.org/en/latest/

ESP6500, dbSNP, EXAC, Inhouse (MyGenostics), and Human
Gene Mutation Database. Further comparisons were performed
in SIFT, PolyPhen-2, MutationTaster, and GERP3.

Sanger verification method

All mutations and potential pathogenic variants were
validated using conventional Sanger sequencing methods.
Segregation analysis was performed when DNA from the family
members was available.

Functional analyses of novel mutations

To validate the effect of the mutations on protein function,
MutationTaster, RegSNP-intron, and SWISS-MODEL4 were
used to conduct bioinformatics analysis. The 3D structures
of wild-type and mutant proteins were constructed, and we
predicted that disruption of the mutation caused the disease.

Results

Patient characteristics and gene
mutation spectrum

Using the Human Gene Mutation Database, we identified
two novel mutations in the five patients based on genetic
mutation analysis. The characteristics and mutation spectra of
the five patients are described below.

After a 40-week gestation period, patient 1 was vaginally
delivered, weighed 3,330 g, and had a body-length of 49 cm and a
head circumference of 34 cm. Her parents were healthy; she had
amniotic fluid pollution of degree 3 and no clinical symptoms at
birth. Nevertheless, on day 6, she experienced feeding difficulties
and vomiting. Plasma ammonia levels were markedly increased
(424 µmol/L) Because of the elevated plasma ammonia levels,
feeding difficulties and vomiting, we analyzed the blood using
tandem mass spectrometry, which revealed elevated citrulline
levels. The patient was diagnosed with CTLN1 through gene
mutation analysis, which revealed the presence of the ASS1
variants c.848 delA and c.773 + 6T > G (Figure 1). These
variations have not been reported previously in the Human
Gene Mutation Database. After admission, the patient was
administered L-carnitine, and the plasma ammonia level (124
µmol/L) markedly declined. At 7 months, solid food was
appended, ammonia levels markedly increased, and the patient
began vomiting excessively, likely because of the elevated plasma
ammonia level (200 µmol/L). Finally, the patient underwent
liver surgery transplantation. She subsequently became healthy.

4 https://swissmodel.expasy.org/interactive
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FIGURE 1

Sanger sequence of ASS1 (c.848 delA and c.773 + 6T > G) from
patient 1 and her parents.

Patient 2 was born at a gestational age of 33 weeks and
3 days and weighed 2,100 g. Routine new-born blood amino
acid screening detected increased citrulline (66 µmol/L, RR,
9.0–33 mmol/L) and glutamic-pyruvic transaminase levels (191
IU/L). The patient was diagnosed with CTLN1 based on
tandem mass spectrometry of the blood and the gene mutation
spectrum, which revealed the presence of the ASS1 variant
c.952_953 delinsTT and c.133G > A (Figure 2). These variations
have not been reported previously in the Human Gene Mutation
Database. The patient was not treated because of the absence of
symptoms.

Patient 3 was delivered via cesarean section at a 39-week
gestational age, weighed 2,800 g, and had a length of 49 cm

and head circumference of 34 cm. Unfortunately, her sister
died 10 years prior but had no clinical symptoms at birth.
On day 5, the patient exhibited impaired consciousness and
hyperspasmia. Plasma ammonia levels were markedly increased
(848 µmol/L) Considering these symptoms, we analyzed the
blood and urine using tandem mass spectrometry, which
revealed elevated citrulline levels. Gene mutation analysis
revealed the presence of the ASS1 variants c.577 G > A and c.552
C > A; the patient was diagnosed with CTLN1. After admission
to the hospital, the patient was administered L-carnitine and
mechanical ventilation. The plasma ammonia level significantly
increased (2,840 µmol/L). Ultimately, the parents withdrew
treatment, and, unfortunately, the patient died.

Patient 4 was delivered at a gestational age of 40 weeks
and 2 days via cesarean section, weighed 2,800 g, and
had a length of 49 cm and head circumference of 34 cm;
the patient exhibited no clinical symptoms. On day 7, the
patient showed impaired consciousness and hyperspasmia.
The plasma ammonia levels were markedly elevated (1,012
µmol/L). Tandem mass spectrometry analysis of the blood and
urine, which revealed a significantly elevated citrulline level,
confirmed the CTLN1 diagnosis. However, her gene mutation
spectrum was not determined because she underwent red cell
transfusion. After admission, the patient was administered
blood purification and mechanical ventilation. Unfortunately,
the parents withdrew treatment, and the patient died.

Patient 5 was delivered at a gestational age of 41 weeks and 1
day and weighed 4,170 g. Routine new-born blood amino acid
screening detected elevated ammonia (196 µmol/L, RR, 9.0–
33 mmol/L) and citrulline levels (2,525 IU/L). Tandem mass
spectrometry of the blood and a gene mutation spectrum, which
revealed the ASS1 variants c.1168 G > A and c.970 G > A,
confirmed the CTLN1 diagnosis. For treatment, the patient was
placed on a diet of low-protein milk powder. At 2 years of age,
the patient exhibited no symptoms.

The characteristics and gene mutation spectra of the five
patients are summarized in Tables 1, 2. As shown in Table 1,
the clinical manifestations were mostly vomiting or feeding
difficulties along with conscious disturbance or hyperspasmia.
Disease severity was closely related to the ammonia levels
with higher blood ammonia levels associated with more severe
symptoms.

Tandem mass spectrometry analyses of
blood and urine

The tandem mass spectrometry characteristics are
summarized in Table 3. During the urea cycle, because of
a deficiency or hypo-functionality of ASS1, citrulline (substrate)
levels increased and arginine (product) levels declined.
However, these changes had no effect on fatty acid or carnitine
metabolism, as demonstrated by normal blood and plasma
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FIGURE 2

Sanger sequence of ASS1 (c.952_953 delinsTT and c.133G > A) from patient 2 and her parents.
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TABLE 1 Clinical, laboratory data, and outcomes of the five patients.

Patient no. Sex Age of onset Clinical
presentation

Conscious
disturbance

or
hyperspasmia

Vomit or
feeding

difficulties

Highest level of
ammonia (µ

mol/L)

Highest level of
citrulline (µ

mol/L)

Outcome

1 F 6 days Milder later-onset
form

No Yes 424 231 Live by liver
transplantation

2 M Neonatal
screening

Without
symptoms

No No 17.2 66.03 Live with no
treatment

3 F 5 days Acute neonatal
form

Yes Yes 2,840 1,731 Died

4 M 7 days Acute neonatal
form

Yes Yes 1,012 1,689 Died

5 M Neonatal
screening

Without symptom No No 196 2,525 Live by low protein
milk powder

TABLE 2 Gene mutations characteristics of the five patients.

Patient no. Novel
mutation

Clinical
presentation

Mutation 1 Mutation 2

cDNA Protein cDNA Protein
1 Yes Milder later-onset

form
c.848 del A p.Glu283 Glyfs*13 c.773 + 6 T > G –

2 Yes Without
symptoms

c.952_953 del
insTT

Glu45Lys c.133 G>A Ala318Phe

3 No Acute neonatal
form

c.577 G > A Gly193Arg c.552 C > A Asn184Lys

4 No Acute neonatal
form

None None None None

5 No Without symptom c.1168 G > A Gly390Arg c.970G > A Gly324Ser

TABLE 3 Tandem mass spectrometry characteristics of the five patients.

Patient no. Blood/Plasma
ammonia (µ

mol/L) [0–33]

Blood/Plasma
citrulline (µ

mol/L) [5–40]

Blood/Plasma
arginine µ

mol/L [0–50]

Blood/Plasma
acylcarnitines (µ
mol/L) [10–50]

Urine orotic
acid (µ mol/L)

[0–2]

Urine lactate (µ
mol/L) [0–12]

1 424 231 7 12 12 1
2 17 66 16 28 2 3
3 2,840 1,731 5 17 131 2
4 1,012 1,689 6 15 27 3
5 196 2,525 7 35 0 1

TABLE 4 Effect of novel gene mutation on protein function according to in silico analysis.

cDNA Protein Software (score) Predicted signal

MutationTaster RegSNP-intron
c.848delA p.E283Gfs*1 3(p.Glu283 Glyfs*13) 1 – Disease_causing

c.773 + 6T > G – 0.74 –

c.133G > A Glu45Lys 0.99 – Disease_causing

c.952_953delinsTT Ala318Phe 0.99 – Disease_causing

MutationTaster, www.mutationtaster.org. Scores between 0 and 1; a score closer to 1 indicates that the mutation is disease-causing. regSNP-intron, http://regsnps-intron.ccbb.iupui.edu/.
Scores between 0 and 1; a score closer to 1 indicates that the mutation is disease-causing.

acylcarnitine levels. The increased citrulline levels affected
pyrimidine-nucleotide synthesis, which increased urinary
orotic acid levels.

Functional analyses of novel mutations

Analysis by MutationTaster and regSNP-intron suggested
that the variants likely affected protein function (Table 4).

Based on American College of Medical Genetics guidelines,
the novel gene mutations were classified as variants of clinical
significance.

The 3D structure of the novel mutant c.848delA
p.Glu283 Glyfs∗13 was predicted (Figure 3). According to
the amino acid sequence (Figures 3A,B), the novel mutation
c.848delA, p.Glu283 Glyfs∗13 changed glutamic acid to
glycine; this frameshift mutation resulted in formation of a
truncated protein (Figures 3C,D). The truncated proteins
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FIGURE 3

Amino acid sequence and 3D structure. (A) Wild-type amino acid sequence of ASS1:c.848delA. (B) Mutation type amino acid sequence of
ASS1:c.848delA. (C) 3D structure of wild-type of ASS1 (p.Glu283 Glyfs∗13). (D) 3D structure of mutation type of ASS1(p.Glu283 Glyfs∗13).

did not contain an off-PP-loop motif, which is necessary
for maintaining ASS1 protein function. Therefore, the
novel mutations c.848delA and p.Glu283 Glyfs∗13 caused
CTLN1.

We predicted the 3D structure of the wild mutation
(Figure 4A) and the novel mutants c.133G > A,p.Glu45Lys
and c.952_953 delinsTT, p.Ala318Phe (Figure 4B). The
c.133G > A,p.Glu45Lys mutation changed glutamic acid to

lysine (Figures 4C,D), and c.952_953 delinsTT, p.Ala318Phe
changed alanine to phenylalanine (Figures 4E,F). Based on these
results, we evaluated the relationship between the translational
products and the disease and alterations in the protein
structural properties. The double hydrogen bond before the
mutation was changed to a single hydrogen bond, which
decreased the stability of the ASS1 protein and affected
protein synthesis.
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Relation between ammonia and
citrulline levels and clinical phenotypes

As shown in Figures 5, 6, we summarized the characteristics
of the five patients as follow: the blood ammonia levels were very
high in patients with the neonatal disease form, whereas those
in other forms, particularly asymptomatic and delayed onset
CTLN1, were relatively low (Figure 5), as opposed to citrulline
levels (Figure 6).

Characteristics of citrullinemia type I in
Chinese children

According to a literature review, 20 cases of CTLN1 have
been reported. The characteristics of these cases are summarized
in Tables 5, 6 (8–22).

Discussion

CTLN1 is a rare congenital metabolic disease caused
by mutations in ASS1. Because of the different activities of
argininosuccinic acid synthetase, the clinical presentation of
CTLN1 is heterogeneous.

We evaluated five patients diagnosed with CTLN1; the
clinical phenotype included three neonates, one late-onset, and
one asymptomatic type. Most cases reported in the literature
were the neonatal form, followed by the late-onset form. Our
results are consistent with those of previous studies (23, 24).

We found that ammonia levels were higher in the neonatal
form than in other forms, whereas this pattern was not observed
for citrulline. However, we could not statistically analyze these
results because the sample size was too small. To date, there
have been no studies of the relationship between early blood
ammonia and citrulline levels and the phenotype of CTLN1.
We found that higher blood ammonia levels led to more
severe clinical symptoms. The main reason for this result
is that the pathogenesis of CTLN1 involves a high blood
ammonia level, followed by an energy crisis in the brain tissue
and subsequent cerebral edema. Thus, the blood ammonia
level determines the severity of cerebral edema, which may
be an independent risk factor for predicting the prognosis
of CTLN1. Genetic testing and tandem mass spectrometry
have only commonly performed in the region in recent years.
Because of economic constraints and the lack of gene-tandem
mass spectrometry 5 or 6 years ago, many children died from
“unexplained encephalopathy” in the neonatal period, leaving
CTLN1 undiagnosed. This is one reason why the sample size
was small in this study. Confirmation of blood ammonia as an
independent predictor of the phenotype of CTLN1 requires a
large sample size and further development of gene and tandem
mass spectrometry.

FIGURE 4

3D- structure. (A) 3D-structure of wild-type ASS1
(p.E45K,p.A318F). (B) 3D structure of mutation ASS1
(p.E45K,p.A318F). (C) 3D-structure of wild-type ASS1 (p.E45K).
(D) 3D structure of mutation type ASS1 (p.E45K). (E) 3D structure
of wild-type ASS1(p.A318F). (F) 3D structure mutation type ASS1
(p.A318F).

The novel mutations affected ASS1 function by changing
the protein tertiary conformation in different manners. The
genotype and phenotype correlations of CTLN1 remain unclear
(6). The effects of the Gly324Ser and c.1128–6_1188dup67
mutations were mild. Nevertheless, the Gly324Ser mutation
was associated with the acute neonatal and neonatal forms.
In Iran (7), many patients with classic CTLN1 possessed
mutations in ASS1 (c.1168G > A; p.Gly390Arg), which
led to poor prognosis including coma or death. In China,
c.1168G > A mutations have been detected in patients
with mild disease. The clinical presentation was also not
identical in patients with the same genotype, possibly because
the variations in most of the Chinese population are
compound heterozygous mutations, making it difficult to
analyze the genotype–phenotype relationship. To determine
this relationship, larger sample sizes should be evaluated
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FIGURE 5

Ammonia levels in different clinical phenotypes.

FIGURE 6

Citrulline levels in different clinical phenotypes.

and further genetic testing should be performed. Further
studies of the genotype, phenotype, and enzymes may reveal
this correlation.

In China, CTLN1 is considered as a rare disease, whereas
in other countries such as Iran (7) where consanguineous
marriages occur, the incidence of CTLN1 has greatly increased.
Therefore, advocating for healthy birth and postnatal care is
important for preventing hereditary diseases.

Because of economic constraints and the lack of gene-
tandem mass spectrometry 5 or 6 years ago, many children
died from unexplained encephalopathy in the neonatal
period, leaving CTLN1 undiagnosed and providing a small
sample size for this study. Thus, multicenter studies of
larger sample sizes are needed to define the relationship
between the genotype and phenotype with increased accuracy
and reliability.
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TABLE 5 Clinical presentations and biochemical investigations of patients described in the literature.

Patient no. Sex Age of onset Clinical
presentation

Conscious
disturbance or
hyperspasmia

Vomiting or
feeding

difficulties

Highest
level of

ammonia

Highest
level of

citrulline

Outcome References

1 F 1 y 3 m Late-onset form Yes Yes 160 928.77 Moderate (8)

2 F 2 d Neonatal form Yes Yes 670 1,577 Died (9)

3 – 2 d Neonatal form Yes Yes 286 487 Died (10)

4 M 1 Y Late-onset form – – 91 961 Moderate (11)

5 F 4 d Neonatal form Yes Yes 231 1,085 Died (11)

6 F 1 y 5 m Late-onset form – – 126 653 Moderate (12)

7 M 2 d Neonatal form Yes Yes – 2,513 Died (13)

8 M – Mild form No No 111 17 Well (14)

9 F 3 m Late-onset form No Yes – 311 Moderate (15)

10 M 3 y Mild form No No 90 70 Well (16)

11 M 2 d Late-onset form Yes Yes 1,692 2,563 Moderate (17)

12 F 1 m Late-onset form – – 23 1,924 Died (18)

13 F 6 d Neonatal form Yes Yes – 1,621 Died (19)

14 F 2 d Neonatal form Yes Yes 398 3,188 Moderate (20)

15 F 4 d Neonatal form Yes Yes 77 173 Moderate (20)

16 M 1 d Neonatal form Yes Yes 366 2,977 Moderate (20)

17 F 2 d Neonatal form Yes Yes 2,077 2,092 Moderate (20)

18 F 7 d Neonatal form Yes Yes 280 3,188 Moderate (20)

19 F 8 d Neonatal form Yes Yes 371 2,329 Moderate (21)

20 M 2 Y Late-onset form No Yes 118 1,593 Moderate (22)

TABLE 6 Genetic investigations of patients described in the literature.

Patient no. Clinical
presentation

Mutation 1 Mutation 2 References

Location cDNA Protein Location cDNA Protein

1 Late-onset form Exon 13 c.847G > A Glu283lys Exon 14 c.1009T > C Cys337Arg (8)

2 Neonatal form Exon 13 c.951delT F317LfsX375 Exon 14 c.1087C > T Arg363Trp (9)

3 Neonatal form Exon 6 c.380G > A Arg127Gln Exon 6 c.380G > A Arg127Gln (10)

4 Mild form Intron 4 c.174 + 1G > A – Exon 7 c.422 T > C Val141Gly (11)

5 Neonatal form Intron 11 c.773 + 1G > A – Exon 12 c.793C > T Arg265Cys (11)

6 Late-onset Exon 5 c.236C > T Ser79Phe Exon 7 c.431C > G Pro144Arg (12)

7 Neonatal form Exon 13 c.970G > A Gly324Ser Exon 13 c.970G > A Gly324Ser (13)

8 Mild form Exon 3 c.53C > T Ser18Leu Exon 15 c.1168G > A Gly390Arg (14)

9 Late-onset form Exon 7 c.431C > G Pro144Arg Exon 14 c.1087C > T Arg363Trp (15)

10 Mild form Intron 11 c.773 + 4A > C – Intron 11 c.773 + 4A > C – (16)

11 Late-onset form – – – – – – (17)

12 Late-onset form Exon 7 c.968C > T Thr323Ile Exon 7 c.937C > A Leu313Met (18)

13 Neonatal form Intron 15–16 c. 1194 - 2 A>G – Exon 3 – – (19)

14 Neonatal form Exon 5 C.257G>A Arg86His Intron 6–7 c.421-2A > G – (20)

15 Neonatal form Exon 5 c.332C > T Ala111Val Exon 5 c.288C > G No change (20)

16 Neonatal form Exon 5 c.291C > G Cys97Trp Exon 15 c.1168G > A Gly390Arg (20)

17 Neonatal form Intron 6–7 c.421-2A > G – Exon 14 c.981-1018del38 H327Qfs*33 (20)

18 Neonatal form Exon 5 c.256C > T Arg86Cys Exon 9 c.577G > A Gly193Arg (20)

19 Neonatal form Exon 7 c.469C > T Arg157Cys Exon 8 c.552C > A Asn184Lys (21)

20 Late-onset form Exon 7 c.470 G > A Arg157His Exon 9 c. 577 G > A Gly193Arg (22)
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Pathogenic variants of ornithine
transcarbamylase deficiency:
Nation-wide study in Japan and
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Ornithine transcarbamylase deficiency (OTCD) is an X-linked disorder. Several

male patients with OTCD suffer from severe hyperammonemic crisis in the

neonatal period, whereas others develop late-onset manifestations, including

hyperammonemic coma. Females with heterozygous pathogenic variants in the

OTC gene may develop a variety of clinical manifestations, ranging from

asymptomatic conditions to severe hyperammonemic attacks, owing to

skewed lyonization. We reported the variants of CPS1, ASS, ASL and OTC

detected in the patients with urea cycle disorders through a nation-wide

survey in Japan. In this study, we updated the variant data of OTC in

Japanese patients and acquired information regarding genetic variants of

OTC from patients with OTCD through an extensive literature review. The

523 variants included 386 substitution (330missense, 53 nonsense, and 3 silent),

eight deletion, two duplication, one deletion-insertion, 55 frame shift, two

extension, and 69 no category (1 regulatory and 68 splice site error)

mutations. We observed a genotype–phenotype relation between the onset

time (neonatal onset or late onset), the severity, and genetic mutation in male

OTCD patients because the level of deactivation of OTC significantly depends

on the pathogenic OTC variants. In conclusion, genetic information aboutOTC

may help to predict long-term outcomes and determine specific treatment

strategies, such as liver transplantation, in patients with OTCD.

KEYWORDS

ornithine transcarbamylase deficiency, X-linked disorder, hyperammonemia, late
onset OTCD, neonatal onset OTCD

Introduction

Ornithine transcarbamylase (OTC; EC 2.1.3.3) is a mitochondrial enzyme that

catalyzes the synthesis of citrulline from carbamoyl phosphate and ornithine during

the urea cycle; inorganic phosphate is released as a by-product of the reaction. It is

essential for the conversion of neurotoxic ammonia into non-toxic urea. In humans, OTC

is exclusively expressed in the liver and small intestinal mucosa; however, it functions only
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in the liver during the urea cycle. The human OTC gene, which is

73 kb long and comprises 10 exons and nine introns (Hata et al.,

1988), is located on the short arm of the X chromosome within

band Xp21.1 (Lindgren et al., 1984). It encodes a precursor OTC

protein that has a molecular weight of 39.9 kD and is composed

of 354 amino acids. Upon entering the mitochondria, it

undergoes post-transcriptional modification in which the

32 amino acid-long leader sequence is cleaved in two

successive steps (Horwich et al., 1986). The mature OTC

peptide has a molecular weight of 36.1 kD and is composed of

322 amino acids. The functional OTC holoenzyme is a

homotrimer with a three-fold symmetry and three active sites,

each of which is shared between two adjacent polypeptides (Shi

et al., 1998).

The OTC deficiency (OTCD; MIM number: 311,250) is an

X-linked disorder. Incidentally, the estimated frequency of

OTCD is 1 per 80,000 births in Japan (Nagata et al., 1991),

and recent studies indicate a prevalence of 1 per

62,000–77,000 births worldwide (Dionisi-Vici et al., 2002;

Keskinen et al., 2008; Balasubramaniam et al., 2010; Summar

et al., 2013). The OTCD phenotype is extremely heterogeneous.

For instance, many male OTCD patients have severe

hyperammonemic crisis in the neonatal stage, whereas others

develop late-onset manifestations, including hyperammonemic

coma (Kido et al., 2012; Kido et al., 2021a; Kido et al., 2021b). On

the contrary, females with heterozygous pathogenic variants in

the OTC gene may develop a variety of clinical manifestations,

ranging from an asymptomatic condition to severe

hyperammonemic attack, owing to the skewed lyonization

phenomenon. Incidentally, the cloning of the human OTC

gene has helped in the identification of mutations, most of

which are “private” mutations (Yamaguchi et al., 2006).

Majority of the mutation analysis may have been performed

using PCR amplification of exons and flanking regions, followed

by Sanger sequencing. In about 10%–15% of patients with

clinically proven OTCD, no identifiable mutations have been

detected in the routine molecular testing. In these patients, large

deletions, duplications, and complex rearrangements associated

with OTC or mutations in the promoter and enhancer region has

been reported (Shchelochkov et al., 2009; Jang et al., 2018).

In the previous study (Kido et al., 2021d), we reported the

variants of CPS1, ASS, ASL, and OTC detected in the patients

with urea cycle disorders through a nation-wide survey in Japan

and suggested that the onset time and severity in Japanese

patients with OTCD can be estimated based on the type of

OTC gene variant that they carry, thereby demonstrating a

genotype–phenotype correlation in OTCD. In this study, we

acquired information regarding 523 gene variants in patients

with OTCD through a nationwide study in Japan and

simultaneous literature review. Herein, we present our

observations from the study and review. We also discuss the

genotype–phenotype relationship and the clinical significance of

these variants.

Material and methods

Previously, we had conducted nation-wide surveys on Japanese

patients with urea cycle disorders (UCDs), such as OTCD,

carbamoyl phosphate synthetase 1 deficiency, N-acetylglutamate

synthase deficiency, argininosuccinate synthetase deficiency,

argininosuccinate lyase deficiency, and arginase 1 deficiency

(Kido et al., 2021c; 2021a; 2021b; 2021d). In the current survey,

we acquired the clinical data of 128 patients with OTCD (73 males

and 55 females), including genetic information of 62 of them

(57 families). These patients were diagnosed and/or treated in

different departments, including pediatrics, neonatology,

endocrinology and metabolism, genetics, and transplant surgery,

from 78 different hospitals between January 2000 and March 2018.

Additionally, we acquired the clinical data of patients diagnosedwith

OTCD in our institution as well.

As part of the literature review, we surveyed the genetic

information of OTCD patients available on PubMed (https://

pubmed.ncbi.nlm.nih.gov) or Google Scholar (https://scholar.

google.com) using the keywords “OTC mutation” and “OTCD

mutation.” Moreover, we surveyed variants in the OTC gene by

quoting exact words/phrases/statements from related papers

(Yamaguchi et al., 2006; Caldovic et al., 2015; Choi et al., 2015).

We also evaluated variants of OTCDpatients reported in 112 papers.

Variant nomenclature followed the guidelines established by

the Human Genome Variation Society (http://varnomen.hgvs.

org/) (den Dunnen et al., 2016), and the variants were categorized

by protein level descriptions. The public database ClinVar

(http://www.ncbi.nlm.nih.gov/clinvar) (Landrum et al., 2020)

was used for the classification of each variant. Bioinformatic

tools, PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2)

(Adzhubei et al., 2010) and SIFT (http://provean.jcvi.org/

protein_batch_submit.php?species=human) (Choi et al., 2012)

were used for predicting the potential impact of an amino acid

alteration in missense mutations on the function of OTC.

Ethics statement

This study was approved by the ethical committee of the

Faculty of Life Science, Kumamoto University (Ethics. No.1527).

All procedures followed were in accordance with the ethical

standards of the responsible committee on human

experimentation (institutional and national) and with the

Helsinki Declaration of 1975, as revised in 2000. Informed

consent was obtained from all patients or their legal guardians

for being included in the study.

Results

We acquired information regarding 523 genetic variants of

OTCD patients through additional nation-wide survey
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TABLE 1 Variants in the OTC gene and phenotype.

Variant no. Nucleic acid Amino acid Location Phenotype (onset-time) NH3 (μmol/L) References

Substitution (Missense variant)

6 c.25T>G p.Leu9* Ex 1 N (2 days) 430 Kim et al. (2006)

12 c.67C>T p.Arg23* Ex 1 N (NA) NA Grompe et al. (1991)

F (2 years) NA Matsuda and Tanase, (1997)

F (2.5 years) 190 Lu et al. (2020)

F (NA) 123 Kumar et al. (2021)

27 c.94C>T p.Gln32* Ex 2 F (15 m) NA Oppliger Leibundgut et al. (1997)

29 c.106C>T p.Gln36* Ex 2 F (NA) NA Genet et al. (2000)

57 c.148G>T p.Gly50* Ex 2 N (2 days) 1,700 Ali et al. (2018)

F (8 m) NA Feldmann et al. (1992)

59 c.154G>T p.Glu52* Ex 2 F (NA) NA McCullough et al. (2000)

68 c.174G>A p.Trp58* Ex 2 N (NA) NA Yamaguchi et al. (2006)

F (2 years) NA Lu et al. (2020)

77 c.205C>T p.Gln69* Ex 2 F (NA) NA Climent et al. (1999)

80 c.211G>T p.Gly71* Ex 2 F (9 m) NA Arranz et al. (2007)

85 c.219T>G p.Tyr73* Ex 3 N (NA) 477 Storkanova et al. (2013)

89 c.232C>T p.Gln78* Ex 3 N (NA) NA Yamaguchi et al. (2006)

94 c.245T>A p.Leu82* Ex 3 N (NA) NA Caldovic et al. (2015)

95 c.245T>G p.Leu82* Ex 3 F (NA) NA Tuchman et al. (2002)

96 c.245_246delTAinsAG p.Leu82* Ex 3 N (2 days) 789 Ali et al. (2018)

101 c.256dulT p.Glu87* Ex 3 N (NA) NA Caldovic et al. (2015)

109 c.274C>T p.Arg92* Ex 3 N (NA) NA Grompe et al. (1991)

N (6 days) 879 Kim et al. (2006)

N (NA) 1,200 Storkanova et al. (2013)

F (NA) NA Gilbert-Dussardier et al. (1996)

135 c.313G>T p.Gly105* Ex 4 F (2y3m) 384 This study

142 c.327T>A p.Cys109* Ex 4 N (NA) NA Gobin-Limballe et al. (2021)

183 c.421C>T p.Arg141* Ex 5 N (6 days) 1,212 Matsuura et al. (1993)

F (19 m) NA Hata et al. (1989)

F (5 years) 183 Ogino et al. (2007)

F (1 y) 575 Shao et al. (2017)

188 c.429T>A p.Tyr143* Ex 5 F (36 years) 280 Mukhtar et al. (2013)

189 c.430A>T p.Lys144* Ex 5 F (NA) NA Tuchman et al. (1995)

190 c.437C>G p.Ser146* Ex 5 N (NA) NA Genet et al. (2000)

(Continued on following page)
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TABLE 1 (Continued) Variants in the OTC gene and phenotype.

Variant no. Nucleic acid Amino acid Location Phenotype (onset-time) NH3 (μmol/L) References

198 c.460G>T p.Glu154* Ex 5 N (NA) NA Grompe et al. (1989)

218 c.491C>G p.Ser164* Ex 5 N (6 days) NA Hoshide et al. (1993)

N (NA) 1,500 Storkanova et al. (2013)

F (7 years) NA Matsuda and Tanase, (1997)

220 c.501C>A p.Tyr167* Ex 5 N (2 days) NA García-Pérez et al. (1995b)

221 c.501C>G p.Tyr167* Ex 5 N (2 days) NA Shimadzu et al. (1998)

248 c.538C>T p.Gln180* Ex 5 N (NA) NA Caldovic et al. (2015)

278 c.578G>A p.Trp193* Ex 6 N (7 days) NA Shimadzu et al. (1998)

N (2 days) >1,765 Ogino et al. (2007)

279 c.579G>A p.Trp193* Ex 6 N (20 days) NA Lu et al. (2020)

346 c.670G>T p.Glu224* Ex 7 NA NA Shchelochkov et al. (2009)

353 c.700G>T p.Glu234* Ex 7 N (NA) NA Yamaguchi et al. (2006)

354 c.703C>T p.Gln235* Ex 7 F (1.5 years) 350 Lu et al. (2020)

379 c.760A>T p.Ala254* Ex 8 F (NA) NA Caldovic et al. (2015)

381 c.766G>T p.Gly256* Ex 8 N/F (NA) NA Gobin-Limballe et al. (2021)

394 c.794G>A p.Trp265* Ex 8 L (4.3 years) 114 Lu et al. (2020)

396 c.795G>A p.Trp265* Ex 8 N (NA) NA Yamaguchi et al. (2006)

404 c.808C>T p.Gln270* Ex 8 N (NA) NA McCullough et al. (2000)

409 c.823A>T p.Lys275* Ex 8 N (4 days) 278 Kido et al. (2021c)

414 c.835C>T p.Gln279* Ex 8 N (NA) NA Tuchman et al. (2002)

417 c.852C>G p.Tyr284* Ex 8 F (14 m) 94 Wu et al. (2018)

419 c.853C>T p.Gln285* Ex 8 F (2 years) 489 Storkanova et al. (2013)

440 c.894G>A p.Trp298* Ex 9 F (11 m) 571 Kido et al. (2021d)

457 c.916A>T p.Arg306* Ex 9 NA NA Shchelochkov et al. (2009)

461 c.928G>T p.Glu310* Ex 9 N (3 days) NA Reish et al. (1993)

F (3y5m) 118 Giorgi et al. (2000)

466 c.940G>T p.Glu314* Ex 9 F (2y4m) 166 Kido et al. (2021a)

475 c.958C>T p.Arg320* Ex 9 N (3 days) 782 Kim et al. (2006)

L (6 m) 494 Kim et al. (2006)

F (9 m) 494 Yoo et al. (1996)

F (2 m) NA Matsuda and Tanase, (1997)

F (2.3 years) 494 Choi et al. (2015)

477 c.962C>A p.Ser321* Ex 9 N (NA) NA Tuchman et al. (2002)

483 c.982G>T p.Glu328* Ex 9 N (NA) NA Yamaguchi et al. (2006)
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TABLE 1 (Continued) Variants in the OTC gene and phenotype.

Variant no. Nucleic acid Amino acid Location Phenotype (onset-time) NH3 (μmol/L) References

485 c.988_990delAGAinsT p.Arg330* Ex 9 F (15 m) NA Climent and Rubio, (2002)

486 c.991A>T p.Lys331* Ex 9 F (NA) NA Yamaguchi et al. (2006)

488 c.995G>A p.Trp332* Ex 9 N (NA) NA Yamaguchi et al. (2006)

490 c.996G>A p.Trp332* Ex 9 N (2 days) NA Matsuura et al. (1994)

517 c.1042C>T p.Gln348* Ex 10 F (NA) NA Oppliger Leibundgut et al. (1997)

Substitution (Silent variant)

335 c.663G>A p.Lys221= Ex 6 L (4 years) NA Shimadzu et al. (1998)

359 c.717G>A p.Lys239= Ex 7 F (NA) NA Tuchman et al. (1997)

423 c.867G>A p.Lys289= Ex 8 L (1 y) 4,500 Storkanova et al. (2013)

Deletion

40 c.124_126del p.Leu42del Ex 2 F (1.1 y) 300 Lu et al. (2020)

41 c.126_128del p.Leu43del Ex 2 N (NA) 5,000 Storkanova et al. (2013)

93 c.243_245del p.Leu82del Ex 3 F (7 years) 248 Tuchman et al. (1995)

244 c.532_537del p.Thr178_Leu179del Ex 5 N (6 days) NA Shimadzu et al. (1998)

382 c.773_790del p.Asn258_263del Ex 8 NA NA Bijarnia-Mahay et al. (2018)

407 c.817_819del p.Glu273del Ex 8 L (NA) NA Ségues et al. (1996)

L (1y3m) 218 Schultz and Salo, (2000)

F (NA) NA Martín-Hernández et al. (2014)

460 c.928_930del p.Glu310del Ex 9 L (2 years) 200 Tuchman et al. (1995)

467 c.941_943del p.Glu314del Ex 9 F (NA) NA Yamaguchi et al. (2006)

Duplication

170 c.390_392dup p.Leu131dup Ex 5 F (NA) NA Tuchman et al. (2002)

385 c.784_792dup p.Thr262_Thr264dup Ex 8 N (NA) NA Caldovic et al. (2015)

Deletion-insertion

370 c.731_739del p.Leu244_Thr247delinsPr Ex 8 F (NA) NA Calvas et al. (1998)

Frame shift

7 c.29_32del p.Asn10Metfs*27 Ex 1 F (NA) NA Yamaguchi et al. (2006)

8 c.29dupA p.Asn10Lysfs*6 Ex 1 F (NA) NA Yamaguchi et al. (2006)

10 c.42delT p.Phe14Leufs*20 Ex 1 N (NA) NA Hwu et al. (2003b)

11 c.53delA p.His18Profs*20 Ex 1 N (NA) NA Tuchman et al. (2002)

28 c.103insA p.Val35Serfs*7 Ex 2 F (2 years) 580 Shao et al. (2017)

47 c.140delA p.Asn47Thrfs*17 Ex 2 N (NA) NA Calvas et al. (1998)

F (5.6 years) 500 Lu et al. (2020)

50 c.140dupA p.Asn47Lysfs*8 Ex 2 N (2 days) 453 Kido et al. (2021b)

(Continued on following page)
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TABLE 1 (Continued) Variants in the OTC gene and phenotype.

Variant no. Nucleic acid Amino acid Location Phenotype (onset-time) NH3 (μmol/L) References

F (NA) NA Yamaguchi et al. (2006)

51 c.140_141insG p.Asn47Lysfs*8 Ex 2 N (3 days) NA Shimadzu et al. (1998)

54 c.144delT p.Phe48Leufs*16 Ex 2 N (NA) NA Martín-Hernández et al. (2014)

78 c.207_226del p.Gln69Hisfs*12 Ex 2 F (1.4 years) 197 Lu et al. (2020)

79 c.209_210del p.Lys70Argfs*17 Ex 2 F (2y10 m) 344 Chongsrisawat et al. (2018)

108 c.271delA p.Thr91Leufs*38 Ex 3 F (NA) NA Genet et al. (2000)

121 c.298delG p.Gly100Alafs*21 Ex 3 N (NA) NA Gobin-Limballe et al. (2021)

144 c.330delT p.Thr112Profs*9 Ex 4 N (NA) NA Calvas et al. (1998)

146 c.341_342del p.Gln114Argfs*8 Ex 4 F (NA) NA Azevedo et al. (2006)

150 c.359_360del p.Val120Glufs*2 Ex 4 F (NA) NA Yamaguchi et al. (2006)

151 c.364_365insTT p.Glu122Valfs*66 Ex 4 F (NA) NA Yamaguchi et al. (2006)

155 c.376delG p.Asp126Thrfs*61 Ex 4 F (NA) NA Yamaguchi et al. (2006)

171 c.391_397dup p.Ser133Ilefs*3 Ex 5 F (22 m) NA Arranz et al. (2007)

175 c.403delG p.Ala135Glnfs*52 Ex 5 N (4 days) 3,000 Tuchman et al. (1992)

195 c.451delC p.Leu151Trpfs*36 Ex 5 F (NA) NA Tuchman et al. (2002)

199 c.461_471del p.Glu154Alafs*18 Ex 5 N (NA) 1,200 Storkanova et al. (2013)

233 c.516_525del p.Leu173Thrfs*11 Ex 5 N (NA) NA Arranz et al. (2007)

236 c.523_536del p.Asp175Profs*5 Ex 5 F (NA) 335 Kido et al. (2021c)

242 c.530_533dup p.Leu179Hisfs*7 Ex 5 N (4 days) NA Gilbert-Dussardier et al. (1996)

263 c.552insGAAC p.Ser185Efs*41 Ex 6 F (2.4 years) 385 Lu et al. (2020)

265 c.561delA p.Gly188Valfs*18 Ex 6 F (NA) NA Caldovic et al. (2015)

266 c.562_563del p.Gly188Serfs*36 Ex 6 NA NA Shchelochkov et al. (2009)

270 c.568delA p.Thr190Profs*16 Ex 6 NA NA Shchelochkov et al. (2009)

271 c.568dupA p.Thr190Asnfs*35 Ex 6 F (NA) NA Gobin-Limballe et al. (2021)

272 c.571delC p.Leu191Serfs*15 Ex 6 N (7 days) 860 Kim et al. (2006)

285 c.586delG p.Asp196Metfs*10 Ex 6 F (18 m) NA Climent and Rubio, (2002)

298 c.597_598del p.Ile200Profs*24 Ex 6 N (NA) NA Tuchman et al. (1994)

318 c.630delA p.Lys210Asnfs*20 Ex 6 F (NA) NA Martín-Hernández et al. (2014)

326 c.645dupT p.Gln216Serfs*9 Ex 6 N (NA) NA Tuchman et al. (1994)

345 c.664_667delinsAC p.Gly222Thrfs*2 Ex 7 N (3 days) 1,000 Lee et al. (2014)

F (0.8 years) 233 Choi et al. (2015)

351 c.697delG p.Leu232Leufs*14 Ex 7 N (NA) NA Laróvere et al. (2018)

378 c.759delA p.Ala254Argfs*7 Ex 8 N (NA) NA Yamaguchi et al. (2006)

397 c.796_805del p.Ile265_Gly268delinsAspfs*19 Ex 8 N (6 days) 639 Kim et al. (2006)
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TABLE 1 (Continued) Variants in the OTC gene and phenotype.

Variant no. Nucleic acid Amino acid Location Phenotype (onset-time) NH3 (μmol/L) References

N (6 days) 639 Choi et al. (2015)

399 c.799_800insA p.Ser267Lysfs*26 Ex 8 F (12.8 years) 307 Choi et al. (2015)

406 c.813_814delAGinsC p.Glu271Aspfs*28 Ex 8 N (2 days) NA Khoo et al. (1999)

F (1 y) 560 Ali et al. (2018)

408 c.818delA p.Glu273Glyfs*16 Ex 8 N (NA) NA Yamaguchi et al. (2006)

413 c.834_840del p.Gln279Serfs*8 Ex 8 L (18 m) 256 Lee et al. (2018)

L (1y6m) 256 Kido et al. (2021d)

418 c.853delC p.Gln285Argfs*4 Ex 8 N (3 days) 856 Kim et al. (2006)

422 c.861_862insAC p.Met288Thrfs*2 Ex 8 F (NA) NA Caldovic et al. (2015)

432 c.876delA p.Val293Leufs*30 Ex 9 N (NA) NA Yamaguchi et al. (2006)

433 c.882delT p.Ala295Profs*28 Ex 9 N (3 days) NA Reish et al. (1993)

434 c.888delT p.Asp297Thrfs*26 Ex 9 F (1.5 years) 96 Bernal et al. (2021)

436 c.890_893del p.Asp297Glyfs*25 Ex 9 N (53 h) >1,000 Yamanouchi et al. (2002)

437 c.892_893del p.Trp298Aspfs*15 Ex 9 F (24 years) 23.5 Schimanski et al. (1996)

446 c.906delC p.Cys303Alafs*20 Ex 9 F (NA) NA Yamaguchi et al. (2006)

462 c.929_931del p.Glu310Valfs*45 Ex 9 L (6 m) 396 Storkanova et al. (2013)

L (2.1 y) 257 Lu et al. (2020)

L (11 m) 105 Kido et al. (2021a)

481 c.970_979del p.Phe324Glnfs*16 Ex 9 5 days (M) 461 Wang et al. (2022b)

518 c.1043delA p.Gln348Argfs*47 Ex 10 F (2 years) 76 Storkanova et al. (2013)

520 c.1052delA p.Lys351Serfs*44 Ex 10 F (NA) NA Gobin-Limballe et al. (2021)

Extension

522 c.1063T>C p.*355Argext*15 Ex 10 F (NA) NA Caldovic et al. (2015)

523 c.1065A>T p.*355Cysext*15 Ex 10 L (2 years) 499 Storkanova et al. (2013)

N, neonatal-onset; L, late-onset; F, female; NA, not available; mo, mosaicism.

The variants were categorized by protein level descriptions.
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conducted in Japan, as well as through a review of the existing

relevant literature. These variants in the OTC gene included

386 substitution (330 missense, 53 nonsense, and 3 silent), eight

deletion, two duplication, one deletion-insertion, 55 frame shift,

two extension, and 69 no category (1 regulatory, 68 splice site

error) mutations (Table 1; Supplementary data 1–3). Table 1 and

Supplementary data 1 depicts the onset time of the OTCD

symptoms and the maximum blood ammonia concentrations

for each variant of the OTCD patients.

Among the missense variants, 108 variants have been

identified in the male patients with neonatal onset of OTCD,

while 81 variants have been identified in the male patients with

late onset of OTCD. Eleven variants, namely the c.119G>A
(p.Arg40His), c.304G>C (p.Ala102Pro), c.386G>A
(p.Arg129His), c.481A>G (p.Asn161Asp), c.535C>T
(p.Leu179Phe), c.540G>C (p.Gln180His), c.562G>C
(p.Gly188Arg), c.725C>T (p.Thr242Ile), c.803T>C
(p.Met268Thr), c.829C>T (p.Arg177Trp), and c.1028C>G
(p.Thr343Arg), have been identified in case of both neonatal

and late onset male OTCD patients. Additionally, the c.128T>C
(p.Leu43Pro), c.530T>G (p.Leu177Arg), c.628A>C
(p.Lys210Gln), and c.1025T>G (p.Leu342Pro) variants have

been identified in female patients with neonatal onset of OTCD.

All nonsense variants detected in the male OTCD patients

have been identified as the neonatal-onset type variant.

Additionally, two silent variants, namely c.663G>A

(p.Lys221=) and c.867G>A (p.Lys289=); three frame shift

variants, specifically c.834_840delCCAGGCT

(p.Gln279Serfs*8), c.929_931delAAG (p.Glu310Valfs*45), and

c.1065A>T (p.*355Cysext*14); and two deletion/duplication

variants, namely c.817_819delGAG (p.Glu273del) and

c.928_930delGAA (p.Glu310del), have been identified in the

late onset male OTCD patients.

The splicing-disrupting variants in introns 2, 3, 8, and 9 have

been identified in case of both neonatal and late onset male

OTCD patients. All splicing-disrupting variants in introns 5, 6,

and 7 have been identified in the male patients with neonatal

onset of OTCD. Moreover, although majority of the splicing-

disrupting variants identified in introns 1 and 4 are specific for

the male patients with neonatal onset of OTCD, only three

variants, namely c.78-2A>G variant in intron 1 and c.386 +

1G>T, as well as c.386+4delT in intron 4, are specific for the late

onset male OTCD patients.

Figure 1 demonstrates the amino acid substitutions in the

OTC gene as detected in patients with OTCD. Incidentally,

amino acid substitutions in exons 5 or 6 and in the α-helix or β-
sheet structures are likely to result in neonatal onset of OTCD.

Moreover, amino acid substitutions in positions 40, 52, 53, 59,

100, 102, 129, 158, 172, 176, 179, 180, 188, 191, 196, 220, 221,

225, 239, 242, 268, 269, 277, 289, 302,305,311, 337, 340, 343,

and 345 are related to both neonatal and late onset OTCD

patients.

FIGURE 1
Amino acid substitutions in the gene encoding ornithine transcarbamylase (OTC) and their correlated phenotypes.
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Discussion

In this study, we have suggested the genotype–phenotype

correlations about the onset time of OTCD symptoms and the

maximum blood ammonia levels, with respect to the

identified variants of the OTC gene. While we could not

demonstrate a linear relationship between genetic

mutation, protein activity quantification, and clinical

morbidity, we revealed the impact of the amino acid

substitutions in OTC on the time of onset of the

symptoms. According to Tuchman’s study, among the gene

mutations leading to OTCD, majority (approximately 84%)

are single-base substitutions, while small deletions or

insertions and large deletions comprise a smaller

proportion of the mutations (12% and 4%, respectively).

The mutations are largely “private,” with recurrent

mutations occurring mainly in CpG dinucleotides

(Tuchman et al., 2002). Therefore, these are known as the

mutation hotspots. Incidentally, a previous study indicated

that majority of the mutations (80%) arise in the male germ

cells (Tuchman et al., 1998). However, our survey

demonstrated that the variants are equally likely to arise in

any exon of the OTC gene.

The functional OTC holoenzyme is a homotrimeric protein,

and each subunit contains an N-terminal domain that binds to

carbamoyl phosphate and a C-terminal domain that binds to

L-ornithine (Shi et al., 1998). Therefore, these domains are

essential for the formation of the enzyme’s active site.

Moreover, the α-helix and the β-sheet conformations are

essential for retaining the structure of the functional enzyme.

Hence, OTC variants that cannot retain the enzyme structure

lead to the neonatal onset of OTCD, even if it is an amino acid

substitution variant. Moreover, amino acids substitutions in the

same position could lead to both neonatal and late onset of

OTCD. The time of onset of disease symptoms and the disease

severity may vary since the homotrimeric arrangement of the

functional protein depends on the condition in the body.

Splicing-disrupting mutations in the introns lead to

heterogeneous variants, which, in turn, may be influenced by

the condition in the body (Olga et al., 2020); hence, the OTC

proteins synthesized are not all abnormal. Majority of the

splicing-disrupting variants in intron 4 and all the splicing-

disrupting variants in introns 5, 6, and 7 were associated with

neonatal onset of OTCD. Although the number of exon sites

removed in each splicing-disrupting variant was not evaluated,

exons 5, 6, 7, and 8 were speculated to be essential for

maintaining OTC function.

Neonatal onset of OTCD leads to severe symptoms, and a

majority of these patients suffer from hyperammonemia attacks

resulting in a maximum blood ammonia concentration

of ≥360 μmol/L at the time of onset (Kido et al., 2018; 2021b;

2021a). Such hyperammonemia attacks could damage the brain

significantly and lead to poor neurodevelopmental outcomes in

patients with OTCD (Kido et al., 2012; 2021a; 2021b).

Family members of OTCD patients, males as well as females,

may also develop symptoms of OTCD, such as

hyperammonemia attacks. Incidentally, if a male child is born

to a female who has a family history of OTCD and possesses a

known neonatal onset type variant, then immediate intervention

will be necessary after birth to prevent a hyperammonemia attack

that may cause blood ammonia levels to rise above 360 μmol/L.

In fact, if the maximum blood ammonia levels can be controlled

within 360 μmol/L during the first as well as subsequent

hyperammonemia attacks, then these patients with neonatal

onset OTCD are likely to acquire normal neurodevelopmental

outcomes. Moreover, if the maximum ammonia concentrations

could be controlled within 360 μmol/L in patients with neonatal

onset OTCD, then early liver transplantation may help to achieve

a stable overall health condition as well as proper

neurodevelopmental outcomes (Kido et al., 2018; 2021a). Such

patients may live a life with normal social activity.

There is a degree of genotype–phenotype correlation in male

OTCD patients because the level of deactivation of OTC depends

extensively on the pathogenic OTC variants. Therefore, the

information about the OTC variants discussed in this study

may help to develop early intervention strategies for patients

who possess variants associated with neonatal onset OTCD; early

liver transplantation should be considered as an optional therapy

for such patients. Other notable OTC therapeutic options include

gene and exon skipping therapy that may become available for

clinical application in the near future (Supplementary data 4)

(Balestra et al., 2020; Baruteau et al., 2021; and Wang et al., 2012

and, 2022a).

In future, it is important to establish a new medical system

that will be able to provide a better prognosis by referring to

the patient’s genetic information and intervening at an

appropriate time. Moreover, we should consider the need

of more comprehensive prenatal genetic testing system for

OTC gene because the current prenatal genetic testing of OTC

is applied to known mutations in the families with OTC gene

mutation or OTCD patients in each institution in Japan. These

will help to develop subsequent treatment strategies, including

liver transplantation, which may help to save the patients’

lives.

In conclusion, we investigated the impact of OTCD

variants on clinical aspects of Japanese patients through an

additional nationwide study and an extensive literature review.

Genetic information about OTC variations may help to predict

long-term outcomes of the OTCD patients, as well as

determine specific treatment strategies, such as liver

transplantation. In particular, such genetic information is

beneficial for performing prenatal diagnosis and designing

intervention strategies for neonates born to females

possessing the neonate onset variants.
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Background: Pterin profiles or molecular analyses of hyperphenylalaninemia

(HPA) caused by phenylalanine hydroxylase (PAH) deficiency or

tetrahydrobiopterin deficiency (BH4D) are not always available in low- or

middle-income countries, including Mexico, limiting information regarding

the phenotypic and genotypic characteristics of patients exhibiting BH4D.

Objective: To report the genotypes underlying BH4D and the clinical

presentation in unrelated Mexican HPA pediatric patients with normal PAH

genotypes who attended a single metabolic reference center in Mexico.

Methods: Automated Sanger sequencing of the PTS, QDPR, and PCBD1 genes

of 14 HPA patients was performed. Predicted effects on protein structure

caused by missense variants were assessed by in silico protein modeling.

Results and discussion: A high prevalence of BH4D was noted in our HPA

cohort (9.8%, N = 14/142). Clinically relevant biallelic genotypes were identified

in the PTS (N = 7/14 patients), QDPR (N = 6/14 patients), and PCBD1 (N = 1/

14 patients) genes. Four novel QDPR variants [c.714dup or p.(Leu239Thrfs*44),

c.106-1G>T or p.(?), c.214G>T or p.(Gly72*), and c.187_189dup or p.(Gln63dup)]

were identified. In silico protein modeling of six missense variants of PTS

[p.(Thr67Met), p.(Glu81Ala), and p.(Tyr113Cys)], QDPR [p.(Cys161Phe) and

p.(Pro172Leu)], and PCBD1 [p.(Glu97Lys)] supports their pathogenicity.

Progressive neurological symptoms (mainly intellectual and motor

impairment and even death in three patients) were noted in all patients with

biallelic QDPR genotypes and in 5/7 patients bearing biallelic PTS genotypes.

The single homozygous PCBD1 p.(Glu97Lys) patient remains asymptomatic.

Conclusion: A higher proportion of BH4D (9.8 vs. 1%–2% worldwide),

attributable to a heterogeneous mutational spectrum and wide clinical

presentation, was noted in our Mexican HPA cohort, with the PTS-related
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HPA disorder being the most frequent. Sequencing-based assays could be a

reliable approach for diagnosing BH4D in our population.

KEYWORDS

hyperphenylalaninemia, phenylketonuria, 6-pyruvoyl-tetrahydropterin synthase,
dihydropteridine reductase, pterin-4-alpha-carbinolamine dehydratase, inborn
errors of metabolism, rare diseases

1 Introduction

An abnormally high blood level of the aromatic amino

acid phenylalanine (Phe) is called hyperphenylalaninemia

(HPA) and is mainly caused by deficiency of the enzyme

phenylalanine hydroxylase (PAH, MIM*612349). To a

lesser extent, HPA can be caused by genetically

heterogeneous defects in the metabolism of the PAH

cofactor tetrahydrobiopterin (BH4), accounting for 1%–2%

of all HPA cases (Blau et al., 2010; Blau et al., 2018;

Himmelreich et al., 2021), or deficiencies in the PAH

chaperone DNAJ/HSP40 homolog, subfamily C, member 12

(MIM#617384), encoded by the DNAJC12 gene

(MIM*606060) (Blau et al., 2018; van Spronsen et al.,

2021). In high-income countries, patients with HPA are

mainly detected through newborn screening (NBS)

programs. After a positive NBS test for HPA, the infant is

routinely tested to differentiate between PAH and

BH4 disorders (Opladen et al., 2012). This distinction is

achieved by measuring the serum and urinary levels of

neopterin, biopterin, and primapterin (pterin profile) and

by evaluating dihydropteridine reductase (DHPR) activity

(Opladen et al., 2011). However, the current wide

availability of molecular testing has simplified the

differential diagnosis of HPA, including BH4D (Carducci

et al., 2020) (Table 1). Sepiapterin reductase (SR) deficiency

and autosomal dominant GCH1-related disorder do not

present elevated Phe, precluding their identification by

NBS; hence, they can only be suspected by the clinical

pictures in symptomatic patients (Blau, 2001).

The specific HPA forms related to BH4D should be

established as soon as possible, as the medical management is

quite specific for each underlying enzymatic defect. Treatment

includes the prescription of drugs such as L-DOPA, 5-

hydroxytryptophan, and BH4 (sapropterin), among others

(Opladen et al., 2020). In low- or middle-income countries,

where HPA NBS programs are still under development,

routine biochemical and/or molecular differential diagnosis

between PAH and BH4D is not always available (Fernández-

Lainez et al., 2018). BH4D can lead to uncommon, highly

heterogeneous, and progressive neurological phenotypes

attributable to neurotransmitter dysfunction, which are

characteristically unresponsive to low-Phe nutritional

treatment (Blau, 2001; Himmelreich et al., 2021).

Since 1996, Blau et al. (1996) have maintained the

international BIOPKU database (BIOPKUdb, http://www.

biopku.org), which is a repository of information devoted to

the worldwide study of HPA. BIOPKUdb currently includes

information on 1,161 patients with BH4D from various world

regions (BIODEFdb, http://www.biopku.org/home/biodef.asp,

accessed on 29th March 2022). Despite the large amount of

information available in BIODEFdb, the molecular spectrum of

BH4D in Mexican and Hispanic patients remains

underrepresented.

Thus, the aim of this study is to report the genotypic

spectrum underlying BH4D among all HPA patients seen at a

single metabolic reference center in Mexico, to describe their

frequency, to explore possible aspects of genotype-phenotype

correlations and to perform in silico protein modeling of the

deleterious effects expected for missense variants.

TABLE 1 Genes and enzymes involved in BH4 metabolism disorders.

BH4 metabolism Enzyme MIM phenotype
(#)

Gene Number of
exons

Mode of
inheritance

Biosynthesis GTP cyclohydrolase 1 (GTPCH) 233910 GCH1 6 AR

128230 GCH1 6 AD

6-pyruvoyltetra-hydropterin synthase (PTPS) 261640 PTS 6 AR

Sepiapterin reductase (SR) 612716 SPR 3 AR

Regeneration Pterin-4-alpha-carbinolamine dehydratase 1 (PCD) 264070 PCBD1 4 AR

Dihydropteridine reductase (DHPR) 261630 QDPR 7 AR

GTP, guanidine triphosphate; AR, autosomal recessive; AD, autosomal dominant.
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2 Materials and methods

2.1 Subjects

The patients studied herein were selected from a total of

142 unrelated Mexican individuals who were confirmed to have

HPA (Phe blood levels >120 μmol/L) at our laboratory as

previously described (Vela-Amieva et al., 2021). In 124 of

these patients, the identification of biallelic PAH genotypes

confirmed the underlying genetic etiology of their HPA

deficiency; four patients showed a monoallelic PAH genotype,

while in the remaining 14 patients, no PAH pathogenic variants

were found (Vela-Amieva et al., 2021). These 14 patients were

included in the present study, and their medical follow-up was

available for periods ranging from 2 to 31 years. DHPR activity

and blood and urine pterin profiles were available only in the four

PTPS-deficient patients previously published (Fernández-Lainez

et al., 2018). Herein, we provide updated medical follow-up. All

patients were referred due to either an abnormal HPANBS result

or clinical data suggestive of metabolic disease. Clinical data,

including type of HPA detection (NBS or high-risk metabolic

screening), phenotype description, treatment used, outcome, and

demographics, were recorded. To describe the phenotypic

characteristics, the web-based application Phenomizer was

used (https://hpo.jax.org/app/tools/phenomizer, accessed on

8th April 2022; Köhler et al., 2009). In patients under 6 years

old, neurodevelopmental delay was assessed according to the

Denver developmental screening test (Frankenburg et al., 1992).

For older patients with intellectual disability, the Patel

classification was used (Patel et al., 2018). The patients were

categorized according to clinical severity as follows:

asymptomatic (−), alive with moderate intellectual and motor

disability (+), alive with profound intellectual and motor

disability (++), and death with profound intellectual and

motor disability (+++). This study was approved by the

research, ethics, and biosecurity institutional committees

(Registry 2020/014). Written informed consent was obtained

from the legal guardians of the patients.

2.2 Molecular analysis by Sanger
sequencing

Genomic DNA samples from the 14 HPA patients with a

normal PAH genotype were obtained from dried blood spots

by the saline precipitation method (Puregene kit; Gentra

Systems, Minneapolis, MN, United States). These samples

were further subjected to automated Sanger sequencing for

four genes in the following order: PTS (NM_000317.3), QDPR

(NM_000320.3), PCBD1 (NM_000281.4), and GCH1

(NM_000161.3). Parental samples from patients 5, 6, and

14 were directly genotyped to corroborate the trans

configuration of the alleles. Polymerase chain reaction

(PCR) amplification and direct automated Sanger

sequencing were applied to cover the entire coding region

and exon–intron borders (PCR oligonucleotides and

sequencing conditions are available upon request).

Identified variants were classified according to the scoring

proposed by the American College of Medical Genetics and

Genomics and the Association for Molecular Pathology

(ACMG/AMP) (Richards et al., 2015). Computational

evidence categories for predicting the deleterious effect of

identified missense variants were obtained from Combined

Annotation-Dependent Depletion (CADD) scoring (Rentzsch

et al., 2019).

2.3 Comparison of frequencies of the
pathogenic variants causing BH4D

The obtained data were compared with the information

contained in BIODEFdb and other published literature

indexed in MEDLINE/PubMed using the search terms

BH4 deficiency, tetrahydrobiopterin, PTPS deficiency, DHPR

deficiency and PCD deficiency.

2.4 In silico protein modeling

To predict the effects of the identified missense variants on

the tertiary structures of the proteins, we performed in silico

protein modeling. To that end, available crystallographic

structures of human PTPS (PDB code 3I2B, https://www.

rcsb.org) and DHPR (PDB code 1HDR) (Su et al., 1993)

and rat PCD (PDB code 1DCP) were used. PyMOL

Molecular Graphics System version 2.3.5 (Edu, Schrödinger,

LLC, DeLano, 2002) was used to identify the locations of

amino acid residues within the protein structures and to

perform mutagenesis in silico to predict the potential

consequences of single amino acid substitutions. To

determine the grade of exposure of each mutant amino acid

residue to the protein surface, the percentage of solvent-

accessible surface area was calculated with the GETAREA

tool (Fraczkiewicz and Braun, 1998, http://curie.utmb.edu/

getarea.html).

3 Results

3.1 Subjects

All 14 included HPA patients with a normal PAH

genotype had biallelic and clinically relevant genotypes

highly indicative of underlying BH4D. Most of the patients

were found to have a deficiency in PTPS (7/14, 50%), followed

by DHPR (6/14, 42.9%) and PCD (1/14 7.1%). These results
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avoided the need for Sanger sequencing of the GCH1 gene. A

comparison of these frequencies with those reported in

BIODEFdb is shown in Table 2. The mean Phe level at

diagnosis of our BH4-deficient patients was 828 μmol/L

(min 260 μmol/L, max 1,844 μmol/L) for PTPS-deficient

patients, 645 μmol/L (min 470 μmol/L, max 799 μmol/L) for

DHPR-deficient patients and 1,678 μmol/L for the PCD-

deficient patient. The patients were from eleven different

states of Mexico, with no specific region of the country

predominating. Consanguinity was documented in only 3/

14 patients (21.4%), and only patient 10 came from an

endogamic region.

3.1.1 Pharmacological treatment of patients
All the patients whose diagnostic Phe values were higher

than 360 μmol/L were initially misdiagnosed as PAH

deficiency and treated with a low Phe diet. Additionally,

pharmacological treatment was initiated at a late stage in

patients who received it. When BH4D was confirmed, PTPS-

deficient patients 1, 2, 4, and 7 started pharmacological

treatment according to the recommendations of

Brennenstuhl et al., 2019, with L-Dopa at starting doses of

0.5–1 mg/kg/day to a maximum of 10 mg/kg/day combined

with carbidopa at a 4:1 proportion. 5-Hydroxy-tryptophan

was prescribed in a range from 1–8 mg/kg/day. Sapropterin

dihydrochloride was indicated from 1 to 10 mg/kg/day

according to the response of blood Phe levels. Due to the

unavailability of pharmacological treatment, patient 3

received only nutritional therapy to control blood Phe

levels. As the blood Phe levels of patients 5 and 6 were

never higher than 360 μmol/L and they have remained

asymptomatic, pharmacological therapy has not been

started to date. DHPR-deficient patients received a similar

treatment to PTPS patients, but instead of sapropterin

dihydrochloride, they received nutritional treatment to

control blood Phe levels, and 10–20 mg/day folinic acid

was indicated. The PCD-deficient patient has not received

any pharmacological treatment since his blood Phe levels

have never been higher than 360 μmol/L after instauration of

a low-Phe diet and he remains asymptomatic to date.

3.2 Genotypic spectra of the PTS, QDPR,
and PCBD1 genes

A total of 14 clinically relevant variants were found (Table 3).

Missense variants were the most frequent at 46.42% (13/

28 alleles). Four previously undescribed variants were

identified, all in QDPR: c.714dup or p.(Leu239Thrfs*44),

c.106-1G>T or p.(?), c.214G>T or p.(Gly72*), and

c.187_189dup or p.(Gln63dup). The most common variants

observed in PTS were c.331G>T or p.(Ala111Ser) and c.393del

or p.(Val132Tyrfs*19), with four alleles each.

3.3 Genotype/phenotype descriptions

The clinical characteristics of each patient and their PTS,

QDPR, or PCBD1 genotype are presented in Table 4.

3.3.1 PTS genotypes
Among the five different PTS genotypes identified in seven

affected individuals, five were compound heterozygous

(patients 1, 3, 4, 5, and 6), and two of them were

homozygous (patients 2 and 7, Table 4). Five of seven

patients (71.4%) developed neurological impairment, while

in the two remaining ones (patients 5 and 6) with the

c.338A>G or p.(Tyr113Cys) and c.393delA or

p.(Val132Tyrfs*19) variants remain asymptomatics to date.

To improve delineation of the pathogenicity of the

p.(Tyr113Cys) variant and to confirm their compound

heterozygous PTS genotypes, the carrier status of their

parents for each variant was corroborated. The mortality

rate of PTPS-deficient patients was 28.6% (2/7).

Remarkably, both patients had the same p.[Arg25*];

[Ala111Ser] predicted genotype.

TABLE 2 BH4 defect variants found in the studied Mexican population.

BH4 enzymatic defect (gene) Present study patients
(%)

BIODEFdb

General Caucasian Spanish Brazilian Mexican/Other Hispanic

Number of patients 14 1,161 133 3 3 3/1

PTPS (PTS) 7 (50) 735 (63.3) 86* 2 1 1/1

DHPR (QDPR) 6 (42.90) 303 (26.09) 26 0 2 0/0

PCD (PCBD1) 1 (7.10) 30 (2.60) 12 1 0 2/0

*Considering all BH4D.
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3.3.2 QDPR genotypes
Five of the six different genotypes of DHPR-deficient patients

(Table 4) were homozygous; nevertheless, consanguinity or

endogamy was documented only in patients 10 and 13. These

two families did not share a common geographical origin. All the

studied patients developed severe neurological impairment, with

a mortality rate of 16.7% (1/6). The deceased patient was

homozygous for the p.(Arg221*) variant.

3.3.3 PCBD1 genotype
Only one pathogenic homozygous PCBD1 genotype was

identified in a patient whose parents were consanguineous

(Table 4, patient 14). The obligate heterozygous genotype

was confirmed only in his mother. This patient was detected

by NBS with a Phe value of 1,672 μmol/L, which was

normalized after initiation of a low-Phe diet. His dietary

tolerance for this amino acid was later improved. Currently,

he is 3 years old, on a normal diet, with a weight Z score

of −0.97, a height Z score of −1.99, and normal

neurodevelopmental outcomes. At this moment, the

patient has not shown evidence of early-onset

nonautoimmune (MODY)-type diabetes or

hypomagnesemia.

3.4 In silico protein modeling

3.4.1 Modeling of PTPS variants
Three missense variants, p.(Thr67Met), p.(Glu81Ala), and

p.(Tyr113Cys), were modeled (Figures 1–3). The most common

likely pathogenic variant, p.(Ala111Ser), was previously modeled by

our group (Fernández-Lainez et al., 2018).

The Thr residue at position 67 is 13.6 Å away from the

active site (Figures 2A,B). This polar uncharged residue

interacts with the Thr 106, Leu 39 and Phe 40 residues

(Figure 2B). When Thr 67 is changed to a nonpolar Met

residue, repulsive interactions between this residue and the

nonpolar residue Leu 39 occur (Figures 2C,D).

TABLE 3 Clinically relevant variants identified in Mexican HPA patients with suspected BH4 deficiency.

Gene Variant Protein
change

Alleles
(n)

Location Coding
effect

ACMG/
AMP
variant
classification

CADD
score

GnomAD
allele
frequencies
in healthy
subjects

First
reported
in BH4D
patients

PTS
(14 alleles)

c.200C>T p.(Thr67Met) 1 Ex 4 Missense Pathogenic 31 0.007 Oppliger et al. (1997)

c.338A>G p.(Tyr113Cys) 2 Ex 6 Missense Pathogenic 20.7 0.0028 Meli et al. (1999)

c.242A>C p.(Glu81Ala) 1 Ex 4 Missense Likely
Pathogenic

25.5 0.0007 Present study

c.331G>T p.(Ala111Ser) 4 Ex 6 Missense Likely
Pathogenic

23.5 Not reported Fernandez-Laninez
et al. (2018)

c.73C>T p.(Arg25*) 2 Ex 1 Nonsense Pathogenic 38 0.001 Chiu (2012)

c.393del p.(Val132Tyrfs*19) 4 Ex 6 Frameshift Pathogenic 26.1 0.0015 Himmelreich et al.
(2021)

QDPR
(12 alleles)

c.106-1G>T p.(?) 2 In 1 Splice site Pathogenic 35 Not reported Present study

c.187_189dup p.(Gln63dup) 1 Ex 2 In-frame Likely
Pathogenic

Not
obtained

Not reported Present study

c.214G>T p.(Gly72*) 2 Ex 3 Nonsense Pathogenic 23.7 Not reported Present study

c.482G>T p.(Cys161Phe) 1 Ex 5 Missense Likely
Pathogenic

25.6 0.0003 Present study

c.515C>T p.(Pro172Leu) 2 Ex 5 Missense Likely
Pathogenic

25.6 0.002 Lu et al. (2014)

c.714dup p.(Leu239Thrfs*44) 2 Ex 7 Frameshift Pathogenic Not
obtained

Not reported Present study

c.661C>T p.(Arg221*) 2 Ex 7 Nonsense Pathogenic 41 0.0011 Smooker et al. (1993)

PCBD1
(2 alleles)

c.289G>A p.(Glu97Lys) 2 Ex 4 Missense Likely
Pathogenic

24.1 0.0014 Thöny, Neuheiser
et al. (1998)

New variants are highlighted in bold. ACMG/AMP, American college of medical genetics and genomics/association of molecular pathology (Richards et al., 2015); CADD, combined

annotation dependent depletion scoring (Rentzsch et al., 2019); GenomAD, genome aggregation database.
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TABLE 4 Genotype/phenotype description of Mexican patients bearing clinically relevant biallelic PTS, QDPR, and PCBD1 genotypes.

PTS genotype QDPR genotype PCBD1
genotype

Patient 1 2✦ 3✦ 4✦ 5 6 7✦ 8 9 10 11 12 13 14a

Sequence

variation

Allele 1 c.200C>T c.331G>T c.331G>T c.331G>T c.338A>G c.338A>G c.393delA c.106-1G>T c.187_189dup c.214G>T c.515C>T c.661C>T c.714dup c.289G>A

Allele 2 c.242A>C c.331G>T c.73C>T c.73C>T c.393delA c.393delA c.393delA c.106-1G>T c.482G>T c.214G>T c.515C>T c.661C>T c.714dup c.289G>A

Protein change Protein change 1 p.(Thr67Met) p.(Ala111Ser) p.(Ala111Ser) p.(Ala111Ser) p.(Tyr113Cys) p.(Tyr113Cys) p.(Val132Tyrfs*19) p.(?) p.(Gln63dup) p.(Gly72*) p.(Pro172Leu) p.(Arg221*) p.(Leu239Thrfs*44) p.(Glu97Lys)

Protein change 2 p.(Glu81Ala) p.(Ala111Ser) p.(Arg25*) p.(Arg25*) p.(Val132Tyrfs*19) p.(Val132Tyrfs*19) p.(Val132Tyrfs*19) p.(?) p.(Cys161Phe) p.(Gly72*) p.(Pro172Leu) p.(Arg221*) p.(Leu239Thrfs*44) p.(Glu97Lys)

Variant

classification

Allele 1 Pathogenic Likely

pathogenic

Likely pathogenic Likely pathogenic Pathogenic Pathogenic Pathogenic Pathogenic Likely pathogenic Pathogenic Likely pathogenic Pathogenic Pathogenic Likely

pathogenic

Allele 2 Likely

pathogenic

Likely

pathogenic

Pathogenic Pathogenic Pathogenic Pathogenic Pathogenic Pathogenic Likely pathogenic Pathogenic Likely pathogenic Pathogenic Pathogenic Likely

pathogenic

Phenotype/clinical description

Family history Consanguinity + + +

Endogamy +

Previous death siblings +

Prenatal Oligohydramnios (HP:

0001562)

+

Neonatal Preterm birth +

Small for gestational age + + +

Neurological Seizures (HP:0001250) + + + + + + + + + +

Dystonia (HP:0001332) + + + + + + + + + + +

Irritability (HP:

0000737)

+ + +

Drowsiness (HP:

0002329)

+ + +

Severe muscular

hypotonia (HP:

0006829)

+ + + + + +

Neurodevelopmental

(HP: 0012758) and

motor delay (HP:

0001270)

+ + + + + + + + + + +

Extrapyramidal

signs HP:

0002071

Excessive salivation

(HP: 0003781)

+ + + + + + + + + +

Abnormality of eye

movement (HP:

0000496)

+ + + + + + + +

Intermittent

hyperventilation (HP:

0004879)

+ + + + + + + +

Hyperreflexia (HP:

0001347)

+ + + + + + + +

Dysmorphias Microcephaly (HP:

000252)

+ + + +

Dolichocephaly (HP:

0000268)

+

Dysmorphological

syndrome

b+

Others Failure to thrive (HP:

0001508)

+ +

Hair hypopigmentation

(HP: 0005599)

+ + + + +

+ + + + +

(Continued on following page)
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TABLE 4 (Continued) Genotype/phenotype description of Mexican patients bearing clinically relevant biallelic PTS, QDPR, and PCBD1 genotypes.

PTS genotype QDPR genotype PCBD1
genotype

Patient 1 2✦ 3✦ 4✦ 5 6 7✦ 8 9 10 11 12 13 14a

Hypopigmentation of

the skin (HP: 0001010)

Necrotizing

enterocolitis

+

Unexplained fevers (HP:

0001955)

+ + +

Dysphagia (HP:

0002015)

+ + + + + + + +

Kidney calcifications +

HPA diagnosis HRMS NBS NBS HRMS NBS NBS HRMS NBS NBS HRMS HRMS NBS NBS NBS

Biochemical

data

Initial blood Phe (μM)

(RV: <120)
1844 738 1027 NA 260 307 820 1771 711 742 546 470 799 1672

Clinical

severity

++ + +++ +++ − − ++ ++ ++ ++ ++ +++ ++ −

Outcome Alive, 24 years

old, with

profound

intellectual

disability and

motor

impairment

Alive, 10 years

old, with

moderate

intellectual

disability and

motor

Impairment

Death at 3 years old

with profound

neurodevelopmental

impairment

Death at

14 years old with

profound

intellectual

disability and

motor

impairment

Alive, 6 years old,

asymptomatic

Alive, 10 years old,

asymptomatic

Alive, 12 years old,

with moderate

intellectual disability

and motor

impairment

Alive, 2 years old, with

profound

neurodevelopmental

impairment

Alive, 3 years old, with

profound

neurodevelopmental

impairment

Alive, 19 years

old, with

profound

intellectual

disability and

motor

impairment

Alive, 31 years

old, with

profound

intellectual

disability and

motor

impairment

Sudden death at 2 years

old and profound

neurodevelopmental

impairment

Alive, 4 years old, with

profound

neurodevelopmental

impairment

Alive, 3 years

old,

asymptomatic

HP, phenomizer code; HPA, hyperphenylalaninemia; HRMS, high-risk metabolicscreening; NA, not available; NBS, newborn screening; RV: Reference value. ✦ previously reported Fernandez-Laninez et al., 2018. New variants are highlighted in bold.
aBlood glucose (mg/dl) (RV: 57–115): 75. Blood magnesium (mg/dl) (RV: 1.7–2.3): 2.1. Blood total cholesterol (mg/dl) (RV: 114–203): 249. Blood LDL, cholesterol (mg/dl) (RV: 38–140): 154.4.
bBilateral radial alterations, renal agenesis without specific diagnosis. Normal karyotype in 15 metaphases with 450–500 bands of resolution.
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The Glu 81 residue is located at the interface between the

two trimers that conform to the functional unit of the PTPS

protein (Figure 3A). This residue has a solvent-accessible

surface area of 54.6%. In a 6-Å radius, this negatively

charged residue is surrounded by the polar Gln 86, Glu 81,

and Lys 77 residues and by the nonpolar Met 85 residue

FIGURE 1
Modeling of the human PTPS structure with p.(Tyr113Cys) change. (A) Crystallographic structure of a trimer of PTPS and the location of the Tyr
113 residue on each monomer. (B) Location of the Tyr 113 residue in one monomer. (C–E) Potential pathogenic effects for the substitution of Tyr
by Cys.

FIGURE 2
Modeling of the human PTPS structure with p.(Thr67Met) change. (A) Crystallographic structure of a trimer of PTPS and location of the Thr
67 residues on each monomer. (B) Location of the Thr 67 residue in one monomer. (C–D) Potential pathogenic effects for the substitution of Thr
by Met.
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(Figure 3B). The exchange of this polar residue for the

aliphatic alanine provokes the loss of the negative charge

that Glu contributes to that environment (Figure 3C).

The crystallographic structure of a trimer of PTPS and the

location of the Tyr 113 residue on each monomer are shown in

Figure 1A. The Tyr 113 residue of the PTPS protein is located

FIGURE 3
Modeling of the human PTPS structure with p.(Glu81Ala) change. (A) Crystallographic structure of a trimer of PTPS and location of the Glu
81 residues on each monomer. (B) Location of the Glu 81 residue in one monomer. (C) Potential pathogenic effect for the substitution of Glu by Ala.

FIGURE 4
Modeling of the human DHPR structure with p.(Pro172Leu) change. (A) Crystallographic structure of a dimer of DHPR and location of the Pro
172 residues on eachmonomer. (B) Location of the Pro 172 residue in onemonomer. (C–E) Potential disturbing structural effects for the substitution
of Pro 172 by Leu.
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16.8 Å from the active site (Figure 1B). Within 3–6 Å, it is

surrounded by Pro 87, Leu 88, Asn 117, Tyr 99 and Phe

100 residues (Figure 1B). This environment is hydrophobic

and nonpolar. The exchange of this Tyr residue for the polar

cysteine residue provokes repulsive interactions with the

nonpolar Tyr 99 and Phe 100 residues (Figures 1C–E).

3.4.2 Modeling of DHPR variants
For the DHPR protein, twomissense variants, p.(Cys161Phe)

and p.(Pro172Leu), classified as likely pathogenic were modeled.

The crystallographic structure of the functional unit of DHPR is

shown in Figure 4A.

The polar Cys 161 residue is surrounded in a 6-Å radius by the

nonpolar Ala 165, Ala 175, and Ala 177 residues and the polar Gln

162 residue (Figures 5A,B). Exchanging the polar Cys residue for the

hydrophobic nonpolar Phe provokes repulsive interactions with the

surrounding amino acid residues (Figures 5C-E).

The Pro 172 residue is surrounded by Ala 175, Leu 125, Ala

121, and Met 171 in a 6-Å radius (Figure 4B). This residue has an

84.5% solvent-accessible surface area. The exchange of this Pro

residue for an Ala residue provokes repulsive interactions in that

zone. Although both residues are nonpolar, alanine extends its

linear aliphatic chain, while the Pro ring does not extend

(Figures 4C–E).

3.4.3 Modeling of the p.(Glu97Lys) PCD variant
The location of the Glu 97 residue in the crystallographic

structure of the functional unit of PCD is shown in Figure 6A.

Modeling of the single identified PCBD1missense variant reveals

that the negatively charged Glu 97 residue is surrounded by the

positively charged Lys 36 residue and the hydrophobic Trp

25 residue, both within 3 Å (Figure 6B). The exchange of this

negatively charged residue for the positively charged Lys

provokes repulsive interactions with the neighboring Lys

36 and Trp 25 residues (Figures 6C-E).

4 Discussion

This study describes for the first time a prevalence of 9.8% for

BH4D in a cohort of Mexican patients with HPA. Despite the low

number of patients analyzed, we documented a heterogeneous

molecular landscape of BH4D, revealing four novel variants, all

in QDPR. Our results demonstrate that pathogenic variants

responsible for BH4D contribute to an important proportion

of HPA patients. This value of 9.8% for BH4D appears to be

higher than that described worldwide (1–2%, Blau et al., 2018;

Himmelreich et al., 2021). However, a higher prevalence of

BH4D has also been reported in populations in other areas,

such as Jordan (33%, Carducci et al., 2020), the southern region

of China (15.1%, Yuan et al., 2021), and Iran (12.3%, Khatami

et al., 2016). We speculate that the high frequency of BH4D in

this sample of Mexican HPA patients could be related to bias,

since our institution serves patients with abnormal NBS to

perform confirmatory diagnosis, management, and medical

follow-up. We are also a tertiary medical referral center for

symptomatic patients suspected to have inborn metabolic

diseases. In other populations with a high prevalence of

BH4D, a high incidence of consanguinity or endogamy (57%)

has been found as a possible explanation (Carducci et al., 2020);

remarkably, in the present study, there was a lower proportion of

families with consanguinity or endogamy (4/14 families, 28.5%,

FIGURE 5
Modeling of the human DHPR structure with p.(Cys161Phe) change. (A) Crystallographic structure of a dimer of DHPR and location of the Cys
161 residues on each monomer. (B) Location of the Cys 161 residue in one monomer. (C–E) Potential pathogenic effects for the substitution of Cys
by Phe.
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Table 4). Moreover, the hypothesis of a founder effect for the

c.331G>T or p.(Ala111Ser) variant in the southeastern region of

Mexico (Fernández-Lainez et al., 2018), could not be

demonstrated here, but further studies are warranted in a

larger number of patients.

The Sanger methodology allowed us to determine clinically

relevant biallelic PTS, QDPR, and PCBD1 genotypes in all

14 patients analyzed. Missense variants accounted for the

most frequent changes observed (13/28, 46.42%) (Table 3).

This finding agrees with previously published data, where

PTS, QDPR, and PCBD1 missense variants accounted for

50.5% of the 800 variants responsible for BH4D worldwide

(Himmelreich et al., 2021). By assuming that clinically

relevant PTS, QDPR, and PCBD1 genotypes were identified in

all 14 patients, this finding suggests that GCH1, SR, and

DNAJC12 defects would be rare conditions underlying HPA

in our population.

The present study shows the complexity of establishing

genotype-phenotype correlations of BH4D and the severe

neurological impairment (11/14 patients, 78.6%), as well as a

high mortality rate (21.4%) as documented in other populations

(Blau et al., 1996; Opladen et al., 2012), especially when prompt

diagnosis and treatments are not achieved, highlighting the

importance of NBS and differential diagnosis of HPA.

Compared to Sanger sequencing, high-throughput sequencing

platforms applied to NBS are a promising tool that is being

introduced in high-income countries, despite all the challenges it

represents (Watson et al., 2022). However, its availability seems

barely feasible in low- and middle-income countries in the near

future; thus, Sanger sequencing would remain as an alternative

for BH4D genotyping.

4.1 PTS variants and genotypes

The predominance of PTPS defects responsible for BH4D

(50%) is comparable to that reported in BIODEFdb, where its

prevalence is 63.3% (BIODEFdb). PTS exons 4 and 6 were the

most frequently affected, with two variants each. Exon 6 has also

been reported to have a high proportion of pathogenic variants

(Himmelreich et al., 2021). Five different PTS genotypes were

observed (Table 4). To date, identical genotypes have not been

reported in BIODEFdb or the literature.

The patient with the c.[200C > T];[242A > C] or

p.[Thr67Met];[Glu81Ala] PTS genotype (Patient 1, Table 4)

was severely affected. The p.(Thr67Met) variant was

previously reported in a homozygous state in an Italian

patient who also had a severe form of PTPS deficiency

attributable to residual enzymatic activity lower than 1%

(Oppliger et al., 1997). Our protein modeling suggests an

effect on the catalytic site at long distances (Figure 2). The

p.(Glu81Ala) variant has a low allele frequency (0.0007) in

gnomAD; however, to the best of our knowledge, it has not

been reported as an allele responsible for PTPS deficiency. In this

variant, the substitution of polar, negatively charged glutamic

acid 81 for nonpolar, neutral Ala decreases the negative charge in

a 6-Å radius environment that surrounds the Glu 81 residue.

Since this residue is in a superficial location, the change could

FIGURE 6
Modeling of human PCD structure with p.(Glu97Lys) change. (A) Crystallographic structure of a dimer of PCBD1 and location of the Glu
97 residues on each monomer. (B) Location of the Glu 97 residue in one monomer. (C–E) Potential pathogenic effects for the substitution of Glu
by Lys.
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interfere with the interaction necessary between the two trimers

to conform to the PTPS functional unit (Figure 3). Altogether,

these clinical and structural findings support the pathogenicity of

this genotype.

The most severe phenotypes observed in the present study

were those of patients bearing the compound heterozygous PTS

genotype c.[73C > T];[331G > T] or p.[Arg25*];[Ala111Ser],

which were identified in two nonrelated patients (patients 3 and

4, Table 4) with fatal outcomes. Therefore, the presence of the

predicted null p.(Arg25*) allele would be considered responsible

for the fatal phenotype observed.

A less severe clinical picture of PTPS deficiency was observed

in nonrelated patients 5 and 6 (Table 4). They had the same PTS

genotype, c.[338A > G];[393del] or p.[Tyr113Cys];

[Val132Tyrfs*19]. The carrier status of their parents was

determined, which corroborates the trans configuration of

both alleles in each patient.

We also performed molecular modeling of the c.338A>G or

p.(Tyr113Cys) variant. Despite the repulsive clashes observed

when substituting Cys for the Tyr 113 residue (Figures 1C-E),

these patients showed no signs of disease and maintained normal

neurological development. Similar observations were made by

Meli et al. (1999) in a consanguineous Sicilian family with the

homozygous p.(Tyr113Cys) variant; their three patients initially

presented with HPA, which was eventually self-limited, and they

also had normal neurodevelopment. Moreover, another patient

bearing the p.[Pro87Leu];[Tyr113Cys] PTS genotype was

reported to have a peripheral form. This patient was detected

by the presence of HPAwithout any clinical signs (Preuße, 2001).

Thus, the p.(Tyr113Cys) variant either in a homozygous or

heterozygous state seems to lead to a benign phenotype.

Further functional studies are warranted to further clarify the

level of residual enzymatic activity of p.(Tyr113Cys) and how it

can be correlated with a benign clinical outcome. Moreover, the

low pathogenicity of this variant could attenuate the null effect

expected for the second frameshift p.(Val132Tyrfs*19) allele in

these patients. This can be supported by our findings in patient 7,

homozygous for the c.393delA or p.(Val132Tyrfs*19) variant,

which show that during 12 years of medical follow-up, he had

moderate intellectual and motor disabilities, although he started

pharmacological treatment when he was 5 months old. This

highlights the difficulties in the establishment of the genotype-

phenotype correlation considering variables such as age at the

beginning of treatment.

4.2 QDPR variants and genotypes

DHPR defects accounted for 42.9% of the BH4D cases

identified herein, which is higher than the 26.09% described in

BIODEFdb (BIODEFdb). Of the seven QDPR variants found

(Table 3), five were single base substitutions, which coincides

with the findings reported by Himmelreich et al. (2021), where

this nucleotide change predominated (112 base substitutions

among the 141QDPR pathogenic variants). Most of them were

located in exon 5, while in the present study, the variants were

distributed along exons 1, 2, 3, 5, and 7.

The clinical picture observed in the four patients bearing

the four new QDPR alleles allows us to consider these variants

responsible for severe phenotypes. Moreover, the protein

modeling of the two likely pathogenic variants, c.515C > T

or p.(Pro172Leu) and c.482G > T or p.(Cys161Phe), reveals

potential damage to the structure of the protein (Figures 4, 5),

which correlates with the observed severe phenotype. Five of

the six QDPR genotypes were homozygous (Table 4).

Although high numbers of homozygous QDPR pathogenic

genotypes seem to be common among other populations with

high consanguinity (Romstad et al., 2000; Foroozani et al.,

2015), this feature or endogamy was found in only 33.3% (2/

6 QDPR families) in this study. Moreover, none of the families

share family names, and they come from different geographic

regions of the country.

Regardless of the identified QDPR genotype, all these

patients showed similarly severe phenotypes (Table 4). This

clinical picture has been exhaustively described in the

literature (Blau, 2001; Himmelreich et al., 2021). However,

none of the QDPR genotypes presented here, except for the

p.[Arg221*];[Arg221*] genotype (Dianzani et al., 1998;

Khatami et al., 2016), have been previously reported. The

c.515C > T or p.(Pro172Leu) variant identified in the

homozygous state in patient 11 (Table 4) has been

previously described only once in a Chinese patient who

presented severe neurological symptoms and had a

compound heterozygous p.[Pro172Leu];[Arg221*]

genotype (Lu et al., 2014). Thus, this evidence supports

the conclusion that c.515C > T or p.(Pro172Leu) could be

considered a severe allele.

The notion of severity of the c.661C > T or p.(Arg221*)

variant was supported by the clinical picture documented in

homozygous patient 12 (Table 4), who suddenly died at

2 years old after presenting the characteristic clinical

picture of DHPR deficiency (Blau, 2001). This variant has

also been described in severely affected patients, where it was

considered a null allele that led to an inactive or highly

degraded enzyme (Smooker et al., 1993). Moreover, an

identical genotype has been reported in at least three

patients who also had a severe phenotype; however, their

outcomes were not reported (Dianzani et al., 1993;

Dianzani et al., 1998; Khatami et al., 2016).

As a possible explanation of the fatal outcomes of these

severe phenotypes, it has been proposed that accumulation of

dihydrobiopterin (BH2) leads to inhibition of aromatic amino

acid hydroxylases and dysregulation of nitric oxide

metabolism, which diminishes cerebral 5-

methylenetetrahydrofolate levels (Opladen et al., 2012;

Himmelreich et al., 2021).
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4.3 PCBD1 variant and genotype

The frequency of PCD deficiency in the present study was 7.1%,

exceeding the 2.6% reported in BIODEFdb (BIODEFdb), which

could suggest that the frequency of the different BH4 disorders

varies among populations (Souza et al., 2018; Carducci et al., 2020;

Bozaci et al., 2021; Gundorova et al., 2021; Ray et al., 2022). We only

found one homozygous c.289G > A or p.(Glu97Lys) male patient.

To date, an identical genotype has not been reported. The protein

modeling of the variant predicts a potential charge disturbance at the

site of the Glu 97 residue, which deserves further study. Due to the

dual activity of the coded product of PCBD1, this BH4D has been

related to early-onset nonautoimmune (MODY)-type diabetes and

hypomagnesemia due to renal magnesium wasting (Simaite et al.,

2014; Himmelreich et al., 2021). However, this variant has only been

previously associated with MODY-type diabetes but not with

hypermagnesuria (Ferrè et al., 2014). To date, our three-year-old

patient remains asymptomatic with a close follow-up to detect these

potential complications.

4.4 Limitations

One limitation of this study is the unavailability of the pterin

profile for blood, urine, or cerebrospinal fluid in our patients. The lack

of this information precludes the appropriate definition of the

subtypes and phenotypic characteristics of each BH4D, such as the

peripheral forms of PTPS deficiency. It is important to note that our

inclusion criteria relied on the sole presence of HPA along with a

normal PAH genotype, and BH4 defects such as SR and GTPCH

deficiencies that do not appear inHPA could not be detectedwith this

approach. Additionally, to determine the real birth prevalence and

genotypic spectrumof BH4D in our population, it would be necessary

to establish their detection through universal NBS-based programs,

which could prevent any bias due to the selection of high-risk patients

in a specialized medical unit.

5 Conclusion

BH4D was found in 9.8% of HPA cases in a sample of

Mexican patients who attended a single Mexican reference center

for inborn metabolic diseases. Our molecular approach led us to

identify clinically relevant and biallelic PTS, QDPR and PCBD1

genotypes in HPA patients bearing a normal PAH genotype. The

identified mutational spectrum was heterogeneous, with PTPS

deficiency being the most frequent (50% of these cases), followed

by DHPR deficiency (42.9%), which was associated with the

worst clinical course and outcome, including death at an early

stage of life. Instead, in PTPS and PCD deficiencies, two and one

asymptomatic patients were documented, respectively. It is

essential to strengthen NBS programs in low- and middle-

income countries to include the differential biochemical or

molecular detection for BH4D, since late diagnosis could lead

to a poor prognosis. Furthermore, the current massive

sequencing platforms could facilitate prompt differential

BH4D diagnosis.
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Background: The cobalamin C (cblC) defect, a common inborn disorder of

cobalamin metabolism due to a genetic mutation in MMACHC, can cause

combinedmethylmalonic acid and homocysteine accumulation in blood, urine,

or both. In this article, a late-onset case was reported, and the patient first

presented with depression identified with the MMACHC gene. We summarized

the clinical features of the cblC defect, the relationship between genotype and

phenotype, and the clinical experience concerning the diagnosis and treatment

of the cblC defect.

Case presentation: Initially presented with depression, the 16-year-old female

patient showed progressive abnormal gait and bilateral lower limb weakness

after 3 months. Blood routine examination suggested severe

hyperhomocysteinemia, and screening for urine organic acids found

elevated methylmalonic acid. Family gene sequencing showed mutations

detected in MMACHC. She had a compound heterozygous mutation, while

the c.271dupA (p.R91Kfsp14) was only detected in her father and the c.482 G>A
(p.R161Q) was only detected in her mother. Hence, she was diagnosed with a

cblC defect and treated with B vitamin supplements. The muscle strength of

both lower limbs improved notably.

Conclusion: This case indicated that depression could be a presenting sign of

cblC-type methylmalonic aciduria and homocysteinemia, and enhanced the

genotype–phenotype relationship of the cblC defect, which will contribute to

further understanding of this emerging disease.
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Background

Cobalamin C defect (cblC, OMIM 277400), a kind of

complementation group disease of defective cblC metabolism

described by Rosenberg in 1975 (Gravel et al., 1975), can result in

both methylmalonic acid (MMA) and homocysteine (Hcy)

accumulation in vivo, which was first reported by professor

Mudd in 1969 (Mudd et al., 1969). It is an inherited

metabolic disease caused by a mutation in MMACHC (OMIM

609831) (Lerner-Ellis et al., 2006). A CblC defect is the most

common genetically inherited reason for combined

methylmalonic aciduria and homocysteinemia, constituting

the main biochemical phenotype of China and accounting for

60%~80% of the domestic methylmalonic aciduria (Liu et al.,

2012; Zhang et al., 2007).

The clinical features of the cblC defect vary by age of disease

onset. Differing from the early-onset type (<1 year old), the late-
onset cases (>4 years old) usually have milder clinical

manifestations and a better prognosis after early intervention

(Martinelli et al., 2011).

Sometimes there is a failure to detect cblC defects early due

to their heterogeneous phenotypic spectrum of presentations.

Normally, the cblC defect produces a series of multisystem

neurological symptoms, such as psychological and behavioral

abnormalities, leukoencephalopathy, encephalopathy,

subacute combined degeneration of the spinal cord, lower

extremity weakness, gait disorder, and seizures (Martinelli

et al., 2011; Carrillo-Carrasco et al., 2012). However, there are

few case reports focusing on cblC patients initially

manifesting as depression. Here, we reported one novel

late-onset cblC case, where the patient first presented with

depression, carrying heterozygous variants inMMACHC, and

also explored the pathophysiological mechanism. To date,

only a small number of studies have found a potential

association between the cblC genotype and its phenotype,

which can help predict the age of disease onset and severity

(Matos et al., 2013; Yu et al., 2015). Therefore, more

comprehensive studies on the clinical and genetic features

of cblC patients are warranted.

Case description

The 16-year-old girl was born at full term with a spontaneous

delivery from a non-consanguineous Chinese Han family. Her

parents were healthy and denied a family history of neurologic

illness. The girl first suffered from low mood, low self-esteem,

self-blame, and visual hallucinations. Additionally, the

neuropsychological scale at admission, particularly self-

reporting inventory-90 and patient health questionnaire-9,

pointed toward the occurrence of depression. A routine blood

examination suggested moderate iron-deficiency anemia

(hemoglobin of 86 g/L) and moderate homocysteinemia (Hcy

of 62 μmol/L, reference range: 5–15 μmol/L). Brain MRI showed

patchy and symmetric white matter hyperintensities in the

posterior horn of the bilateral lateral ventricles. She was

diagnosed with depression by her psychiatrist and was orally

administered antidepressants, iron, and methylcobalamin

(Mecbl). The depression and hallucination symptoms were

alleviated after pharmacological therapy for only 2 weeks.

After 3 months, she showed gradually progressive abnormal

gait and bilateral lower limb weakness without depression

relapse, and she could hardly even stand without assistance.

Physical examination also revealed hyperactive reflexes, bilateral

ankle clonus, a positive Babinski sign, and suspicious deep

sensory impairment. Iron-deficiency anemia and

homocysteinemia were still detected with hyperuricemia. A

review of the cerebral MRI found that the previous lesions

displayed no change and were not enhanced on the spoiled

gradient recalled (SPGR) sequence. The results of the special

blood test were negative for pepsinogen I and II, pro-gastrin-

releasing peptide, immune, and rheumatic factors. Moreover,

neither serum nor cerebrospinal fluid discovered positive results

of myelin oligodendrocyte glycoprotein antibody, aquaporin

4 antibody, glial fibrillary acidic protein antibody, and

autoimmune encephalitis-related auto-antibodies.

After excluding other diseases leading to multisystem

involvement, inborn metabolic diseases were considered. The

detailed information of this patient is shown in Table 1.

Screening for urine organic acids was performed after

3 months of cobalamin supplement and still, elevated

methylmalonic acid of 21.2 mmol/mol creatinine (reference

range: 0.0–4.0 mmol/mol creatinine) was found. Amino acids

and acylcarnitines analysis in blood were normal. Notably, with

family whole exome sequencing and Sanger sequencing

performed, it was detected that a compound heterozygous

mutation existed in the MMACHC gene. One frameshift

variant was c.271dupA (p.R91Kfsp14), inherited from her

mother, and the other variant, belonging to the missense type,

was c.482 G>A (p.R161Q) from her father. According to the

American College of Medical Genetics and Genomics (ACMG),

both variants are pathogenic (Lerner-Ellis et al., 2006; Lerner-

Ellis et al., 2009; Richards et al., 2015) (Figure 1).

From the second onset, the patient got an intramuscular

injection of vitamin B1 (50 mg/d) and cyanocobalamin

(0.5 mg/d), intravenous injection of Mecbl (1 mg/d), and

oral medication of vitamin B6 and folic acid tablets. The

patient was not treated with betaine, for betaine is not

available in our hospital. After 1 month of treatment, she

could stand and walk for a short distance by herself; thus, she

was allowed to be discharged from the hospital. The long-term

oral administration of vitamin B and intermittent injections

were executed after discharge. In the following 2 months, the

muscles of both lower limbs gradually strengthened, so that

she could walk indoors. The concentrations of MMA and Hcy

were lowered.
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Discussion

As expected, the cblC defect is characterized by a

heterogeneous clinical picture involving multipart nervous

system symptoms, such as psychological and behavioral

abnormalities, leukoencephalopathy, encephalopathy, and

subacute combined degeneration of the spinal cord, extremity

weakness, ataxia, and seizures. Notably, some studies have

indicated that psychological and behavioral abnormalities are

a presenting sign of late-onset cblC defect, among which

schizophrenia and auditory hallucinations were common,

rather than depression (Martinelli et al., 2011; Carrillo-

Carrasco et al., 2012; Wei et al., 2019).

Our case report demonstrates that depression is also one of

the initial manifestations of the late-onset cblC, which usually

misleads psychologists or psychiatrists to diagnose it as a plain

mood disorder. However, the mechanism of depression in cblC

patients remains unclear.

Recently, some studies have pointed out that the underlying

pathogenesis of depression might involve neurotransmitters and

the related amino acid metabolism disorder (Wang et al., 2021),

oxidative stress and inflammation (Behl et al., 2022),

mitochondrial dysfunction, and energy metabolism

disturbance (Weger et al., 2020). Some biochemical alterations

in cblC patients may have harmful effects on the development of

depression in multiple ways (Figure 2). First, Hcy elevation and

vitamin B12 deficiency of cblC defect can result in depression via

inhibiting the S-adenosyl-methionine-dependent synthesis of

variable neurotransmitters and their biological activities, such

as catecholamines, namely, dopamine, norepinephrine,

epinephrine, and noncatecholamines, namely, serotonin, due

to impairment in the methylation pathway (Bhatia and Singh,

2015). Additionally, rising Hcy and cysteine sulfinic acid can

produce N-methyl-D-aspartate receptor agonists and reactive

oxygen species, both of which have neurotoxic effects on

dopaminergic neurons, thus inducing depression (Bhatia and

Singh, 2015). Second, the dysfunction of mitochondrial energy

metabolism and tricarboxylic acid cycle, caused by the elevated

blood MMA level, can reduce neuroplasticity and impair

hippocampal neurogenesis (Proctor et al., 2020; Forny et al.,

2021), which is widely acknowledged to play a vital role in

depression. Third, Hcy, together with MMA, also exacerbates

oxidative stress and inflammation that are involved in key

depressive pathogenic pathways. Thus, we deemed that the

elevated Hcy and MMA levels in cblC patients, especially the

former one (Moradi et al., 2021), are linked to depression. This

connection is consistent with the fact that depression occurs in

late-onset methylmalonic aciduria and homocysteinemia

patients more frequently than in early-onset methylmalonic

aciduria patients. Understanding the association between

depression and cblC disease and its influence on the

pathophysiologic mechanism of depression will be helpful in

the early diagnosis of cblC disease and the etiology-based

treatment of uncommon depression.

Cobalamin, essential for human growth and development, is

converted to two active forms: adenosylcobalamin is the

coenzyme of mitochondrial methylmalonyl-CoA mutase,

converting methylmalonyl-CoA to succinyl-coenzyme A,

whose inborn error can cause MMA accumulation due to

methylmalonyl-CoA increase; and Mecbl serves as the

coenzyme of cytoplasmic methionine synthase, associated with

the synthesis of methionine from Hcy, whose congenital disorder

can lead to Hcy accumulation and methionine reduction. Details

of the metabolic pathways of the cblC defect are shown in

Figure 2.

To date, inherited cobalamin deficiencies mainly contain

more than 10 types, such as methylmalonyl-CoA deficiency,

haptocorrin deficiency, cblA-G, cblJ, cblX, and cblK. Except

FIGURE 1
Family pedigree displaying the mutations detected inMMACHC. (A) The pedigree of the family with cblC defects. The proband is the daughter,
and her parents have no signs of MMA. (B)Mutations detected in the family. The proband has a compound heterozygous mutation, while c.271dupA
was inherited from her mother and c.482 G>A was from her father.
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for cblX, which is X-linked recessive, all the other recognized

types are autosomal recessive inheritance. Some types

generate a block in the synthesis pathway of both

adenosylcobalamin and Mecbl, such as cblC, cblD, cblF,

and cblJ, leading to combined methylmalonic aciduria and

homocysteinemia (Watkins and Rosenblatt, 2022). Among

these types, cblC is the most common inborn disorder. The

MMACHC mutation was first identified in 2006 (Lerner-Ellis

et al., 2006) and consists of nearly 100 variants recorded in the

Human Gene Mutation Database (HGMD) up to now, which

TABLE 1 Clinical profiles of this patient.

Test Patient

Characteristic Gender Female

Age of onset 16 years old

Clinical symptom Growth BMI = 15.76

Psychiatric symptom Depression and visual hallucinations

Central nervous system Bilateral lower limb weakness and abnormal gait

Peripheral nervous system Suspicious deep sensory impairment

Laboratory study Red blood cell Hemoglobin: 86 g/L

Iron metabolism Serum ferritin: 6.9 ng/ml, serum iron: 2.50 μmol/L, and unsaturated iron-
binding capacity: 71.30 μmol/L

Homocysteine 62 μmol/L

Serum uric acid 452.7 μmol/L

Pepsinogen Pepsinogen I: 27.51 ng/ml, pepsinogen II: 13.42 ng/ml, pepsinogen I/II:
2.05, and pro-gastrin-releasing peptide: 44.63 pg/ml

Rheumatic index Antinuclear antibody, rheumatoid factor, rheumatic factor, and c-reactive
protein (CRP) were negative

Hematological index Hematologic antibody cytokines, anti-human globulin antibodies (Coombs
test), and paroxysmal nocturnal hemoglobinuria-related (PNH) antibodies
were negative

Autoimmune encephalitis Negative

Central nervous system demyelinating disease Myelin oligodendrocyte glycoprotein (MOG) antibody and aquaporin 4
(AQP4) antibody were negative

Imaging Electroencephalography Normal

Brain MRI Patchy and symmetric white matter hyperintensities in the posterior horn
of the bilateral lateral ventricles

Neurotic electrophysiology No characteristic changes in the electroneurograms and
somatosensory evoked potentials

CSF study Pressure and routine test Normal

Biochemistry indicators Normal

Autoimmune encephalitis Negative

Central nervous system demyelinating disease MOG antibody and AQP4 antibody were negative

Autoimmune disease Glial fibrillary acidic protein (GAFP) antibody was negative

Microbiological and virological test Normal

Screening for organic acids (after
administration)

Urine organic acids Methylmalonic acid of 21.2 mmol/mol creatinine (0.0–4.0 mmol/mol
creatinine)

Amino acids and acylcarnitine analysis in the blood Normal

Gene sequencing A compound heterozygous mutation in the MMACHC gene, c.271dupA (p.R91Kfsp14), and c.482 G>A (p.R161Q)

Diagnosis Cobalamin C defect
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are responsible for the cblC defect. Many variants differ in

RNA stability or residual function of the protein, which may

produce, at least, a certain discrepancy in the phenotype and

severity of the disease (Maquat, 2004).

Previous published evidence indicated that the mutation

spectrum of the MMACHC gene seemed to vary in different

regions across the world. A study byWang et al. suggested that

c.609G>A (p.W203X), c.658_660delAAG (p.K220del),

c.80A>G {p.Q27R [r.(spl?)]}, and c.482 G>A (p.R161Q)

mutations were the most common mutations in the

Chinese population, while the most frequent mutations in

the Caucasian population were c.271dupA (p.R91Kfsp14),

c.394C>T (p.R132X), and c.331C>T (p.R111X) (Wang

et al., 2019). However, little difference in the

genotype–phenotype correlations of the different regions

was observed. Present studies conformably believed that

c.271dupA (p.R91Kfsp14), c.609G>A (p.W203X), and

c.331C>T (p.R111X) were mainly related to an early-onset

and severe presentation, whilst c.482 G>A (p.R161Q) mainly

caused the late onset and mild phenotype in any region

(Carrillo-Carrasco et al., 2012; Morel et al., 2006; Wang

et al., 2019; Yu et al., 2015).

The mutation in our case was a compound heterozygous

mutation in the MMACHC gene, that is, c.271dupA

(p.R91Kfsp14) and c.482 G>A (p.R161Q), causing a late

onset with mild symptoms, which does not prove the

aforementioned correlation. The reason for that may be

two points. On one hand, it seems that the compound

heterozygotes could result in quite a moderate disease,

between the severe early-onset form associated with

homozygosity for c.271dupA (p.R91Kfsp14) and the slight

late-onset phenotype related to homozygosity for c.482 G>A
(p.R161Q); on the other hand, the late-onset form of the

disease usually occurs in patients who possess compound

heterozygotes for the c.271dupA (p.R91Kfsp14) mutation

and a missense mutation (Morel et al., 2006). Moreover,

the fact that the diverse genetic constitutions in the cblC

patients make it difficult to establish the entire connection

between genotype and phenotype. Despite this, with the rising

awareness of newborn screening and prenatal diagnosis, this

genotype–phenotype relationship is still expected to forecast

the onset age and disease severity and provide a guide for

treatment strategy proposal. Furthermore, case series need to

focus on their connection, even on specific clinical

FIGURE 2
Metabolic pathways of cblC defects and its relationship with depression. Nine complementation group defects of the cobalamin pathways and
the metabolic interrelationship of MMA and Hcy are summarized. The neurotoxicity of MMA and Hcy due to the cblC defect is described for their
importance in the pathophysiology of depression. cbl, cobalamin; cblA-G, cblJ, cbl complementation group diseases; TC-cbl,
transcobalamin–cobalamin complex; TC-cblR, transcobalamin receptor; AdoCbl, 5′-deoxyadenosylcobalamin; MCM, methylmalonyl-CoA
mutase; MMA, methylmalonic acid; MeCbl, methylcobalamin; Hcy, homocysteine; Ms, methionine synthesis; Met, methionine; SAM, S-adenosyl-
methionine; SAH, S-adenosyl-L-homocysteine; MMACHC, gene responsible for methylmalonic acidemia and homocysteinemia; ROS, reactive
oxygen species; NMDA, N-methyl-D-aspartate (By Figdraw, ID: UPAOR62009).
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manifestations, such as depression, encephalopathy,

extremity weakness, gait abnormalities, and seizures, which

help to predict the delayed presentation and prognosis.

CblC diagnosis typically depends on either biochemical

examination or genetic analysis. Homocysteine in blood or

urine, blood amino acids, free carnitine, acylcarnitines, and

urine organic acids are vital biochemical assays. Importantly,

mass spectrometry and gas chromatography-mass spectrometry

are recommended to, respectively, detect blood levels of

acylcarnitines, including propionylcarnitine (C3) and

acetylcarnitine (C2), and urinary organic acids, including

MMA and methylcitric acid. Particularly, using combined

mass spectrometry and gas chromatography-mass

spectrometry, newborn screening has effective identification

ability, boosts early diagnosis, and allows better prognosis (Jin

et al., 2021). At the same time, blood vitamin B12, folic acid, and

antibody to intrinsic factor need to be detected to exclude the

diagnosis of cobalamin disturbance due to secondary etiologies.

Finally, genetic sequencing could facilitate the achievement of a

definitive diagnosis and detailed genotyping, such as cblC disease

based on the MMACHC gene mutation. With the improvement

of detection means, cblC can be rapidly diagnosed if the

physician is conscious of it. However, in the past reported

cases, the time to unequivocal diagnosis needs more than

2 months, even 2 years (Wei et al., 2019). Unfortunately, it

took us 3 months to make a clear diagnosis, although some

points in this immature patient, for example, abnormal

homocysteinemia and multiple neuropsychiatric symptoms,

have provided a clue of the inherited metabolic disease for us.

The major reason for the prolonged time to diagnosis is

misdiagnosis or missed diagnosis during the initial visit.

Thereby, physicians need to pay more attention to the

understanding of cblC symptoms and heterogeneous clinical

spectrum and enhance the awareness of disease screening.

Currently, depression is a very common disorder

characterized by paroxysm and easy recurrence, and is

closely related to living difficulties, abnormal personality

development, and suicide in adolescents, which also,

inevitably, increase family and social burdens. Although the

possibility of a coincidence cannot be completely excluded in

this case, the clinical features of this patient’s depression were

not typical, for only one attack occurred and the condition

improved quickly. Thence, we considered that depression

could be a presenting sign of cblC-type methylmalonic

aciduria and homocysteinemia, which also indicated that

cblC disease might be a cause of depression. Psychiatrists

should extend biochemical or genetic analysis looking for this

rare disease to those patients with atypical depression, for

example, patients with markedly elevated Hcy levels, anemia,

intelligence, or fitness decline, which provide crucial clues for

genetic metabolic disease. Moreover, extremely elevated

serum Hcy levels, anemia, and intelligence or fitness

decline provide crucial clues for genetic metabolic disease.

In this case, the acylcarnitine profile was normal, which is,

indeed, totally beyond our expectations, as the test was

conducted after medication treatment for several weeks. It

suggested that we conduct the blood and urinary biochemical

examinations as early as possible, for an improper test time

could lead to completely confusing results. White matter

hyperintensity shown in brain MRI is also one of the

common image presentations. Fortunately, in this case,

when homocysteinemia was detected, the patient was

immediately administered a cyanocobalamin and Mecbl

supplement, so that she could have a better prognosis.

Thence, once cblC is considered, treatment with parenteral

cobalamin and betaine is suggested as soon as possible after

the biochemical examination, which helps to correct the

metabolic disorder. Most notably, hydroxocobalamin is the

only form of cobalamin proven to benefit patients with cblC

disease, and cyanocobalamin/Mecbl is not recommended as a

regular course of treatment (Carrillo-Carrasco et al., 2012;

Baumgartner et al., 2014). The treatment of cyanocobalamin/

Mecbl can only be applied to the patient with the presence of a

partially functional MMACHC protein in heterozygosity

(Anna et al., 2022) Previous studies and our case study

revealed that although the late-onset cblC patient could

show improved clinical manifestation and long-life span

through active treatments, urine MMA and blood Hcy

levels of the patients could not be reduced to normal

(Matos et al., 2013; Wei et al., 2019), which indicated that

MMA metabolic disturbance would last for a relatively long

period, and the delayed complication could follow as well.

These complications include encephalopathy, hydrocephalus

(Zhang et al., 2019), optic neuropathy and retinopathy (Alowain

et al., 2019), pulmonary hypertension, late-onset diffuse lung

disease, cardiorespiratory disease (Liu et al., 2017; Zhang et al.,

2020), proteinuria, renal thrombotic microangiopathy, and

kidney function decline (Chen et al., 2020; Liu et al., 2017).

Thereby, the late-onset cblC patients should be treated

perpetually with hydroxocobalamin supplement and routine

metabolic monitoring. During the follow-up, the physician

needs to pay attention to the signs of these complications and

conduct relevant imaging examinations if necessary. Except for

the regular therapy, a lot of novel gene therapies, including

adenovirus gene addition, genome editing, lentiviral gene

therapy, and systemic mRNA therapy, would be effective for

permanent long-term correction of metabolic disorders caused

by methylmalonyl-CoA mutase gene mutation (Chandler and

Venditti, 2019; Schneller et al., 2021). However, it should be

noted that there have been no gene therapies available for cblC at

present, and more attempts can be conducted to seize the

appropriate genomic therapies.
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Conclusion

Collectively, our case report has expanded the cblC clinical

symptom spectrum, indicating that the consideration of

depression as one kind of the initial sign of cblC would be

helpful in the early diagnosis. Literature review about

genotype–phenotype correlation and clinical experience could

also remarkably improve physicians’ perspectives and patient

prognosis for early diagnosis and treatment.
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Case report: Familial glycogen
storage disease type IV caused by
novel compound heterozygous
mutations in a glycogen
branching enzyme 1 gene
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Glycogen storage disease type IV (GSD IV), caused by a mutation in the

glycogen branching enzyme 1 (GBE1) gene, is a rare metabolic disorder with

an autosomal recessive inheritance that involves the liver, neuromuscular, and

cardiac systems. Here, we reported a case of familial GSD IV induced by novel

compound heterozygous mutations in GBE1. The proband (at age 1) and her

younger brother (at age 10 months) manifested hepatosplenomegaly, liver

dysfunction, and growth retardation at onset, followed by progressive

disease deterioration to liver cirrhosis with liver failure. During the disease

course, the proband presented rare intractable asymptomatic hypoglycemia.

The liver pathology was in line with GSD IV. Both cases carried pathogenic

compound heterozygous mutations in GBE1 mutations, i.e., a missense

mutation (c.271T>A, p. W91R) in exon 2 and a deletion mutation in partial

exons 3–7. Both mutations are first reported. The internationally pioneered

split-liver transplantation was performed during progression to end-stage liver

disease, and the patients had normal liver function and blood glucose after. This

study broadens the mutation spectrum of the GBE1 gene and the phenotypic

spectrum of GSD IV.
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Introduction

Glycogen storage disease type IV (GSD IV, OMIM 232500,

Anderson disease) is a rare metabolic disorder with autosomal

recessive inheritance. It is caused by a mutation in the glycogen

branching enzyme 1 (GBE1) gene, which encodes the glycogen

branching enzyme that catalyzes glycogen synthesis, with an

incidence rate of 1/600,000–1/800,000 (Magoulas et al., 1993;

Choi et al., 2018; Massese et al., 2022).

GBE1 catalyzes α-1,6-glucosidic bonds of the glycogen

molecule, transferring the oligosaccharide chain containing six

glucose residues to the adjacent fourth glucose molecule to form

branches, thereby increasing glycogen solubility. Mutations in

the GBE1 gene can lead to decreased or missed GBE1 activity,

resulting in the accumulation of immature amylopectin-like

polysaccharides in tissues (including the liver, skeletal muscle,

cardiac muscle, brain, and peripheral neuropathy) (Magoulas

et al., 1993; Li et al., 2010). The severity of the phenotype might

depend on the residual activity of GBE1 (Massese et al., 2022).

With approval by the Medical Ethics Committee of the

hospital and obtaining informed consent from the proband’s

parents, this study reported a case of familial GSD IV caused by

compound heterozygous mutations in GBE1. The proband had

rare intractable asymptomatic hypoglycemia.

Case presentation

The female proband was diagnosed with malnutrition and

growth retardation at age 1 on physical examination (Figure 1),

accompanied by moderate hepatosplenomegaly with a hard

texture, transaminase elevation, and progressive liver function

deterioration on routine physical examination.

At the age of 2.5 years, she manifested distension over the

whole abdomen (Figure 2A) with severe yellowing of the skin and

sclera and umber urine and without any symptoms of

hypoglycemia. On physical examination, her height, weight,

and head circumference were 86 cm, 11 kg, and 46 cm,

respectively (Figure 1). Moreover, she had malnutrition. Her

liver extended 1 cm above the umbilicus, and her spleen extended

2 cm below the umbilicus. Both the liver and spleen had a hard

texture. Shifting dullness was positive. Moreover, she presented

symmetrical pitting edema in bilateral lower limbs.

Test and treatment

Alanine aminotransferase (ALT), 133 U/L (9–50 U/L);

aspartate transaminase (AST), 380U/L (9–48 U/L); AST/ALT,

2.8; glutamyl transpeptidase, 74 U/L (0.0–53.0 U/L); total bile

acid, 202 μmol/L (0.0–15.0 μmol/L); total bilirubin, 139 μmol/L

(2.0–20.0 μmol/L); direct bilirubin, 105 μmol/L (0.3–6.0 μmol/L);

albumin, 22 g/L (38.0–54.0 g/L); prothrombin time 29 s

(10.6–14.3 s); activated partial thromboplastin time, 65 s

(26–40 s); fibrinogen, 0.9 g/L (2.0–4.0 g/L); serum ammonia,

173 μmol/L (16–72 μmol/L); dynamically-monitored fasting

plasma glucose (FPG) < 3.9 μmol/L (3.9–6.0 μmol/L),

minimum, 1.2 μmol/L; and blood lactate, 3.2 mmol/L

(0.6–2.4 mmol/L). Blood acylcarnitine analysis: low

concentrations of free carnitine and multiple acylcarnitines.

Routine blood test: white blood cell, 5.5 × 109/L (4.0–10.0 ×

109/L); hemoglobin, 76 g/L (110–130 g/L); and platelet, 49 × 109/

L (100–300 × 109/L). Bone marrow biopsy demonstrated

myeloproliferation. The upper abdominal plain CT scan

showed liver cirrhosis (Figure 2B). Pathology revealed an

enlarged liver with a diffuse, gray–green coarsely granular

appearance to the surface (Figure 2C). By light microscopy,

nodular liver cirrhosis (G4S4) with pseudolobules was

demonstrated. The liver cells showed diffuse swelling with

sedimented ground-glass inclusion bodies (IBs) and slightly

FIGURE 1
Growth and development of the probandwithin 3 years after birth. Note: weight and bodymass index (BMI): normal nutrition and growth before
the age of 1 year; moderate nutrition and insufficient weight gain after the age of 1 year; improved nutrition and growth after liver transplantation.
Length/height: normal length/height and growth before the age of 1 year; inadequate growth after the age of 1 year; no improvement after liver
transplantation, showing growth retardation. By now, the proband has a symmetrical short stature.
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eccentric nuclei. Histopathological investigation showed positive

staining for periodic acid-Schiff (PAS). It also showed cholestasis,

significant proliferation in interstitial fibrous tissues, and small

bile ducts, with massive infiltration of lymphocytes.

The disease progressed to decompensated cirrhosis with liver

failure (Child–Pugh class C). Coagulation function was improved

by plasma supplementation. Albumin infusion and diuresis were

obtained to alleviate edema. Meanwhile, the patient was on

dietary management and blood glucose monitoring. At the age

of 3 years and 1 month, the patient received split-liver

transplantation, followed by standard immunosuppressive

therapy. She was regularly followed-up postoperatively for

1.5 years until now, presenting normal aminotransferase,

peripheral blood cells, blood glucose, and a symmetrical short

stature (Figure 2D).

Family history

The proband is a Chinese girl. The parents and older sisters

did not have liver disease, and the parents were non-

consanguineously married. Her younger brother presented

hepatosplenomegaly with liver injury (ALT, 290 U/L; AST,

390 U/L) at the age of 10 months, and he experienced

FIGURE 2
Clinical data of the proband. (A) End-stage liver disease, accompanying distension over thewhole abdomen and severe yellowing of the skin. (B)
Upper abdominal plain CT scan: (a). enlarged liver with a coarse, nodular texture and serrated capsule. (b). Enlarged spleen. (c). Ascites. (C) Lesion
liver, an enlarged liver with a diffuse, gray–green coarsely granular appearance to the surface. (D) Proband 6 months after the transplantation, aged
3 years and 7 months, showing a symmetrical short stature with height 93 cm (3rd–15th) and weight 13.8 kg (15th–50th).
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progression to liver cirrhosis at the age of 1 year and 5 months

accompanied by growth retardation. Normal FPG was detected

by multiple tests. Split-liver transplantation followed by standard

immunosuppressive therapy was performed at the age of 1 year

and 7 months, and he presented normal liver enzyme levels

during the 1-year follow-up until now.

Genetic testing and analysis

Genetic testing

Peripheral blood samples (2 ml) were collected from the

proband, her parents, and her younger brother. Whole-exome

sequencing was performed to detect potential mutations. Sanger

sequencing was used for point mutation validation. qPCR was used

to determine copy number variation with the target sequences.

Compound heterozygous mutations in the GBE1 gene were

detected in the proband and her younger brother, including a

heterozygous missense mutation (c.271T>A, p. W91R) in exon 2

(chr3: 81754637, genome version: hg19, transcript: NM_000158)

inherited from the father and a heterozygous deletion mutation

in partial exons 3–7 (chr3: 81691916–81720106, genome version:

hg19, transcript: NM_000158:c.314_991del) inherited from the

mother (Figure 3), which were compatible with recessive

inheritance. Both parents are heterozygous carriers. Co-

segregation between the phenotype and genotype in the

proband and her family members was revealed.

FIGURE 3
Genetic pedigree map and a GBE1 gene test result. Note: Ⅰ 1, father; Ⅰ 2, mother; Ⅱ 1, older sister 1; Ⅱ 2, older sister 2; Ⅱ 3, proband; and Ⅱ 4,
younger brother; NP normal population. (A)Genetic pedigreemap. The genotype of the proband’s two older sisters is unknown. (B) qPCR peak figure
for the partial exons of the GBE1 gene. The relative quantitation values of exons 3–7 (chr3:81691916–81720106) in the GBE1 gene of the proband,
mother, and younger brother are about 1/2 of the normal control value, suggesting a heterozygous deletion mutation. (C) Sanger sequencing.
Arrows point to the missense mutation. 271T>A (p.W91R) in the GBE1 gene carried by the proband, her father, and her younger brother. The mother
has a wild-type genetic structure. (D) Homology alignment for the amino acid sequences corresponding to the GBE1 missense mutation across
different species.
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Variation in pathogenicity

The heterozygous missense mutation in the GBE1 gene,

c.271T>A (p.W91R), is not included in multiple human variant

databases (1000 Genomes Project (1000G) http://browser.

1000genomes.org, ESP6500 http://evs.gs.washington.edu/EVS/

, Exome Aggregation Consortium (ExAC) http://exac.

broadinstitute.org/) and disease databases [Human Gene

Mutation Database (HGMD)] http://www.hgmd.org, ClinVar

http://www.ncbi.nlm.nih.gov/clinvar, and Genome Aggregation

Database (gnomAD) http://gnomad.broadinstitute.org/about),

and it is not a polymorphic mutation. With Clustal Omega

software, this mutated locus encodes the amino acids which are

highly conserved in evolution across humans, chimpanzees,

rhesus, mice, nematodes, and fruit flies (Figure 3D). As

predicted by online databases SIFT (http://sift.jcvi.org),

PolyPhen2 (http://genetics.bwh.harvard.edu/pph2),

MutationTaster (http://www.mutationtaster.org), and CADD

(http://cadd.gs.washington.edu), the locus is located between

conserved amino acid sequences, and mutation in this locus can

lead to an altered RNA splice site, amino acid sequence, and

eventually, protein structure, classified as a pathogenic

mutation. Prediction by SAAFEC (http://compbio.clemson.

edu/SAAFEC/userInputParams.html) indicates that mutation

in this locus can cause protein-free energy change (ΔΔG = -1.

61), suggesting decreased protein stability.

The exon 3–7 deletion in the GBE1 gene is not included in the

human databases DGV (http://dgv.tcag.ca/dgv/app/home) and

gnomAD-SV. Moreover, deletions in a smaller range are

recorded in the HGMD database, including the pathogenic

exon 2–7 deletion mutation (Bruno et al., 2004) and the

pathogenic exon 7 deletion mutation (Li et al., 2012). The

exon 3–7 deletion mutation results in a frameshift mutation,

leading to a premature termination codon and the production of

a truncated protein.

Based on the 2020 American College of Medical Genetics and

Genomics (ACMG) criteria (Brandt et al., 2020; Riggs et al.,

2020), the c.271T>A (in line with PM1, PM2, PP1, PP2, PP3, and

PP4) and exon 3–7 deletions (in line with PVS1, PS1, and PM2)

in the GBE1 gene are classified as pathogenic mutations.

Analysis of the spatial structure of variant
proteins

Homology modeling of GBE1 was performed using AlphaFold 2

(https://alphafold.ebi.ac.uk), and the 3D structure of the protein was

visualized using PyMOL 2.3 software (Figure 4A).

FIGURE 4
3D Wild-type structure and the mutated structure of GBE1 protein. Note: (A) Wild-type (WT) structure. The enzyme catalytic domain (amino
acid sequence: 194–597) is colored yellow, and the three enzyme catalytic sites (D357, D481, and E412) are highlighted in red. W91 has hydrophobic
interactions with E333, I334, Y310, C309, and P93 amino acids (blue dotted line), is hydrogen-bonded to the amino acid main chain of Y119 (yellow
dotted line), and has π–π interactions with P93 amino acids (pink dotted line). (B) Mutated-type (MT) structure. W91R (panel below), all
hydrophobic interactions and π–π interactions are lost, and only the hydrogen bonds with Y119 remain. Exon 3–7 deletion mutation, the catalytic
domain at amino acid position 194–597 of GBE1 was lost.
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The tryptophan (Trp) residue at position 91 of GBE1 is

located in the ligand-binding region and is highly conserved in

the β-sheet secondary structure. The missense mutation

c.271T>A changed Trp at position 91 to arginine (Arg),

leading to local change from hydrophobic amino acids with

aromatic side chains to strongly basic amino acids with

positively charged side chains. As a consequence, the

interactions between amino acid side chains of polypeptides

and the electrostatic effects were altered, π–π interactions with

P93 were lost, the hydrophobic interactions with amino acids

E333, I334, Y310, C309, and P93 were lost, the locally hydrophilic

property was enhanced, and the backbone was changed, leading

to alteration in the spatial conformation of the protein

(Figure 4B).

GBE1 is a glycogen-branching enzyme containing 702 amino

acids. Exon 3–7 deletion in the GBE1 gene brought about

deletion of the amino acid at position 105–331. After

transcriptional splicing between a nucleotide at the end of

exon 2 (the first nucleotide of p.105) and a nucleotide at the

front of exon 8 (the last nucleotide of p.331), frameshift mutation

presented in the amino acids from exon 8, and a shift of four

amino acids resulted in a premature termination codon UAA,

production of a truncated protein, and residual amino acid

sequences at position 1–107. Eventually, the catalytic domain

at amino acid position 194–597 of GBE1 was lost (Figure 4B).

Discussion

GSD IV involves multiple systems, based on which it can be

classified into hepatic and neuromuscular subtypes with significant

clinical heterogeneity (Magoulas et al., 1993; Li et al., 2010). Pediatric

cases are mainly hepatic subtypes. Its clinical manifestations include

hepatomegaly, liver dysfunction, and progressive liver cirrhosis,

potentially with neuromuscular lesions, cardiomyopathy, and

growth retardation. Linear glycogen molecules can be

metabolized, so often without hypoglycemia (Magoulas et al.,

1993; Massese et al., 2022). The proband (at age 1) and her

younger brother (at age 10 months) both manifested

hepatosplenomegaly, dysfunction, and growth retardation at onset,

followed by disease progression to liver cirrhosis with liver failure,

consistent with the pathology of GSD IV. During the disease course,

the proband presented rare intractable asymptomatic hypoglycemia

which is easily neglectable. Since long-term hypoglycemia impacts

the energy supply to the brain tissues and then impairs brain

development and even causes sudden death, the blood glucose of

patients with GSD IV should be dynamically monitored.

The diagnosis of GSD IV is established by the demonstration of

reduced GBE1 activity in the liver, muscle, or skin fibroblasts and/or

the identification of biallelic pathogenic variants in GBE1 (Magoulas

et al., 1993; Ozen, 2007; Massese et al., 2022). Both the proband and

her younger brother carried previously unreported compound

heterozygous mutations in the GBE1 gene, including an exon

2 missense mutation (c.271T>A) and partial exon 3–7 deletion

mutation. Homology modeling revealed that the missense

mutation c.271T>A changed Trp at position 91 to Arg, leading to

potential changes in the spatial conformation and property of the

protein. Additionally, it may also affect the catalytic domain stability

due to loss of hydrophobic interactions with amino acids E333, I334,

Y310, and C309, eventually interfering with enzyme catalytic activity.

The exon 3–7 deletion mutation in the GBE1 gene led to loss of the

enzyme catalytic domain and then decline in catalytic activity.

Symptomatic treatment is the mainstay for treatment of GSD

IV now, and there is no available enzyme replacement therapy

(Massese et al., 2022). A strict dietary regimen includes a high

protein diet and carbohydrate restriction. This can maintain

glucose and lipid homeostasis, to minimize glycogen

accumulation and catabolism; is fundamental to prevent

hypoglycemia in ketotic GSD IV; and can even improve growth

and normalize serum aminotransferases (Derks et al., 2021). Most

of the patients with a progressive GSD IV would die from liver

failure or other complications of liver cirrhosis within 5 years of

age, and some may deteriorate to liver cancer that can only be

cured by liver transplantation. However, liver transplantation

cannot alleviate the glycogen accumulation in other organs and

tissues in general (Magoulas et al., 1993; Beyzaei et al., 2022;

Massese et al., 2022). Therefore, the extent of organ involvement

(neuromuscle, heart, etc.) is the primary prognostic factor for liver

transplantation, especially cardiomyopathy (Willot et al., 2010; Liu

and Sun, 2021; Beyzaei et al., 2022). It should be noted that a

previous report demonstrated improvement with significant

reduction in abnormal amylopectin in extrahepatic organs in

patients receiving liver transplantation (Ozen, 2007). The two

subtypes of GSD IV, including the hepatic and neuromuscular

subtypes, can occur successively (Derks et al., 2021). Previous

literature reported a case where the patient presented with hepatic

GSD IV at the onset at the age of 2 years and then had

neuromuscular involvement at the age of 45 years (Paradas

et al., 2014). Although no extrahepatic organ involvement has

been observed in the two cases here so far, the existing literature

reported a case of neuromuscular involvement caused by deletion

in a range smaller than exon 3–7 (Bruno et al., 2004; Li et al., 2012).

A follow-up is required to detect extrahepatic involvement as they

grow up, including electrocardiogram, echocardiography,

neurologic assessment, and nutritional assessment.

In conclusion, the clinical phenotype and genotype of GSD

IV are highly heterogeneous. Most patients have poor prognosis,

and patients with suspected GSD IV should be aggressively

managed by liver biopsy and test for GBE activity or

GBE1 gene mutation to obtain a definite diagnosis.
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Introduction: Inborn errors of metabolism (IEM) are scarce, and their diagnosis

is often made after birth. This has led to the perception that most fetuses

affected by these disorders do not become clinically apparent during

pregnancy. Our aim was to determine the obstetrical characteristics of

women with an offspring affected by IEM.

Methods: This population-based retrospective cohort study included all

women who delivered at the Soroka University Medical Center (SUMC) from

1988 to 2017 whomet the inclusion criteria. Mothers who had an offspring with

IEM were included in the study group, and those who had offsprings without

IEM comprised the comparison group.

Results: A total of 388,813 pregnancies were included in the study, and 184 of

them were complicated by a fetus with IEM. The number of Bedouin women

was higher in the IEM-affected infant group than in the comparison group

(90.8% vs. 53.3%, p < 0.001); women who had a fetus with IEM had a higher rate

of polyhydramnios (7.1% vs. 3.2%, p=0.005), HELLP syndrome (3.3% vs. 1.1%, p=

0.014), and preterm birth (20.7% vs. 10.1%, p < 0.001); neonates with IEM had

lowermean birth weight (p < 0.001), lower Apgar scores at 1′ and 5′minutes (p <
0.001), and a higher rate of fetal growth restriction (FGR) (p < 0.001), postpartum

death <28 days (p < 0.001), and neonatal death (p < 0.001) than those in the

comparison group. Pregnancies with IEM fetuses were independently

associated with preterm birth (OR 2.00; CI 1.4–3), polyhydramnios (OR 2.08;

CI 1.17–3.71), and FGR (OR 2.24; CI 1.2–4.19). Each family of metabolic diseases

is independently associated with specific pregnancy complications

(i.e., mitochondrial diseases are associated with HELLP syndrome (OR 5.6; CI

1.8–17), and lysosomal storage disease are associated with nonimmune

hydrops fetalis (OR 26.4; CI 3.39–206).
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Conclusion: This study reports for the first time, an independent association of

IEM with specific complications of pregnancy. This observation has clinical

implications, as the identification of specific pregnancy complications in a

population at risk for IEM can assist in the prenatal diagnosis of an affected fetus.

KEYWORDS

fetal growth restriction, HELLP syndrome, inborn errors of metabolism, neonatal
death, nonimmune hydrops fetalis, polyhydramnios, pregnancy characteristics,
preterm birth

Introduction

Inborn errors of metabolism (IEM) are rare diseases that can

be clinically presented and diagnosed in fetuses, newborns

(through newborn screening tests) (Pourfarzam and

Zadhoush, 2013; Kliegman et al., 2016), or later on in life,

even in adulthood. IEM affect 1/800–2,500 deliveries

worldwide (Behrman richard and Klieegman robert, 2018). Its

prevalence reaches from 56.6 to 100,000 or 1/2000 live births

among the Bedouin population (Hazan et al., 2020) that resides

in the Negev region of the southern part of Israel and has a high

consanguinity rate (Singer et al., 2020). Indeed, the incidence of

glycogen storage diseases (GSD) among the Bedouins is 11.2 in

100,000 or 1.12/10,000 live births (Hazan et al., 2020) when

compared to the 1/20,000–40,000 live births in Europe, Canada,

and the United States (Pritchard and Center, 2019), thus giving

us a unique opportunity to study the prenatal characteristics of

IEM in our population.

The current perception is that in most cases, the clinical

features of IEM become apparent after delivery probably because

most of the metabolic toxic products that cannot be metabolized

by the fetus are secreted by the trophoblast and removed by the

mother, who acts as a human filter (Zand et al., 2003; Illsinger

and Das, 2010). Although the mother serves as the “detoxifier” of

the fetus, there are reports of antenatal clinical signs in the fetus.

For example, nonimmune hydrops fetalis (NIHF) can be the

clinical presentation of fetal lysosomal storage disorders (LSD)

(Stone and Sidransky, 1999; Staretz-Chacham et al., 2009) [e.g.,

type 2 Gaucher disease (Sudrié-Arnaud et al., 2018),

galactosialidosis (Haverkamp et al., 1996), Niemann–Pick

disease type C (Meizner et al., 1990; Spiegel et al., 2009;

Surmeli-Onay et al., 2013)], GSD type IV (Alegria et al., 1999)

and 1a (Edwards et al., 2006), and peroxisomal diseases (e.g.,

Zellweger disease) (Dursun et al., 2009). As described by Spiegel

et al. (2009), the prenatal presentation of Niemann–Pick disease

type C in a fetus could also be splenomegaly, hepatomegaly, or

ascites as part of NIHF and less common as fetal growth

restriction (FGR), oligohydramnios, and placentomegaly

(Spiegel et al., 2009). Additionally, fetuses affected with

nonketotic hyperglycinemia (NKH) may suffer from hiccups

and seizures (Ambani et al., 1979). Moreover, fetal metabolic

waste products can affect the mother. Indeed, fetuses with long-

chain L-3 hydroxyacyl-CoA dehydrogenase deficiency (LCHAD)

(Wilcken et al., 1993; Preece and Green, 2002; Journal et al.,

2005) and other fetal fatty acid oxidation defects (FAOD) (Innes

et al., 2000; Matern et al., 2001; Nelson and Alters, 2018) may

cause maternal HELLP (hemolysis, elevated liver enzymes, and

low platelets) syndrome or acute fatty liver of pregnancy (AFLP)

of the mother.

The prenatal diagnosis of gestations complicated by IEM is

important, as some of the mothers and the affected fetuses will

benefit from specialized maternal and fetal care. For example,

fetuses affected by cobalamin disorders will benefit from

maternal supplementation of vitamin B12 and biotin in

biotinidase deficiency (Walter, 2000; Hayek et al., 2019) or

galactose-free diet for a mother carrying a fetus affected by

galactosemia (Illsinger and Das, 2010), suggesting that there is

a need to determine the clinical features during pregnancy that

are associated with the fetus presenting with IEM in the

population at risk. Therefore, the high prevalence of IEM in

our population allows us to construct a unique and one of the

largest cohorts of IEM-affected pregnancies, along with the long-

term follow-up of the neonates in a specialized metabolic

pediatric clinic, thereby allowing us to address this question.

Thus, we conducted a population-based retrospective cohort

study that aimed to determine the obstetrical characteristics of

women with an offspring affected by IEM as a general disorder

and stratified it according to the different families of IEM.

Material and methods

Study and population

This population-based retrospective cohort study included

all women who delivered at the Soroka University Medical

Center (SUMC) from 1988 to 2017. The demographic and

medical information of the patients included in the cohort

was retrieved by the SUMC computerized database, capturing

the patient’s medical records and diagnoses at hospitalization

coded according to the International Classification of Disease 9th

revision (ICD-9). The ICD-9 codes of the IEM are as follows:

fatty acid oxidation disease (FAOD) 277.85; glutaric aciduria

(GA) 270.7, 277.85, and 277.86; glycogen storage diseases (GSD)

271; mitochondrial diseases 277.87; mucopolysaccharidoses

(MPS) 277.5; maple syrup urine disease (MSUD) 270.3;
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nonketotic hyperglycinemia (NKH) 790.29; and Niemann–Pick

disease 272.7. Women who had fetuses with congenital

malformations or with chromosomal abnormalities not

associated with IEM were excluded from the study. The study

was approved by the SUMC Institutional Review Board.

Clinical definitions

Hypertension is defined as blood pressure ≥140/90 mmHg

recorded in two separate measurements at least 4 h apart. Mild

hypertension is defined as a diastolic blood pressure ≥90 mmHg

and <110 mmHg and/or systolic blood pressure ≥140 mmHg

and <160 mmHg. Severe hypertension is defined as the presence

of diastolic blood pressure ≥110 and systolic blood

pressure ≥160. Gestational hypertension is defined as the

presence of hypertension developed after 20 weeks of

gestation without proteinuria. HELLP syndrome is diagnosed

as the detection of all three laboratory abnormalities comprising

hemolysis [anemia—hemoglobin level <8–10 g/dl (depending on
the trimester), serum bilirubin ≥1.2 mg/dl, and low serum

haptoglobin ≤25 mg/dl or lactate dehydrogenase

(LDH) ≥2 times the upper level of the normal] with a

microangiopathic blood smear (fragmented red blood cells,

i.e., schistocytes and burr cells); elevated liver

enzymes—aspartate aminotransferase (AST) or alanine

aminotransferase (ALT) ≥2 times the upper level of the

normal; and low platelet count <100,000 cells/μL in a

pregnant/postpartum woman. Preeclampsia was diagnosed in

the presence of elevated blood pressure and proteinuria of at least

+1 in dipstick; its severity is defined according to the severity of

hypertension and/or one of the following: +3 proteinuria by

dipstick, thrombocytopenia ≤100,000, elevated liver enzymes,

persistent headache, and/or blurred vision. Gestational diabetes

is diagnosed according to the oral glucose tolerance test and

classified according to White’s classification. While hydramnios

is when the amniotic fluid index (AFI) >25 cm or when a vertical

pocket of at least 8 cm was measured or as a subjective estimation

of increased amniotic fluid volume and oligohydramnios is when

the AFI <5 cm; a real-time scanner equipped with a 3.5/5 MHz

transducer of appropriate focal length estimated amniotic fluid

volume. Preterm delivery is defined as delivery before completing

37 weeks of gestation. NIHF is defined as abnormal fluid

accumulation in at least two fetal serous cavities (e.g., ascites,

pleural effusions, and/or pericardial effusions), often

accompanied by skin edema, that does not result from red cell

alloimmunization (e.g., RhD and Kell).

Newborns were classified according to their weight as

follows: small for gestational age (SGA)—birthweight less than

the 10th percentile, appropriate for gestational age (AGA)—

birthweight from 10 to 90th percentile, and large for gestational

age (LGA)—birthweight more than the 90th percentile according

to regional growth curves. Premature rupture of membranes

(PROM) was defined as rupture of the chorioamniotic

membranes before the onset of labor. Postpartum

fever—maternal temperature ≥38°C that developed at least

24 h after delivery, recorded in two different measurements at

least 4 hours apart or as one measurement of maternal

temperature of ≥38.5°C regardless of the time after delivery.

Endometritis—postpartum maternal fever with clinical signs of

tenderness above the uterine fundus or during cervical

manipulation, foul vaginal discharge, and positive endometrial

culture. Wound infection was defined according to either clinical

signs of infection or positive wound culture. Wound

dehiscence—spontaneous opening of cesarean section wound

that included the abdominal fascia.

Statistical analysis

Continuous variables are reported as mean ± SD for normal

distribution or as median with interquartile range (IQR) for non-

normal distribution. Categorical variables are presented as

percentages. Comparisons were made using appropriate

statistical tests. Continuous variables were compared using an

unpaired t-test, ordinal variables were compared using the

Mann–Whitney U-test, and nominal variables were compared

using chi-square or Fisher’s exact test.

Multivariate analysis

We conducted a generalized estimating equation (GEE) with

a logistic distribution. The unit of analysis was the fetuses.

Fetuses diagnosed with IEM were defined as the dependent

variable, the mother as the random variable, and pregnancy

complications as the primary independent variables. The

regression was adjusted for polyhydramnios, ethnicity, HELLP

syndrome, FGR, and preterm delivery, which differed

significantly between the study groups in the univariate

analysis. The results of the GEE models are presented as an

odds ratio (OR), 95% confidence interval (CI), and p-value. A

two-sided p-value <0.05 was considered statistically significant

for all statistical tests; p-values reported were rounded to two

decimal places. All statistical analyses were performed using the

R and SPSS statistical software.

Results

Epidemiological characteristics

The IEM group included mothers who had an affected

offspring (n = 184) and the comparison group included

mothers who had offsprings without IEM (n = 338,629).

Maternal demographics and pregnancy characteristics are
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described in Table 1. The mean maternal age was lower in the

IEM group in relation to the comparison group (p = 0.004). The

number of Bedouin women was higher in the IEM group than in

the comparison group [167 (90.8%) vs. 180,560 (53.3%), p <
0.001]. The median social state score was lower in the IEM group

than in the comparison group [2.00 (0.00,3.00) vs. 3.00 (0.00,

9.00), p < 0.001]. There were more recurrent pregnancy losses in

the IEM group than in the comparison group (10.9% vs. 6.8%, p =

0.038).

Characteristics of inborn errors of
metabolism group

Figure 1 (and Supplementary Table S1) presents the

distribution of the IEM types in the study population. As a

group, LSD was the most common type of IEM [26.1% (48/184)],

followed by mitochondrial diseases [21.7% (40/184)], glycogen

storage disease (GSD) [16.3% (30/184)], aminoacidopathy

[13.0% (24/184)], peroxisomal diseases [9.8% (18/184)],

TABLE 1 Maternal demographic and pregnancy characteristics.

Characteristics Comparison group (n =
338,629)

Inborn errors of
metabolism (n = 184)

p-value

Maternal age (years) 28.80 ± 5.84 27.55 ± 5.55 0.004

Bedouin origin 180,560 (53.3) 167 (90.8) <0.001

Social state score 3.0 [0.0, 9.0] 2.0 [0.0, 3.0] <0.001

Married 138,534 (40.9) 113 (61.4) <0.001

Gravidity 3.0 [2.0, 5.0] 4.0 [2.0, 6.0] 0.003

Parity 3.0 [2.0, 4.0] 3.0 [2.0, 5.0] 0.005

Infertility treatment 10,230 (3.0) 1 (0.5) 0.08

Recurrent pregnancy loss 22,866 (6.8) 20 (10.9) 0.038

Diabetes mellitus 4,362 (1.3) 1 (0.5) 0.570

Hypertension 196 (0.1) 0 (0.0) 1.000

Obesity 1,250 (0.4) 0 (0.0) 0.828

Smoking 5,171 (10.2) 1 (1.9) 0.081

Alcohol use 251 (0.2) 0 (0.0) 1

Data are presented as n (%); mean (S.D.); median [interquartile range].

FIGURE 1
Distribution of the types of inborn errors of metabolism in the study population.
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FAOD [9.2% (17/184)], and organic acidurias [3.8% (7/184)]. We

also found that the incidence of LSD was 14.1 per 100,000, while

that of mitochondrial diseases was 11.8 per 100,000 and of GSD

was 8.8 per 100,000.

Pregnancy outcome

The pregnancy outcomes are described in Table 2. Women

carrying a fetus with IEM had a higher rate of polyhydramnios

(p = 0.005), preterm deliveries (p < 0.001), HELLP syndrome (p =

0.014), and NIHF (p < 0.001) than those in the comparison

group. Moreover, hospitalization length (p < 0.001) differed

significantly between the study groups.

Fetal and neonatal outcome

The mean gestational age at delivery and birthweight was lower

in the IEM group than in the control group (p = 0.001 and p < 0.001,

respectively), as were the mean Apgar scores at 1′ and 5′ minutes.

The rate of FGR (p < 0.001), birth asphyxia (p = 0.001), and SGA

neonates (p = 0.001) were higher in the IEM group. Neonates with

IEM had a longer mean hospitalization length and a higher rate of

neonatal intensive care unit (NICU) admission (p < 0.001),

persistent hypoglycemia (p < 0.001), lactic acidosis (p < 0.001),

hyperammonemia (p < 0.001), hypotonia (p < 0.001),

developmental delay (p < 0.001), dilated/hypertrophic

cardiomyopathy (p < 0.001), seizures (p < 0.001), postpartum

death <28 days (p < 0.001), and neonatal death between 29 days

and 1 year (p < 0.001) than those of the comparison group (Table 3).

Figures 2A and B (Supplementary Tables S2 and S3) present

maternal and neonatal outcomes according to the type of IEM.

There are no significant differences among the IEM subgroups in

the rate of pregnancy complications, the rate of low Apgar scores

at 1′ and 5′ minutes’, the mean birth weight, and length of

hospitalization along with the rate of NICU admissions,

persistent hypoglycemia, developmental delay, dilated/

hypertrophic cardiomyopathy, and postpartum and neonatal

death.

TABLE 2 Pregnancy outcome.

Outcome Comparison
group (n = 338629)

Inborn errors of
metabolism (n = 184)

p-value

Antepartum Polyhydramnios 10,771 (3.2) 13 (7.1) 0.005

Oligohydramnios 8,064 (2.4) 6 (3.3) 0.589

Gestational diabetes 13,699 (4.0) 7 (3.8) 1.000

Gestational hypertension 4,485 (1.3) 3 (1.6) 0.968

Preeclampsia 14,336 (4.2) 11 (6.0) 0.321

HELLP syndromea 3,714 (1.1) 6 (3.3) 0.014

Acute fatty liver of pregnancy 94 (0.0) 0 (0.0) 1.000

Nonimmune hydrops fetalis 74 (0.0) 2 (1.1) <0.001

Intrapartum Preterm delivery 34,124 (10.1) 38 (20.7) <0.001

Preterm PROMb 36,393 (10.7) 23 (12.5) 0.517

Mode of delivery <0.001

Vaginal delivery 267,168 (78.9) 136 (73.9)

Caesarean section 55,144 (16.3) 32 (17.4)

Breech delivery 616 (0.2) 2 (1.1)

Vacuum delivery 10,910 (3.2) 5 (2.7)

Hospitalization days 4.00 [3.00, 5.00] 4.00 [3.00, 6.00] <0.001

ICUc admission 707 (0.2) 1 (0.6) 0.834

Postpartum Endometritis 9 (0.0) 0 (0.0) 1.000

Urinary tract infection 1,148 (0.3) 2 (1.1) 0.267

Infection 2,679 (0.8) 1 (0.5) 1.000

Fever 1,042 (0.3) 1 (0.5) 0.002

Data are presented as n (%); mean (S.D.); median [interquartile range].
aHELLP: hemolysis, elevated liver enzymes, and low platelet count.
bPROM: premature rapture of membranes.
cICU: intensive care unit.
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Multivariate analysis

Polyhydramnios (OR 2.05; CI 1.14–3.67), FGR (OR 2.36; CI

1.28–4.35), preterm delivery (OR 1.93; CI 1.3–2.87), Bedouin

origin (OR 8.42; CI 4.92–14.4), and NIHF (OR 13.9; CI

3.16–61.2) were independent risk factors associated with

pregnancy complicated with a fetus with IEM (Table 4). The

association between clinical risk factors and the delivery of a

neonate with IEM is described in Table 5. Pregnancy

complications with fetuses with IEM were independently

associated with preterm birth (OR 2.00; CI 1.4–3),

polyhydramnios (OR 2.08; CI 1.17–3.71), and FGR (OR 2.24;

CI 1.2–4.19) but not with HELLP syndrome. The association

between fetuses with IEM and pregnancy complications is

described in Table 6. The following clinical risk factors were

independently associated with LSD: preterm delivery (OR 3.41;

CI 1.61–7.22), FGR (OR 3.17; CI 1.06–9.49), Bedouin origin (OR

39.7; CI 5.38–292), and NIHF (OR 26.4; CI 3.39–206).

Mitochondrial diseases were independently associated with the

following clinical risk factors: FGR (OR 4.7; CI 1.9–12), HELLP

syndrome (OR 5.6; CI 1.8–17.0), and Bedouin origin (OR 16.2; CI

3.9–67.8). The presence of polyhydramnios was independently

associated with fetuses who had aminoacidopathy disease (OR

4.4; CI 1.4–13.2). The presence of NIHF was

independently associated with fetuses who had GSD (OR 74.2;

CI 10.3–534).

TABLE 3 Fetal and neonatal outcome.

Outcome Comparison group (n =
338,629)

Inborn errors of
metabolism (n = 184)

p-value

Gender 0.518

Male 173,567 (51.3) 102 (55.4)

Female 164,993 (48.7) 82 (44.6)

Gestational age at delivery (weeks) 38.97 ± 1.61 38.1 ± 1.89 0.001

Apgar score 1 min < 5 5,847 (1.7) 7 (3.8) <0.001

Apgar score 5 min < 7 2,416 (0.7) 7 (3.8) <0.001

Birthweight (grams) 3,157.14 ± 565.47 2,920.61 ± 662.09 <0.001

AGAa 291,950 (86.2) 145 (78.8) 0.001

LGAb 27,240 (8.0) 12 (6.5)

SGAc 16,954 (5.0) 20 (10.9)

Neonatal ICUd admission 42,702 (12.6) 92 (50.0) <0.001

Hospitalization days 3.0 [1.0, 680.0] 4.0 [2.0.112] <0.001

Fetal growth restriction 7,966 (2.4) 13 (7.1) <0.001

Splenomegaly 4 (0.0) 0 (0.0) 1.000

Hepatomegaly 8 (0.0) 0 (0.0) 1.000

Ascites 14 (0.0) 0 (0.0) 1.000

Antepartum death 1,107 (0.3) 1 (0.5) 1.000

Asphyxia 310 (0.1) 2 (1.1) 0.001

Meconium aspiration 118 (0.0) 0 (0.0) 1.000

Hemorrhage 1,227 (0.4) 2 (1.1) 0.307

Shoulder dystocia 473 (0.1) 1 (0.5) 0.632

Persistent hypoglycemia 3,396 (1.0) 18 (9.8) <0.001

Metabolic lactic acidosis 392 (0.1) 3 (1.6) <0.001

Hyperammonemia 9 (0.0) 1 (0.5) <0.001

Hypotonia 13,199 (3.9) 30 (16.3) <0.001

Developmental delay 17,437 (5.1) 43 (23.4) <0.001

Dilated/hypertrophic cardiomyopathy 293 (0.1) 17 (9.2) <0.001

Seizures 13 (0.0) 1 (0.5) <0.001

Postpartum death (<28 days) 2,559 (0.8) 22 (12.0) <0.001

Neonatal death (between 29 days and 1 year) 987 (0.3) 27 (14.7) <0.001

Data are presented as n (%); mean (S.D.); median [interquartile range].
aAGA: appropriate for gestational age.
bLGA: large for gestational age.
cSGA: small for gestational age.
dICU: intensive care unit.
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Discussion

The principal findings of our study are as follows: 1) IEM

pregnancies are complicated with a higher rate of

polyhydramnios, HELLP syndrome, preterm birth, and NIHF;

2) the majority of women with an IEM-affected infant was of

Bedouin origin; 3) infants with IEM had a lower mean

birthweight, higher rate of low Apgar scores at 1′ and 5′
minutes, FGR, persistent hypoglycemia, metabolic lactic

acidosis, hyperammonemia, dilated/hypertrophic

cardiomyopathy, postpartum death <28 days, and neonatal

death between 29 days and 1 year; 4) IEM neonates as a

FIGURE 2
(A) Frequency of maternal complications, according to the types of inborn errors of metabolism. (B) Frequency of fetal and neonatal outcomes,
according to the types of inborn errors of metabolism.
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group were independently associated with preterm birth,

polyhydramnios, FGR, and NIHF. Moreover, our study

identified that each family of metabolic diseases is

independently associated with specific pregnancy

complications (i.e., mitochondrial diseases are associated with

HELLP syndrome and LSD are associated with NIHF).

Our observation that there are different antenatal

presentations of IEM in mothers and their fetuses is novel.

For example, polyhydramnios and HELLP syndrome were

significantly more common in women with an offspring

affected by IEM. Polyhydramnios was previously reported as

the first manifestation of some IEM, especially LSD (Kruszka and

Regier, 2019), which explains the higher prevalence in

pregnancies with affected fetuses in the current study. There

are several mechanisms by which different IEMs can cause

polyhydramnios: 1) aminoacidopathy, such as NKH, since

glycine toxicity resulting from NKH begins in utero. The

amino acid glycine plays an important role in

neurotransmission, and therefore, the accumulation of glycine

causes CNS damage. Following severe CNS damage,

polyhydramnios can occur in fetuses as a result of decreased

swallowing (Sterniste et al., 1998); 2) Bellini et al. (2009) studied

different causes of polyhydramnios as part of NIHF and found

that the main reasons for polyhydramnios in LSDwere anemia or

liver failure that lead to low plasma oncotic pressure results in

polyhydramnios.

Our finding of the independent association between fetal

mitochondrial disease and maternal HELLP syndrome is novel.

Previous reports have suggested an association between fetal

IEM, such as LCHAD deficiency (Wilcken et al., 1993; Preece and

Green, 2002; Journal et al., 2005), and other FAOD of the fetuses

(Innes et al., 2000; Matern et al., 2001; Nelson and Alters, 2018)

and the development of maternal HELLP syndrome. This

observation is explained by the accumulation of 3-hydroxy-

fatty acids that may serve as a maternal hepatic toxin or that

the cause can be a disruption in FAOD in the placenta (Strauss

et al., 1999; Ibdah et al., 2000). There is an association between

the development of HELLP syndrome and preeclampsia, with a

plausible explanation by Illsinger et al. (2010), describing a

possible pathogenesis of these two disorders, thus suggesting

that in addition to FAOD, other factors may cause these obstetric

complications by affecting mitochondrial function.

Mitochondrial dysfunction can lead to abnormal energy

production, possibly contributing to the dysfunction of the

fetal–placental unit. Free radicals produced due to

mitochondrial dysfunctioning may result in the inhibition of

nitric oxide released from endothelial cells, leading to vascular

changes, therefore resulting in preeclampsia and HELLP

syndrome (Slaghekke et al., 2006; Illsinger et al., 2010).

Additional support for the association between HELLP

syndrome and mitochondrial diseases can be deduced from

the study by Vaka et al. (2018), who described the association

between reactive oxygen species (ROS) production in

mitochondrial dysfunction and the development of

preeclampsia by a mechanism of vascular placental ischemia

(Raijmakers et al., 2004). Therefore, it can be proposed that the

formation of ROS in fetuses with mitochondrial dysfunction may

lead to the development of maternal HELLP syndrome.

Fetuses with IEM were found to have an independent risk

factor for FGR. FGR was described previously in different types

of LSD, such as GM1 gangliosidosis (Roberts et al., 1991a;

Brunetti-Pierri et al., 2007). This is an important finding

because if FGR is detected during sequential prenatal

ultrasounds in such cases, the diagnosis of IEM should be

considered and sought out in populations at risk. Indeed, in

cases with a high index of suspicion for IEM and the presence of

FGR, genetic counseling and amniocentesis should be offered.

Postnatally, the diagnosis can also rely on placental examination,

which can demonstrate diffuse vacuolar changes (Libbrecht et al.,

2020; Wongkittichote et al., 2021).

The association between NIHF and IEM is well described

in the literature. Various forms of IEM are expressed

clinically in NIHF. In LSD, there are several mechanisms

for excessive fluid accumulation resulting in NIHF. It may

result from hypoproteinemia due to liver dysfunction

(Nicolaides et al., 1985; Staretz-Chacham et al., 2009) and

from obstruction of the venous blood flow caused by

organomegaly and visceromegaly secondary to

accumulating storage material (Hutchison et al., 1982;

Staretz-Chacham et al., 2009; Whybra et al., 2012). The

prognosis of NIHF is often poor, with a high recurrence

rate. For this reason, obtaining an IEM diagnosis is vital for

managing an ongoing gestation and assessing the risk of

recurrence in future pregnancies. One way to achieve an

early diagnosis of IEM is to perform a histologic placental

examination whenever there is a suspicion of hydrops at birth

or detect by ultrasound, and if cells are highly vacuolated or

demonstrate storage, enzyme testing should be performed

(Roberts et al., 1991a; Roberts et al., 1991b; Nelson et al.,

1993; Hale et al., 1995; Denis et al., 1996; Molyneux et al.,

1997; Soma et al., 2000; Groener et al., 2003; Froissart et al.,

2005; Vedder et al., 2006; Staretz-Chacham et al., 2009).

TABLE 4 Multivariate logistic regression—the association between
pregnancy complications and newborns with inborn errors of
metabolism.

Characteristic ORa 95% CIa p-value

Polyhydramnios 2.05 1.14–3.67 0.016

Fetal growth restriction 2.36 1.28–4.35 0.006

Preterm delivery 1.93 1.30–2.87 0.001

Bedouin origin 8.42 4.92–14.4 <0.001

HELLP syndrome 1.83 0.80–4.19 0.2

Nonimmune hydrops fetalis 13.9 3.16–61.2 <0.001

aOR, odds ratio; CI, confidence interval.
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The incidence of the IEM that we have described in our study

is in accord with that reported by Hazan et al. (2020). Due to the

high rate of consanguinity, the Negev region has a substantially

higher incidence of IEM than the reported global incidence

(Waters et al., 2018). Indeed, the incidence of the three more

common groups of IEM disorders that we found in our study are

as follows: LSD 14.1 per 100,000, mitochondrial diseases 11.8 per

100,000, and GSD 8.8 per 100,000 were higher than the reported

global incidence by Waters et al. (2018) and Adeloye of 13.3 per

100,000 for LSD, 8.2 per 100,000 for mitochondrial diseases, and

6.19 per 100,000 for GSD. In a review of IEM diagnosed in British

Columbia (with a predominantly white population), the

estimated incidence of LSD was 7.6 per 100,000, of

mitochondrial diseases was 3.2 per 100,000, and of GSD was

2.3 per 100,000 (Applegarth et al., 1969–1996). A plausible

explanation for the significant differences in the incidence of

the diseases would be related to the composition of the

populations included in each study. The majority of women

included in our study were of Bedouin origin, who are known to

have a higher consanguinity rate, as reported previously (Hazan

et al., 2020). In their study, Moammar et al. (2010) discussed the

incidence of IEM in the Eastern Province of Saudi Arabia, where

there is a high consanguinity rate, and families tend to have more

children, similar to the Bedouin population in the Negev region

of Israel; the incidence of the same three groups of IEM in their

study was LSD 44 per 100,000, mitochondrial diseases 8 per

100,000, and GSD 10 per 100,000, which with the exception of

LSD incidence, are quite similar to our report.

The clinical implications of our study are that many of the

IEMs may be diagnosed during pregnancy, near the time of

delivery, or through newborn screening tests (Pourfarzam and

Zadhoush, 2013; Kliegman et al., 2016); whenever there is a high

index of suspicion for a specific disorder in the fetus with a

known family mutation, a prenatal diagnosis should be sought.

Prenatal confirmation of IEM in the fetus may influence the

management of pregnancy, with specialized treatment

consideration offered to the mother during gestation or for

the infant immediately after birth, according to the specific

diagnosis (Walter, 2000; Illsinger and Das, 2010). Due to

newly developed treatments for these rare diseases in recent

years, making an earlier diagnosis will highly ameliorate the

prognosis.

TABLE 5 Multivariate logistic regression—the association between clinical risk factors and the delivery of neonates with inborn errors of metabolism.

Characteristic Preterm birth Polyhydramnios HELLP syndrome Fetal growth restriction

ORa 95%
CIa

p-value ORa 95%
CIa

p-value ORa 95%
CIa

p-value ORa 95%
CIa

p-value

Neonates with inborn errors of
metabolism

2.0 1.4–3 <0.001 2.08 1.17–3.71 0.013 1.89 0.82–4.33 0.13 2.24 1.2–4.19 0.012

Polyhydramnios 1.5 1.43–1.62 <0.001 — — — — — — 0.81 0.71–0.93 0.003

Preterm delivery — — — 1.49 1.40–1.59 <0.001 11.0 10.2–11.8 <0.001 3.62 3.42–3.82 <0.001

Fetal growth restriction 3.6 3.4–3.8 <0.001 0.81 0.71–0.93 0.003 3.30 2.95–3.69 <0.001 — — —

HELLP syndrome 11.0 10.2–11.8 <0.001 — — — — — — 3.31 2.96–3.70 <0.001

Bedouin origin 1.0 1.0–1.1 0.2 0.94 0.90–0.98 0.004 1.07 0.99–1.15 0.11 1.39 1.32–1.46 <0.001

Nonimmune hydrops fetalis — — — 17.9 11.2–28.7 <0.001 1.37 0.55–3.43 0.5 — — —

aOR, odds ratio; CI, confidence interval.

TABLE 6 Multivariate logistic regression—the association between fetal inborn errors of metabolism and pregnancy complications.

Characteristic Lysosomal storage
disease

Mitochondrial disease Glycogen storage disease Aminoacidopathy
disease

ORa 95% CIa p-value ORa 95% CIa p-value ORa 95% CIa p-value ORa 95% CIa p-value

Preterm delivery 3.41 1.61–7.22 0.001 1.7 0.8–3.6 0.2 — — — — — —

Fetal growth restriction 3.17 1.06–9.49 0.039 4.7 1.9–12.0 0.001 — — — — — —

HELLP syndrome — — — 5.6 1.8–17.0 0.003 — — — — — —

Polyhydramnios — — — — — — 2.67 0.83–8.56 0.10 4.4 1.4–13.2 0.01

Bedouin origin 39.7 5.38–292 <0.001 16.2 3.9–67.8 <0.001 2.32 0.88–6.09 0.087 — — —

Nonimmune hydrops fetalis 26.4 3.39–206 0.002 - — — 74.2 10.3–534 <0.001 — — —

aOR, odds ratio; CI, confidence interval.
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Strengths and limitations of the study

This study was conducted as a population-based study

because it represents the true incidence of these disorders

among the maternity population in Negev. Beyond that, the

external validity of the study would be extremely low if we

included only women of Bedouin origin. Due to the rarity of

diseases, the numbers in the individual IEM groups are very low.

Another limitation is that in this study, we have included a large

number of healthy women as the control group, in addition to the

cases of patients with IEM, although this population is relatively

undiversified.

Conclusion

The novelty of this study in relation to the existing literature is

that there is not much information on pregnancy complications

in healthy women carrying fetuses with IEM. Most articles

dealing with pregnancy complications refer to pregnancies of

women who have IEM themselves; therefore, the current study

highlights the importance of pregnancy follow-up in healthy

women and a high index of suspicion for complications of

fetal metabolic diseases in populations at risk. Defects of

distinct metabolic pathways may already be of significant

relevance in utero and for clinical manifestations in the early

fetal and neonatal periods. Impaired pathwaysmay influence fetal

intrauterine growth and the mother’s health. Production of a

toxic or energy-deficient intrauterine environment, modification

of the content and function of membranes, or disturbance of the

normal expression of intrauterine genes may be responsible for

fetal intrauterine injury and developmental disorders. This will

allow prenatal diagnosis and personalized targeted treatment

(Illsinger and Das, 2010). Early diagnosis of IEM, especially

during pregnancy, can significantly improve outcomes, so it is

essential to increase clinician awareness globally and ensure

access to necessary investigations to avoid missed diagnoses

(Levy, 2009).
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Background: Inborn errors of metabolism are rare genetic disorders; however,

these are prevalent in countries with high consanguinity rates, like Lebanon.

Patients are suspected, based on a combination of clinical and biochemical

features; however, the final confirmation relies on genetic testing. Using next

generation sequencing, as a new genetic investigational tool, carries several

challenges for the physician, the geneticist, and the families.

Methods: In this retrospective study, we analyzed the clinical, biochemical, and

genetic profile of inborn errors of metabolism suspected patients, seen at a

major tertiary care center in Lebanon, between 2015 and 2018. Genetic testing

was performed using next generation sequencing. Genotype-phenotype

correlation and diagnostic yield of each testing modality were studied.

Results: Out of 211 patients genetically tested, 126 were suspected to have an

inborn error of metabolism. The diagnostic yield of next generation sequencing

reached 64.3%. Single gene testing was requested in 53%, whole exome

sequencing in 36% and gene panels in 10%. Aminoacid disorders were

mostly diagnosed followed by storage disorders, organic acidemias and

mitochondrial diseases. Targeted testing was performed in 77% of aminoacid

and organic acid disorders and half of suspected storage disorders. Single gene

sequencing was positive in 75%, whereas whole exome sequencing diagnostic

yield for complex cases, like mitochondrial disorders, reached 49%. Good

clinical and biochemical correlation allowed the interpretation of variants of

unknown significance and negative mutations as well as therapeutic

management of most patients.

Conclusion: Tailoring the choice of test modality, by next generation

sequencing, to the category of suspected inborn errors of metabolism may

lead to rapid diagnosis, shortcutting the cost of repeated testing. Whole exome

sequencing as a first-tier investigation may be considered mainly for suspected

mitochondrial diseases, whereas targeted sequencing can be offered upon

suspicion of a specific enzyme deficiency. Timing and modality of gene test

remain challenging, in view of the cost incurred by families.
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Introduction

Inborn errors of metabolism (IEM) are rare disorders, but

collectively their incidence may reach worldwide 1 in 1900 births

(Tebani et al., 2016). The role of consanguinity in the prevalence

of these genetic disorders is well established. In most Arab

communities, consanguineous marriage is still a tradition, and

intrafamilial unions account for 20%–50% of all marriages

(Charng et al., 2016). In Lebanon, the overall rate of

consanguinity reaches up to 35.5% (Barbour and Salameh,

2009) with 67% of the reported genetic diseases following an

autosomal recessive inheritance pattern (Nakouzi et al., 2015). In

parallel, the incidence of IEM detected by neonatal screening in

Lebanon is estimated at 1 in 1,482 (Khneisser et al., 2015),

compared to 1 in 2,760 births in developed countries, like in

Spain (Martin-Rivada et al., 2022). Neonatal screening is not

systematic yet in Lebanon, therefore patients with IEM may

represent a diagnostic challenge for physicians. These inherited

disorders may occur at any age, from the neonatal period to

adulthood, with various non-specific clinical presentations.

Thorough clinical assessment, comprehensive family history

along with biochemical investigations are key for diagnostic

orientation; however, the final diagnostic confirmation relies

on genetic testing. Since 2006, the emerging Next Generation

Sequencing (NGS), including single gene, multi-gene panel, and

whole exome/genome sequencing (WES/WGS) became an

attractive diagnostic tool, compared to traditional sequencing

methods (Neveling et al., 2013; LaDuca et al., 2017). However, the

major challenges reside in the interpretation of NGS results.

Variants of uncertain significance (VUS), and novel mutations

may be difficult to ascertain as disease-causing; from a clinical

standpoint, the physician would be faced with the dilemma of

sharing an unsure diagnosis with the patients, adding to their

anxiety (Claustres et al., 2014), while being unable to offer a

specific management. Nevertheless, good clinical and

biochemical correlation may allow the clinician to consider

VUS as relevant and related to the observed phenotype.

Negative results are even more stressing for both the

physician and the patient, especially when all clinical and

biochemical clues along with a positive family history suggest

an IEM, and yet no mutation is found by NGS.

On another note, NGS use as routine investigational tool in

daily practice can represent a real challenge in countries where

genetic testing is not covered by any third-party payer.

Scarce studies on NGS utility in the diagnosis of genetic

disorders are available from Arab countries, featuring mostly

neurogenetic disorders and syndromes with few IEM cases

reported (Yavarna et al., 2015; Al-Shamsi et al., 2016; Alfares

et al., 2017; Megarbane., 2018). The adoption of NGS techniques

in Lebanon during the last decade enhanced the diagnosis of

various genetic disorders including IEM; however, the use of

these advanced genetic tests slowed down with the Lebanese

economic crisis as of 2019 (Bizzari et al., 2021). We report in this

retrospective review the challenges of genetic diagnosis of IEM at

a major tertiary care center in Lebanon.

Materials and methods

We performed a retrospective review of charts of patients

referred to the Inherited Metabolic Diseases Program at the

American University of Beirut Medical Center (AUBMC)

between 2015 and 2018, who underwent NGS diagnosis. Age

at diagnosis, family history, consanguinity, clinical data,

biochemical work-up, and genetic tests were recorded.

Suspected amino acid and organic acid disorders were

investigated by high performance liquid chromatography

(HPLC) for amino acids, gas chromatography mass

spectrometry (GC/MS) for organic acids and mass

spectrometry (MS/MS) for acylcarnitine and amino acids.

Enzyme assays on dried blood spots for lysosomal disorders,

galactosemia and biotinidase deficiency as well as urine

glycosaminoglycans for mucopolysaccharidosis were sent to

accredited reference laboratories outside AUBMC. Gene

studies were done, depending on availability, at the

Molecular unit at AUBMC or referred to outside genetic

centers, mainly to Germany (Centogene AG). Informed

consent was obtained for all patients. Requested genetic tests

according to each case ranged from single gene sequencing to

multigene panels, whole exome and/or whole genome

sequencing. Sanger confirmation was done for pathogenic/

likely pathogenic variant or variant of uncertain significance

(VUS). All reports were approved and released by certified

geneticists. Variants were reported by the testing laboratory and

classified based on each laboratory’s own database. All reported

variants were classified as pathogenic (class 1) or likely

pathogenic (class 2), of uncertain significance (class 3), likely

benign (class 4), benign (class 5) or disease-associated variant

(class 6) according to the classification criteria of the American

College of Medical Genetics and Genomics. Diagnostic yield of

each genetic test modality (single gene sequencing, panel or

WES) was calculated by dividing the number of cases identified

with class 1 or class 2 mutations over the total number of

patients who underwent the genetic test. Variant novelty was

assessed using public variant repositories, including Gene Card,

a validated database containing all mentioned variants in

ClinVar and Humsavar, and reported variants in the

literature. This study was approved by the Institutional
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Review Board at the American University of Beirut under

protocol number BIO 2018-0381.

Statistical analysis

Data was analyzed using IBM Corp. Released 2012. IBM

SPSS Statistics for Windows, Version 21.0. Armonk, NY:

IBM Corp.

Results

Demographic data

A total of 211 patients, seen at the Inherited Metabolic

Diseases Program between 2015 and 2018, underwent genetic

testing for diagnostic purposes. Among these, 81 cases had non-

specific symptoms (neurological, cardiac and/or failure to thrive)

with negative metabolic work-up and they were finally diagnosed

with various non-IEM genetic disorders.

Data of the remaining 126 patients, 66 males (52%) and

60 females (48%), suspected to have an IEM with suggestive

clinical presentation and/or positive biochemical profile, was

analyzed. Age at time of evaluation by genetic testing ranged

from the prenatal period to 42 years, with 66% below 5 years and

4% above 18 years. Consanguinity was positive in 67% of cases

and family history of affected siblings was recorded in 53%.

Genetic testing identified mutations in 103 patients, while the

remaining 23 had negative results.

Clinical presentation

The clinical characteristics of the 103 IEM patients were

categorized according to the system involved. Most of the

patients had neurological, and to a lesser extent, hepatic

presentation (Figure 1). Around 11% were genetically tested

although they were asymptomatic, as they had positive

neonatal screening confirmed by metabolic work-up (7%) or a

positive family history of affected siblings (4%).

Molecular characteristics of inborn errors
of metabolism categories

In this cohort of 103 patients with identified mutations, a

total of 80 cases (78%) had pathogenic variants (62%), or likely

pathogenic variants (16%) (Supplementary Table S1). VUS were

detected in 23 patients (22%) (Table 1) while novel mutations

were detected in 31 patients out of 103 (30%) (Table 2). Both

VUS and novel mutations were mostly found in mitochondrial

diseases, followed by aminoacid and organic acid disorders. Most

of the VUS (79%) and all novel mutations were highly correlated

with the clinical and biochemical profile of the probands and

were considered clinically valid. Almost half of the VUS variants

were missense mutations; the effect of the remaining variants was

unknown.

Amino acid disorders were the most common identified IEM

category (34%). Classical phenylketonuria was the most common

aminoacid disorder detected (12%), followed by urea cycle

defects (8%) with missense mutations found in half of the

phenylketonuria cases and all citrullinemia and ornithine

transcarbamylase deficiency patients. Storage disorders were

identified in 21%, mostly mucopolysaccharidosis and glycogen

storage diseases with underlying pathogenic mutations in most of

these cases. Mitochondrial disorders and organic acidemias were

genetically confirmed in 21% and 16%, respectively. Leigh

syndrome was the most common among mitochondrial

diseases with an underlying SURF1 gene pathogenic mutation

in 62%. Among organic acidemias, cobalamin metabolism

disorders were the most common (5%), caused by frameshift

FIGURE 1
Clinical characteristics of 103 IEM patients confirmed by genetic testing. (A): Systems involved in 103 IEM patients (B): Number of organs
involved.
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TABLE 1 Variants of unknown significance identified in 23 IEM patients with phenotype correlation.

Gene Variants Effect Type Inheritance
mode

Disease Ageb Clinical
phenotype

Biochemical
phenotype

PAH c.969 + 5G>A NA Intron AR PKU 8m Neuro HPA, normal biopterin

PAH c.898G>T; c.1066-
11G>A IVS10-
11G>A

p.Ala300Ser Missense;
intron

AR PKU mild 11y NBS-as HPA, normal biopterin

PTS c.373G>Aa p.Gly125Arga Unknown AR BH4 type A 5y Neuro HPA

BCKDHB c.995C>T p.Pro332Leu Missense AR MSUD 1y Neuro BCAA, allo ile increased

TAT c.1262C>Ga p.Thr421Arga Unknown AR TYR-II 1y NBS-as Tyr increased, SA negative

HCFC1 c.1355C>T p.Ala452Val Missense XLR Cbl X 20m Neuro Organic aciduria, hcy

GCDHc c.349G>A p.Gly117Arg Missense AR GA type I 8y Neuro Organic aciduria

GCDHc c.349G>A p.Gly117Arg Missense AR GA type I 12y4m Neuro Organic aciduria

TIMM50 c.1114G>Aa p. Gly372Sera Unknown AR 3-MGC type IX 3y Neuro Organic aciduria

COX5B
AARS2

1)COX5B
(c.374A>G)

1) p.Q125R 1) Unknown AR 1)Cyt c oxidase 2y10m Neuro Lactic acidosis
hyperlalaninemia

2)AARS2 2) 2) 2)Oxphos type 8

A](c.1398C>T); A] p.S466S A]
Synonymous

B] (c.1162C>T) B] p. P388S B] missense

EARS2 c.209G>T p.Ser70IIe Missense AR COXPD12 1y Neuro Lactic acidosis,
hyperlaninemia

SDHA c.1816T>C;
c.1799G>A

p.Tyr606His;
p.Arg600Gln

Missense AR/AD Leigh 2y Neuro Lactic acidosis,
hyperlaninemia

1)
NDUFA11

1)c.614C>G 1) p.Ala205Gly 1) Missense AR/AD Leigh 1y Neuro Lactic acidosis,
hyperlaninemia

2)DNM1L 2) c.1470A>G 2) p.Glu490Glu 2)
Synonymous

3)PDHB 3) c.621G>A 3) p.Gly207Gly 3)
Synonymous

NDUFS1 c.634A>Ca p.Thr212Proa Unknown AR Leigh 8m Neuro Lactic acidosis,
hyperlaninemia

MECR c.A517Ga p.R173Ga Unknown AR DYTOABG 6y Neuro
ophtalmo

Normal

HADHA c.955G>A p.Gly319Ser Missense AR TFP 2y Neuro Dicarboxylic aciduria,
CPK increase

1)GLB1 1) c.8G>T 1) p.Gly3Val Unknown AR GM1 Gangliosidosis 30d Neuro Mildly increased CPK

2) POLR3A 2) c.755T>C 2) p.Leu252Pro

PEX3b c.454A>C P.Thr152Pro Unknown AR Peroxisome
biogenesis 10A

1y7m Neuro Increased phytanic acid

SLC37A4 c.1348G>A NA Unknown AR GSD Ib 10m Liver Hypoglycemia,
neutropenia, transaminitis

PHKA2 c.3336 + 5G>A NA Unknown XLR GSD Type IXa1/IXa2 3y Neuro Hyperphenylalaninemia

SLC52A1 c.1292del p.Ser431Thrfsb

13
Unknown AD Riboflavin deficiency 5y Kidney Metabolic acidosis

GALT c.707G>T p.Ser236Ile Unknown AR Galactosemia 3y Neuro GALT deficiency

ALG12 c.535G>A p.Ala179Thr Missense AR CDG type 1 5m Neuro Transferrin
electrophoresis abn

aUnreported.
bAt genetic diagnosis.
cSiblings.

AR, autosomal recessive; XL, X-linked; AD, autosomal dominant; m, month; y, year; d, day; NBS, newborn screening; as, asymptomatic; Allo ile, alloisoleucine; HCY, homocystinuria; PKU,

phenylketonuria; HPA, hyperphenylalaninemia; BH4, tetrahydrobiopterin; MSUD, maple syrup urine disease; BCAA, branched-chain amino acids; allo-ile, allo-isoleucine; TYR,

tyrosinemia; Cbl, Cobalamin; hcy, homocystinuria; GA, glutaric acidemia; 3-MGC type IX, 3-Methylglutaconic aciduria type IX; cyt c oxidase, cytochrome c oxidase; Oxphos, oxidative

phosphorylation; COXPD12, oxidative phosphorylation deficiency type 12; DYTOABG, dystonia with optic atrophy and basal ganglia abnormalities; TFP, trifunctional protein deficiency;

CPK, creatine phosphokinase; GSD, glycogen storage disease; GALT, galactose-1-phosphate uridyl transferase; CDG, congenital disorders of glycosylation.
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mutations in MMACHC gene, in the majority of cases. Other

disorders like vitamin and mineral disorders along with

galactosemia and glucose transporter deficiency reached 10%

(Figure 2). All biotinidase deficiency patients exhibited likely

pathogenic mutations in the BTD gene, while missense mutations

were found in galactosemia patients (Supplementary Table S1).

Genetic diagnostic confirmation of IEM categories allowed

the implementation of a specific medical and/or dietary

TABLE 2 Novel mutations detected in 31 patients clinically and biochemically suspected of IEM.

Disorders Gene
(OMIM #)

Molecular
genetics

Protein
effect

Inheritance
mode

Classa Disease Ageb Clinical
phenotype

Amino acids PTS (612719) c.373G>A p.Gly125Arg AR Class 3 BH4 type A 5y Neuro

QDPR (612676) c.197A>G p.Gln66Arg AR Class 1 BH4 type C 22m Neuro

1.FAH (613871 c.1054A>G NA AR Class 1 TYR-I 2y Liver kidney

2.TAT 613018) c.1262C>G p.Thr421Arg AR Class 3 TYR-II 1y NBS-as

3.OCA2 (611409) c.2036G>A p.Trp679b AR Class 2 Albinism -II 5m Skin

4.DBT (248610) c.224G>A (exon 9) p.Gly75G AR Class 1 MSUD 4y Neuro

Organic acids ASPA (608034) c.497C>T p.Thr166IIe AR Class 6 Canavan 2y Neuro

5.HMGCL
(613898)

c.918dup p.Cys307Leufsb9 AR Class 2 HMG CoA lyase 1m Neuro

6. TIMM50
(607381)

c.1114G>A p. Gly372Ser AR Class 3 3-MGC type IX 3y Neuro

Mitochondrial ISCA2(615317) c.37_39del;
c.190_192del

p.Thr13del;
p.Thr64del

AR Class 2 MMDS4 10m Neuro

QRSL1 (617209) c.173G>T p.Arg58IIe AR Class 2 COXPD40 1m Cardiac

FBXL4 (605654) c.605C>G p.Thr202 Arg AR Class 2 MTDPS 13y Neuro

COX5B (123866) c.374A>G p.Q125R AR Class 3 1)Cyt c oxidase 2)
Oxphos type 8

2y10m Neuro

SURF1 (185620) c.870delT p.F290fs AR Class 1 Leigh 1y9m Neuro

c.370G>A p.Gly124Arg AR Class 1 Leigh 1y Neuro

NDUFS1 (157655) c.634A>C p.Thr212Pro AR Class 3 Leigh 8m Neuro

MPV17(137960) c.284dup p.Phe96Leufsb17 AR Class 2 MTDPS 1y Liver

Storage SMPD1 (607608) c.923del p.Phe308Serfsb77 AR Class 1 Niemann-pick type A/B 6m Neuro

7.GLB1 (611458) c.320G>A p.Arg107His AR Class 1 GM1gangliosidosis 1y Neuro

8.POLR3A
(614258)

c.755T>C p.Leu252Pro AR Class 3 GM1gangliosidosis 3d Neuro

9.ARSB (611542) c.691-13A>G NA AR Class 6 MPS type VI 14y Skeletal, cardiac

10.PEX3(603164) c.454A>C P.Thr152Pro AR Class 3 Peroxisome
biogenesis 10A

1y7m Neuro

11.AGL (610860) c.1183C>T p.Gln395b AR Class 1 GSD Type III 3y Liver

Vitamins BTD (609019) c.1420G>T p.Gly474b AR Class 2 BTD 21m Neuro

c.203_206dupTCCT
exon 2

p.Ser70Profsb2 AR Class 2 BTD 8y Neuro, skin,
hearing

Carbohydrates GALT (606999) c.707G>T p.Ser236Ile AR Class 3 Galactosemia 3y Neuro

aAs classified by molecular genetic laboratory.
bAt genetic diagnosis.

CLass 1, pathogenic; Class 2, likely pathogenic; Class 3, VUS, variant of uncertain significance; Class 6, disease-associated variant; AR, autosomal recessive; m, month; y, year; d, day; NBS,

newborn screening; as, asymptomatic; BH4, tetrahydrobiopterin; TYR, tyrosinemia; MSUD, maple syrup urine disease; HMG CoA lyase, 3-Hydroxy-3-methylglutaryl-CoA lyase; 3-MGC,

3-Methylglutaconic aciduria; MMDS4, multiple mitochondrial dysfunctions syndrome-4; COXPD40, Combined oxidative phosphorylation deficiency-40; MTDPS, Mitochondrial DNA

depletion syndrome; cyt c oxidase, cytochrome c oxidase; Oxphos, oxidative phosphorylation; MPS, mucopolysaccharidosis; GSD, glycogen storage disease; BTD, biotinidase deficiency.
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management for treatable IEM, like aminoacid and organic acid

disorders, mucopolysaccharidosis, glycogen storage diseases,

biotinidase deficiency, Wilson disease and galactosemia. All

families benefited from timely genetic counseling, even if only

symptomatic treatment could be offered in some IEM case, as in

mitochondrial diseases, for example. Furthermore, genetic

testing of index patients allowed the detection of 16 cases in

13 families, while they were still asymptomatic or had early non-

specific symptoms, leading to early medical care. Unfortunately,

23 patients out of 126 (18%) had negative genetic results (WES or

single gene sequencing) despite suggestive clinical profile and

biochemical investigations (Table 3). All these patients did not

undergo further testing for financial reasons.

Genetic testing and diagnostic yield

Genetic testing identified mutations in 82% (103/126) of the

patients and revealed disease-causing class 1 or class 2 variants in

80 probands, rendering a diagnostic yield of 63% (80/126). In the

cohort of 126 probands, single gene testing was mostly requested

(53%), followed by WES (36%) and gene panels (10%).

Diagnosis of IEM categories followed a similar trend over the

years of the study period; Targeted gene testing, including single

gene sequencing or gene panels, was predominantly ordered in

77% of patients in case of amino acid and organic acid disorders,

and in 55% of suspected storage disorders, whenever biochemical

diagnosis was strongly depicting a particular enzymatic

deficiency. Untargeted WES ± mt DNA sequencing were

mostly requested if a targeted gene test was negative or for

complex cases, like in 55% of those suspected of

mitochondrial disorders. WGS was done only once because of

its prohibitive cost. Diagnostic yield was the highest for single

gene sequencing reaching 75%, whereas WES ± mtDNAwas able

to confirm the diagnosis in almost half of the probands (Table 4).

Discussion

NGS advances during the last decade helped identify a lot of

IEM disorders known to be mostly prevalent in countries with

high consanguinity rates, like Lebanon. In this study,

consanguinity reached 67% with a history of affected family

members identified in half of the cases. Only 7% were diagnosed

by newborn screening while the majority presented when

symptomatic, at various ages up to adulthood. Presenting

clinical signs were non- specific, affecting mostly the

neurological system, followed by other organ involvement like

liver, bones, heart etc. as reported in studies of clinical IEM

presentation (Agana et al., 2018). Aminoacidopathies and

FIGURE 2
Distribution of inborn errors of metabolism categories detected by genetic testing.
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organic acidemias are the most frequent disorders diagnosed

(Karam et al., 2013) in Lebanon, followed by lysosomal and

mitochondrial diseases.

Molecular findings by NGS confirmed IEM diagnosis in 63.4%

of cases, featuring 64 pathogenic or likely pathogenic variants in

80 patients, of which 67 (84%) had amenable to treatment disorders.

VUS interpretation remains the main challenge for both the

geneticist and the clinician. VUS, found in 22% of cases, could

not be solely considered for IEM diagnosis, however, patients

carrying these VUS exhibited a good genotype-phenotype

correlation allowing us to confirm the diagnosis and offer a

tailored management. For instance, two siblings with clinical and

biochemical features of glutaric aciduria type I were homozygous for

a familial missense VUS mutation, c.349G>A (p.Gly117Arg) in the

GCDH gene, that was considered possibly linked to the disease as

both parents were found heterozygote carriers for this mutation.

For patients who had negative targeted sequencing despite

highly suggestive clinical and biochemical features, WES was

TABLE 3 Suspected IEM patients with negative genetic testing: Clinical and biochemical correlation.

Patient Age Sex System Biochemical tests Suspected disease Genetic test/gene

M1 4y F Skeletal Blood enzyme assay Urine GAG MPS type IVa SG

M2 7y F Skeletal Blood enzyme assay Urine GAG MPS type IVa SG

M3 8y F Skeletal, cardiac, liver DBS, urine MPS type VI SG

M4 2y M Liver Hypoglycemia, transaminitis GSD type III SG

M5 2m M Liver, muscle, neurological Lactic acidosis, RC assay muscle Mito complex I deficiency SG

M6 1y M Liver Neonatal screening, hypoglycemia SCAD deficiency SG

M7 5m F Neurological Lactic acidosis, RC assay muscle Mito complex IV SG

M8 9y F Liver AC profile, enzyme assay skin CPT 1A SG

M9 15y F Liver, muscle AC profile, hypoketotic hypoglycemia, rhabdomyolysis VLCAD SG

M10 7y M Neurological Enzyme assay on DBS

M11 4y M Liver, spleen, neurological Enzyme assay on DBS Nieman- Pick A, B P

M12 2y M Neurological plasma, urine creatine Creatine deficiency WES trio

M13 7m M Liver, skeletal Cholestasis unsure WES solo

M14 4y M Liver Hepatic failure, LA, hyperalaninemia Mito disease WES solo

M15 18m M Neurological LA, hyperalaninemia Mito disease WES trio

M16 22d F Neurological LA, hyperalaninemia Mito disease WES trio

M17 2y F Neurological Creatine, guanidinoacetic acid GAMT deficiency WES trio

M18 10d F Neurological RC assay muscle Mito disease WES, mtDNA

M19 7y F Neurological RC assay muscle Mito disease WES, mtDNA

M20 11m M Neurological LA, hyperalaninemia Mito disease WES, mtDNA

M21 10y M Neurological LA, hyperalaninemia Mito disease WES, mtDNA

M22 20y F Neurological, cardiac LA, hyperalaninemia Mito disease WES, mtDNA

M23 2m F Liver Hypoketotic hypoglycemia, anemia Mito disease WES, mtDNA

y, year; m, months; d, days; GAG, glycosaminoglycans; DBS, dried blood spots; RC, respiratory chain; AC, acylcarnitine profile; LA, lactic acidosis; MPS, mucopolysaccharidosis; GSD,

glycogen storage disease; SCAD, short- chain acyl-CoA dehydrogenase deficiency; Mito, mitochondrial; CPT1A, carnitine palmitoyltransferase 1A deficiency; VLCAD, very long-chain

acyl-CoA dehydrogenase deficiency; GAMT deficiency, guanidinoacetate methyltransferase deficiency; SG, single gene sequencing; P, gene panel sequencing; WES, whole exome

sequencing; mtDNA, mitochondrial DNA sequencing.

TABLE 4 Diagnostic yield of each gene test type in a cohort of 126 patients.

Genetic test
(total number)

N (126) Positive (80) VUS (23) Negative (23) Diagnostic yield
80/126 (63.4%)

Single gene 67 (53%) 50 7 10 75%

Panel 13 (10%) 8 4 1 61%

WES ± mtDNA 45 (36%) 22 11 12 49%

WGS 1 (1%) — 1 — —

N, number of patients; VUS, variants of unknown significance; WES, whole exome sequencing; mtDNA, mitochondrial DNA; WGS, whole genome sequencing. Positive results: class 1 or

class 2 mutations.
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requested but not performed for financial reasons. In the

remaining, even when WES was performed, the diagnosis

remained unclear in half of the patients. This highlights the

need of re-interpretation of WES or even WGS later in time,

integrating clinical data combined to genetic databases, as this

might change the status of a VUS, likely pathogenic, likely

benign, or benign variants (Gibson et al., 2018; Ji et al., 2021).

These findings highlight the importance of genetic testing for

IEM and counselling in high- risk populations, however reports

focusing on genetic diagnosis of IEM are still scarce. A study from

Qatar reported WES utility in Mendelian disorder with few IEM

cases included (Yavarna et al., 2015), while in another from Saudi

Arabia (Alfares et al., 2017),WES diagnostic yield reached 49% in

a large cohort of 454 patients including 59 IEM patients.

Recently, a multicenter study of 213 cases from Lebanon

about NGS utility in pediatric practice (Megarbane., 2018),

reported mostly on neurogenetic disorders with few IEM

cases. In parallel, a European study (Tarailo-Graovac et al.,

2016) reported a WES diagnostic yield of 68% in 41 patients

with unexplained metabolic phenotype.

The diagnostic yield of genetic testing for IEM reached 63%

in our sample size of 126 probands, this may be explained by the

high frequency of homozygous mutations precluding for

autosomal recessive disorders in Lebanon (Nakouzi et al.,

2015). Targeted gene testing was more rewarding in attaining

a rapid diagnosis, with a diagnostic yield of 61%–75%, especially

for treatable IEM like amino acid and organic acid disorders and

some storage disorders. In parallel, a study by Yubero et al. (2016)

reported a diagnostic yield of a targeted genetic panel of 78% in a

group of patients who had clinical and biochemical features

suggestive of IEM.

Despite the popularity and easy availability of untargeted

testing including WES and even WGS, cost remains one of the

limiting factors in applying these techniques. Some centers in

China are currently even proposing IEM diagnosis by WES

neonatal screening combined to Tandem Mass Spectrometry

(Yang et al., 2019) which could be an attractive option; however,

in countries like Lebanon where expanded newborn screening is

not even covered yet by any third party, this remains difficult to

apply. Therefore, arises the need for a judicious choice of genetic

investigations for IEM diagnosis, since all genetic testing are not

covered by any insurance. A high index of clinical suspicion can

orient the biochemical investigations in such disorders.

Biochemical genetics investigations may be used to depict the

biochemical profile of aminoacidopathies and organic acidemias

(Karam et al., 2013), whereas enzymatic assays on dried blood

spots point, in most of the cases, to the culprit enzyme in

suspected lysosomal disorders, biotinidase deficiency or

galactosemia, for example. In this study, single gene testing or

a multi-gene panel were able to confirm the diagnosis in 77% of

amino acid and organic acid disorders, and in 55% of lysosomal

storage disorders. Similarly, a recent study by Barbosa-Gouveia

et al., 2021, prospectively analyzed the diagnostic yield of four

designed different multi-gene panels based on the presenting

symptoms of 311 patients. A high diagnostic yield was

demonstrated in case of intermediary metabolism defects

(61.86%), while it reached 17% for mitochondrial diseases.

Choosing targeted genetic testing can alleviate the cost of

resorting to WES or WGS, especially in countries with limited

resources. Patients with complex phenotypes and multi-organ

involvement, like in mitochondrial diseases, could be candidates

for WES as a first-tier genetic testing, if financially possible. In

this study, WES diagnostic yield was 49%. Almost half of the

patients suspected of mitochondrial diseases were investigated by

WES as a first-tier testing, thus avoiding invasive muscle or skin

biopsy, however, a negative result in such cases would warrant

further expenses, whether for genetic testing on an affected tissue

or for proceeding to WGS ± mtDNA to confirm the diagnosis.

Our findings parallel those of a study by Kose et al. (2021),

advocating for the use of WES as the method of choice for

mitochondrial diseases diagnosis.

Single gene and well updated, specially designed panel

sequencing can offer rapid and affordable diagnostic solutions

whenever amino acid, organic acid, or storage disorders are

suspected. WES can identify complex IEM cases like

mitochondrial disorders, peroxisomal or even other complex

defects. The results presented here encourage the

incorporation of NGS as a primary investigational tool for the

diagnosis of all IEM categories in clinical practice, although

Sanger can still be adopted for single gene sequencing.

Clinically skilled physicians and focused biochemical testing

play a major role in orienting NGS diagnostic conclusions.

Finally, offering WES as a first-tier test may deter both the

physician and the patient as it may seem too expensive, however,

the expenses incurred by patients for a metabolic work-up added

to that of basic blood and urine studies or even tissue biopsies,

may be equivalent to, if not more than that of WES or WGS cost.

Further studies exploring the cost-effectiveness of adopting NGS

as first-tier testing in IEM diagnosis are needed.
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Background: Hyperornithinemia-Hyperammonemia-Homocitrullinuria (HHH)

syndrome, is a rare autosomal recessive disorder characterized by impaired

ornithine transport across the inner mitochondrial membrane. HHH is caused

by biallelic disease-causing variants in the SLC25A15 gene. The clinical

presentation of HHH is highly variable ranging from severe neonatal

encephalopathy and hepatic failure to a milder form with corresponding

learning difficulties.

Methods: In this study, data from thirteen patients with HHH syndrome,

diagnosed between the age of 1 week–29 years at two tertiary care centers

in Palestine, is presented. The clinical, biochemical, and molecular data are

reviewed.

Results: Analysis of the SLC25A15 gene sequence revealed a novel

homozygous frameshift deletion in exon 5, NM_014252.4:c.552-

555delTTTC; p (Phe185SerfsTer8) in nine patients. The remaining four

patients had a recurrent homozygous frameshift variant; NM_014252.4:

c.446delG, (p.Ser149ThrfsTer45). The major acute clinical presentation found

was encephalopathy and liver dysfunction. Nervous system involvement was

common, progressive, and presented with signs of uppermotor neuron disease

as well as variable degrees of cognitive impairment. One patient had an initial

presentation in adulthood with acute encephalopathy that responded well to

treatment. There was no clear genotype-phenotype correlation.

Conclusion: Our results confirm the marked clinical heterogeneity of HHH

including severe neonatal presentation, hepatic failure, and progressive
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pyramidal tract dysfunction in all age groups. The disease progression was

variable, even in patients with the same genetic variant, and in patients with

severe neonatal-onset hepatic encephalopathy. We report a novel pathogenic

variant in the SLC25A15 gene, further expanding the molecular spectrum of the

disease.

KEYWORDS

hyperornithinemia, hyperammonemia, homocitrullinuria, SLC25A15 gene, spasticity,
hepatic failure, autosomal recessive, frameshift variant

Introduction

Hyperornithinemia-Hyperammonemia-Homocitrullinuria

(HHH) syndrome (Phenotype MIM number 238970) is a rare

genetic disease of the urea cycle caused by disease-causing

variants in the Solute Carrier Family 25, Member 15 gene;

SLC25A15 (alias Ornithine Transporter, Mitochondrial, one;

ORNT1, gene MIM number 603861) (Camacho et al., 1999;

Tsujino et al., 2000; Salvi et al., 2001; Martinelli et al., 2015).

Disease-causing variants in this gene result in impaired ornithine

transport across the mitochondrial membrane; this interrupts the

urea cycle and causes hyperammonemia. Impaired transport of

ornithine causes its accumulation in the cytosol leading to

hyperornithinemia (Oyanagi et al., 1983; Camacho et al.,

1999). Inside the mitochondria, ornithine deficiency leads to

the accumulation of carbamoylphosphate (Hommes et al., 1986;

Inoue et al., 1988). The increased mitochondrial level of

carbamoylphosphate results in either an excess production of

orotic acid through the cytosolic pyrimidine biosynthetic

pathway or the formation of homocitrulline from lysine by

ornithine transcarbamylase (Panza et al., 2019). The

combination of Hyperornithinemia, Hyperammonemia, and

Homocitrullinuria is pathognomonic for HHH syndrome and

is usually accompanied by the detection of increased levels of

orotic acid in plasma or urine. However, initially, some patients

may present with incomplete biochemical profiles such as normal

plasma ornithine levels or minimal excretion of homocitrulline in

urine (Shimizu et al., 1990; Martinelli et al., 2015).

HHH is characterized by marked phenotypic variability

including age at onset, clinical presentation, and severity of

symptoms. The most severe forms are those with neonatal onset

of hypotonia, lethargy, and seizure progressing to coma and

even death (Martinelli et al., 2015; Panza et al., 2019; Ramsey

et al., 2022). HHH can present acutely in infancy, childhood,

and adulthood with hyperammonemia, and liver dysfunction,

or with a slowly progressive course including an aversion to

protein-rich foods, mental regression, and signs of motor

dysfunction (Hommes et al., 1986; Smith et al., 1992; Debray

et al., 2008; Martinelli et al., 2015; Wild et al., 2019; Silfverberg

et al., 2018; Panza et al., 2019; Ebrahimi-Fakhari et al., 2021).

Even in patients homozygous for the same pathogenic variant,

the clinical presentations and the outcome are variable (Debray

et al., 2008).

Regardless of the age of onset and the type of the

presentation, most patients develop signs of pyramidal tract

dysfunction which vary from lower limb hyperreflexia,

positive Babinski sign, and spastic gait to a full presentation

of spastic paraparesis (Tsujino et al., 2000; Salvi et al., 2001;

Debray et al., 2008; Martinelli et al., 2015). Moreover, there is no

clear association between the neurological outcome and the age

at diagnosis, delayed initiation of treatment, or relapses of

hyperammonemia (Salvi et al., 2001; Debray et al., 2008).

There is also often cerebellar dysfunction with ataxia,

dysarthria, nystagmus, poor fine motor coordination, and

tremor (Kim et al., 2012; Olivieri et al., 2019).

Herein, we describe the genotype, the phenotype, and the

clinical course of thirteen Palestinian patients with HHH,

followed at two tertiary care centers in Palestine over the past

10 years. The diagnosis was initially suggested biochemically by

the combination of hyperammonemia and hyperornithinemia in

most patients, or by the combination of hyperornithinemia and

orotic aciduria in rare cases when ammonia level was within

normal ranges. Homocitrullinuria was detected in six patients.

Molecular genetic analysis of the SLC25A15 gene confirmed the

diagnosis in all patients.

Subjects and methods

Informed consent for detailed clinical phenotyping, genetic

studies, and publication of the results was obtained from the

enrolled individuals and/or legal guardians (IRB approval was

given by the Palestinian Health Research Council PHRC/HC/

518/19) in compliance with the Declaration of Helsinki and local

ethical committee guidance.

This is a retrospective analysis of thirteen Palestinian patients

diagnosed with HHH syndrome based on clinical manifestation,

hyperammonemia, quantitative plasma and urine amino acid

analysis, qualitative urine organic acid analysis, and molecular

genetic analysis. A detailed history was obtained from all patients

or their families. Clinical examination was performed in each

case at the time of the diagnosis and for twelve patients during

follow-up at the metabolic clinic. One patient died at the age of

1 month due to severe encephalopathy and hepatic failure.

Biochemical evaluations including full blood count,

coagulation profile, liver transaminases, and abdominal
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ultrasound were performed on all patients at the time of the

diagnosis and during follow-up every 4–6 months.

Blood samples for genetic testing were collected from all

patients and their parents for DNA extraction using standard

procedures. Direct sequencing of the SLC25A15 exons and

flanking intronic regions was performed using BigDye

Terminator cycle sequencing, as previously described (Tsujino

et al., 2000; Salvi et al., 2001).

Results

Genetic findings

In all recruited individuals, a molecular diagnosis of HHH

syndrome was established along with the suggestive metabolic

and biochemical findings. Dideoxy sequencing of the entire

coding region and the flanking intronic boundaries identified

two biallelic loss-of-function variants in the SLC25A15 gene. All

parents were heterozygous carriers for the detected variant in

their children.

In nine patients (patients 1–9, Table 1), a novel homozygous

frameshift variant in the SLC25A15 gene, Chr13:

g.41381529_41381532del, NM_014252.4:c.552-555delTTTC,

p. (Phe185SerfsTer8) [GRCh37]; (Figures 1A–C); was

identified. The variant is predicted to be deleterious in

Mutation Taster (Schwarz et al., 2010), and ENTPRISE-X

with a pathogenicity prediction score of 0.92 (Cutoff 0.5)

(Zhou et al., 2018). The variant is rare and is absent in

gnomAD (v2.1.1 and v3.1.1 datasets, July 2022). The variant

is located in exon 5 (Figure 1B), and resulted in a phenylalanine

to serine substitution at amino acid 185 (Figure 1E), and a

FIGURE 1
Schematic illustration for gene and protein domain structure of SLC25A15 highlighting variants identified in the Palestinian patient cohort
affected by Hyperornithinemia-Hyperammonemia-Homocitrullinuria (HHH) Syndrome, (A) A simplified illustration of SLC25A15 gene location on
chromosome 13, specifically in the 13q14.11 region (B)Gene diagram showing the exon-intron organization of the SLC25A15 gene (NNM_014252.4),
comprised of 9 exons and is 2.93 kb in length. The c.446delG, (p.Ser149ThrfsTer45) and the c.552-555delTTTC, p (Phe185SerfsTer8) variants
are located in exon 4 and exon 5, respectively (red arrows) (C) SLC25A15 gene encodes a 301 amino acid protein predicted to contain three
mitochondrial carrier domains, essential for the efficient transport of ornithine across the inner mitochondrial membrane during urea cycle (D)
Zoomed view of the molecular region encompassing the p. Phe185SerfsTer8 and the p. Ser149ThrfsTer45 variants. The sites of the two variants are
highly conserved among humans and other vertebrates as depicted using the PhyloP algorithm in the UCSC conservation track across 100 vertebrate
species (shadowed bars indicate the amino acids where reading frame changes have occurred) (E)Multi-species alignment showing conservation of
part of the molecular region encompassing the p (Phe185SerfsTer8) and p (Ser149ThrfsTer45) variants.
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TABLE 1 Clinical phenotype, biochemical findings, and genotype of patients with HHH syndrome.

Patient
number

Gender Age at
symptom
onset

Age at
diagnosis

Age at
the recent
evaluation

Consanguinity Clinical
manifestations,
age of
onset
and clinical
outcome

Serum
ammonia

Plasma
ornithine

Urine
orotic
acid
(qualitative)

PT and
INRd

ASTd

IU/L
(N <
60)

ALTd

IU/L
(N <
60)

The variant

µmol/L
(normal <80)

µmol/L
normal
(10–163)

1a Fd 2 days 10 days 2 years First cousins Lethargy progressed to
coma and seizure during
the neonatal period.
Speech delay since the age
of 2 years

1,000 263 Moderate
excretion

15 45 30 c.552-555delTTTC;
p. (Phe185SerfsTer8)1.10

2a Md 3 days 1 month 5 years First cousins Lethargy progressed to
coma, liver dysfunction
and coagulopathy during
the neonatal period.
Currently, a normal
neurological examination

700 101 Repeat at
the age
6 months

Not detected 30 400 350

239 2.79

3a M 4 days 17 days Deceased First cousins Lethargy progressed to
coma, coagulopathy, and
liver dysfunction during
the neonatal period

625 N/Ad N/Ad 24 140 150

Died at age 1 month 2.10

4b M 2 days 1 month 18 months Not cousins but
from the same
village

Lethargy progressed to
coma and seizure during
the neonatal period.
Growth failure,
developmental delay,
central hypotonia, lower
limbs spasticity, and
microcephaly since the
age of 4 months

230 255 Moderate
excretion

14.3 60 42

1.10

5b M 18 months 18 months 21 months Not cousins but
from the same
village

Lethargy progressed to
coma and seizure,
coagulopathy, and liver
dysfunction at age
18 months. Aversion to
protein and speech delay
at age since the age of
1 year

175 270 Massive
excretion

28.4 520 552

2.04

6c M 4 years 4 years 12 years First cousins once
removed

Hepatomegaly, liver
dysfunction, and
coagulopathy were
discovered accidentally at
age 4 years. Frequent falls
at 10 years. No signs of
pyramidal tract
dysfunction

194 250 Moderate
excretion

27 108 152

3.94

(Continued on following page)
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TABLE 1 (Continued) Clinical phenotype, biochemical findings, and genotype of patients with HHH syndrome.

Patient
number

Gender Age at
symptom
onset

Age at
diagnosis

Age at
the recent
evaluation

Consanguinity Clinical
manifestations,
age of
onset
and clinical
outcome

Serum
ammonia

Plasma
ornithine

Urine
orotic
acid
(qualitative)

PT and
INRd

ASTd

IU/L
(N <
60)

ALTd

IU/L
(N <
60)

The variant

µmol/L
(normal <80)

µmol/L
normal
(10–163)

7c M 3 years 19 years 30 years First cousins Muscle weakness and
seizure at age 3 years.
Ataxia, spastic
paraparesis, hyperreflexia
at age 19 years

373 326 Not detected 14.3 37 40
1.40

8c M 15 years 15 years 25 years First cousins Abnormal behaviour,
lethargy, ataxia at age
15 years. Spastic
paraparesis and frequent
falls since the age of
17 years

194 272 Not detected 14.7 38 57

1.28

9 M 7 years 18 years 20 years First cousins Developmental delay,
learning disability and
spastic gait at age 7 years.
Spastic paraparesis,
frequent falls, and
aversion to protein since
the age of 11 years

74 266 Moderate
excretion

14.4 34 48

10 M 13 days 27 days 10 years First cousins Lethargy, seizure, and
coma at age 13 days

100 230 Moderate
excretion

10.2 32 17 c.446delG,
p. (Ser149ThrfsTer45)

Developmental delay,
spastic paraparesis,
hypotonia at 5 years

0.91

11 M 29 years 29 years 29 years Second cousins Poor school performance
and left the school at age
14 years. Lethargy and
coma at age 29 years.
Normal cognition and
gait

95 361 Moderate
excretion

16 21 32

1.2

12 M 2 years 2 ½ years 4 ½ years First cousins Seizure and speech delay
at age 2 years. Currently
has normal speech and
cognition

203 307 Moderate
excretion

17 161 460

1.4

13 M 19 months 20 months 2 years First cousins Hepatomegaly and
coagulopathy at
19 months. Well at
2 years

130 171 Moderate
excretion

57 2,433 2,112
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frameshift and alteration of the following eight amino acids,

followed by premature termination of translation (Figure 1E).

The substituted phenylalanine corresponds to the first of four

highly conserved consecutive TTC phenylalanine codons

(nucleotides 553–564 in the cDNA) located at the end of the

predicted fourth transmembrane helical domain of the

SLC25A15 protein (Figures 1D,E). The frameshift-deletion

variant is predicted to result in nonsense-mediated mRNA

decay of the mutant transcript. This frameshift deletion is an

equivalent deletion to a previously reported pathogenic variant in

ClinVar (NM_014252.4:c.554_557del, ClinVar accession

number VCV001325080), and is located within the same

region of the four consecutive phenylalanine codons, where

another founder pathogenic variant among French-Canadian

HHH patients is reported (Camacho et al., 1999).

Four patients, (patients 10–13, Table 1), born to first-cousin

parents who belong to three different extended families, had a

recurrent homozygous frameshift variant in the SLC25A15 gene;

Chr13: 41379385del, NM_014252.4:c.446delG,

(p.Ser149ThrfsTer45)[GRCh37]. This variant is rare; it was

not detected in the healthy population dataset (gnomAD

v2.1.1 and v3.1.1 July 2022). The affected region is highly

conserved in mammals (Figures 1D,E). The c.446del resulted

in frameshift and alteration of the following 45 amino acids,

followed by premature termination of translation, and is

predicted to result in nonsense-mediated mRNA decay of the

mutant transcripts.

Demographic distribution

Eight out of the nine patients who were homozygous for the

novel frameshift variant p. (Phe185SerfsTer8) in the SLC25A15

gene, originated from a single village in the southern part of

Palestine. Patients one to three were born to first-cousin parents

who belong to the same extended family. Patients six to eight are

also born to consanguineous first-cousin parents who belong to

another extended family residing in the same village. Patients

four and five are born to non-consanguineous parents living in

the same village. Patient nine was born to first-cousin parents

from another nearby village in the south.

All of the patients with the p. (Ser149ThrfsTer45) variant are

born to first-cousin parents. The parents in the three nuclear

families were not related and originated from three different

communities. The communities are in distant geographical

locations, and we were not able to establish shared historical

migration origins between them.

Clinical phenotype

In the first group of patients, homozygous for the

p. (Phe185SerfsTer8), patients one to four presented in the

neonatal period with lethargy progressing to coma, seizures,

and hyperammonemia. Liver dysfunction and coagulopathy

were reported in patients 2 and 3. Although severe

hyperammonemia was reported in patients 1–3, (1,000 μmol/

L, 700 μmol/L, and 625 µmol/L respectively), Patient 4 (serum

ammonia 230 μmol/L) had the most severe phenotype with

severe microcephaly, growth failure, central hypotonia, and

lower limbs spasticity since the age of 4 months. The

diagnosis of HHH was challenging for patient two; The family

had two previous siblings deceased in the early neonatal period

with encephalopathy and no obvious diagnosis. Patient two was

followed tightly after birth, and he rapidly progressed to coma on

day 3 of life with severe hyperammonemia, while his plasma

ornithine level was initially normal (see Table 1). Empirical

parenteral therapy with sodium benzoate and arginine was

initiated, which resulted in an improvement in his status.

Repeated ornithine measurement at 6 months of age was high

and strongly suggested the diagnosis of HHH. Patient five

presented acutely in early childhood with lethargy progressing

to coma, seizure, liver failure, and hyperammonemia (serum

ammonia 175 μmol/L). He also had an aversion to a protein diet

and a speech delay that was noticed by his parents at the age of

1 year. Patient six was identified accidentally at the age of

4 years to have hepatomegaly, liver dysfunction, and

coagulopathy. His most recent evaluation at the age of

11 years did not reveal signs of pyramidal tract

dysfunction, although he complained of frequent falls.

Serum ammonia was 194 μmol/L. The clinical phenotype of

patients 7 and 8, who are brothers, and patient nine are

characterized by slowly progressive motor dysfunction

starting in late childhood and progressing to ataxia, spastic

paraparesis, and mental regression. Patient nine also has an

aversion to protein. The three patients had progressive

pyramidal tract dysfunction. Overall, pyramidal tract

dysfunction was reported in four patients in this group

(patients 4, 7, 8, and 9).

The second group of patients, who are homozygous for

the p. (Ser149ThrfsTer45) frameshift variant, had variable

clinical features and symptom severity. Patient 10 had a

neonatal onset of lethargy progressing to coma and

seizure, and hypotonia. Serum ammonia was mildly

elevated at the initial presentation (100 μmol/L).

Developmental delay and spastic paraparesis were

reported at the age of 5 years. Patient 11 presented for the

first time at the age of 29 years when he developed an acute

episode of lethargy progressing to coma. Serum ammonia at

presentation was only mildly elevated (95 μmol/L). Upon

recovery from the acute episode, the evaluation revealed

acceptable cognitive functioning apart from historic mild

learning deficits, normal neurological examination without

signs of pyramidal tract dysfunction, and normal liver

function tests. Patient 12 presented solely with seizures

and a speech delay at the age of 2 years. Serum ammonia
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was 203 μmol/L. Currently, he is 4.5 years old and has fluent

speech and normal cognition. Seizures stopped in the last 2 years.

Patient 13 presented with hepatomegaly, liver dysfunction, and

coagulopathy at the age of 19 months. Evaluation at the age of

2 years revealed normal cognition and neurological examination.

Plasma ornithine was elevated in all tested patients (except for

patient three who deteriorated rapidly and died before the

completion of the metabolic workup). Plasma ammonia was

elevated in all patients except patient nine at the initial

presentation. A qualitative assessment of urine homocitrulline

was performed on six patients and was elevated in all of them.

Qualitative analysis of urine orotic acid was performed in twelve

patients, nine of them had an increased excretion.

Therapy with a low-protein diet, sodium benzoate, and L-citrulline

was administered to all patients except patient three who died at

1month. Patient 11 stopped therapy after 3months of the diagnosis

and was unavailable for follow-up. During follow-up, serum ammonia

and liver transaminases remained normal in all patients.

Discussion

HHH syndrome is a rare autosomal recessive disorder of the

urea cycle characterized by impaired ornithine transport across the

inner mitochondrial membrane (Camacho et al., 1999; Salvi et al.,

2001). It is caused by disease-causing variants in the SLC25A15 gene.

Several pathogenic variants are responsible for the clinical

phenotype. Reported variants include missense, nonsense, small

insertion and deletions, and one gross deletion. HHH is

characterized by high clinical variability ranging from the acute

onset of seizures, coma, and hepatic signs to a mild form with

learning difficulties and mild neurological involvement (Martinelli

et al., 2015). Most patients with HHH syndrome develop signs of

pyramidal tract dysfunction ranging from hyperreflexia, and spastic

gait to spastic paraparesis (Salvi et al., 2001; Debray et al., 2008; Kim

et al., 2012; Martinelli et al., 2015; Panza et al., 2019; Olivieri et al.,

2019; Ebrahimi-Fakhari et al., 2021).

In this study, we retrospectively report on thirteen HHH

syndrome patients recruited from the two major tertiary care

metabolic units in Palestine. The diagnosis was established by the

metabolic features of hyperammonemia, hyperornithinemia, and

urinary excretion of homocitrulline and/or orotic acid. Targeted

gene sequencing confirmed the diagnosis and identified two

prevalent pathogenic variants in the SLC25A15 gene inherited

in a homozygous, autosomal recessive pattern. The

p. (Phe185SerfsTer8) variant is a novel variant that was

identified in nine out of thirteen patients (70% of patients).

Eight out of the nine patients with this pathogenic variant belong

to three different extended families, residing in one village. Seven

out of the nine patients are products of consanguineous first-

cousin union. The parents of the two remaining patients are not

relatives, but they originate from the same village where other

cases are reported.

In four out of thirteen patients (30% of patients), we

identified a recurrent homozygous frameshift variant in the

SLC25A15 gene; p. (Ser149ThrfsTer45). The reported patients

belong to three different nuclear families originating from three

different and distant communities. In addition to our patient

cohort, the c.446delG was previously reported in two Palestinian

brothers presenting with variable degrees of delayed

development and seizures (Korman et al., 2004), and in a

third Palestinian patient who presented with spastic

paraparesis, cerebellar ataxia, mild polyneuropathy in

adulthood (Hengel et al., 2020).

The initial presentation, clinical phenotype, and time of

diagnosis in HHH syndrome are highly variable, and this

might cause diagnosis difficulties in some instances. The main

clinical presentation of our patients was acute encephalopathy (in

seven out of thirteen patients) requiring intensive supportive care

and mechanical ventilation. One of the patients had his initial

presentation with acute encephalopathy at the age of 29 years.

This later acute presentation is not common in HHH but has

already been reported (Tezcan et al., 2012; Filosto et al., 2013;

Silfverberg et al., 2018). Three patients presented with acute

encephalopathy and liver involvement including prolonged

coagulation profile and elevated liver transaminases (patients

2, 3, and 5, Table 1). We noticed that acute encephalopathy and

liver dysfunction improved with intensive supportive care,

dietary management, and supplementation with sodium

benzoate and L-citrulline. Thus, it is important to consider

rare but treatable metabolic diseases, such as HHH syndrome,

in acute encephalopathy in adults as well as in children.

Two patients had liver failure as the only primary

presentation (patients 6 and 13, Table 1). In these two

patients, treatment with sodium benzoate and dietary protein

restriction improved liver functioning. This might suggest that

intensive metabolic support is important in patients presenting

acutely with encephalopathy or multiple system involvement.

Chronic neurological manifestations were commonly detected

among the patients (nine out of thirteen patients), with

symptoms including speech and development delay, cognitive

impairment, learning difficulties, seizures, pyramidal signs, and

spastic paraparesis. Noticeably, spastic paraparesis developed in

some patients during childhood (patients 9 and 10, Table 1), and

was common in older patients beyond the age of 15 years (three

out of four patients), irrespective of dietary management and

treatment with sodium benzoate. Additionally, there was no

correlation between the development of pyramidal tract

dysfunction and the degree of hyperammonemia. These

results support previous observations regarding the difficulty

in preventing neurologic complications that remain a therapeutic

challenge for HHH patients (Martinelli et al., 2015).

Targeted gene sequencing for the SLC25A15 gene identified the

underlying molecular cause of a complex multisystem disorder

presenting with liver damage, encephalopathy and developmental

delay. The combination of hyperornithinemia, hyperammonemia,
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and homocitrullinuria and increased levels of orotic acid in plasma

or urine are specific for HHH. Hepatic encephalopathy improved

with specific dietary management and supplementation with

sodium benzoate, and L-citrulline. The molecular findings are

consistent with the clinical and biochemical presentation.

However, the possibility of having another coexistent genetic

disease, which might be contributing to the heterogeneity of

the clinical presentation can not be absolutely excluded. Next

generation sequencing methods including whole exome

sequencing and whole genome sequencing are the methods of

choice in detecting pathogenic variants in other genes when

suspected.

Patients presented from different villages and communities

distributed throughout the West Bank, Palestine, and were

recruited from the two metabolic centers; which cover a

population of 3.19 millions according to the 2021 Palestinian

Bureau of Stastictics records1. In this population, consanguineous

marriages are common and account for about 40% of total

marriages (Abu-Libdeh, B. and Teebi, A.S., 2010).

Subsequently, autosomal recessive diseases, including

metabolic diseases, are common in this population. The two

metabolic centers receive referrals from several primary and

secondary health-care services in Palestine, and provide access

to clinical, biochemical, and molecular testing for a wide range of

metabolic conditions. The clinical heterogeneity and the

demographic distribution of the detected variants require

special attention from the perspectives of the health care

system. The two reported variants in the SLC25A15 gene in

the cohort were present in more than one extended family, and

two or more villages and communities. Additionally, in two

cases, patients were born to non-consanguineous parents

originating from the same village where the variant was

detected. This could suggest that these genetic variants

might have a wider carrier distribution in this population and

an older ancestral origin, and thus implicates the need of

establishing a population screening program for the carrier

status of the variants in the affected communities and villages

as a first health care priority. Additionally, national neonatal

screening programs are restricted to congenital hypothyroidism

and phenylketonuria. The inclusion of other treatable or

controllable metabolic and genetic diseases such as HHH in

neonatal screening programs may help better identify newborns

presenting with acute decompensation and encephalopathy early

on, allowing for an improved diagnosis and management

guidance, and the adoption of effective genetic counseling

strategies for families of affected children.

Limitations to this study include the retrospective nature of

the study design and the small sample size, reflecting the ultra-

rare nature of HHH syndrome.
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Non-coding regions are areas of the genome that do not directly encode

protein and were initially thought to be of little biological relevance. However,

subsequent identification of pathogenic variants in these regions indicates there

are exceptions to this assertion. With the increasing availability of next

generation sequencing, variants in non-coding regions are often considered

when no causative exonic changes have been identified. There is still a lack of

understanding of normal human variation in non-coding areas. As a result,

potentially pathogenic non-coding variants are initially classified as variants of

uncertain significance or are even overlooked during genomic analysis. In most

cases where the phenotype is non-specific, clinical suspicion is not sufficient to

warrant further exploration of these changes, partly due to the magnitude of

non-coding variants identified. In contrast, inborn errors of metabolism (IEMs)

are one group of genetic disorders where there is often high phenotypic

specificity. The clinical and biochemical features seen often result in a

narrow list of diagnostic possibilities. In this context, there have been

numerous cases in which suspicion of a particular IEM led to the discovery

of a variant in a non-coding region. We present four patients with IEMs where

the molecular aetiology was identified within non-coding regions.

Confirmation of the molecular diagnosis is often aided by the clinical and

biochemical specificity associated with IEMs. Whilst the clinical severity

associated with a non-coding variant can be difficult to predict, obtaining a

molecular diagnosis is crucial as it ends diagnostic odysseys and assists in

management.
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inborn error ofmetabolism, intronic variant, non-coding variant, genotype-phenotype
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Introduction

The human genome comprises three billion base pairs of

deoxyribonucleic acid (DNA), and only 2% of these bases directly

encode for protein. The remaining 98% of the genome (including

introns, regulatory elements and intergenic sequences) was

originally thought to be “junk DNA” (Ohno, 1972). However,

it has become apparent that larger non-coding regions

distinguish complex eukaryotes from prokaryotes (Belshaw

and Bensasson, 2006), suggesting that many of these regions

must have some physiological role. In 1987, Walter Gilbert

suggested through his ‘intron-early’ theory that introns played

a role in formation of modern genes, by allowing for

restructuring of mini-exons that later formed a gene (Gilbert,

1987). However, there have been additional roles subsequently

identified, including regulation of transcription initiation and

termination, and genomic organization (Chorev and Carmel,

2012).

Many mechanisms by which non-coding variants can be

responsible for disease have been established and

comprehensively summarized by Ellingford and colleagues

(Ellingford et al., 2022). However, due to limited population-

wide whole genome sequencing (WGS) data, there is a lack of

understanding of normal human variation in these non-coding

areas. In most cases where the phenotype is non-specific, the

clinical index of suspicion is not strong enough to warrant further

exploration of non-coding changes, partly due to the large

number of variants identified.

In contrast, inborn errors of metabolism (IEMs) often have

highly specific phenotypes. The clinical and (in particular)

biochemical features aid in differentiating individual disorders,

narrowing the list of diagnostic possibilities. In this context, there

have been numerous cases where high clinical suspicion of a

particular IEM led to the discovery of a variant in a non-coding

region (Perez et al., 2010). Moreover, variants identified in genes

associated with IEMs are more likely to be classified as likely

pathogenic or pathogenic, as there is often supportive

biochemical evidence. Identifying a non-coding variant in a

patient with an IEM is of substantial utility, as it confirms a

molecular diagnosis, assists with reproductive planning, and may

have management implications.

We present four illustrative cases of patients with IEMs

where a molecular aetiology was identified within non-coding

regions. The molecular diagnoses were only possible because of a

pre-existing strong biochemical suspicion, which influenced

variant classification.

Methods

All patients with reportable intronic variants (those that were

classified by the laboratory as likely pathogenic or pathogenic and

were potentially disease causing based on zygosity) were

compiled from an in-house massively parallel sequencing

database (the Children’s Hospital at Westmead Molecular

Genetics Department). Whole exome sequencing (SureSelect

CREv2, Agilent Technologies, with sequencing on

NovaSeq6000, Illumina) was performed to an average read

depth of 100x, and only variants in the genes requested by

clinicians were analysed. The subset of these patients with

IEMs was ascertained by filtering using the PanelApp ‘Inborn

Errors of Metabolism Superpanel’ (Stark et al., 2021). Five

patients were identified: however, one patient was excluded as

they had been previously published (Sajeev et al., 2021).

Results

Patient 1: 6-pyruvoyl-tetrahydropterin
synthase deficiency

Patient 1, detected by newborn screening (NBS), has

hyperphenylalaninaemia (244 → 692 μmol/L), which was

strongly responsive to BH4 supplementation (92% response).

She had a normal newborn examination. Urinary pterin analysis

demonstrated a low urine biopterin (0.49 μmol/mmol creatinine)

and biopterin/neopterin ratio (1.9%). Urinary 5-

hydroxyindoleacetic acid and homovanillic acid were normal,

though CSF studies were unable to be performed due to failed

lumbar puncture. Neurotransmitter supplementation (with 5-

hydroxytryptophan and L-DOPA) was commenced, along with

sapropterin. Molecular analysis identified bi-allelic variants

(c.286G>A and c.84-291A>G) in PTS, consistent with the

biochemistry and a diagnosis of 6-pyruvoyl-tetrahydropterin

synthase deficiency. The former is a missense variant, and the

latter is a deep intronic variant frequently observed in Han

Chinese populations (Chiu et al., 2012); both are predicted to

result in residual enzyme activity.

Patient 1 is now 2 years old. All neurotransmitters were

ceased at around 6 months of age, with no clinical

deterioration. She continues on sapropterin, is growing well

(74th centile for height, 16th centile for weight) and is

making good developmental progress.

Patient 2: Primary carnitine deficiency

Patient 2 is a 38-year-old woman who was incidentally

identified after her first-born child was noted to have low

dried blood spot acylcarnitine levels on NBS. Her baby’s

plasma acylcarnitine concentrations were normal. Patient

2 had no medical history or current muscle symptoms.

Plasma acylcarnitine analysis demonstrated low total (5 μmol/

L; RR 21-70), free (5 μmol/L; RR 13-56), and acetylcarnitine

(0 μmol/L; RR 3-23) concentrations. Carnitine transport activity

in the patient’s skin fibroblasts was markedly reduced (3% of
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controls). She remains clinically well, and had a normal cardiac

review. She was commenced on carnitine supplementation.

Initially, DNA sequencing of SLC22A5 identified two

variants; c.424G>T and c.1463G>A. These two variants have

been established as a complex pathogenic allele when in cis

(Amat di San Filippo et al., 2003); however no other disease-

causing variant was identified. Following a subsequent

publication by Ferdinandusse and colleagues (Ferdinandusse

et al., 2019), the genomic data was re-interrogated for the c.-

149G>A promoter variant, which was successfully identified.

Segregation studies have been recommended, but could not be

performed in this family.

Patient 3: Fructose-1,6-bisphosphatase
deficiency

Patient 3 is a seven-year-old girl and the first child of

consanguineous (first cousin) parents. She initially presented

to the local Emergency Department with a 24-h history of

malaise, abdominal pain, and vomiting. She, as well as her

younger brother, had a history of multiple similar episodes.

On presentation she was lethargic and hypoglycaemic

(1.6 mmol/L; RR 3.5–5.5), with a metabolic acidosis (pH 7.12,

base excess -21, lactate 11.8 mmol/L; RR 0–1.9). Urine organic

acid analysis showed gross lactic aciduria and ketonuria, with

elevations of glycerol and glycerol phosphate. She responded well

to intravenous dextrose therapy and was discharged.

Massively parallel sequencing of genes associated with

hypoglycaemia identified a previously reported (Emecen Sanli

et al., 2022) homozygous likely pathogenic variant (c.705 +

5G>A) in FBP1, confirming a diagnosis of fructose-1,6-

bisphosphatase deficiency. Segregation studies demonstrated

an identical genotype in her younger brother. They are both

managed by increasing carbohydrate intake when unwell.

Patient 4: Hyperphenylalaninaemia

Patient 4 was identified with hyperphenylalaninaemia (HP) on

NBS (303 μmol/L and 248 μmol/L; RR < 150). She has a paternal

uncle with HP, in the context of multiple loops of consanguinity in

the broader family pedigree. Antenatal ultrasounds identified a

cystic kidney, which had involuted on post-natal follow-up.

Despite having a solitary kidney, she maintained normal renal

function. She developed acquired microcephaly (z-score -2.29)

and she has marked global developmental delay. Chromosome

microarray and fragile X testing were non-contributory.

Molecular analysis of a bioinformatic panel of genes associated

with increased phenylalanine levels identified bi-allelic pathogenic

variants in PAH: a likely pathogenic missense variant (c.355C>T)
and a pathogenic intronic variant (c.969 + 5 G>A). Phase

confirmation of these variants is pending, though they are

expected to be in trans given the HP. The c.969 + 5G>A variant

is predicted to result in a mild HP phenotype based on the available

literature (Yilmaz et al., 2000). Given her mild HP has never

escalated to a level requiring treatment (<360umol/L), it does not

adequately explain her microcephaly, nor her severe developmental

delay, which are now being investigated through genomic

techniques. Maternal PKU has been excluded.

Discussion

Intronic variants and genotype-phenotype
correlation

The most well-characterized intronic variants are those that

affect the canonical donor and acceptor splice sites (Ellingford et al.,

2022). These four nucleotides are highly conserved, and unnatural

variation at these positions can result in retention of intronic

material or exon skipping. Canonical splice site variants are

therefore likely to have major effects on transcription of the

mRNA transcript, and have been classified accordingly in the

ACMG criteria (Richards et al., 2015; Abou Tayoun et al., 2018).

Other nucleotide positions in introns are more variable in

their conservation, and impacts of genetic variation at these

positions depends on multiple factors, as comprehensively

summarized recently (Ellingford et al., 2022). The deep

intronic PTS variant identified in Patient 1 results in the

inclusion of a 79 base-pair pseudoexon: however, the majority

of transcripts associated with this variant still express normal PTS

mRNA, predicting significant residual enzyme activity (Chiu

et al., 2012). The patient’s other PTS variant (c.286G>A) has

also been associated with residual PTS activity (Imamura et al.,

1999). Identification of the previously reported intronic variant

in our patient provided the impetus to cease neurotransmitter

supplementation, with no subsequent clinical deterioration.

Similarly, Patient 4 has mild hyperphenylalaninaemia that has

not required management, in keeping with previous reports of

the PAH c.969 + 5 variant.

There are other intronic variants where the predicted effect on

the phenotype is less clear. For instance, Patient 3 did not present

clinically in the neonatal period (similar to the previously reported

patient with the same genotype) (Emecen Sanli et al., 2022);

however, it is difficult to conclusively determine that she has a

mild form of the condition, due to the subsequent recurrent

decompensations in childhood. The effects of genetic variation in

regions of splice enhancers or splice inhibitors are similarly difficult

to predict.

There are additional examples in the literature. Ogino and

colleagues reported a patient with OTC deficiency presenting on

day one of life, who had undetectable liverOTC enzyme activity, and

a hemizygous deep intronic variant (c.540 + 265G>A)was identified
(Ogino et al., 2007). However, three other patients withmilder forms

of OTC deficiency have subsequently been reported with the same
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variant (Kumar et al., 2021). This suggests that other factors,

including physiological stressors and tissue-specific variability in

splicing efficiency (and alternative splicing), may be contributing to

the phenotypic variability.

Promoter variants and genotype-
phenotype correlation

Promoters, generally located upstream of the 5’ end of the gene,

play a crucial role in transcription initiation by recruiting regulatory

elements (Maston et al., 2006). These regulatory elements include

both general transcription factors (which maintain basal

transcriptional activity), and activators (which markedly increase

it) (de Vooght et al., 2009). Depending on the degree of interruption

of transcription factor binding, sequence variation in the promoter

region can impact gene expression.

Promoter variants in IEMs generally appear to be associated

with a milder phenotype. Patient 2 is essentially asymptomatic,

having been incidentally identified via NBS of her unaffected child.

The c.-149G>A promoter change in the SLC22A5 gene has been

previously reported as the most common disease-causing variant in

a cohort of patients with biochemically suspected primary carnitine

deficiency (Ferdinandusse et al., 2019). This variant introduces an

upstream out-of-frame translation initiation codon, suppressing

translation from the wild-type ATG of SLC22A5. This results in

reduced (but not absent) OCTN2 protein levels, and concomitantly

lower transport activity. The authors reported that no patients

carrying this change suffered severe clinical symptoms often

associated with primary carnitine deficiency, though it is true

that many patients with other variants also do not present

clinically (Spiekerkoetter et al., 2003).

We have previously reported three patients withOTCdeficiency

with late-onset disease, all of whom did not have a pathogenic

variant identified by standard molecular analysis of coding regions

(Hertzog et al., 2022). Sequencing of the promoter region identified a

c.-106C>A variant, which had been reported previously in three

other males with late-onset disease (Jang et al., 2018). A dual

luciferase assay demonstrated that this promoter variant resulted

in 10% of normal gene expression (Han et al., 2022). This was

consistent with the milder clinical features of affected males.

Provision of timely genetic diagnosis would have assisted with

family planning: for many individuals, the diagnostic odyssey can

lead families to disengage detrimentally with services (Knerr and

Cassiman, 2022), in the false belief that there is no risk of recurrence.

Strong clinical suspicion of an IEM can
guide investigation of non-coding regions

Whilst there is substantial clinical phenotypic variability

associated with non-coding variants in IEMs, all of these

variants share the commonality of challenges in their

detection. There is often poor coverage on whole exome

sequencing (WES) beyond the first 100–200 base pairs of the

intron. However, in cases where the IEM in question has a highly

specific biochemical pattern, this can provide the impetus to

assess non-coding regions of the relevant gene when the

molecular aetiology has not been identified in a coding region.

In addition, even when a non-coding variant is detected in a

proband with a non-specific clinical phenotype (such as non-

syndromic intellectual disability or aortopathy), it is rare that

such a variant could be classified as pathogenic without genetic

evidence (such as segregation) or further functional evidence.

Fortunately, in the case of IEMs, there are well-established assays

that can confirm specific biochemical phenotypes. This allows

laboratories to confidently assess pathogenicity using established

criteria, even for those variants that have not been previously

reported (Zhang et al., 2020).

With the progressive utilization of WGS as a diagnostic

investigation, non-coding variants will become increasingly

recognized and, therefore, re-annotated. Many molecularly

undiagnosed patients (especially those with a characteristic

clinical or biochemical phenotype and a negative trio WES)

could benefit from progression to WGS. Additionally, re-

analysis of WGS data for pathogenic variants (Costain et al.,

2018; Deignan et al., 2019; Robertson et al., 2022) in such cases

may be beneficial.

Other “-omics” technologies can also be used in concert with

WGS to further characterize non-coding variants. For instance,

transcriptomics may be beneficial in quantifying the effects of a

genetic change on mRNA transcript production (Bournazos

et al., 2022). Proteomics facilitates the assessment of not only

whether a genetic change results in decreased (or increased)

protein expression, but also whether there are broader changes in

the associated biochemical pathway. The benefits of creating

infrastructure to accommodate functional validation in the

diagnostic pipeline will need to be balanced against the costs

of these additional studies (Bournazos et al., 2022).

Impacts of non-coding variants on
management of IEMs

IEMs are often treatable genetic disorders, through various

modalities including dietary therapy, medications, enzyme

replacement therapy, and organ transplantation (Saudubray

et al., 2006). Genotype-phenotype correlation exists in some

IEMs, enabling tailoring of therapy to maximize clinical

outcome whilst minimizing unnecessary exposure to side

effects (Clarke et al., 2019), as seen in Patient 1.

Another important aspect of management is reproductive

planning. Patients 1, 3, and 4 all now have molecular diagnoses

which can be used by their families for prenatal testing (if they

wish). In the case of Patient 4 in particular, the milder genotype

may actually provide more confidence not to pursue prenatal
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testing for what is essentially a biochemical diagnosis without

clinical sequelae.

Future directions of therapy

There are now therapeutics available for non-metabolic

conditions, which specifically target non-coding variants,

most notably a sub-type of antisense oligonucleotides

(AOs) (Kuijper et al., 2021). AOs that target non-coding

variants bind to a complementary pre-mRNA strand, and

inhibit recognition of this region by the spliceosome through

steric hindrance. An established example of this is

nusinersen, which treats spinal muscular atrophy by

inhibiting splicing of SMN2, inducing the inclusion of

exon 7 (Wurster and Ludolph, 2018). As a result, more

transcript with an intact exon 7 (essentially the same as

wild type SMN1 transcripts) is produced, leading to

improved production of full-length SMN protein. The drug

has demonstrated clear benefit in improving motor outcome

and survival in infants (Finkel et al., 2017); however it also

highlights some of the challenges associated with antisense

oligonucleotide therapy including high cost, lack of

permeability across the blood-brain barrier and

requirement of regular dosing (Rinaldi and Wood, 2018).

Similar approaches are being considered for IEMs on the

basis of promising in vitro studies (Perez et al., 2010), though

none of the AOs that promote exon inclusion or pseudoexon

exclusion have reached clinical trial (Kuijper et al., 2021). One of

the difficulties in drug development in these rare disorders is that

such splice variants are also often private mutations, meaning

each custom-designed AO therapy may only find use for a

handful of patients. As such, there are still considerable

challenges to be overcome before these therapies reach routine

clinical practice.

Data availability statement

The original contributions presented in the study are

included in the article/supplementary material, further

inquiries can be directed to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and

approved by the local human research ethics committee

(CCR2022/19). Written informed consent to participate in this

study was provided by the participants’ legal guardian/next of

kin. Written informed consent was obtained from the

individual(s), and minor(s)’ legal guardian/next of kin, for the

publication of any potentially identifiable images or data

included in this article.

Author contributions

All authors listed have made a substantial, direct, and

intellectual contribution to the work and approved it for

publication.

Acknowledgments

We gratefully acknowledge our patients and their families for

participating in this study and consenting to the publication of

this case series. We also acknowledge Rahul Krishnaraj from the

Department of Molecular Genetics for his database support.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Abou Tayoun, A. N., Pesaran, T., DiStefano, M. T., Oza, A., Rehm, H. L.,
Biesecker, L. G., et al. (2018). ClinGen Sequence Variant Interpretation Working,
GRecommendations for interpreting the loss of function PVS1 ACMG/AMP
variant criterion. Hum. Mutat. 39 (11), 1517–1524. doi:10.1002/humu.23626

Amat di San Filippo, C., Wang, Y., and Longo, N. (2003). Functional domains in
the carnitine transporter OCTN2, defective in primary carnitine deficiency. J. Biol.
Chem. 278 (48), 47776–47784. doi:10.1074/jbc.M307911200

Belshaw, R., and Bensasson, D. (2006). The rise and falls of introns. Hered.
(Edinb) 96 (3), 208–213. doi:10.1038/sj.hdy.6800791

Bournazos, A. M., Riley, L. G., Bommireddipalli, S., Ades, L., Akesson, L. S., Al-
Shinnag, M., et al. (2022). Standardized practices for RNA diagnostics using
clinically accessible specimens reclassifies 75% of putative splicing variants.
Genet. Med. 24 (1), 130–145. doi:10.1016/j.gim.2021.09.001

Chiu, Y. H., Chang, Y. C., Chang, Y. H., Niu, D.M., Yang, Y. L., Ye, J., et al. (2012).
Mutation spectrum of and founder effects affecting the PTS gene in East Asian
populations. J. Hum. Genet. 57 (2), 145–152. doi:10.1038/jhg.2011.146

Chorev, M., and Carmel, L. (2012). amp; Carmel, LThe function of introns. Front.
Genet. 3, 55. doi:10.3389/fgene.2012.00055

Frontiers in Genetics frontiersin.org05

Hertzog et al. 10.3389/fgene.2022.1031495

153

https://doi.org/10.1002/humu.23626
https://doi.org/10.1074/jbc.M307911200
https://doi.org/10.1038/sj.hdy.6800791
https://doi.org/10.1016/j.gim.2021.09.001
https://doi.org/10.1038/jhg.2011.146
https://doi.org/10.3389/fgene.2012.00055
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1031495


Clarke, L. A., Giugliani, R., Guffon, N., Jones, S. A., Keenan, H. A., Munoz-Rojas,
M. V., et al. (2019). Genotype-phenotype relationships in mucopolysaccharidosis
type I (MPS I): Insights from the international MPS I registry. Clin. Genet. 96 (4),
281–289. doi:10.1111/cge.13583

Costain, G., Jobling, R., Walker, S., Reuter, M. S., Snell, M., Bowdin, S., et al.
(2018). Periodic reanalysis of whole-genome sequencing data enhances the
diagnostic advantage over standard clinical genetic testing. Eur. J. Hum. Genet.
26 (5), 740–744. doi:10.1038/s41431-018-0114-6

de Vooght, K. M., van Wijk, R., and van Solinge, W. W. (2009). Management of
gene promoter mutations in molecular diagnostics. Clin. Chem. 55 (4), 698–708.
doi:10.1373/clinchem.2008.120931

Deignan, J. L., Chung, W. K., Kearney, H. M., Monaghan, K. G., Rehder, C. W.,
Chao, E. C., et al. (2019). Points to consider in the reevaluation and reanalysis of
genomic test results: A statement of the American College of medical genetics and
genomics (ACMG). Genet. Med. 21 (6), 1267–1270. doi:10.1038/s41436-019-
0478-1

Ellingford, J. M., Ahn, J. W., Bagnall, R. D., Baralle, D., Barton, S., Campbell, C.,
et al. (2022). Recommendations for clinical interpretation of variants found in non-
coding regions of the genome. Genome Med. 14 (1), 73. doi:10.1186/s13073-022-
01073-3

Emecen Sanli, M., Cengiz, B., Kilic, A., Ozsaydi, E., Inci, A., Okur, I., et al. (2022).
Fructose 1, 6 bisphosphatase deficiency: Outcomes of patients in a single center in
Turkey and identification of novel splice site and indel mutations in FBP1.
J. Pediatr. Endocrinol. Metab. 35 (4), 497–503. doi:10.1515/jpem-2021-0732

Ferdinandusse, S., Te Brinke, H., Ruiter, J. P. N., Haasjes, J., Oostheim, W., van
Lenthe, H., et al. (2019). A mutation creating an upstream translation initiation
codon in SLC22A5 5’UTR is a frequent cause of primary carnitine deficiency.Hum.
Mutat. 40 (10), 1899–1904. doi:10.1002/humu.23839

Finkel, R. S., Mercuri, E., Darras, B. T., Connolly, A. M., Kuntz, N. L., Kirschner,
J., et al. (2017). Nusinersen versus sham control in infantile-onset spinal muscular
atrophy. N. Engl. J. Med. 377 (18), 1723–1732. doi:10.1056/NEJMoa1702752

Gilbert, W. (1987). The exon theory of genes. Cold Spring Harb. Symp. Quant.
Biol. 52, 901–905. doi:10.1101/sqb.1987.052.01.098

Han, S. T., Anderson, K. J., Bjornsson, H. T., Longo, N., and Valle, D. (2022). A
promoter variant in the OTC gene associated with late and variable age of onset
hyperammonemia. J. Inherit. Metab. Dis. 45, 710–718. doi:10.1002/jimd.12524

Hertzog, A., Selvanathan, A., Halligan, R., Fazio, T., de Jong, G., Bratkovic, D.,
et al. (2022). A serendipitous journey to a promoter variant: The c.-106C>A variant
and its role in late-onset ornithine transcarbamylase deficiency. JIMD Rep. 63 (4),
271–275. doi:10.1002/jmd2.12289

Imamura, T., Okano, Y., Shintaku, H., Hase, Y., and Isshiki, G. (1999). Molecular
characterization of 6-pyruvoyl-tetrahydropterin synthase deficiency in Japanese
patients. J. Hum. Genet. 44 (3), 163–168. doi:10.1007/s100380050134

Jang, Y. J., LaBella, A. L., Feeney, T. P., Braverman, N., Tuchman, M., Morizono, H.,
et al. (2018). Disease-causing mutations in the promoter and enhancer of the ornithine
transcarbamylase gene. Hum. Mutat. 39 (4), 527–536. doi:10.1002/humu.23394

Knerr, I., and Cassiman, D. (2022). Ornithine transcarbamylase deficiency: A
diagnostic odyssey. J. Inherit. Metab. Dis. 45 (4), 661–662. doi:10.1002/jimd.12530

Kuijper, E. C., Bergsma, A. J., Pijnappel, W., and Aartsma-Rus, A. (2021).
Opportunities and challenges for antisense oligonucleotide therapies. J. Inherit.
Metab. Dis. 44 (1), 72–87. doi:10.1002/jimd.12251

Kumar, R. D., Burrage, L. C., Bartos, J., Ali, S., Schmitt, E., Nagamani, S. C. S., et al.
(2021). A deep intronic variant is a common cause of OTC deficiency in individuals

with previously negative genetic testing.Mol. Genet. Metab. Rep. 26, 100706. doi:10.
1016/j.ymgmr.2020.100706

Maston, G. A., Evans, S. K., and Green, M. R. (2006). Transcriptional regulatory
elements in the human genome.Annu. Rev. Genomics Hum. Genet. 7, 29–59. doi:10.
1146/annurev.genom.7.080505.115623

Ogino, W., Takeshima, Y., Nishiyama, A., Okizuka, Y., Yagi, M., Tsuneishi,
S., et al. (2007). Mutation analysis of the ornithine transcarbamylase (OTC)
gene in five Japanese OTC deficiency patients revealed two known and three
novel mutations including a deep intronic mutation. Kobe J. Med. Sci. 53 (5),
229–240.

Ohno, S. (1972). So much "junk" DNA in our genome. Brookhaven Symp. Biol. 23,
366–370.

Perez, B., Rodriguez-Pascau, L., Vilageliu, L., Grinberg, D., Ugarte, M., and
Desviat, L. R. (2010). Present and future of antisense therapy for splicing
modulation in inherited metabolic disease. J. Inherit. Metab. Dis. 33 (4),
397–403. doi:10.1007/s10545-010-9135-1

Richards, S., Aziz, N., Bale, S., Bick, D., Das, S., Gastier-Foster, J., et al. (2015).
Standards and guidelines for the interpretation of sequence variants: A joint
consensus recommendation of the American College of medical genetics and
genomics and the association for molecular pathology. Genet. Med. 17 (5),
405–424. doi:10.1038/gim.2015.30

Rinaldi, C., and Wood, M. J. A. (2018). Antisense oligonucleotides: The next
frontier for treatment of neurological disorders. Nat. Rev. Neurol. 14 (1), 9–21.
doi:10.1038/nrneurol.2017.148

Robertson, A. J., Tan, N. B., Spurdle, A. B., Metke-Jimenez, A., Sullivan, C., and
Waddell, N. (2022). Re-analysis of genomic data: An overview of the mechanisms
and complexities of clinical adoption. Genet. Med. 24 (4), 798–810. doi:10.1016/j.
gim.2021.12.011

Sajeev, M., Chin, S., Ho, G., Bennetts, B., Sankaran, B. P., Gutierrez, B., et al.
(2021). Challenges in diagnosing intermediate maple syrup urine disease by
newborn screening and functional validation of genomic results imperative for
reproductive family planning. Int. J. Neonatal Screen. 7 (2), 25. doi:10.3390/
ijns7020025

Saudubray, J. M., Sedel, F., andWalter, J. H. (2006). Clinical approach to treatable
inborn metabolic diseases: An introduction. J. Inherit. Metab. Dis. 29 (2-3),
261–274. doi:10.1007/s10545-006-0358-0

Spiekerkoetter, U., Huener, G., Baykal, T., Demirkol, M., Duran, M.,
Wanders, R., et al. (2003). Silent and symptomatic primary carnitine
deficiency within the same family due to identical mutations in the organic
cation/carnitine transporter OCTN2. J. Inherit. Metab. Dis. 26 (6), 613–615.
doi:10.1023/a:1025968502527

Stark, Z., Foulger, R. E., Williams, E., Thompson, B. A., Patel, C., Lunke, S., et al.
(2021). Scaling national and international improvement in virtual gene panel
curation via a collaborative approach to discordance resolution. Am. J. Hum.
Genet. 108 (9), 1551–1557. doi:10.1016/j.ajhg.2021.06.020

Wurster, C. D., and Ludolph, A. C. (2018). Nusinersen for spinal muscular
atrophy. Ther. Adv. Neurol. Disord. 11, 1756285618754459. doi:10.1177/
1756285618754459

Yilmaz, E., Cali, F., Roman, V., Ozalp, I., Coskun, T., Tokatli, A., et al. (2000).
Molecular basis of mild hyperphenylalaninaemia in Turkey. J. Inherit. Metab. Dis.
23 (5), 523–525. doi:10.1023/a:1005628717813

Zhang, J., Yao, Y., He, H., and Shen, J. (2020). Clinical interpretation of sequence
variants. Curr. Protoc. Hum. Genet. 106 (1), e98. doi:10.1002/cphg.98

Frontiers in Genetics frontiersin.org06

Hertzog et al. 10.3389/fgene.2022.1031495

154

https://doi.org/10.1111/cge.13583
https://doi.org/10.1038/s41431-018-0114-6
https://doi.org/10.1373/clinchem.2008.120931
https://doi.org/10.1038/s41436-019-0478-1
https://doi.org/10.1038/s41436-019-0478-1
https://doi.org/10.1186/s13073-022-01073-3
https://doi.org/10.1186/s13073-022-01073-3
https://doi.org/10.1515/jpem-2021-0732
https://doi.org/10.1002/humu.23839
https://doi.org/10.1056/NEJMoa1702752
https://doi.org/10.1101/sqb.1987.052.01.098
https://doi.org/10.1002/jimd.12524
https://doi.org/10.1002/jmd2.12289
https://doi.org/10.1007/s100380050134
https://doi.org/10.1002/humu.23394
https://doi.org/10.1002/jimd.12530
https://doi.org/10.1002/jimd.12251
https://doi.org/10.1016/j.ymgmr.2020.100706
https://doi.org/10.1016/j.ymgmr.2020.100706
https://doi.org/10.1146/annurev.genom.7.080505.115623
https://doi.org/10.1146/annurev.genom.7.080505.115623
https://doi.org/10.1007/s10545-010-9135-1
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/nrneurol.2017.148
https://doi.org/10.1016/j.gim.2021.12.011
https://doi.org/10.1016/j.gim.2021.12.011
https://doi.org/10.3390/ijns7020025
https://doi.org/10.3390/ijns7020025
https://doi.org/10.1007/s10545-006-0358-0
https://doi.org/10.1023/a:1025968502527
https://doi.org/10.1016/j.ajhg.2021.06.020
https://doi.org/10.1177/1756285618754459
https://doi.org/10.1177/1756285618754459
https://doi.org/10.1023/a:1005628717813
https://doi.org/10.1002/cphg.98
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1031495


Clinical, biochemical, and
molecular genetic characteristics
of patients with primary carnitine
deficiency identified by newborn
screening in Shanghai, China

Siyu Chang†, Yi Yang†, Feng Xu,Wenjun Ji, Xia Zhan, Xiaolan Gao,
Ting Chen, Wenjuan Qiu, Huiwen Zhang, Lili Liang, Deyun Lu,
Kaichuang Zhang, Xuefan Gu and Lianshu Han*

Department of Pediatric Endocrinology and Genetic Metabolism, Shanghai Institute for Pediatric
Research, Xinhua Hospital, Shanghai Jiaotong University School of Medicine, Shanghai, China

Background: Primary carnitine deficiency (PCD) is an autosomal recessive disease

caused by mutations in the SLC22A5 gene, which encodes the organic cation

transporter 2 (OCTN2). Patients with PCD may be at risk of skeletal or cardiac

myopathy, metabolic decompensation, and even sudden death. This study aimed

to analyze the biochemical, clinical, and genetic characteristics of PCD patients

identified by newborn screening (NBS) in Shanghai.

Methods: Dried blood spot (DBS) samples of newborns were analyzed through

tandem mass spectrometry (MS/MS) from January 2003 to December 2021.

Newborns with low free carnitine (C0) levels were recalled. Mutation in the

SLC22A5 genewas analyzed on suspected positive newbornswith lowC0 levels

after recall.

Results: 1,247,274 newborns were screened by MS/MS and 40 newborns were

diagnosed with PCD, therefore the incidence of PCD in Shanghai was

approximately 1:31,200. The mean C0 level in newborns with PCD was

5.37 ± 1.79 μmol/L before treatment and increased to 24.45 ± 10.87 μmol/L

after treatment with L-carnitine. Twenty-three different variants were identified

in the SLC22A5 gene, including 8 novel variants, of which c.51C>G (p.F17L) was

the most frequent (27.27%, 18/66), followed by c.1400C>G (p.S467C) (25.76%,

17/66). Almost all the screened PCD patients were asymptomatic.

Conclusion: NBS via MS/MS was a quick and efficient method for the early

diagnosis of PCD. The incidence of PCD in Shanghai was 1:31,200. Eight novel

variants were identified, which greatly expanded the variant spectrum of

SLC22A5. MS/MS combined with genetic testing could effectively improve

the diagnostic accuracy of PCD.

KEYWORDS

primary carnitine deficiency, SLC22A5, newborn screening, tandem mass
spectrometry, free carnitine
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Introduction

Primary carnitine deficiency (PCD, OMIM 212140) refers to an

autosomal recessive disorder of fatty acid oxidation caused by

mutations in the SLC22A5 gene, which encodes the organic

cation transporter 2 (OCTN2) (Tang et al., 1999; Cederbaum

et al., 2002). The SLC22A5 gene is located on the chromosome

5q31.1 and contains over 150 reported disease-causing variants

(Zhang et al., 2019). The incidence of PCD varies in different

countries, which is estimated to be 1:142,000 in the United States,

1:40,000 in Japan, and even 1:300 in the Faroe Islands (Koizumi et al.,

1999; Rasmussen et al., 2014; Therrell et al., 2014). Similarly, it varies

in different regions throughout the China, ranging from 1:9,000 to 1:

34,000 (Sun et al., 2017; Zhou et al., 2019; Lin et al., 2020; Lin et al.,

2021). The clinical manifestations of PCD are diverse, mainly

manifested as metabolic disorders, myocardial and skeletal muscle

damage in infancy and early childhood, or muscle weakness and

arrhythmia in adult (Saudubray and Garcia-Cazorla 2018). Patients

with PCD may be at risk of sudden death due to cardiac failure

(Longo et al., 2006; Kepka et al., 2011). Fortunately, early diagnosis by

newborn screening (NBS) via tandem mass spectrometry (MS/MS)

technology and timely supplementation of L-carnitine in the neonatal

period can effectively prevent the poor outcome (Longo et al., 2016).

The main objective of this study was to analyze the clinical,

biochemical, and molecular genetic characteristics of PCD

patients identified by NBS in Shanghai. In this work, over 18-

year experience of NBS for PCD was summarized and the

genotype characteristics and clinical phenotype of the patients

were compared, aiming to provide meaningful information for

the large-scale screening and variant spectrum of SLC22A5 gene.

Patients and methods

Research subjects

NBS via MS/MS was first introduced in China in 2003 at

Xinhua Hospital, Shanghai Jiaotong University School of

Medicine. From January 2003 to December 2021,

1,247,274 newborns were recruited for PCD screening in our

hospital, accounting for approximately 70% of all infants born in

Shanghai. This study was approved by the Ethical Committee of

Xinhua Hospital, Shanghai Jiaotong University School of

Medicine (Approval No. XHEC-D-2021-139). The written

informed consent was obtained from the parents or guardians

of newborns.

NBS for PCD

Neonatal blood samples collected from heels were spotted on

the filter papers from various maternity hospitals in Shanghai

within 72 h to 7 days after birth. Dried blood spot (DBS) samples

were sent to XinhuaHospital Newborn Screening Center by cold-

chain transportation after natural air drying. DBS samples were

pre-processed using a derivatized method and analyzed by

Micromass Quattro micro API Mass spectrometer (2000,

4000 or 4500). Sample preparation and MS/MS analysis

strictly followed the laboratory standard operating procedures.

The cut-off value of C0 in our laboratory was 10–60 μmol/L (Han

et al., 2014). Newborns with low C0 levels and their mothers were

recalled to collect the DBS samples for MS/MS detection.

Subsequently, the mutations in SLC22A5 gene were analyzed

on suspected positive newborns to further confirm the diagnosis.

Genetic analysis

Genomic DNA of suspected positive newborns and their

parents was extracted from peripheral venous blood, primary

screening or recalled DBS samples by using a blood DNA

isolation kit (Tiangen Biotech Co. Ltd.). The 10 exons and their

boundaries of the SLC22A5 gene were amplified by polymerase

chain reaction and analyzed on an automated DNA sequencer

(ABI3700, Applied Biosystems). The mutations in SLC22A5 gene

were analyzed on suspected PCD patients using the Sanger

sequencing. The mutations were identified using a normal

human SLC22A5 sequence as a reference (NM_003060.4), and

the gene sequencing results were compared with the data in the

HGMD, LOVD, ClinVar, and dbSNP databases to obtain

information about the pathogenic mutation sites. The DNA

samples of their parents were used to verify if the mutation

originated from the father or mother. The possible pathogenicity

of novel variants was evaluated by using the PolyPhen-2, SIFT, LRT,

Mutation Taster PROVEAN and GERP++. The effects of novel

missense mutations on protein functions were predicted by HOPE

(http://www.cmbi.ru.nl/hope/; Venselaar et al., 2010).

Diagnostic criteria

Patients were diagnosed with PCD based on C0 levels, genetic

mutations, and clinical symptoms. Newborns with two variants

in the SLC22A5 gene were diagnosed with PCD. The suspected

positive newborns not performing genetic testing or carrying one

variant after exclusion of maternal and secondary carnitine

deficiencies but with consecutively lower C0 levels until

treatment were diagnosed with PCD.

Treatment and follow-up

PCD patients were treated with L-carnitine supplementation

as soon as it was diagnosed. Generally, the dosage of oral

administration is 50–200 mg/kg/day, divided into three times

a day. The dosage of L-carnitine supplementation was adjusted
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according to different C0 levels in individuals. PCD patients were

followed up monthly during the initial treatment period and then

once every 2–3 months after the C0 level was normal and stable.

Other regular follow-up items included blood ammonia, blood

sugar, liver function, creatine kinase, abdominal ultrasound,

electrocardiogram, echocardiography, growth, and intelligence

development assessment.

Statistical analysis

SPSS 16.0 (SPSS Inc., Chicago, IL, United States) was adopted

for statistical analysis. The Student’s t-test was applied to

compare the difference of C0 levels between two groups, and

p < 0.05 meant the difference was statistically significant.

Results

NBS for PCD

1,247,274 newborns were screened by MS/MS, and

984 infants primarily displayed low C0 levels, so the positive

rate was 0.08%. Among them, 934 newborns were successfully

recalled, and the positive recall rate was 95%. Eventually,

40 newborns including 18 males and 22 females were

diagnosed with PCD, yielding a positive predictive value

(PPV) of 4.28% (40/934). In addition, 15 newborns were

diagnosed with maternal PCD. From these results, the

incidence of PCD in Shanghai was approximately 1:31,200.

Biochemical characteristics

250,000 healthy newborns were randomly selected to

describe the frequency distribution of C0 levels. C0 levels in

the DBS samples from healthy newborns exhibited a normal

distribution, with the 0.1%–99.9% and 0.5%–99.5% confidence

intervals (CIs) of 9.84–62.52 μmol/L and 11.09–54.10 μmol/L,

respectively (Figure 1). The C0 level in healthy newborns was

26.00 ± 8.01 μmol/L (mean ± standard deviation) (Figure 2). All

newborns and mothers with PCD presented decreased C0 levels.

C0 levels of PCD newborns at the primary screening and after the

recall were 5.37 ± 1.79 μmol/L and 5.57 ± 2.13 μmol/L,

respectively (Figure 2). The C0 level in mothers with PCD

was 3.05 ± 1.28 μmol/L, and that in newborns with PCD was

20% of that in healthy newborns.

Clinical presentation and follow up

PCD patients were treated with L-carnitine supplementation

immediately after diagnosis, and the median age of patients at the

initial treatment was 30 days. After treatment for about 1 month,

the C0 level (24.45 ± 10.87 µmol) was significantly higher than

that in primary screening (t = 9.668, p < 0.001). The follow-up

period of PCD patients ranged from 1 month to 16 years, and the

C0 level in most patients remained normal and stable. Case

3 claimed to be not good at sports. Case 15 was treated with

L-carnitine supplementation since diagnosis to maintain the

normal and stable C0 level, and suffered from easy fatigue

and mild left ventricular enlargement. Case 17 was treated

with L-carnitine supplementation for a short time after birth

and then stopped treatment privately for 5 years; the C0 level in

the most recent followed-up was 3.38 μmol/L, and muscle

strength was weakness. The remaining PCD patients followed-

up in our hospital were asymptomatic, with normal growth and

development, no apparent abnormalities of heart and lung, and

with good limb activity.

SLC22A5 gene mutation analysis

Thirty-six infants identified as having low C0 levels

underwent SLC22A5 gene mutation analysis. Thirty newborns

with PCD harbored two variants in SLC22A5, and six had one

variant (Table 1). Twenty-three different variants were identified

in SLC22A5 gene from 66 mutant alleles. Among them, 69.57%

(16/23) were missense mutations, 17.39% (4/23) were non-sense

mutations, 4.35% (1/23) were splicing mutations, and 8.70% (2/

23) were frameshift mutations. Fifteen variants have been

previously reported in the HGMD, LOVD, ClinVar, and

dbSNP databases, and another eight were firstly found. Twelve

variants were reported as pathogenic or likely pathogenic

mutations, one variant is of uncertain clinical significance, and

the remaining variants have no clinical classification (Table 2).

The possible pathogenicity of 8 novel variants analyzed by

PolyPhen-2, SIFT, LRT, Mutation Taster, PROVEAN, or

GERP++ was listed in Table 3. The Sanger sequencing results

of eight new mutations of SLC22A5 gene in PCD newborns and

their parents was shown in Supplementary Figure S1. The mean

primary screening and recalled C0 levels in four patients with

c.51C>G (p.F17L) and a non-sense mutation or frameshift

mutation (4.15 ± 0.67 μmol/L and 3.12 ± 0.58 μmol/L,

respectively) were lower than those of 11 patients with

c.51C>G (p.F17L) and missense mutation (5.92 ± 1.39 μmol/L

and 6.55 ± 2.06 μmol/L, respectively), and the differences were

statistically significant (t = 2.39, two-tailed p-value = 0.032, and

t = 3.23, two-tailed p-value = 0.006, respectively).

The most common mutation in PCD newborns was

c.51C>G (p.F17L) with a frequency of 27.27% (18/66),

followed by c.1400C>G (p.S467C) (25.76% (17/66)). In

addition, c.760C>T (p.R254X) (6.06%), c.797C>T (p.P266L)

(6.06%), and c.338G>A (p.C113Y) (4.55%) were relatively

common. Almost all the identified variants were scattered

on exons except one on intron.
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The effects of protein structure and function on the 6 novel

missense mutations were predicted by HOPE, and the diagram of

3D-protein structure was shown in Supplementary Figure S2. 1)

p. R83H: the mutant residue was smaller than the wild-type Arg

83 residue. This difference in size might lead to loss of

interactions. 2) p. C136Y: the mutant residue was bigger than

the wild-type Cys 136 residue, which might lead to bumps. The

mutant residue was located near a highly conserved position and

probably damaged the protein. 3) p. D165G: the mutation

introduced a very flexible glycine at position 165, which can

disturb the required rigidity of the protein. The domain of

mutant residue located was important for binding with other

molecules. The charge of the wild-type Asp 165 residue was lost

due to this mutation, which can cause loss of interactions with

other molecules. 4) p. Q207H: the wild-type Glu 207 residue and

mutant residue differ in size. The mutant residue was bigger than

the wild-type residue, which can affect the contact with the lipid-

membrane. 5) p. L378R: the mutant residue was bigger than the

wild-type Leu 378 residue and could affect the contact with the

lipid-membrane. The wild-type residue was more hydrophobic

than the mutation, which might result in the loss of hydrophobic

interactions with other molecules on the protein surface. 6)

FIGURE 1
Frequency distribution histogram of C0.

FIGURE 2
The C0 levels in healthy newborns and PCD patients. 250,000 healthy newborns were randomly selected for comparative analysis. The error
bars are 1th and 99th percentiles.
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TABLE 1 Clinical, biochemical, and molecular characteristics of PCD patients identified by NBS.

Case Sex GW Birth
weight
(kg)

Initial
treatment
age

Current
age (y)

Symptoms C0 levels, µmol/L SLC22A5 gene mutation

Primary
screening

Recall After
treatment

Allele 1 Allele 2

1 M 39 2.80 4y 16 Loss of follow-up 5.32 7.30 13.77 c.51C>G
(p.F17L)

c.797C>T
(p.P266L)

2 F 38 3.27 35d 16 Loss of follow-up 3.24 3.18 17.98 c.51C>G
(p.F17L)

c.248G>T
(p.R83L)

3 M 38 + 3 3.31 37d 13 Asymptomatic 1.03 3.63 11.33 c.396G>A
(p.W132X)

c.1400C>G
(p.S467C)

4 F 39 + 6 3.06 20d 12 Asymptomatic 4.28 4.23 36.98 c.51C>G
(p.F17L)

c.1195C>T
(p.R399W)

5 M 40 + 1 3.73 54d 11 Asymptomatic 4.94 8.00 36.99 c.338G>A
(p.C113Y)

c.797C>T
(p.P266L)

6 F 37 + 1 2.46 44d 11 Asymptomatic 5.16 6.38 17.53 c.51C>G
(p.F17L)

c.1133T>G
(p.L378R)

7 M 39 3.53 2m 10 Asymptomatic 7.42 7.63 9.08 c.428C>T
(p.P143L)

c.1400C>G
(p.S467C)

8 F 40 + 3 3.13 14d 10 Loss of follow-up 6.30 4.34 - c.51C>G
(p.F17L)

c.1400C>G
(p.S467C)

9 M 38 + 2 3.05 30d 10 Asymptomatic 2.13 1.85 47.61 c.1064C>T
(p.S355L)

Not detected

10 F 40 3.00 46d 9 Loss of follow-up 3.31 2.85 - c.51C>G
(p.F17L)

c.384dupT
(p.V129Cfs*9)

11 M 40 3.44 28d 9 Asymptomatic 4.01 3.10 18.68 c.51C>G
(p.F17L)

c.361C>T
(p.Q121X)

12 F 38 + 1 3.27 27d 8 Asymptomatic 7.85 6.34 22.73 c.428C>T
(p.P143L)

c.1400C>G
(p.S467C)

13 M 39 + 2 3.23 - 8 Asymptomatic 2.31 4.14 - c.51C>G
(p.F17L)

c.51C>G
(p.F17L)

14 F 39 + 6 3.22 21d 7 Loss of follow-up 4.72 5.18 - c.338G>A
(p.C113Y)

c.1400C>G
(p.S467C)

15 M 39 + 2 3.70 22d 7 Easy fatigue 7.56 6.15 20.08 c.51C>G
(p.F17L)

c.1400C>G
(p.S467C)Cardiomyopathy

16 F 38 + 5 3.32 45d 6 Asymptomatic 7.03 6.47 20.24 c.1400C>G
(p.S467C)

Not detected

17 M 38 3.30 35d 6 Muscle weakness 6.32 8.83 15.78 c.51C>G
(p.F17L)

c.1445A>G
(p.Y482C)

18 F 39 + 3 3.70 - 5 Loss of follow-up 8.12 9.87 - c.51C>G
(p.F17L)

c.1400C>G
(p.S467C)

19 F 40 + 3 4.26 18d 5 Asymptomatic 6.26 7.16 20.96 c.51C>G
(p.F17L)

c.797C>T
(p.P266L)

20 F 40 + 6 3.75 - 5 Loss of follow-up 6.70 6.69 - c.760C>T
(p.R254X)

Not detected

21 F 38 + 3 2.91 - 5 Loss of follow-up 2.20 4.99 - c.254_264dup
(p.I89Gfs*45)

Not detected

22 M 38 + 4 3.93 20d 4 Asymptomatic 6.40 4.46 26.61 c.51C>G
(p.F17L)

Not detected

23 F 39 + 2 2.96 40d 4 Asymptomatic 7.30 5.77 24.22 c.497 + 1G>T c.680G>A
(p.R227H)

24 M 37 + 5 3.34 23d 4 Asymptomatic 5.84 9.16 31.03 c.51C>G
(p.F17L)

c.1400C>G
(p.S467C)

25 M 38 + 1 3.27 20d 4 Asymptomatic 4.40 3.92 15.73 c.51C>G
(p.F17L)

c.760C>T
(p.R254X)

26 F 39 2.56 32d 4 Asymptomatic 5.70 6.06 - c.760C>T
(p.R254X)

c.1400C>G
(p.S467C)

(Continued on following page)
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p. R400H: the mutant residue was smaller than the wild-type

residue, and the charge of the wild-type residue was lost by this

mutation, which might cause a possible loss of external

interactions.

Discussion

This NBS program for PCD comprised a large cohort of

1,247,274 newborns, most of them were from eastern China. A

total of 40 newborns were diagnosed with PCD, yielding a

prevalence of PCD in Shanghai of 1:31,200. We further analyzed

the clinical, biochemical, and genetic characteristics of patients with

PCD, and investigated the correlation between biochemistry and

different mutation types. Moreover, we identified 8 novel variants

from the SLC22A5 gene and predicted the protein structure effects

on the new missense mutations. These findings expanded the PCD

disease spectrum in Chinese patients and increased concerns about

early diagnosis and therapy.

MS/MS is currently recognized as the most reliable and quick

method for the early diagnosis of PCD by detecting the C0 level.

However, C0 levels in infants shortly after birth reflect the

carnitine levels of their mothers, because carnitine is

transferred from the placenta to the fetus during pregnancy,

which may lead to false-positive and false-negative diagnoses (El-

Hattab et al., 2010; Magoulas and El-Hattab, 2012). Moreover,

premature birth, mitochondrial diseases, insufficient intake,

several organic acidemias and fatty acid oxidation defects, can

lead to secondary carnitine deficiency (Lin et al., 2020).

Therefore, a further differential diagnosis is required to rule

out carnitine deficiency caused by these factors, so as to

determine whether it is PCD. Notably, case 18 showed slightly

decreased C0 levels at initial screening and recall (8.12 and

9.87 μmol/L, respectively) and harbored two pathogenic

variants in the SLC22A5 gene, so that he may be readily

missed if the recall procedures are not strictly followed. In

addition, some PCD patients with one mutation were

identified in this study, which might be related to sequence

technology since it cannot detect variants in the regulatory

regions or deep introns, and large deletions or duplications.

This is also a limitation of this study, especially in patients

with severely low C0 levels, such as case 9, which might

present an important undetected variant. Collectively, MS/MS

combined with genetic testing become an effective strategy to

avoid missed diagnoses, especially in newborns with C0 levels

closing to the lower reference limit.

The SLC22A5 gene is located on chromosome 5q31.1,

containing 10 exons and three introns. So far, more than

150 disease-causing variants have been reported, most of

which are missense mutations. The variant spectrum of

SLC22A5 differs in different races and regions. For instance,

the mutation c.95A>G (p.N32S) is common in Faroe Islands

TABLE 1 (Continued) Clinical, biochemical, and molecular characteristics of PCD patients identified by NBS.

Case Sex GW Birth
weight
(kg)

Initial
treatment
age

Current
age (y)

Symptoms C0 levels, µmol/L SLC22A5 gene mutation

Primary
screening

Recall After
treatment

Allele 1 Allele 2

27 F 39 + 3 3.54 3m 3 Asymptomatic 4.60 3.67 22.30 c.407G>A
(p.C136Y)

c.1400C>G
(p.S467C)

28 F 38 + 5 3.70 31d 3 Asymptomatic 5.00 1.87 28.51 c.248G>A
(p.R83H)

c.248G>A
(p.R83H)

29 M 39 + 3 4.07 35d 3 Asymptomatic 7.20 9.30 30.74 c.1199G>A
(p.R400H)

c.1400C>G
(p.S467C)

30 F 41 + 1 3.84 24d 3 Asymptomatic 4.90 2.26 26.41 c.51C>G
(p.F17L)

c.844C>T
(p.R282X)

31 F 40 + 4 4.04 27d 2 Asymptomatic 6.20 7.05 15.10 c.797C>T
(p.P266L)

Not detected

32 F 35 + 2 1.98 28d 1 Asymptomatic 5.20 5.03 21.05 c.621G>T
(p.Q207H)

c.760C>T
(p.R254X)

33 F 37 + 4 3.20 30d 1 Asymptomatic 6.70 4.82 47.49 c.338G>A
(p.C113Y)

c.1400C>G
(p.S467C)

34 M 38 + 6 3.29 18d 1 Asymptomatic 6.70 5.88 36.45 c.51C>G
(p.F17L)

c.1400C>G
(p.S467C)

35 F 40 + 3 3.27 21d 1 Asymptomatic 6.40 6.65 38.72 c.1400C>G
(p.S467C)

c.1400C>G
(p.S467C)

36 M 39 3.55 36d 1 Asymptomatic 7.60 4.52 33.17 c.494A>G
(p.D165G)

c.1400C>G
(p.S467C)

F, female; M, male; GW, gestational weeks; d, days; y, years.
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(Rasmussen et al., 2014), c.136C>T (p.P46S) is common in the

Texas state of United States (Li et al., 2010), c.454G>C (p.G152R)

and c.760C>T (p.R254X) are common in Turkey, and

c.1400C>G (p.S467C) is common in Japan (Koizumi et al.,

1999; Kilic et al., 2012). In China, the variant spectrum of

SLC22A5 is also varied in different regions and provinces. A

previous study found that c.1400C>G (p.S467C), c.51C>G
(p.F17L), and c.760C > T (p.R254X) are common in Chinese

patients (Lin et al., 2020). Among them, c.1400C>G (p.S467C) is

the most common variant in Zhejiang, Jiangsu, and Henan

provinces, and c.760C > T (p.R254X) is common in Taiwan

(Tang et al., 2002; Lee et al., 2010; Sun et al., 2017; Zhou et al.,

2019; Lin et al., 2020). In contrast to these reports, this study

found that c.51C>G (p.F17L) and c.1400C>G (p.S467C) were the

most common variants in PCD newborns, and the frequencies of

these two mutations among the identified variants showed no

TABLE 2 Frequencies, locations, and clinical classification of detected mutations.

NO Mutations Exons Mutant allele
(NO.)

Frequency (%) ClinVar (clinical
classification)

References

1 c.51C>G (p.F17L) Exon 1 18 27.27 P/LP (Wang et al., 1999)

2 c.248G>T (p.R83L) Exon 1 1 1.52 P/LP (Wang et al., 1999)

3 c.248G>A (p.R83H) Exon 1 2 3.03 N.F This study

4 c.254_264dup (p.I89Gfs*45) Exon 1 1 1.52 P [Wang et al., 2001]

5 c.338G>A (p.C113Y) Exon 1 3 4.55 P/LP (Han et al., 2014)

6 c.361C>T (p.Q121X) Exon 1 1 1.52 N.F This study

7 c.384dupT (p.V129Cfs*9) Exon 1 1 1.52 N.F This study

8 c.396G>A (p.W132X) Exon 2 1 1.52 P (Koizumi et al., 1999)

9 c.407G>A (p.C136Y) Exon 2 1 1.52 N.F This study

10 c.428C>T (p.P143L) Exon 2 2 3.03 LP (Lee et al., 2010)

11 c.494A>G (p.D165G) Exon 2 1 1.52 N.F This study

12 c.497 + 1G>T Intron 2 1 1.52 N.F (Han et al., 2014)

13 c.621G>T (p.Q207H) Exon 3 1 1.52 N.F This study

14 c.680G>A (p.R227H) Exon 4 1 1.52 LP (Li et al., 2010)

15 c.760C>T (p.R254X) Exon 4 4 6.06 P (Tang et al., 2002)

16 c.797C>T (p.P266L) Exon 4 4 6.06 P (Han et al., 2014)

17 c.844C>T (p.R282X) Exon 5 1 1.52 P (Wang et al., 1999)

18 c.1064C>T (p.S355L) Exon 7 1 1.52 VUS (Li et al., 2010)

19 c.1133T>G (p.L378R) Exon 7 1 1.52 N.F This study

20 c.1195C>T (p.R399W) Exon 7 1 1.52 P/LP (Wang et al., 1999)

21 c.1199G>A (p.R400H) Exon 7 1 1.52 N.F This study

22 c.1400C>G (p.S467C) Exon 8 17 25.76 P/LP (Koizumi et al., 1999)

23 c.1445A>G (p.Y482C) Exon 8 1 1.52 N.F (Lin et al., 2020)

P, pathogenic; LP, likely pathogenic; N.F, not found; VUS, uncertain clinical significance.

The novel variants of this study are shown in boldface type.

TABLE 3 List of the 8 novel variants and their possible pathogenicity analysis.

Mutations PolyPhen-2 SIFT LRT Mutation taster PROVEAN GERP++

1 c.248G>A (p.R83H) Probably-damaging Damaging Deleterious Disease-causing Damaging Conserved

2 c.361C>T (p.Q121X) - - Neutral Disease-causing - Conserved

3 c.384dupT (p.V129Cfs*9) - - - Disease-causing - -

4 c.407G>A (p.C136Y) Probably-damaging Damaging Deleterious Disease-causing Damaging Conserved

5 c.494A>G (p.D165G) Possibly-damaging Tolerable Deleterious Disease-causing Damaging Conserved

6 c.621G>T (p.Q207H) Benign Tolerable Deleterious Disease-causing Damaging Conserved

7 c.1133T>G (p.L378R) Probably-damaging Damaging Deleterious Disease-causing Damaging Conserved

8 c.1199G>A (p.R400H) Possibly-damaging Tolerable Deleterious Disease-causing Damaging Conserved
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significant difference, which indicated that these two variants

might be hotspot mutations in eastern China. Furthermore,

8 novel variants were identified in this work: c.248G>A
(p.R83H), c.361C>T (p.Q121X), c.384dupT (p.V129Cfs*9),

c.407G>A (p.C136Y), c.494A>G (p.D165G), c.621G>T
(p.Q207H), c.1133T>G (p.L378R), and c.1199G>A (p.R400H),

expanding the variant spectrum of the SLC22A5 gene. The

possible pathogenicity and protein structure effect on the

novel mutations predicted by the bioinformatic analysis

indicate that these variants may be potential etiologies of

PCD, and further functional research is required to evaluate

the effects of these new mutations.

Consistent with previous report, early diagnosis and treatment

have good outcomes for patients with PCD (Tang et al., 2002).

Within our cohort, 70% of patients were asymptomatic, and 5%

suffered from easy fatigue, mild left ventricular enlargement, and

muscle weakness. Unfortunately, 25% of the patients were lost to

follow-up, and the possible reason was poor treatment compliance

because they might have no symptoms without treatment. In this

study, c.760C > T (p.R254X) was the most common non-sense

mutation, which can cause a premature termination codon at amino

acid 254 and prevent OCTN2, leading to obvious clinical

manifestations (Tang et al., 2002; Han et al., 2014; Frigeni et al.,

2017). Four PCD patients with R254X mutation identified by NBS

showed no obvious clinical manifestation after carnitine

supplementation and dietary guidance. However, PCD patients

with two R254X mutations diagnosed in the clinic presented

muscle weakness and cardiomyopathy, those with R254X and

other mutations suffered from heart failure, cardiomyopathy,

hepatomegaly, diarrhea, feeding difficulties, fever, and even death

(Han et al., 2014). Therefore, standardized medication instruction

and targeted treatment adjustment are essential for Chinese PCD

patients, while asymptomatic patients also need long-term follow-

up and treatment to monitor their health conditions, highlighting

the importance of NBS.

In order to gain further insight into the biochemistry and

genotype correlation in PCD, we analyzed the C0 levels of

different mutation types in the patients. Based on a previous

report, PCD patients with non-sense mutations or frameshift

mutations show extremely feeble OCTN2 activity, while those

with missense mutations have partial residual OCTN2 activity

(Kilic et al., 2012). Nowadays, the relationship between the

C0 level and SLC22A5 genotype in PCD patients identified by

NBS is unclear (Zhang et al., 2019). However, it was found in this

work that the primary screening and recalled C0 levels in patients

with c.51C>G (p.F17L) and a non-sense mutation or frameshift

mutation were lower than those with c.51C>G (p.F17L) and

other missense mutations. All compound heterozygous PCD

patients with c.51C>G (p.F17L) and a non-sense mutation or

frameshift mutation have a C0 value of <5 μmol/L. The C0 level

(1.03 μmol/L) of case 3 with c.396G>A (p.W132X) and

c.1400C>G (p.S467C) was the lowest among all screened PCD

patients, and was 15% of those with c.1400C>G (p.S467C) and

other missense mutations (6.72 ± 1.16 μmol/L). In addition,

2 novel variants were identified from the non-sense or

frameshift mutations, c.361C>T (p.Q121X) can result in a

premature termination of translation and presented between

transmembrane domains 1 and 2, c.384dupT can cause a

frameshift of p. V129Cfs*9 at the first extracellular topological

domain of OCTN2. Both patients with these twomutations had a

C0 value of <5 μmol/L, which further suggested that non-sense or

frameshift mutations might affect the C0 levels of PCD newborns

more greatly.

Conclusion

In conclusion, NBS via MS/MS was an efficient and reliable

method for early diagnosis of PCD. The incidence of PCD in

Shanghai was 1:31,200. Eight novel variants were identified in

this study, greatly expanding the variant spectrum of SLC22A5

gene. c.51C>G (p.F17L) and c.1400C>G (p.S467C) were themost

common variants of newborns in Shanghai. The combination of

biochemical and molecular analysis could effectively increase the

diagnostic accuracy of PCD.
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Background: Hyperphenylalaninemia (HPA) is the most common inborn error

in amino acid metabolism. It can be primarily classified into phenylalanine

hydroxylase (PAH) deficiency and tetrahydrobiopterin (BH4) deficiency.

BH4 deficiency (BH4D) is caused by genetic defects in enzymes involved in

the biosynthesis and regeneration of BH4. 6-pyruvoyl-tetrahydropterin

synthase (PTPS/PTS), which is encoded by the PTS gene, participates in the

biosynthesis of BH4. PTPS deficiency (PTPSD) is themajor cause of BH4D. In this

study, we investigated that the prevalence of BH4D in Jiangxi province was

approximately 12.5 per 1,000,000 live births (69/5,541,627). Furthermore, the

frequency of BH4D was estimated to be 28.8% (69/240) in the HPA population

of Jiangxi. In this study, we aimed to characterize the mutational spectrum of

the PTS gene in patients with PTPSD from Jiangxi province.

Method: Newborn screening data of Jiangxi province from 1997 to 2021 were

analyzed and 53 families with PTPSD were enrolled for the analysis of the PTS

gene variants by Sanger sequencing.

Results: 106 variants were identified in 106 alleles of 53 patients with PTPSD,

including 13 types of variants reported previously, and two novel variants (c.164-

36A>G and c.146_147insTG). The predominant variant was c.259C>T (47.2%),

followed by c.84-291A>G (19.8%), c.155A>G (8.5%), c.286G>A (6.6%) and

c.379C>T (4.7%).

Conclusion: The results of this study can not only provide guidance for the

molecular diagnosis and genetic counseling in cases of PTPS deficiency but also

enrich the PTS mutation database.

KEYWORDS

hyperphenylalaninemia (HPA), tetrahydrobiopterin deficiency, 6-pyruvoyltetrahydropterin
synthase gene, mutation spectrum, jiangxi province
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Introduction

Tetrahydrobiopterin deficiency (BH4D) can result in functional

disturbances in the central nervous system (Souza et al., 2018). It is

caused by genetic defects in enzymes involved in the biosynthesis

and regeneration of tetrahydrobiopterin (BH4) (Himmelreich et al.,

2021). In China, the average incidence of BH4D is approximately

3.8 per 1,000,000 live births (Yuan et al., 2021). The de novo

synthesis of BH4 from GTP requires the participation of three

enzymes including GTP cyclohydrolase I, 6-

pyruvoyltetrahydropterin synthase (PTPS/PTS) and sepiapterin

reductase (Tendi et al., 2022). In addition, dihydropteridine

reductase (DHPR) can contribute to the production of BH4 via

an alternative or salvage pathway (Himmelreich et al., 2021). PTPS

deficiency (PTPSD) caused by mutations in the PTS gene, is the

most common disorder in BH4D, followed by DHPR deficiency

(DHPRD) caused by defects in the quinoid dihydropteridine

reductase (QDPR) gene (Opladen et al., 2012).

As a cofactor of the phenylalanine hydroxylase (PAH) enzyme

that catalyzes the transfer of L-tyrosine (Tyr) from L-phenylalanine

(Phe), BH4D causes a build-up of Phe in the blood, which leads to

hyperphenylalaninemia (HPA) (Tendi et al., 2022). Approximately

98% of HPA cases are related to PAH deficiency (PAHD) and only

2% of HPA cases are caused by BH4D (Zurflüh et al., 2008;

Gundorova et al., 2021). Although PAHD and BH4D are both

identified as HPA, the treatment methods used are different

(Singh et al., 2014). The analysis of urinary pterins profile, and

BH4 loading test results, and the determination of DHPR activity in

red blood cells can be used in the differential diagnosis between

PAHDandBH4D (Opladen et al., 2011; Elhawary et al., 2022). BH4D

gradually leads to intellectual disability and age-dependentmovement

disorders, which can be prevented with the early initiation of effective

treatment (Opladen et al., 2012, 2020). Additionally, the early

confirmation of diagnosis is critical for the dietary treatment and

drug treatment of BH4D (Campistol Plana, 2019; Opladen et al.,

2020). Newborn screening (NBS) is cost-beneficial and can save

considerable public expenditure (LEE et al., 2014). Many countries

have alsomade great advances in the early diagnosis and treatment of

BH4D using NBS (Ye et al., 2002; Niu, 2011; Li et al., 2018; Souza

et al., 2018). There are considerable differences geographical location

and ethnic composition in the various provincial regions of China (Li

et al., 2019). BH4D prevalence was higher in the northern regions

(4.1 per 1,000,000) of China than in the southern regions (1.6 per

1,000,000). Jiangxi province has the highest rate of BH4D prevalence

among the provinces of China (Yuan et al., 2021). In addition, the

proportion of PTPSD-related variants in mainland Chinese patients

with BH4Dmay be as high as 97.73% (Li et al., 2018; Ye et al., 2018).

Thus, it is essential to construct the PTS mutation spectrum at the

provincial level, which will lay the foundation for accurate diagnosis

and individualized genetic counseling.

In this study, we analyzed the newborn screening data of

Jiangxi province from 1997 to 2021. 69 newborns were diagnosed

with BH4D in all. Following this, we recruited 53 patients with

PTPSD and extracted DNA samples from the patients and their

parents to identify mutations in the PTS gene using Sanger

sequencing. Based on the results, we summarized the PTS

mutation spectrum in Jiangxi province for the first time.

Materials and methods

Patients

PTPSD patients came from the positive cases encountered in

newborn screening form October 1997 to December 2021. The

study recruited 53 patients with PTPSD, 29 males and 24 females.

All participants originated from Jiangxi province. Patients were

diagnosed withHPAwhen the ratio of blood Phe/Tyr concentration

exceeded two and the blood Phe concentration exceeded 120 µmol/

L. The analysis of urinary pterins profile and BH4 loading test

results and the measurement of DHPR activity in red blood cells

were used to diagnose BH4D (abnormity of pterins profile and

normality of DHPR). Patients with BH4D were diagnosed with

PTPSD with the increase in neopterin levels and decrease in

biopterin levels, according to the consensus about the diagnosis

and treatment of hyperphenylalaninemia in China (Yang et al.,

2014). Shanghai Xinhua Hospital completed the analysis of urinary

pterins profile and the measurement of DHPR activity in red blood

cells. The signing of the informed consent was carried out in parents

or legal guardians of all study participants. The research obtained

approval from the Clinical Research Ethics Committees of Jiangxi

maternal and child health hospital, Nanchang, China.

Genotype analysis

Taking advantage of a QIAamp DNA Mini Kit (Qiagen),

genomic DNA was extracted only from the whole blood in

patients diagnosed with PTPSD and their parents. The

causative variant of PTS gene was identified in each family

using PCR and Sanger sequencing. To amplify all the coding

exons and primary splice sites, six pairs of primers were designed

by Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-

blast/) (Supplementary Table S1) and synthesized by a company

(Tsingke, ChangSha). According to the manufacturer’s protocol,

the PCR amplification reaction system was configured with a 2x

Taq PCR Master MixII (KT211,TIANGEN). The PCR program

was 95°C for 5 min for initial denaturing, then 30 cycles at 95°C

for 40 s, at 57°C for 30 s, and at 72°C for 35 s, followed by a final

extension of 8 min at 72°C in a T100 Thermal Cycler for the

Classroom (biorad). Six of the PCR products were sent to a

sequencing provider (Tsingke, ChangSha) for Sanger sequencing.

Mutation analysis was performed by sequence alignment with the

PTS transcript (NM_000317). Information on the Mutation

naming scheme can be found at the HGVS site (https://www.

HGVS.org/varnomen). The definite causative variants were
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elected by going through the Human Gene Mutation Database

(HGMD, http://www.hgmd.cf.ac.uk/ac/validate.php) and

International Database of Patients and Mutations causing

BH4-responsive HPA/PKU (BIOPKU, http://www.biopku.org/

home/home.asp) from among variants detecting by sequencing.

Statistical analysis

Graph- Pad Prism version 8.0.1 software was adopted to

study and analyze statistically. Measurement data were compared

with analysis of variance. Calculators’ information was displayed

as a percentage.

Results

Mutation analysis

A total of 5,541,627 newborns were screened for neonatal diseases

at our center between 1997 and 2021, and HPA was detected in

240 patients. In the past 25 years, 69HPA cases have been diagnosed as

BH4Dpatients in total. These included 68 caseswith PTPSDand1 case

with DHPRD. The frequency of BH4Dwas estimated to be 28.8% (69/

240) in the HPA population of Jiangxi province, which was

considerably higher than the 3.9% observed in the Chinese

population on average (Yuan et al., 2021). Therefore, we speculated

that the prevalence of BH4D in Jiangxi province was approximately

12.5 per 1,000,000 live births (69/5,541,627). Among 68 cases of

PTPSD, 53 cases were recalled for further genetic diagnosis,

whereas the 15 remaining cases were lost to follow-up.

The results of Sanger sequencing showed that 15 kinds of

variants were found overall in 106 alleles of PTS gene (Figure 1).

They were in all over the six coding exons, whereas splicing

variants were only present in intron 1 and 2 (Figure 1).

Furthermore, pedigree analysis of the probands family was

performed to evaluate the cis or trans phase of the variants.

All disease-causing mutations were inherited from his or her

parents. In 53 families, PTPSD was caused by the compound

heterozygous mutation or homozygous mutation of PTS.

15 kinds of variants located in all the coding exons (E) and

primary splice sites (blue line) of PTS gene. The novel mutation

was marked with the red color.

Genotyping analysis

On the basis of mutation types, the detected variants were

divided into three groups. The missense variants accounted for

74.5%, followed by splicing variants (23.6%) (Figure 2A). As a result,

10 missense variants existed in most of the patients: c.155A>G
(N52S), c.166G>A (V56M), c.200C>T (T67M), c.259C>T (P87S),

c.272A>G (K91R), c.277C>A (L93M), c.286G>A (D96N),

c.317C>T (T106M), c.331G>A (A111T), and c.379C>T (L127F)

(Table 1). Three splicing variants appeared in 21 patients with

PTPSD: c.84-291A>G (IVS1-291A>G), c.164-36A>G (IVS2-

36 A>G), and c.186 + 1G>A (IVS3 + 1G>A) (Table 1). In

particular, a non-sense variant and a frameshift variant were

FIGURE 1
The results of Sanger sequencing in 53 patients with PTPSD. 15 kinds of variants located in all the coding exons (E) and primary splice sites (blue
line) of PTS gene. The novel mutation was marked with the red color.
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detected in this paper: c.73C>T (R25X) and c.146_147insTG

(G50Vfs*9) (Table 1). The prevalent frequencies of variants

from high to low was as follows: c.259C>T (50/106, 47.2%),

c.84-291A>G (21/106, 19.8%), c.155A>G (9/106, 8.5%),

c.286G>A (6/92, 6.6%), and c.379C>T (5/92, 4.7%)

(Figure 2B). The remaining 13.2% consisted of some

extremely low frequency variants (Figure 2B).

Two novel mutation of PTS

DNA sequence assays showed that a proband had two splicing

variants located in intron1 and intron2 (c.164-36A>G and c.84-

291A>G) respectively. Further, the sources of two variants were

examined in her parents respectively. In addition, the sequencing

result of another proband revealed c.146_147insTG was in

FIGURE 2
Shares of mutation types and prevalent frequencies of detected variants. (A)The percentage of three types of variants in 106 detected variants
respectively. (B) The percentage of each variant in 106 detected variants respectively.

TABLE 1 Genotyping analysis of 53 patients with PTPSD in Jiangxi province.

Location Nucleotide change Amino acid change Character of mutation No. of alleles Allele frequency (%)

exon 1 c.73 C>T R25X Non-sense 1 0.94

intron1 c.84-291 A>G IVS1-291 A>G Splice 21 19.81

exon 2 c.146_147insTG G50Vfs*9 Frameshift 1 0.94

exon 2 c.155 A>G N52S Missense 9 8.49

intron2 c.164-36 A>G IVS2-36 A>G Splice 1 0.94

exon 3 c.166 G>A V56M Missense 1 0.94

intron3 c.186 + 1 G>A IVS3+1G>A Splice 3 2.83

exon 4 c.200 C>T T67M Missense 2 1.89

exon 5 c.259 C>T P87S Missense 50 47.17

c.272 A>G K91R Missense 1 0.94

c.277 C>A L93M Missense 1 0.94

c.286 G>A D96N Missense 7 6.60

exon 6 c.317 C>T T106M Missense 1 0.94

c.331 G>A A111T Missense 2 1.89

c.379 C>T L127F Missense 5 4.72

identified 106 100.00

Not identified 0 0.00

Total number of alleles 106 100.00
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compound heterozygosity with c.379C>T. Previous research had

found c.84-291A>G and c.379C>T were the common variants in

the Chinese PTPSD patients (Ye et al., 2013). However, c.164-36A>G
and c.146_147insTG (Figure 3) had never been reported in previous

research and not recorded in HGMD and BIOPKU. The two novel

mutations were not present in the population frequency databases.

Discussion

In BH4D, the activity of PAH, tyrosine hydroxylase and

tryptophan hydroxylase are reduced, which hampers the

synthesis of neurotransmitters in the brain (Li et al., 2022). Most

children who develop untreated BH4D exhibit severe neurological

symptoms after 3 months of life (Wang et al., 2006; Manti et al.,

2020). NBS for HPA and proper metabolic management can aid the

early diagnosis and treatment of BH4D, which can significantly

improve the prognosis (Wang et al., 2006; Vatanavicharn et al.,

2009; Shintaku and Ohwada, 2013). As an effective and cost-

beneficial strategy for BH4D, many countries have conducted

NBS in such cases. (Li et al., 2018; Souza et al., 2018; Ray et al., 2022).

Only a few studies have been conducted on BH4D prevalence in

live births. (Tada et al., 1984; Niu et al., 2010; Yuan et al., 2021). The

global BH4D prevalence is 1 per 1,000,000 live births and differs

worldwide (Blau et al., 1996). We speculated that the prevalence of

BH4D in Jiangxi province was approximately 12.5 per 1,000,000 live

births from 1997 to 2021, whereas that inMinas Gerais of Brazil was

2.1 per 1,000,000 live births from 1993 to 2012 (Souza et al., 2018).

Moreover, the average prevalence of BH4D in China was 3.8 per

1,000,000 live births (Yuan et al., 2021). The highest prevalence was

observed in eastern China (5.9 per 1,000,000), and Jiangxi province

had the highest rate among the provinces of China (10.6 per

1,000,000) (Yuan et al., 2021). While the prevalence we obtained

is similar to the ones reported earlier, our data are completer and

more accurate of local situation. Furthermore, we observed that the

proportion of BH4D among HPA cases was 28.8% in Jiangxi

province, which was much higher than the prevalence in Italy

(10%) (Blau et al., 1996), Turkey (15%) (Blau et al., 1996) and Iran

(12.3%) (Khatami et al., 2017), and even higher than that inMexican

(9.8%) (Vela-Amieva et al., 2022), France (1.87%) (Dhondt and

Hayte, 2002) and Russia (0.5%) (Gundorova et al., 2021). However,

the incidences in Taiwan and Jordan are more than 30% (Niu, 2011;

Carducci et al., 2020). China’s average frequency of BH4D in HPA

cases was 3.9%, but noticeable regional differences were observed

(Yuan et al., 2021). The Jiangxi province is located in south-central

China. The southern region had the highest frequencies (15.1%),

followed by the eastern (5.3%) and southwestern (5.1%) regions

(Yuan et al., 2021). The incidence in Jiangxi province was well above

those in other provinces of China, such as Shandong province

(10.1%) (Han et al., 2015). In Jiangxi province, the current scenario

of BH4D is different from that in other places. Therefore,

constructing own spectrum might be more suitable here.

A relatively high prevalence of PTPSD was also reported in

the Arab population, the most common variant being c.238A>G
(33%) (Almannai et al., 2019). c.1222C>T was the most common

variant in Russia (Gundorova et al., 2019), whereas in numerous

studies have reported the c.259C>T was found to be the most

common variant in mainland China (Liu et al., 1998; Chiu et al.,

FIGURE 3
Sequencing results of two novel mutation on PTS reverse sequences in two PTPSD probands. (A) Sequence chromatogram indicated a A-to-G
transition of nucleotide 164-36. The transcript of PTS gene (NM_000317) was chosen. (B) Sequence chromatogram indicated insertion of TG
between nucleotide 146 and 147. The transcript of PTS gene (NM_000317) was chosen.
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2012). In this study, the most frequent mutation was c.259C>T,
which was also observed in Shandong province (Han et al., 2015).

The most common variant varied significantly across regions but

was similar in East Asian populations due to a founder effect

(Chiu et al., 2012). In China, c.286G>A was a common variant

among the northern populations, and c.155A>G was a common

variant among the southern populations (Liu et al., 1998, 2001).

Therefore, prioritizing the genotype analysis of the hotspot

region in children with BH4 deficiency is critical to improving

the diagnostic efficiency and reducing costs. The Mutation

spectrum of the PTS gene in this region is generally consistent

with that reported in previous studies (Liu et al., 1998; Chiu et al.,

2012; Ye et al., 2013; Li et al., 2018), but also has a certain

uniqueness. The incidence of c.84-291A>G in this region was

relatively high, close to that of c.259C>T. The incidence of

c.379C>T was also relatively high. The PTS gene mutation

spectrum can serve as an important reference for the early

diagnosis, treatment, genetic counseling, and prenatal diagnosis of

BH4D in Jiangxi province. In addition, the identification of two novel

mutations, c.164-36A>G and c.146_147insTG in this study enriched

human genetic variation database.

In summary, we analyzed the newborn screening data from

1997 to 2021 in Jiangxi province. The prevalence of BH4D in

Jiangxi province was approximately 12.5 per 1,000,000 live births

(69/5,541,627), and the proportion of BH4D among HPA cases

was 28.8% (69/240). For the first time, we successfully

constructed the PTS mutation spectrum in Jiangxi province.

This mutation spectrum is meaningful and can help guide

molecular diagnosis and effective genetic counseling in PTPSD.
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Case report: A novel
c.1842_1845dup mutation
of ETFDH in two Chinese
siblings with multiple acyl-CoA
dehydrogenase deficiency
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and Jiansheng Lin2*
1Department of Endocrinology, Quanzhou Women’s and Children’s Hospital, Quanzhou, China,
2Department of Laboratory Medicine, Quanzhou Women’s and Children’s Hospital, Quanzhou, China

This article reports the characterization of two siblings diagnosed with
late-onset multiple Acyl-CoA dehydrogenase deficiency (MADD) caused
by mutations in electron transfer flavoprotein(ETF)-ubiquinone
oxidoreductase (ETF-QO) (ETFDH) gene. Whole exome sequencing (WES)
was performed in the proband’s pedigree. Clinical phenotypes of Proband
1 (acidosis, hypoglycemia, hypotonia, muscle weakness, vomiting,
hypoglycemia, hepatomegaly, glutaric acidemia, and glutaric aciduria) were
consistent with symptoms of MADD caused by the ETFDH mutation.
However, Proband 2 presented with only a short stature. The patients
(exhibiting Probands 1 and 2) showed identical elevations of C6, C8, C10,
C12, and C14:1. c.1842_1845 (exon13)dup, and c.250 (exon3) G > A of the
ETFDH gene were compound heterozygous variants in both patients. The
novel variant c.1842_1845dup was rated as likely pathogenic according to
the American College of Medical Genetics and Genomics guidelines (ACMG).
This is the first report on the c.1842_1845dup mutation of the ETFDH gene
in patients with late-onset MADD, and the data described herein may help
expand the mutation spectrum of ETFDH.

KEYWORDS

multiple acyl-CoA dehydrogenase deficiency, ETFDH, c.1842_1845dup, novel,

mutation

Introduction

Multiple Acyl-CoA dehydrogenation deficiency (MADD) is a rare, chromosomal,

recessive, inherited metabolic deficiency that affects the metabolism of fatty acids,

amino acids, and cholines (1). The incidence of neonatal MADD varies significantly

by region and is approximately 1/299753 in China (2). MADD, also known as

glutaric acidemia II or glutaric aciduria II (GAII), can be caused by mutations in any

of alpha subunit ETF (ETFA) gene, beta subunit ETF (ETFB) gene and ETFDH gene.

According to ETFA, ETFB, and ETFDH genes deficiencies, MADD can be

subclassified as GAIIA, GAIIB, and GAIIC, respectively. The clinical presentation of
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MADD is highly heterogeneous, lacks specific symptoms and

signs, and can develop at any time from the neonatal stage to

adulthood (2). According to the age of onset, MADD can be

divided into three types: Types I, II, and III. Types I and II

have onset during the neonatal period, while Type III is

typically associated with congenital malformations, such as

polycystic kidney disease and midface hypoplasia. Type III,

also known as late-onset MADD, generally occurs in infants

to adults (2). Types I and II are more severe, often fatal, and

characterized by nonketotic hypoglycemia, metabolic acidosis,

and the accumulation and excretion of metabolites. In

contrast, Type III is milder, with predominant involvement in

skeletal muscle (3, 4); its symptoms are more variable and

generally characterized by muscle involvement (myalgia and

weakness), recurrent hypoglycemia, metabolic acidosis, and

vomiting (5). Furthermore, some cases in China have been

reported with an unusual neuropathy unresponsive to

riboflavin (6). Late-onset MADD is diagnosed by a

characteristic pattern of urine organic acids, demonstrating

elevations of various combinations of aliphatic mono- and

dicarboxylic acids, including 2-hydroxyglutaric, ethylmalonic,

hippuric, adipic, and sebacic acids (7). In addition, a

characteristic plasma acylcarnitine profile would show an

increase in short-, medium-, and long-chain acylcarnitines

(C4–C18:1) in neonatal screening using tandem mass

spectrometry (2, 8). Here, we report a case of two siblings

with late-onset MADD carrying a novel compound

heterozygous mutation in ETFDH.
Case description

Proband 1

A nine-month-old boy chiefly complained of vomiting and

mental fatigue; these symptoms were reported to have lasted for

half a day by the parents. The patient presented the following

recent illness history: the day before admission, the child

vomited stomach contents twice without obvious triggers and

subsequently experienced mental fatigue and hypoglycemia.

After half a day of outpatient treatment, the child remained

mentally fatigued, with a poor response and reduced appetite.

His parents denied any dietary complications. The patient was

transferred to our hospital for further diagnosis and

treatment. Since disease onset, the patient had experienced

mental fatigue, decreased appetite, and poor sleep, although

no significant change was observed in body weight. The

patient’s health and personal history were as follows (1): Birth

history: G2P2, full-term vaginal delivery; birth weight 3.85 kg.

(2) Newborn disease screening history: An newborn screening

sample obtained on the third day after birth was reported to

be elevations of C0, C6, C8, C10, C12, C14:1, and C14:2. (3)

Feeding history: Breastfed for four months and post-formula
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fed until admission, with the gradual addition of

complementary food from six months of age with no adverse

reactions. (4) Growth and developmental history: Weight and

height gradually increased, with laughing at two months,

stable neck erection at three months, and turning over at five

months; however, unstable neck erection was observed after

admission at nine months. (5) Family history: Healthy parents

and non-consanguineous marriages, although the patient’s

sibling exhibited abnormal screening results, poor overall

health, and a low height and weight and was prone to colds.

Physical examination showed that the body weight was 9.0 kg;

height was 72 cm; the limbs were hypotonia; the patient’s

neck erection was unstable. He was unable to sit alone

because the lower limbs could not support his body weight in

the standing position. However, bilateral knee tendon and

bilateral Achilles tendon reflexes were elicited symmetrically.

No abnormal touch was found, physiological reflexes were

present, and Bruchner’s, Klinefelter’s, and double Barthel’s

signs were all negative. The preliminary diagnosis was a

suspected genetic metabolic disease.

Auxiliary examination revealed the following: (1) Color

Doppler ultrasound: Hepatomegaly, 5.0 cm below the right

rib, liver parenchyma echo enhancement; (2) blood routine

test: WBC, 27.1 × 10*9/l; (3) biochemical examination:

HCO3−, 14.2 mmol/L; TBA, 51.6 µmol/L; ALT, 110 U/L; AST,

250 U/L; GLU, 2.90 mmol/L; UA, 550 µmol/L; LDH, 429 U/L;

and CK, 222 U/L; (4) urine organic acids: Glutaric acid, 2-

hydroxyglutaric acid, 3-hydroxyglutaric acid, and other

glutaric acid increased; (5) blood mass spectrometry

screening: C0, C6, C8, C10, C12, C14:1, and C14:2 increased;

(6) the remainder of the examinations, such as brain MRI and

ECG, were all normal, as shown in Table 1. To confirm the

diagnosis, peripheral blood samples were collected from the

proband for WES.

After hospitalization, ceftazidime anti-infection, glutathione

liver protection, and other treatments were all administered.

According to the children’s blood tandem mass spectrometry

and urine organic acid results, late-onset MADD was

considered a possibility, and in response, the patient was

given large doses of vitamin B2 (50 mg, tid), levocarnitine

(10 ml, oral tid), coenzyme Q10 (50 mg, tid). After 1 week,

WES results confirmed our diagnosis. At the time of

discharge, the patient appeared responsive and exhibited

normative behavior for his age. However, the liver reached

3 cm below the ribs, and low muscle tone was observed in the

limbs. Furthermore, unstable neck erection continued; the

patient could not raise his head in the prone position, support

the elbow, sit unsupported, and support the weight of the

lower limbs in the standing position. Prescription of the

doctor during discharge: Levocarnitine 3.33 ml, oral tid;

vitamin B2 50 mg, tid; coenzyme Q10 50 mg, tid; compound

glycyrrhizin half tablet tid; low-fat, low-protein, high-

carbohydrate diet. Blood mass spectrometry and urinary
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organic acids were rechecked one week after hospitalization: C6,

C8, C10, C10:1, C12, C14:1, and C14:2 all increased. Meanwhile,

urinary organic acid results were normal.

After follow-up at six months, physical examination showed

that body weight was 10.4 kg and height is 79 cm. He can sit

alone, hold his head up, turn over, crawl, pronounce

babamama, and walk a few steps alone. Muscle strength and

muscle tone of the limbs were normal, physiological reflexes

existed, and pathological signs were all negative. Auxiliary

examination revealed C6, C8, C10, C10:1, C12, C14:1, and

C14:2 all increased, however, urinary organic acids results

remained normal.

After a subsequent follow-up at one year, physical

examination showed that the weight was 11 kg, height was

88 cm, and he can walk alone and express simply. Blood

tandem mass spectrometry showed that C6, C8, C10, C10:1,

C12, C14:1, and C14:2 still increased.
Proband 2

A 4-year and 1-month-old girl, the sister of Proband 1, first

went to see a doctor because her younger brother was diagnosed

with late-onset MADD, and she was usually in poor health,

prone to colds, and showed low height and weight. Past

history: Newborn screening results: Increased C6, C8, C10,

C10:1, C12, C14, C14:1, and C14:2. Additionally, physical

examination showed a weight of 13 kg (-SD: one standard

deviation lower than average) and a height of 97.8 cm (-SD).

However, bilateral knee tendon and bilateral Achilles tendon

reflexes were elicited symmetrically, no abnormal touch was

found, physiological reflexes were present, and Bruchner’s,

Klinefelter’s, and double Barthel’s signs were all negative.

Auxiliary examination showed that C6, C8, C10, C10:1, C12,

C14:1, and C14:2 increased, while urinary organic acid, 3–3-

hydroxyphenyl-3-hydroxypropionic acid, also increased

(Table 1). Proband 2 was initially diagnosed with MADD. To

confirm this diagnosis, peripheral blood samples were drawn

from the patient for WES. According to the WES test and

other test results above, proband 2 was diagnosed with late-

onset MADD. Treatment consisted of oral vitamin B2 50 mg

tablets twice daily and oral coenzyme Q10 50 mg tablets twice

daily.

A follow-up after six months revealed the following: (1)

physical examination: Body weight was 14 kg (-SD), height

was 100.2 cm (-SD); (2) auxiliary examination: Blood tandem

mass spectrometry showed that C6, C8, C10, C10:1, C12,

C14:1, and C14:2 increased, while urine organic acid analysis

showed that 3–3-hydroxyphenyl-3-hydroxypropionic acid

(23.44) increased.

An additional follow-up after one year revealed the

following: (1) physical examination: Body weight was 14.8 kg

(-SD), height was 105.1 cm (-SD); (2) auxiliary examination:
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Blood tandem mass spectrometry showed that C6, C8, C10,

C10:1, C12, C14:1, and C14:2 increased, and urine organic

acid analysis showed that 3–3-hydroxyphenyl-3-

hydroxypropionic acid level was normal.
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Results

Clinical phenotypes of Proband 1 (acidosis, hypoglycemia,

hypotonia, muscle weakness, vomiting, hypoglycemia,

hepatomegaly, glutaric acidemia, and glutaric aciduria) were

consistent with symptoms of MADD caused by ETFDH

mutation. A heterozygous missense mutation c.250 (exon3)

G > A was found in ETFDH of the Proband 1, which resulted

in p.A84T (p.Ala84Thr), as shown in Table 2. Supplementary

Figure S1 shows that the mutation was validated by Sanger

sequencing. Pedigree analysis revealed that the heterozygous

mutation was inherited from the asymptomatic carrier

mother. (Supplementary Figure S1). The minor genotype

frequency of this mutation site is 0.0024 in 1,000 Genomes

(China), which does not meet the PM2 standard of <0.0005.

According to ACMG guidelines, the pathogenic evidence of

this variant was “PM3_Very_Strong + PM1 + PP3″; and it was

therefore rated as pathogenic. The other novel heterozygous

frameshift mutation c.1842_1845 (exon13)dup was found in

ETFDH of Proband 1, which resulted in p.G616fs*8

(p.Gly616fsTer8), as shown in Table 2. Supplementary

Figure S2 shows the validation of this mutation using Sanger

sequencing. The pathogenic evidence of this variant was

“PVS1_Moderate + PM2 + PM3″; therefore, it was rated as

likely pathogenic. PVS1_Moderate: Loss of function is a

pathogenic mechanism that occurs at the 3′ end, affects no

more than 10% of the total protein length, and is not

expected to cause transcript degradation. PM2: This mutation

is not included in any normal population databases. PM3: A

pathogenic variant c.250 (exon3) G > A was detected in the

trans position of Proband 1 in this study. Pedigree analysis
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revealed that the heterozygous mutation was inherited from the

asymptomatic carrier father (Supplementary Figure S2). This

compound heterozygous variant of ETFDH in Proband 1 fits

the autosomal recessive inheritance pattern of MADD.

This compound heterozygous variant (c.250G > A and

c.1842_1845dup) in ETFDH was also found in Proband 2. The

stature of Proband 2 was only somewhat lower than average.
Discussion

MADD is a fatty acid oxidation disorder caused by electron

transfer defects in the respiratory chain. Functional defects in

either of ETF and ETF-QO result in electrons from the

dehydrogenases of mitochondria beta-oxidation not being

accepted, while C8–C14 levels are often elevated in children

with late-onset MADD (2, 9). Furthermore, the majority of

patients with MADD in Quanzhou showed elevations in C6, C8,

C10, C12, C14, and C14:1 (10). Probands 1 and 2 showed

identical elevations of C6, C8, C10, C12, and C14:1, and

therefore, we believe that C6, C8, C10, C12, and C14:1 may be

core markers of late-onset MADD. Intestinal clostridium could

be involved in the pathogenesis of autism through 3–3-

hydroxyphenyl-3-hydroxypropionic acid (11). There have not yet

been any reports on the association between MADD and 3–3-

hydroxyphenyl-3-hydroxypropionic acid. After the one-year

follow-up, it was found that these elevations had finally returned

to normal levels. However, this did not rule out the possibility

that proband 2 had other nutritional and metabolic disorders.

Late-onset MADDmay present within the first few months of

life, later in childhood, or in adulthood, with hypoglycemia and

acidosis or lipid storage myopathy and carnitine deficiency (12).

This is consistent with the onset at nine months of age for

Proband 1, who had clinical manifestations of hypoglycemia,

acidotic myasthenia, and carnitine deficiency. In MADD,

laboratory findings have an essential diagnostic role. Serum CK

shows different levels of increase in patients, not correlated with

the severity of muscle involvement or muscular pathology, and

can be used as a biomarker of clinical progression. In cases

where LDH is significantly higher than CK, clinicians can

suspect MADD (13). We also found that in proband 1 serum CK

was slightly higher, and serum LDH was much more higher than

CK, which is consistent with its usefulness in the auxiliary

diagnosis of MADD. We also found that the mild clinical

presentation of Proband 2 with the same mutation was very

different from that of Proband 1. A possible explanation for this

could be that the phenotypic presentation of late-onset MADD is

highly variable (14, 15), and the late-onset form usually has no

obvious clinical symptoms (2). Mild short stature in Proband 2

may be a prodromal symptom of late-onset MADD.

Genetic testing is an important method for diagnosing

MADD. Late-onset MADD cases are more common with

ETFDH mutations, although few ETFDH mutations have
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been described in cases of neonatal-onset MADD (14, 16).

c.250G > A in ETFDH is the most common mutation in late-

onset MADD in China (17, 18). The carrier frequency of

c.250G > A was estimated to be 1.35% in the normal

population of southern China (17). The c.250G > A mutation

can be used as a target for rapid screening of MADD in

preimplantation genetic diagnosis and prenatal diagnosis. It is

not surprising that we detected this mutation in this Chinese

family. Additionally, the novel c.1842_1845dup frameshift

mutation identified in this study enriches the pathogenic

mutation spectrum of ETFDH.

Typically, patients with late-onset MADD can be treated using

riboflavin and subsequently obtain goodprognoses; hence, the late-

onset form of MADD is known as riboflavin-responsive MADD

(19). MADD patients are mainly treated with vitamin B2, L-

carnitine, and coenzyme Q10 on a low-fat, high-carbohydrate,

and moderate-protein diet. Most children with late-onset MADD

exhibit obvious responses to therapeutic interventions, and early

treatment can avoid, alleviate, or reverse clinical symptoms (20).

Quality of life improved in Proband 1 after timely correction for

metabolic dysregulation. Proband 2 was usually in poor health,

prone to colds and showed a mild short stature, which may have

been due to the overlooking of positive newborn screening

results and lack of timely intervention. After treatment, the short

stature of Proband 2 didn’t significantly improved. Our findings

emphasize the importance of early treatment in patients with

late-onset MADD. There are some deficiencies in this study such

as the lack of functional studies for mutations, and the possibility

of a coexistent genetic/metabolic disease not identified by WES.
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Gene therapy for lysosomal storage
diseases: Current clinical trial
prospects

Jun Kido1,2*, Keishin Sugawara1 and Kimitoshi Nakamura1,2

1Department of Pediatrics, Faculty of Life Sciences, Kumamoto University, Kumamoto, Japan, 2Department of
Pediatrics, Kumamoto University Hospital, Kumamoto, Japan

Lysosomal storage diseases (LSDs) are a group of metabolic inborn errors caused by
defective enzymes in the lysosome, resulting in the accumulation of undegraded
substrates. LSDs are progressive diseases that exhibit variable rates of progression
depending on the disease and the patient. The availability of effective treatment
options, including substrate reduction therapy, pharmacological chaperone therapy,
enzyme replacement therapy, and bone marrow transplantation, has increased
survival time and improved the quality of life in many patients with LSDs.
However, these therapies are not sufficiently effective, especially against central
nerve system abnormalities and corresponding neurological and psychiatric
symptoms because of the blood-brain barrier that prevents the entry of drugs
into the brain or limiting features of specific treatments. Gene therapy is a
promising tool for the treatment of neurological pathologies associated with
LSDs. Here, we review the current state of gene therapy for several LSDs for
which clinical trials have been conducted or are planned. Several clinical trials
using gene therapy for LSDs are underway as phase 1/2 studies; no adverse
events have not been reported in most of these studies. The administration of
viral vectors has achieved good therapeutic outcomes in animal models of LSDs, and
subsequent human clinical trials are expected to promote the practical application of
gene therapy for LSDs.

KEYWORDS

adeno-associated viral vector, clinical trial, gene therapy, lentiviral vector, lysosomal
storage disease

1 Introduction

Lysosomal storage diseases (LSDs) are a group of progressive inherited metabolic diseases
caused by impaired lysosomal functions due to factors such as defects in lysosomal enzymes and
transporters that may result in the overaccumulation of undegraded substrates. Patients with
LSDs present with a broad spectrum of clinical manifestations owing to the wide impact of the
accumulated substrates and the diverse sites of accumulation. To date, more than 50 different
LSDs have been identified based on different causative enzymes. The incidence of each LSD is
rare, and the combined incidence is estimated to be 1 per 7,000–9,000 live births (Fletcher,
2006).

LSDs are progressive diseases; the rate of progression varies with each disease and patient.
In recent years, the availability of effective treatment options, including substrate reduction
therapy, pharmacological chaperone therapy, enzyme replacement therapy (ERT), and bone
marrow transplantation, has increased survival time and improved the quality of life of many
patients with LSDs (Beck, 2007; Solomon and Muro, 2017; de Oliveira Poswar et al., 2019).
However, most applications of ERT, except for IZCARGO® (Pabinafusp Alfa), do not affect the
brain because the drugs cannot cross the blood-brain barrier (BBB) (Okuyama et al., 2021).
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TABLE 1 Gene therapy-based clinical trials for lysosomal storage diseases.

Disease NCT number Sponsor (code
name)

Status
(accessed
April 2022)

n (age/sex) Vector (carrying
gene), administration,
effects, and adverse
events

References

Fabry 04040049 Freeline Therapeutics
(FLT190)

Ph 1/2, Recruiting 15 (>18 years/M) AAVS3 (GLA), Intravenous Hughes et al.
(2020)

04455230 Recruiting 50 (>18 years/M)

04046224 Sangamo Therapeutics
(ST-920)

Ph 1/2, Recruiting 48 (>18 years/M and F) AAV2/6 (GLA), Intravenous Yasuda et al.
(2020), Hughes
et al. (2019)

03454893 AvroBio (AVR-RD-01) Ph 1/2,
Terminated

11 (16 years–50 years/M) LV (GLA), Ex vivo

04999059 LTF, Enrolling by
invitation

11 (16 years–50 years/M)

02800070 Ozmosis Research Inc. Ph 1, Active, not
recruiting

5 (48 years/M, 39 years/
M, 39 years/M, 37 years/

M, 29 years/M)

LV (GLA), Ex vivo Khan et al. (2021)

Almost normal GLA activity
levels within 1 week. No
serious adverse events.

04519749 4D Molecular
Therapeutics (4D-310)

Ph 1/2, Recruiting 18 (>18 years/M) AAV (GLA), Intravenous

Pompe 04093349 Spark Therapeutics (SPK-
3006)

Ph 1/2, Recruiting 30 (>18 years/M and F) AAV (GAA), Intravenous

04174105 Audentes Therapeutics
(AT845)

Ph 1/2, Recruiting 12 (18 years–80 years/M
and F)

AAV8 (GAA), Intravenous

00976352 University of Florida Ph1/2, Completed 96 m/M, 108 m/M, 66 m/
M, 180 m/M, 30 m/F

AAV1 (GAA), Intra
diaphragm

Smith et al. (2013)

Safe and moderate
improvements in volitional
ventilatory performance.

Expected levels of immune
responses.

02240407 Ph1, Completed 2 (18 years–50 years/M
and F)

AAV9 (GAA), Intramuscular

03533673 Asklepios
Biopharmaceutical, Inc.
(ACTUS-101)

Ph 1/2, Recruiting 8 (>18 years/M and F) AAV2/8 (GAA), Intravenous Kishnani and
Koeberi (2019)

Gaucher 00001234 NINDS Completed 3 (22 years/M, 22 years/F,
21 years/M)

RV (GBA + GLA), Ex vivo Dunbar et al.
(1998)

No serious adverse events

04145037 AvroBio (AVR-RD-02) Ph 1/2, Recruiting 16 (18 years–50 years/M
and F)

LV (GBA), Ex vivo Dahl et al. (2020)

04836377 LTF, Enrolling by
invitation

16 (18 years–50 years/M
and F)

04411654 Prevail Therapeutics
(PR001)

Ph 1/2, Recruiting 15 (<24 m/M and F) AAV9 (GBA), Intracisternal

05324943 Freeline Therapeutics
(FLT201)

Ph 1/2, Recruiting 18 (>18 years/M and F) AAVS3 (GBA), Intravenous

Krabbe 04771416 Passage Bio, Inc.
(PBKR03)

Ph 1/2, Recruiting 24 (1 m–9 m/M and F) AAVHu68 (GALC),
Intracisternal

Hordeaux et al.
(2022)

04693598 Forge Biologics, Inc.
(FBX-101)

Ph 1/2, Active, not
recruiting

6 (<12 m/M and F) AAVrh10 (GALC),
Intravenous after HSCT

Bradbury et al.
(2018)

(Continued on following page)
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TABLE 1 (Continued) Gene therapy-based clinical trials for lysosomal storage diseases.

Disease NCT number Sponsor (code
name)

Status
(accessed
April 2022)

n (age/sex) Vector (carrying
gene), administration,
effects, and adverse
events

References

MPS I 02702115 Sangamo Therapeutics
(SB-318)

Ph 1/2,
Terminated

3 (>5 years/M and F) AAV2/6 (ZFN-mediated
genome editing), Intravenous,
SB-318 had a favorable safety
profile and with evidence of
targeted genome editing in
liver up to 48 weeks after
exposure.

Harmatz et al.
(2022), Ou et al.
(2020)

04628871 LTF, Enrolling by
invitation

3 (>5 years/M and F)

03580083 Regenxbio Inc. (RGX-111) Ph 1/2, Recruiting 11 (>4 m/M and F) AAV9 (IDUA), Intracisternal

03488394 IRCCS San Raffaele Ph 1/2, Active, not
recruiting

8 (1.97 years/M,
1.15 years/M, 1.95 years/

F, 1.12 years/M,
2.84 years/M, 2.13 years/

M, 1.71 years/M,
1.97 years/F)

LV (IDUA), Ex vivo Gentner et al.
(2021)

Increased IDUA activity in
blood and cerebrospinal fluid,
decreased urinary
glycosaminoglycan excretion,
stable cognitive performance,
stable motor skills, improved
or stable findings on MRI of
the brain and spine, reduced
joint stiffness, and normal
growth.

MPS II 00004454 University of Minnesota Ph 1/2, Completed 2 (>18 years/M and F) RV-L2SN (IDS), Ex vivo

04571970 Regenxbio Inc. (RGX-121) Ph 1/2, Recruiting 6 (5 years–17 years/M) AAV9 (IDS), Intracisternal

03566043 Ph 1/2, Recruiting 18 (4 m–5 years/M)

04597385 LTF, Enrolling by
invitation

12 (>28 m/M)

03041324 Sangamo Therapeutics
(SB-913)

Ph1/2, Terminated 9 (>5 years/M and F) AAV2/6 (ZFN-mediated
genome editing), Intravenous,
SB-913 had a favorable safety
profile and with evidence of
targeted genome editing in
liver up to 48 weeks after
exposure.

Harmatz et al.
(2022)

04628871 LTF, Enrolling by
invitation

9 (>5 years/M and F)

05238324 Homology Medicines, Inc.
(HMI-203)

Ph 1, Recruiting 9 (18 years–30 years/M) AAV (IDS), Intravenous

MPS IIIA 01474343 LYSOGENE (LYS-
SAF301)

Ph1/2, Completed 4 (6 years 7 m/F, 6 years
5 m/M, 5 years 10 m/F,

2 years 8 m/M)

AAVrh10 (SGSH + SUMF1),
Intracisternal

Tardieu et al.
(2014)

Moderate improvement in
behavior, attention, and
sleep. Younger patient likely
to display neurocognitive
benefit.

No serious adverse events

02053064 LYSOGENE (LYS-
SAF302)

Ph1/2, Completed 4 (>6 m/M and F) AAVrh10 (SGSH),
Intracisternal

03612869 Ph2/3, Active, not
recruiting

20 (>6 m/M and F)

2015–000359–26a Laboratorios del Dr.
Esteve, S.A. (EGT-101)

Ph 1/2, on going 6 (<18 years/M and F) AAV9 (SGSH),
Intracerebroventricular

administration

04088734 Abeona Therapeutics, Inc.
(ABO-102)

Ph 1/2,
Terminated

5 (>6 m/M and F) AAV9 (SGSH), Peripheral
limb vein

Fu et al. (2016)

02716246 Ph 1/2, Recruiting 22 (>6 m/M and F)

04360265 LTF, recruiting 50 (>6 m/M and F)

04201405 University of Manchester
(OTL-201)

Ph1/2, Active, not
recruiting

5 (3 m–24 m/M and F) LV (SGSH), Ex vivo Ellison et al. (2019)

(Continued on following page)
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TABLE 1 (Continued) Gene therapy-based clinical trials for lysosomal storage diseases.

Disease NCT number Sponsor (code
name)

Status
(accessed
April 2022)

n (age/sex) Vector (carrying
gene), administration,
effects, and adverse
events

References

MPS IIIB 03300453 UniQure Biopharma B.V.
(AMT-110)

Ph1/2, Completed 4 (20 m/F, 26 m/M, 30 m/
M, 53 m/M)

AAV2/5 (NAGLU),
Intracisternal

Tardieu et al.
(2017), Gougeon
et al. (2021)

Stable CNS transgene
expression 66 months after
surgery. Improved
neurocognitive development
in all patients, with the
youngest patient having
function close to that in
healthy children.

03315182 Abeona Therapeutics, Inc.
(ABO-101)

Ph1/2, Active, not
recruiting

15 (>6 m/M and F) AAV9 (NAGLU + CMV enh),
Peripheral limb vein

Ribera et al. (2015)

04655911 LTF, recruiting 24 (>6 m/M and F) AAV9 (NAGLU), Peripheral
limb vein

MPS VI 03173521 Fondazione Telethon Ph1/2, Active, not
recruiting

9 (4 years–65 years/M
and F)

AAV2/8 (ARSB), Intravenous Ferla et al. (2017)

GM1 gangliosidosis 03952637 NHGRI (AXO-
AAV-GM1)

Ph 1/2, Recruiting 45 (6 m–12 m/M and F) AAV9 (GLB1), Intravenous Latour et al. (2019)

04273269 LYSOGENE (LYS-
GM101)

Ph 1/2, Recruiting 16 (<3 years/M and F) AAVrh10 (GLB1),
Intracisternal

04713475 Passage Bio, Inc.
(PBGM01)

Ph 1/2, Recruiting 20 (4 m–36 m/M and F) AAVrh68 (GLB1), Cisterna
magna

Tay-Sachs/Sandhoff 04669535 Sio Gene Therapies (AXO-
AAV-GM2)

Ph 1, Recruiting 18 (6 m–12 years/M
and F)

AAV8 (HEXA) + AAV8
(HEXB), Intracisternal/
Intrathecal

Flotte et al. (2022)

04798235 Taysha Gene Therapies,
Inc. (TSHA-101)

Ph 1/2, Active, not
recruiting

6 (<15 m/M and F) AAV9 (HEXA + HEXB),
Intrathecal

Cystinosis 03897361 AvroBio (AVR-RD-04/
CTNS-RD-04)

Ph 1/2, Recruiting 6 (>18 years/M and F) LV (CTNS), Ex vivo Harrison et al.
(2013)

05146830 LTF, Not yet
recruiting

50 (14 years–50 years/M
and F)

Metachromatic
leukodystrophy

04283227 Orchard Therapeutics
(OTL-200)

Ph3, Recruiting 6 (>6 m/M and F) LV (ARSA), Ex vivo

03392987 Ph2, Active, not
recruiting

10 (<6 years/M and F)

01560182 Approved as LibmeldyⓇ at
Dec. 2020 by EMA.

Ph1/2, Active, not
recruiting

Late infantile: n = 16 (M =
10, F = 6, mean age

12.8 ± 4.3 m)

LV (ARSA), Ex vivo Sessa et al. (2016),
Fumagalli et al.
(2022)

Early juvenile: n = 13 (M =
6, F = 7, mean age 65.9 ±

33.4 m)

Prevention of disease onset or
halted disease progression.

01801709 Institut National de la
Santé Et de la Recherche
Médicale

Ph1/2, Active, not
recruiting

5 (6 m–5 years/M and F) AAV10 (ARSA), Intracranial Piguet et al. (2012)

02559830 Shenzhen Second People’s
Hospital

Ph 1/2, Recruiting 50 (2 years–45 years/M
and F)

LV (ARSA + ABCD1), Ex vivo

03725670 Shenzhen Geno-Immune
Medical Institute

Unknown 10 (>1 m/M and F) LV (ARSA), Ex vivo

LINCL 02725580 Amicus Therapeutics (AT-
GTX-501)

Ph1/2, Completed 13 (>1 year/M and F) AAV9 (CLN6), Intrathecal

04273243 LTF, Active, not
recruiting

10 (>1 year/M and F)

01414985 Weill Medical College of
Cornell University

Ph1/2, Completed 8 (3 years–18 years/M
and F)

AAV10 (CLN2), Intracerebral

(Continued on following page)
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Substrate reduction therapy has limited effects on neurological
manifestations, even if the compounds cross the BBB. Bone
marrow transplant, if performed timely before the development of
definite neurological manifestations, may prevent the progression of
neurological manifestations in some LSDs. Although the
mucopolysaccharidosis (MPS) type I (or Hurler Syndrome), in
which hematopoietic stem cell (HSC) transplantation has been
widely applied in the last decades, obtaining quite positive results,
the other MPSs, mainly MPS type II, showed no evidenced efficacy of
HSC transplantation in the brain impairment of the children, except in
very rare case. Therefore, while some of these conventional therapies
may have limited effects on the brain of patients with LSDs, they do
not offer a definitive treatment for the neurological pathology
associated with LSDs.

With ongoing development, gene therapy is expected to become a
promising therapy for the neurological pathology of LSDs (Rastall and
Amalfitano, 2015; Penati et al., 2017; Poswar et al., 2017; Beck, 2018).
Herein, we present the current state of LSD-related gene therapies for
which clinical trials have been conducted, are currently being
conducted or will be conducted in the near future. Furthermore,
we discuss the role and future prospects of clinical gene therapy
applications.

2 Gene therapy in LSD: Clinical trials and
literature review

We searched for clinical trials of gene therapy for LSDs using the
ClinicalTrials.gov public database (https://clinicaltrials.gov/ct2/
home). Within this database, we entered names of LSDs such as
“Fabry disease” for “Condition or disease” and “gene therapy” for

“Other terms.” Moreover, we surveyed reports of gene therapy for
LSDs available in PubMed (https://pubmed.ncbi.nlm.nih.gov) or
Google Scholar (https://scholar.google.com) using keywords such as
“lysosomal storage disease,” “Fabry disease,” and “gene therapy.”
These searches yielded clinical trials of gene therapy for LSDs that
are ongoing or have been completed and are summarized in Table 1.
Gene therapy studies conducted in model animals with LSDs, whose
clinical trials in humans have not been conducted, are summarized in
Table 2.

2.1 Fabry disease

Fabry disease (FD, MIM number: 301500) is an X-linked LSD
caused by a mutation in the α-galactosidase A (GLA) gene (Figure 1).
FD is manifested by the progressive accumulation of
glycosphingolipids, such as Gb3, especially in the blood vessels,
heart, kidneys, brain, skin, and eyes. FD is divided into two types
based on onset time and clinical manifestation. Patients with classic
type FD present with hypohidrosis, acroparesthesias, angiokeratomas,
and corneal opacities during childhood. Patients with late-onset FD
develop cerebrovascular disease and cardiac and renal failure owing to
Gb3 accumulation in the cardiac muscle and vascular endothelium.

FLT190 is a recombinant adeno-associated viral (AAV) vector
containing humanGLA cDNA. A single administration of FLT190 has
the potential for continuous and durable expression of GLA. In Gla−/−

mice, FLT190 administration induced hepatic GLA expression and
durable levels of plasma GLA activity, which resulted in the uptake of
GLA in the heart and kidney, clearance of inclusion bodies, a reduction
in renal Gb3, and reduction in Gb3 and lyso-Gb3 levels in the plasma
and other tissues. In the NCT 04040049 study, FLT190 was

TABLE 1 (Continued) Gene therapy-based clinical trials for lysosomal storage diseases.

Disease NCT number Sponsor (code
name)

Status
(accessed
April 2022)

n (age/sex) Vector (carrying
gene), administration,
effects, and adverse
events

References

01161576 Ph1, Completed 12 (2 years–18 years/M
and F)

00151216 Ph1, Completed 10 (8.6 years/M, 10 years/
M, 6.9 years/M, 8.1 y/F,
4.5 years/F, 5.4 years/M,
4.5 years/M, 3.6 years/F,
5.3 years/M, 3.4 years/F)

AAV2 (CLN2), Intracranial Worgall et al.
(2008)

A significantly reduced rate of
neurological decline.

CLN3 03770572 Amicus Therapeutics (AT-
GTX-502)

Ph1/2, Active, not
recruiting

7 (3 years–10 years/M
and F)

AAV9 (CLN3), Intrathecal

CLN5 05228145 Neurogene Inc.
(NGN-101)

Ph 1/2, Recruiting 3 (3 years–8 years/M
and F)

AAV9 (CLN5),
Intracerebroventricular and
intravitreal

CLN7 04737460 Benjamin Greenberg Ph 1, Recruiting 4 (1 year–18 years/M
and F)

AAV9 (CLN7), Intrathecal

Danon disease 03882437 Rocket Pharmaceuticals
Inc. (RP-A501)

Ph 1, Recruiting 7–10 (>8 years/M) AAV9 (LAMP2B),
Intravenous

aEudraCT number, AAV, adeno-associated virus; ABCD, adenosine-triphosphate-binding cassette, sub-family D; ARSA, arylsulfatase A; ARSB, arylsulfatase B; CLN, ceroid-lipofuscinosis neuronal

protein; CTNS, transmembrane lysosomal cystine transporter—cystinosin; GALC, galactosylceramidase; GBA, glucocerebrosidase; GLA, α-galactosidase A; HEXA, β-hexosaminidase A alpha

subunit; HEXB, β-hexosaminidase A beta subunit; HSCT, hematopoietic stem cell transplantation; IDS, iduronate-2-sulfatase; IDUA, α-L-iduronidase; LTF, long-term follow-up; LINCL, late-infantile

neuronal ceroid lipofuscinosis; LV, lentivirus; RV, retrovirus; NAGLU, Aalpha-N-acetylglucosaminidase; NCL, neuronal ceroid lipofuscinoses; NHGRI, national human genome research institute;

NINDS, national institute of neurological disorders and stroke; SGSH, N-sulfoglucosamine sulfohydrolase; SUMF1, sulfatase modifying factor 1; ZFN, zinc finger nuclease. References shown in bold

font report the results of clinical trials.
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administered to 15 adult males, both treated and treatment-naive
patients, with classic FD (Hughes et al., 2020). The long-term safety
and durability of GLA in patients intravenously administered
FLT190 were investigated (NCT 04455230) (Table 1).

ST-920 is a recombinant AAV2/6 vector encoding human GLA
(Yasuda et al., 2020). In FD mice, a single dose of ST-920 increased
GLA activity in the kidney, heart, liver, spleen, and plasma, and
decreased Gb3 and lyso-Gb3 levels in the liver, heart, plasma, and
kidney. A clinical trial on ST-920 is in progress; 48 FD patients

(≥18 years old) have been infused intravenously with a single dose
of ST-920 and their clinical course will be followed for 52 weeks (NCT
04046224) (Table 1) (Hughes et al., 2019).

AVR-RD-01 is an autologous drug product comprising a CD34+
cell-enriched fraction that contains cells transduced with a lentiviral
(LV) vector encoding human GLA. A total of 20 classical FD male
patients (≥16 years old), who had not previously received ERT and/or
chaperone therapy within 3 years of the time of screening, received a
one-time intravenous administration of AVR-RD-01 and were

TABLE 2 Gene therapy-based pre-clinical studies for lysosomal storage diseases.

Disease Model (administration) Vector (carrying gene) References

MPS IIID Gns−/− mice (cisterna magna) AAV9 (Gns) Roca et al. (2017)

MPS IVA KO-mice (intravenous) AAV8 (GALNS) Sawamoto et al. (2020)

MPS VII Gusmps/mps mice (superficial temporal vein) LV (Gus) Macsai et al. (2012)

NCL (CLN1) Ppt1−/− mice (intra-brain-parenchymal and/or intrathecal) AAV2/9 (PPT1) Shyng et al. (2017)

NCL (CLN8) Cln8mnd (intracerebroventricular) AAV8 (CLN8) Johnson et al. (2021)

NCL (CLN10) CtsD−/− mice (intra-brain-parenchymal and/or liver/stomach) AAV2 (CtsD) Shevtsova et al. (2010)

Aspartylglucosaminuria Aga−/− mice (intravenous) AAV9 (AGA) Chen et al. (2021)

Niemann-Pick C Npc1−/− mice (left lateral ventricle and cisterna magna) AAV9/3 (NPC1) Kurokawa et al. (2021)

Npc1−/− mice (intravenous) Plasmid DNA (NPC1) Jiang et al. (2020)

Alfa mannosidosis AMD cat (intravenous) AAVhu.32 (fMANB) Yoon et al. (2020)

Galactosialidosis Ctsa−/− mice (intravenous) AAV2/8 (CTSA) Hu et al. (2021)

Mucolipidosis IV Mcoln1−/− mice (intravenous) AAV9 (MCOLN1) DeRosa et al. (2021)

Farber Asah1P361R/P361R mice (temporal vein) LV (ASAH1) Alayoubi et al. (2013)

AMD, alpha-mannosidosis; fMANB, feline alpha-mannosidase gene; Gns, murine N-acetylglucosamine-6-sulfatase; Gus: murine β-glucuronidase gene; KO, knockout; LV, lentivirus; MoMLV,

moloney murine leukemia virus; NCL, neuronal ceroid lipofuscinoses.

FIGURE 1
Sphingolipid metabolism in the lysosome. *(2.1, 2.3, 2.4, 2.6, 2.7, 2.9, and 2.17) indicate the sections in which studies on gene therapy for LSDs are
described.
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observed for 64 weeks. Moreover, a long-term follow-up study for
14 years of participants administered AVR-RD-01 is underway (NCT
04999059) (Table 1).

In the NCT 02800070 study, five male FD patients (18–50 years
old) underwent autologous HSC transplantation using CD34+ cells
transduced with LV containing humanGLA cDNA and were observed
for 5 years (Khan et al., 2021). All patients exhibited normal levels of
GLA activity within 1 week of treatment and LV vector was detected in
the peripheral blood and bone marrow cells. Analysis of plasma and
leukocytes demonstrated an improvement in GLA activity to within or
above the control reference range. Levels of plasma and urine Gb3 and
lyso-Gb3 were also reduced. Three of the five patients could
discontinue ERT (Table 1).

The recombinant AAV vector 4D-310 comprises two active
components: A capsid (4D-C102) and a transgene cassette
encoding human GLA driven by the CAG promoter. In the NCT
04519749 study, 18 male FD patients (≥18 years old) received a single
intravenous administration of 4D-310 and were observed for 1 year
(Table 1).

Liver-targeted (in vivo) and hematopoietic stem/progenitor cell
(HSPC)-targeted (ex vivo) clinical trials for FD are ongoing. In vivo
therapy involves the use of hepatotropic AAV vectors AAV2/6 and
AAVS3 for the transfer of theGLA gene to hepatocytes and is expected
to produce enzymes to express therapeutic effects. Ex vivo therapy
involves the transduction of the GLA gene into patients’ CD34+
HSPCs using LV. The transduced HSPCs will deliver the functional
enzyme to sites not accessible by ERT. In the future, the therapeutic
strategy may be determined based on a patient’s disease type, severity,
and target organ.

2.2 Pompe disease

Glycogen storage disease type II (MIM: 232300) known as
Pompe disease (PD) is an autosomal recessive disease caused by
a defect in α-glucosidase (AαGlu, EC: 3.2.1.20) encoded by GAA.
PD manifests as the accumulation of lysosomal glycogen in the
heart and skeletal muscles (Martiniuk et al., 1986); massive
accumulation eventually leads to death from cardiorespiratory
failure (Mellies and Lofaso, 2009). Patients with infantile-onset
PD (IOPD), in which AαGlu activity is absent, present with
hypertrophic cardiomyopathy and hypotonia, and often die
within a few months after birth. Patients with late-onset PD
(LOPD), in which AαGlu activity is reduced, present with
skeletal muscle dysfunction, but rarely develop cardiac muscle
manifestation. The onset time and severity of LOPD are
variable, and patients predominantly manifest symptoms after
40 years of age (Hagemans et al., 2005).

SPK-3006 is an AAV vector encoding human GAA. The safety,
tolerability, and efficacy of a single intravenous administration of SPK-
3006 have been investigated in adults with moderate LOPD receiving
ERT (NCT 04093349) (Table 1).

A study (NCT 04174105) using AT845, an AAV8 vector delivering
humanGAA cDNA under the control of a muscle-specific promoter, is
in the recruiting stage (Table 1). Up to three nominal dose levels of
AT845 have been planned to be evaluated in this study. A single
AT845 administration through intravenous infusion will be
performed. The initial dose cohort will receive a single dose of 3 ×
1013 vector genomes (vg)/kg, the second dose cohort will receive a

single dose of 6 × 1013 vg/kg, and the third dose cohort, a single dose of
1 × 1014 vg/kg. Subjects will be observed for the safety and efficacy of
AT845 over 48 weeks.

In the NCT 00976352 study, all subjects required chronic and full-
time mechanical ventilation owing to respiratory failure and were
unresponsive to both ERT and preoperative muscle-conditioning
exercises. After receiving a dose of either 1 × 1012 vg (n = 3) or
5 × 1012 vg (n = 2) of rAAV1-hGAA vector, the subjects’ unassisted
tidal volume increased significantly [median (interquartile range)
28.8% increase (15.2–35.2), p < 0.05]. Further, most patients
tolerated appreciably longer periods of unassisted breathing [425%
increase (103–851), p = 0.08]. Gene therapy did not contribute to
improvingmaximal inspiratory pressure. No T-cell-mediated immune
responses to the vector and expected levels of circulating antibodies
were detected. The results support the safety and moderate efficacy of
rAAV1-hGAA (Smith et al., 2013). In the NCT 02240407 study, the
potential activity, biodistribution, and toxicology of the re-
administration of rAAV9-desmin enhancer/promoter-human GAA
vector injected intramuscularly into the tibialis anterior were
investigated in two patients with LOPD.

ACTUS-101 is an AAV 8 vector encoding human GAA under the
control of the light strand promoter. Liver depot gene therapy is
considered to be an effective strategy for treating PD (Kishnani and
Koeberl, 2019). Ding et al. (2002) reported the presence of the high
molecular weight precursor AαGlu in the blood, which was taken up
and processed to mature AαGlu in skeletal and heart muscle where
accumulated lysosomal glycogen was disassembled effectively.
Although GAA expression in the liver proved to be transient,
adenovirus vector-mediated GAA expression from the liver depot
achieved a high level of biochemical correction in the skeletal and
heart muscle (Ding et al., 2002).

In PD gene therapy, the administration is intravenous or
intramuscular. Both intravenous and intramuscular administration
of AAV vector encoding hGAA is expected to be effective. In the
future, the better-suited administration route for the AAV vector may
be determined based on a patient’s disease type, IOPD or LOPD, as the
target organ for gene therapy varies depending on disease type and
severity.

2.3 Gaucher disease

Gaucher disease (GD, MIM: 606463) is an autosomal recessive
LSD caused by mutations in the glucocerebrosidase (GBA) gene
encoding glucocerebrosidase (GCase, EC: 3.2.1.45). GCase catalyzes
the conversion of glucosylceramide to ceramide (Figure 1). Defective
GCase leads to the accumulation of glucosylceramide and/or
glucosylsphingosine in the lysosomes of various cells, resulting in
systemic manifestations of GD, including bone and neural
impairments, hematological defects, and hepatosplenomegaly (Platt,
2014).

In the NCT00001234 study, the safety and feasibility of retroviral
transduction of peripheral blood or bone marrow CD 34 + cells with
GBA cDNA were investigated. Unfortunately, the level of corrected
cells (<0.02%) was too low to induce any clinical benefit, and GCase
activity did not increase in any patient (n = 3) following the infusion of
transduced cells (Table 1) (Dunbar et al., 1998).

AVR-RD-02 is a drug comprising autologous CD34+ enriched
HSCs genetically modified ex vivo using an LV to contain an RNA
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transcript that results in a codon-optimized cDNA encoding human
GBA. In GD type I model mice, AVR-RD-02 led to a significant
decrease in glucocerebroside accumulation with subsequent
improvement of hepatosplenomegaly, restoration of blood
parameters, and a tendency for enhanced bone mass and density.
Moreover, a significant reduction in Gaucher cells in the bone marrow
was seen after gene therapy (Table 1) (Dahl et al., 2021). In NCT
04145037, the efficacy and safety of AVR-RD-02 will be assessed in
8–16 subjects (male and female) between the ages of 18 and 50 years
old with GD Type I. After AVR-RD-02 transplant, the subjects will
enter the post-transplant follow-up period (~52 weeks). During this
time, periodic efficacy and safety assessments will be performed to
assess measures of safety, engraftment, and clinical response post-
transplant. Moreover, subjects will be followed up for an additional
14 years to monitor safety and changes in selected biomarkers and
clinical outcomes (NCT04836377).

PR001 (LY3884961) is an AAV9 vector encoding human GBA. In
NCT 04411654, the efficacy and safety of a single dose of PR001 will be
evaluated in infants with GD Type II. Subjects will be investigated for
PR001 efficacy, safety, tolerability, biomarkers, and immunogenicity
in the first 12 months, and followed up for an additional 4 years to
monitor safety and changes in selected biomarkers and clinical
outcomes.

Liver-targeted (in vivo), brain-targeted (in vivo), and HSC-
targeted (ex vivo) clinical trials of GD are ongoing. In liver-targeted
in vivo therapy, a hepatotropic AAVS3 vector is used. The transfer of
the GBA gene to hepatocytes is expected to produce GCase enzymes
and express therapeutic effects. In brain-targeted in vivo therapy, the
AAV9 vector is used. AAV9/GBA intracisternal administration may
transduce oligodendrocytes to produce GBA and express therapeutic
effects. In ex vivo therapy, the GBA gene is transduced to patients’
CD34+ HSCs using LV or RV. The transduced HSCs will deliver the
functional enzyme to sites not accessible by ERT. In the future, the
therapeutic strategy may be determined based on a patient’s disease
type and severity.

2.4 Krabbe disease

Krabbe disease (KD; globoid cell leukodystrophy) (MIM: 245200)
is an autosomal recessive LSD caused by a galactosylceramide-β-
galactosidase (GALC, EC: 3.2.1.46) defect. Both psychosine and
galactosylceramide accumulate in the white matter of the brain.
The infantile-onset KD may be manifested as hypersensitivity to
external stimuli, irritability, and severe mental and motor
deterioration, which usually appears before 6 months of age. Most
patients die before their second birthday without appropriate
treatment. Patients categorized as an attenuated phenotype often
develop symptoms later in life (Ferreira and Gahl, 2017). The main
pathology of KD is the demyelination of neurons in the brain white
matter; thus, myelin regeneration is expected to be a potential
treatment. HSC transplantation, which can promote central
myelination, is an effective treatment option for newborn and
infantile patients before the start of neurodegeneration (Allewelt
et al., 2018).

PBKR03 is an AAV vector serotype Hu68 carrying human GALC
cDNA. NCT 04771416 is a study of PBKR03 delivered as a one-time
dose administered into the cisterna magna of subjects with early
infantile KD. Hordeaux et al. (2022) reported the safety, scalability,

and efficacy of a single cisterna magna PBKR03 administration to treat
KD model mice and dogs (Table 1).

FBX-101 is a replication-deficient AAV vector encoding human
GALC, which is delivered one time through a venous catheter inserted
into a peripheral limb vein. NCT 04693598 is a non-randomized, non-
blinded, dose escalation study of intravenous AAVrh10 after HSC
transplantation. Bradbury et al. (2018) reported the effect of AAV gene
therapy in a canine model of KD, which recapitulated human clinical
manifestations. A combination of intracerebroventricular and
intravenous injections of AAVrh10 therapy, targeting both the
central and peripheral nervous systems, had a clear dose response
and led to delayed onset of clinical signs, correction of biochemical
defects, attenuation of neuropathology, and extended life-span
(Table 1).

The target organ for KD gene therapy is the brain because the
neurodevelopmental outcome is crucial. The intracerebroventricular
administration of the AAV vector is expected to be useful in the early
treatment of infants before the presentation of neurological
manifestations.

2.5 Mucopolysaccharidoses

Mucopolysaccharidoses (MPSs) are a heterogeneous group of
LSDs, clinically manifested by reduced life expectancy and
progressive dysfunction in multiple organs (Coutinho et al.,
2012). Mucopolysaccharides are complex sugar molecules
identified in connective tissues and other tissues throughout the
body, including the liver, spleen, cartilage, skin, cornea, and
vascular tissue. MPS I (Hurler Syndrome, MIM: 607014), II
(Hunter syndrome, 309900), IIIA (Sanfilippo syndrome A,
252900), IIIB (Sanfilippo syndrome B, 252920), IIIC (Sanfilippo
syndrome C, 252930), IIID (Sanfilippo syndrome D, 252940), IVA
(Morquio syndrome A, 253000), IVB (Morquio syndrome B,
253010), VI (Maroteaux-Lamy syndrome, 253200), and VII (Sly
syndrome, 253220) are caused by a defect in α-L-iduronidase
(IDUA, EC: 3.2.1.76), iduronate-2-sulfatase (IDS, EC: 3.1.6.13),
heparan-N-sulfatase (SGSH, EC: 3.10.1.1),
N-acetylglucosaminidase (NAGLU, EC: 3.2.1.50), heparan-alpha-
glucosaminide N-acetyltransferase (HGSNAT, EC: 2.3.1.78),
N-acetylglucosamine-6-sulfatase (GNS, EC: 3.1.6.14),
N-acetylgalactosamine-6-sulfate sulfatase (GALNS, EC: 3.1.6.4),
β-galactosidase (GLB1, EC: 3.2.1.23), arylsulfatase B (ARSB, EC:
3.1.6.12), and β-glucuronidase (GUSB, EC: 3.2.1.31), respectively.
Patients with MPS are generally healthy at birth, but present clinical
manifestations, including deterioration of the joints, airways, and
skeletal muscle; impaired vision and hearing; and heart valve
disease, from early childhood. Most patients with MPS I, II, III,
or VII also develop impaired cognitive ability.

NCT 02702115, 04628871, 03580083, and 03488394 studies of
gene therapy for MPS I, and NCT 00004454, 04571970, 03566043,
04597385, 03041324, 04628871, and 05238324 studies of gene therapy
for MPS II have been carried out. NCT 01474343 and
02053064 studies of gene therapy for MPS ⅢA are completed,
NCT 04088734 was terminated, and NCT 03612869, 02716246,
04360265, 04201405, and EudraCT 2015-000359-26 are underway.
NCT 03300453 study of gene therapy for MPS ⅢB is completed, and
NCT 03315182 and 04655911 are underway. For MPS Ⅵ, NCT
03173521 is underway (Table 1).
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SB-318 is a zinc finger nuclease (ZFN)-mediated in vivo genome
editing tool used to insert a normal copy of the IDUA transgene into
liver cells, delivered via AAV2/6 vectors. Ou et al. (2020) developed a
proprietary system gene editing approach using CRISPR, which
improves transduction efficacy and involves the insertion of a
promoter-less human IDUA cDNA sequence into the albumin
locus of hepatocytes. Gene therapy was performed in neonatal and
adult MPS Ⅰ mice and led to a significant increase in IDUA enzyme
activity in the brain and a decrease in the content of storage substrates.
Furthermore, the treated mice acquired improved memory and
learning ability. No vector-associated toxicity or increased
tumorigenesis risk was observed (Ou et al., 2020). Harmatz et al.
(2022) reported the result of a phase 1/2 clinical trial for 3 adult
patients with attenuated MPS Ⅰ. The administration of SB-318 once
intravenously at a dose of 1 × 1013 vg/kg (n = 1) and 5 × 1013 vg/kg (n =
2) showed a good safety profile and evidence of targeted genome
editing in the liver up to 48 weeks after administration.

Gentner et al. (2021) reported the result of NCT 03488394. They
administered autologous HSCs transduced ex vivo with LV encoding
human IDUA in subjects with MPS Ⅰ after myeloablative conditioning.
All of the subjects exhibited sustained supraphysiologic blood IDUA
activity. Urinary glycosaminoglycan (GAG) excretion significantly
decreased to normal levels following treatment. The cerebrospinal
fluid IDUA activity was increased after gene therapy and was
correlated with local clearance of GAGs. Treated subjects
demonstrated stable cognitive ability and motor skills, reduced
joint stiffness, and normal growth.

SB-913 is a ZFN-mediated in vivo genome editing tool used to
insert a normal copy of the IDS transgene into liver cells, delivered via
AAV2/6 vectors. Harmatz et al. (2022) reported the result of a phase 1/
2 clinical trial for nine adult patients with attenuated MPS Ⅱ. The
administration of SB-913 once intravenously at a dose of 5 ×
1012 vg/kg (n = 2), 1 × 1013 vg/kg (n = 2), and 5 × 1013 vg/kg (n =
5) showed a good safety profile and evidence of targeted genome
editing in the liver up to 48 weeks after administration.

Tardieu et al. (2014) reported the results of the intracerebral
administration of AAV rh.10 carrying human SGSH and SUMF1
cDNAs in four children with MPS ⅢA. The vectors were delivered
bilaterally to the white matter, anterior, medial, and posterior to the basal
ganglia. Three patients were able to walk, but their cognitive abilities were
abnormal and had declined with brain atrophy. Treatment resulted in
moderate improvement in sleep, attention, and behavior in three patients.
Fu et al. (2016) treatedMPSⅢAmice at the age of 1, 2, 3, 6, and 9 months
with an intravenous injection (1 × 1012 vg/kg) of scAAV9-U1a-hSGSH
vector, resulting in the reduction in GAG levels and restoration of SGSH
activity throughout the CNS and somatic tissues. Treatment up to
3 months of age improved cognitive ability in the Morris water maze
at 7.5 months, and lifespan was normalized. In mice treated at 6 months
of age, behavioral performance was impaired at 7.5 months, but it did not
decline further when retested at 12 months, and lifespan was extended,
but not normalized. Treatment at 9 months of age did not extend lifespan,
although the GAG storage pathology in the CNS was alleviated. Gene
therapy may be effective in the early stage of the disease. Ellison et al.
(2019) optimized hCD34+ cell transduction with a clinical grade SGSH
vector, providing improved pharmacodynamics and cell viability, and
validated an effective scale-up and cryopreservation method to generate
an investigational medicinal product. They also established the pre-
clinical efficacy and safety of transgene HSC transplantation for MPS
ⅢA mice.

Tardieu et al. (2017) reported the results of phase 1/2 clinical trials
of intracerebral administration of AAV2/5 carrying human NAGLU
cDNAs for four children with MPS ⅢB. No unexpected significant
adverse drug reactions were observed. Sustained enzyme production
was induced in the brain, and neurocognitive development progressed
in all patients, with the youngest patient having neurological function
close to that seen in healthy children. Gougeon et al. (2021) performed
a comprehensive analysis of cytokine patterns and cellular immunity
in the four treated children over 5.5 years of follow-up. Memory and
polyfunctional CD8+ and CD4+ T lymphocytes, which were sensitized
to the transgene, began appearing soon after the start of treatment in
peripheral blood and waves throughout the follow-up. However, this
response had no apparent impact on CNS transgene expression, which
remained stable 66 months after surgery. Gene therapy did not trigger
neuroinflammation through the expression of chemokines and
cytokines in the CSF of the patients. Ribera et al. (2015)
administered AAV9 vectors encoding murine NAGLU cDNA,
under the control of the chicken β-actin/cytomegalovirus (CMV)
enhancer ubiquitous promoter, to cisterna magna of 2-month-old
male and female MPS IIIB mice. Restoration of enzymatic activity in
the CNS led to the normalization of GAG content and lysosomal
physiology, alleviated neuroinflammation, and restored the pattern of
gene expression in the brain similar to that of healthy animals.
Additionally, transduction in the liver, owing to the passage of
vectors into the circulatory system, led to whole-body disease
correction. Treated animals also showed improvement in
behavioral deficits and an extended lifespan.

As gene therapy for MPS IIID, Roca et al. (2017) administered 5 ×
1010 vg of AAV9 vector expressing murine Gns into 2-month-old
Gns−/− mice through cisterna magna injection. The treatment with
AAV9-Gns corrected pathological storage, improved lysosomal
functionality in the CNS and somatic tissues, resolved
neuroinflammation, restored normal behaviour and extended
lifespan of treated mice (Table 2).

As gene therapy for MPS ⅣA, Sawamoto et al. (2020) administered
AAV8 vector expressing different forms of human GALNS, under a liver-
specific promoter, intravenously into 4-week-oldMPSⅣAmice. GALNS
enzyme activity was significantly enhanced in the plasma of all treated
mice at 2 weeks post-injection and was maintained throughout the
monitoring period. Treatment with AAV vectors led to a decrease in
keratan sulfate levels in plasma to normal levels at 2 weeks after injection,
which wasmaintained until necropsy. Gene therapy decreased the storage
of keratan sulfate in ligaments, articular cartilage, and meniscus
surrounding articular cartilage and growth plate regions, as well as,
heart muscle and valves. This result suggests that AAV gene therapy
is a novel treatment to address heart and bone disease in patients with
MPS ⅣA (Table 2).

Ferla et al. (2017) showed that a single systemic administration of a
recombinant AAV2/8 vector encoding ARSB, under the
transcriptional control of the liver-specific thyroxine-binding
globulin promoter (AAV2/8. TBG.hARSB), led to sustained liver
transduction and phenotypic improvement in MPS Ⅵ mice.
Moreover, they tested both the efficacy and safety of a single
intravenous administration of AAV2/8. TBG.hARSB at doses
ranging between 2 × 1011 and 2 × 1012 genome copies/kg body
weight. AAV-treated mice showed no toxicity except for thyroid
epithelial hypertrophy and a transient increase in alanine
aminotransferase activity in females. AAV2/8. TBG.hARSB
expression and biodistribution were confirmed in the liver as the

Frontiers in Genetics frontiersin.org09

Kido et al. 10.3389/fgene.2023.1064924

185

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1064924


main site of both transduction and infection. The risk of both
horizontal and germline transmission was minimal (Table 1).

Macsai et al. (2012) injected an LV vector encoding the murine β-
glucuronidase gene, under the transcriptional control of the
elongation 1 alpha promoter, intravenously into MPS Ⅶ mice at
birth or 7 weeks. High levels of vector expression were demonstrated
in the spleen, liver, and bone marrow, and to a lesser extent in the lung,
heart, and kidney after injection. Widespread clearance of GAG
storage was detected in somatic tissues of both groups, and some
clearance of neuronal storage was observed in mice treated at birth.
Therefore, intravenous LV gene therapy results in a measurable
improvement in parameters of bone mass and architecture, as well
as enzymatic and biochemical correction. In contrast, growth plate
chondrocytes are non-responsive to therapy.

Gene therapies for neuronopathic MPS are progressing and many
clinical trials are ongoing (Table 1). There are two types of approaches
for targeting the CNS: the direct transfer of a therapeutic gene into the
brain (in vivo) and HSC-targeted gene therapy (ex vivo). To date,
AAVs are the most used viral vectors in gene therapy, followed by ex
vivo gene therapy with lentiviral vectors. Although encouraging results
are reported, several challenges remain to be overcome in vector
selection, administration route, and immunogenicity. Gene editing
technology has recently also been applied for MPS I, MPS II, and
hemophilia B in human (Harmatz et al., 2022). It is extremely
promising that these first-in-human trials proven in vivo genome
editing.

2.6 GM1 gangliosidosis

GM1 gangliosidosis (MIM: 230600) is an autosomal recessive LSD
caused by a β-galactosidase (βG, EC: 3.2.1.23) defect due to a GLB1
gene mutation (Figure 1). The defect leads to the accumulation of
GM1 ganglioside in various tissues, as the enzyme degrades GM1 to
GM2 gangliosides, especially in the peripheral nervous system and
CNS (Sandhoff and Harzer, 2013). The major clinical manifestations
of GM1 gangliosidosis are neural impairment, such as seizure and
motor and cognitive developmental delays (Brunetti-Pierri and
Scaglia, 2008).

NCT 03952637 is a phase 1/2 study aimed at assessing the safety
and efficacy of the AAV9-GLB1 vector following intravenous delivery.
Latour et al. (2019) demonstrated that the microinjection of AAV9-
GLB1 vector into GLB1 knockout organoids showing a progressive
accumulation of GM1 ganglioside significantly enhanced β-gal activity
and significantly reduced GM1 ganglioside. Subsequently, clinical
trials using the AAV9-GLB1 vector were conducted (Table 1).

LYS-GM101 is an AAVrh.10 vector carrying human GLB1 cDNA.
In NCT 04273269, the safety and efficacy of intracisternal
administration of LYS-GM101 in subjects with infantile
GM1 gangliosidosis were evaluated. PBGM01 is an
AAVHu68 vector carrying GLB1 cDNA. The efficacy, tolerability,
and safety of a single dose of PBGM01 administered via the intra-
cisterna magna were investigated in infantile patients with
GM1 gangliosidosis in NCT 04713475 (Table 1).

GM1 gangliosidosis significantly impacts the CNS. Intracranial
administration of AAV vector encoding hGLB1 in early infants with
GM1 gangliosidosis may lead to better neurodevelopmental outcomes;
no other administration route other than intracranial is being tested
for AAV vector administration.

2.7 Tay-Sachs/Sandhoff disease

GM2 gangliosidosis is a heterogeneous autosomal recessive LSD
caused by a β-hexosaminidase (EC: 3.2.1.52) defect (Figure 1). The
causative mutations in different genes may lead to three types of
diseases, namely, Sandhoff-Jatzkewitz disease (SD; MIM: 268800),
Tay-Sachs disease (TSD; MIM: 272800), and GM2 ganglioside
activator protein deficiency (MIM: 272750). There are two
isoenzymes of β-hexosaminidase: HEXA consisting of α and β
subunits and HEXB, a homodimer of β subunits. The clinical
phenotypes of GM2 gangliosidosis vary widely and are
characterized by a neurological disease that manifests as
spinocerebellar and motor dysfunction.

AXO-AAV-GM2 is aimed at restoring HEXA function by
introducing a functional copy of the HEXA and HEXB genes via
co-administration of two vectors based on the neurotropic
AAVrh.8 vector carrying human HEXA or HEXB cDNA. In NCT
04669535, the bilateral intraparenchymal thalamic and intracisternal/
intrathecal administration of AXO-AAV-GM2 in TSD or SD is being
studied. Flotte et al. (2022) reported the results of an expanded-access
clinical trial in two patients with infantile TSD (IND 18225). The
patients were treated with an equimolar mix of AAVrh8-HEXA and
AAVrh8-HEXB administered intrathecally at a total dose of 1 ×
1014 vg. No vector-related adverse events were observed. HexA
activity in cerebrospinal fluid increased and remained stable in
both patients. This study provides early safety and proof-of-
concept data for the treatment of patients with TSD using AAV
gene therapy.

TSHA-101 is an AAV9 vector containing HEXA and HEXB
cDNA. NCT 04798235 is aimed at investigating the safety and
tolerability of intrathecally administered TSHA-101 (Table 1).

The most common symptoms of GM2 gangliosidosis are
neurologic involvement. Therefore, targeting the CNS is the
priority of GM2 gangliosidosis gene therapy. Two candidates, both
base on neurotropic AAV, are being clinically tested via intracisternal/
intrathecal administration. The first-in-human trials are promising,
and long-term safety and efficacy data are soon expected.

2.8 Cystinosis

Cystinosis is an autosomal recessive LSD caused by mutations in
the CTNS gene encoding the carrier protein cystinosin that transports
cystine out of the lysosomal compartment. A defect in cystinosin
function leads to the accumulation of lysosomal cystine throughout
the body. The kidneys are often affected during the first year of life by
proximal tubular damage followed by progressive glomerular disorder
and renal failure during mid-childhood. This disease has three major
clinical manifestations depending on the severity of CTNS gene
damage: The infantile nephropathic form (MIM: 219800,
ORPHA411629), the juvenile nephropathic form (MIM: 219900,
ORPHA 411634), and the ocular non-nephropathic form (MIM:
219750, ORPHA411641) (Gahl et al., 2000).

CTNS-RD-04 and AVR-RD-04 are peripheral blood autologous
CD34+ enriched cell fractions transduced with LV vector pCCL-
CTNS containing human CTNS cDNA. The NCT 03897361 study
has evaluated the safety, tolerability, and efficacy of CTNS-RD-04 in
patients. Moreover, the NCT 05146830 study intends to assess the
long-term safety and durability of AVR-RD-04 treatment for a total of
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15 years (Table 1). Harrison et al. (2013) demonstrated the effect of
genetically modified HSCs on the expression of a functional CTNS
transgene using a self-inactivating LV vector in the
cystinosis model mice. Transduced HSCs decreased cystine content
in all tissues and improved kidney function (Table 1) (Harrison et al.,
2013).

Gene therapy for cystinosis involves the use of autologous CD34+-
enriched cell fractions transduced with LV vector encoding hCTNS.
Although the intravenous administration of AAV vector encoding
hCTNS gene may be effective in limited cases, such as kidney disease,
one dose of autologous CD34+-enriched cell fractions transduced with
LV vector encoding hCTNS gene is considered to have beneficial
effects throughout the body, while several rounds of intravenous
administration are needed.

2.9 Metachromatic leukodystrophy

Metachromatic leukodystrophy (MLD,MIM: 250100) is caused by
the defect of arylsulfatase A (ARSA, EC: 3.1.6.1), a key enzyme in the
catabolism of myelin-enriched sphingolipids (Figure 1). The
progressive accumulation of sulfatides results in severe
demyelination and neurodegeneration of the peripheral nervous
system and CNS (Gieselmann et al., 1998).

Gene therapy clinical trials, namely, MLD, NCT 04283227,
03392987, 01560182, 01801709, 02559830, and 03725670 have been
performed. Sessa et al. (2016) and Fumagalli et al. (2022) reported the
results of NCT 01560182 (Table 1). Fumagalli et al. (2022). performed
a phase 1/2 clinical study on 29 pediatric patients with pre-
symptomatic or early-symptomatic early-onset MLD treated with
arsa-cel, a gene therapy containing an autologous HSC population
transduced ex vivo with an LV vector encoding human ARSA cDNA
(OTL-200). ARSA activity in peripheral blood mononuclear cells in
patients was significantly increased above baseline 2 years after
treatment. Most patients who received ex vivo gene therapy
progressively improved cognitive development and motor skills.
Prevention or delay of brain atrophy and peripheral and central
demyelination throughout follow-up were observed. Treatment
effects were particularly evident in pre-symptomatic patients. All
patients had at least one grade 3 or higher adverse event, most of
which were related to conditioning or background disease. The only
adverse event related to arsa-cel was the transient development of anti-
ARSA antibodies in four patients, which did not affect clinical
outcomes (Fumagalli et al., 2022). OTL-200 was approved as
atidarsagene autotemcel (LibmeldyⓇ) in December 2020 by the
European Medicines Agency (EMA) (Table 1).

Piguet et al. (2012) reported the short-term effects of an
AAVrh.10 vector encoding human ARSA cDNA under the control
of the cytomegalovirus/β-actin hybrid promoter in 8-month-old MLD
mice that showed marked sulfatide accumulation and brain pathology.
The AAVrh.10cuARSA vector improved sulfatide storage in the brain,
accumulation of specific sulfatide species in oligodendrocytes, and
associated brain pathology 2 months after intracerebral injection
(Table 1).

MLD is caused by a deficiency of ARSA, which leads to the
accumulation of sulfatides in both the CNS and peripheral nervous
system. The rate of progression of symptoms in MLD is rapid and the
gene therapy product become available. We should consider MLD as a
candidate for newborn screening.

2.10 Neuronal ceroid lipofuscinosis

Neuronal ceroid lipofuscinoses (NCLs) are a group of extremely
rare and fatal neurodegenerative LSDs caused by mutations in at least
14 different genes (CLN1–CLN14). They are manifested by the
intracellular accumulation of autofluorescent lipofuscin and fatty
lipopigment in both peripheral tissues and the brain (Mole and
Cotman, 2015).

NCT 02725580, 01414985, 01161576, and 00151216 studies have
been completed in late-infantile NCL (LINCL) patients (Table 1).
Worgall et al. (2008) administered a total average dose of 2.5 × 1012

particle units of an AAV2 vector encoding human CLN2 cDNA
(AAV2CUh-CLN2) into 12 locations in the CNS in 10 children
with LINCL. The rate of neurological decline in the treated
participants at 18 months was evaluated using a neurological rating
scale and three quantitative magnetic resonance imaging parameters.
Although four participants exhibited a transient, mild, humoral
response to the vector, AAV2CUh-CLN2 administration
contributed to a significantly reduced rate of neurological decline.

The safety of the administration of gene therapy for CLN3, CLN5,
or CLN7, an AAV9 vector encoding human CLN3, CLN5, or CLN7
cDNA, respectively, has been evaluated in clinical trials (Table 1).
Clinical trials for CLN1, CLN8, and CLN10 are soon expected
considering the positive effect of gene therapy on disease model
mice (Table 2).

For CLN1, Shyng et al. (2017) developed an AAV2/9 vector
containing cDNA encoding the lysosomal enzyme palmitoyl
protein thioesterase 1 (PPT1). This vector was targeted to the
spinal cord via intrathecal administration in Ppt1−/− mice, whereby
it significantly improved motor function and life span. For CLN8,
Johnson et al. (2021) developed an AAV9 vector encoding human
CLN8 cDNA under the control of the MecP2 promoter (AAV9. pT-
MecP2. CLN8). A single neonatal intracerebroventricular injection of
AAV9. pT-MecP2. CLN8 in motor neuron degeneration mice led to
the expression of the transgene in the CNS from 4 to 24 months,
alleviating behavioral and histopathological hallmarks and improving
survival duration. Moreover, the performance of the motor neuron
function test improved (Johnson et al., 2021). For CLN10, Shevtsova
et al. (2010) developed an AAV1/2 vector encodingmouse cathepsin D
(CtsD) under the control of the CMV/human β-actin hybrid promoter
(AAV1/2-CtsD). Injection of AAV1/2-CtsD into the brain of CtsD−/−

mice resulted in extended survival duration and prevented both
central and visceral pathologies. CtsD is secreted from CNS
neurons and drained from the CNS to the periphery via lymphatic
routes. Therefore, CtsD acts as an important modulator of peripheral
tissue homeostasis and immune system maintenance (Shevtsova et al.,
2010).

NCLs are CNS neurodegenerative LSDs; all clinical trials of NCL
gene therapy have been performed using intracranially or intrathecally
administered AAV vector. Although results so far are encouraging, the
effect of NCL gene therapy in the CNS remains to be elucidated.

2.11 Danon disease

Danon disease (MIM: 300257) is an X-linked disorder caused by the
deficiency of lysosomal-associated membrane protein (LAMP2). It is
manifested by skeletal myopathy, hypertrophic cardiomyopathy, and
impaired intelligence in male patients, and by a milder phenotype
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involving cardiac muscle in female patients (Boucek et al., 2011). In NCT
03882437, a phase 1 study to evaluate the toxicity and safety of gene
therapy using a recombinant AAV9 vector containing the human LAMP2
isoform B transgene (RP-A501) was performed in male patients with
Danon disease (Table 1).

Rocket Pharmaceutocals Inc. Announced the phase 1 data of RP-
A501 on 30 September 2022. Seven patients were intravenously
administrated low-dose (6.7 × 1013 gc/kg, n = 5) or high-dose
(6.7 × 1014 gc/kg, n = 2) of RP-A501; RP-A501 was well tolerated
and improved cardiac symptoms and vacuole clearance and led to
marked reductions in brain natriuretic peptide and troponin. The
first-in-human trials are promising; the long-term safety and efficacy
data are soon expected.

2.12 Aspartylglucosaminuria

Aspartylglucosaminuria (AGU) (MIM: 208400) is an inherited
recessive and neurodegenerative LSD caused by mutations in the
aspartylglucosaminidase gene (AGA), resulting in glycoasparagine
accumulation and cellular dysfunction. This disease is manifested
by skeletal abnormalities, connective tissue overgrowth, gait
disturbance, progressive intellectual disability, and seizures followed
by premature death.

Chen et al. (2021) intravenously or intrathecally administered a
recombinant AAV9 vector encoding human AGA c DNA (AAV9/
AGA) in Aga−/− mice before or after disease onset (Table 2). At each
treatment age, AAV9/AGA administration achieved 1) a dose-
dependent increase and sustained AGA activity in body fluids and
tissues; 2) a rapid, sustained, and dose-dependent elimination of AGA
substrate in body fluids; 3) significantly improved locomotor activity;
4) dose-dependent prevention of loss of Purkinje neurons in the
cerebellum; 5) significantly ameliorated gliosis in the brain.
Moreover, treated mice presented no abnormal neurological
phenotype and maintained body weight throughout the experiment
until 18 months of age.

In the future, clinical trials of AGU gene therapy using AAV/AGA
are expected.

2.13 Niemann-Pick C

Niemann-Pick disease type C (NPC, MIM: 257220) is caused by
mutations in either NPC1 or NPC2 that encode proteins involved in
the transportation of free cholesterol from lysosomes to the
endoplasmic reticulum (ER). Defects in NPC1 or NPC2 result in
abnormal lipid storage of free cholesterol and GM1 gangliosides in
the spleen, liver, and CNS (Dahl et al., 2021). The major hallmarks of
NPC are neural impairment, including cerebellar ataxia, gait
problems, dysarthria, seizures, and developmental delay. Patients
also develop liver dysfunction and hepatosplenomegaly (Patterson
et al., 2012).

Jiang et al. (2020) developed gene therapy for NPC1 using Trojan
horse liposomes (THLs), which were encapsulated with 8.0 kb of plasmid
DNA encoding the 3.9 kb human NPC1 open reading frame, under the
influence of a 1.5 kb platelet derived growth factor B promoter. This
liposomewas administered weekly beginning at 6–7 weeks toNpc1−/− null
mice. Delivery of the plasmid DNA and NPC1 mRNA expression in the
spleen, liver, and brain were observed. THLs treatment alleviated tissue

inclusion bodies in the peripheral organs and brain but did not extend the
lifespan in NPCmodel mice (Table 2) (Jiang et al., 2020). Kurokawa et al.
(2021) also developed an AAV9/3 vector encoding human NPC1 cDNA
under a CMV promoter (AAV-CMV-hNPC1), and administered it into
the cisterna magna and left lateral ventricle of Npc1−/− mice at an age of
4 or 5 days. AAV-CMV-hNPC1 therapy improved the survival duration,
body weight, and rotarod test performance in Npc1−/− mice (Table 2).
Moreover, cerebellar Purkinje cells were also preserved in AAV-CMV-
hNPC1 treated Npc1−/− mice at 11 weeks. Injection into both the cisterna
magna and lateral ventricle contributed to delivering AAV-CMV-
hNPC1 into body tissue including the brain, liver, lung, and heart.

The preclinical data are promising, and clinical trials of NPC gene
therapy are soon expected.

2.14 Alfa mannosidosis

Alpha-mannosidosis (AM) (MIM: 248500) is an autosomal recessive
LSD, caused by a lysosomal enzyme alpha-mannosidase defect due to
pathogenic variants in the MAN2B1 gene. AM is characterized by the
accumulation of mannose-rich oligosaccharides, which causes apoptosis
and impaired cellular function, and results in diverse adverse clinical
manifestations (Beck et al., 2013).

Yoon et al. (2020) administered an AAVhu.32 vector encoding
human MAN2B1 cDNA (AAVhu.32-MAN2B1) into the carotid
artery of AM cat model 4–6 weeks of age (Table 2). The vector was
distributed throughout the brain from the olfactory bulb to the
rostral end of the cerebellum, predominantly in the grey matter.
The AAVhu.32-MAN2B1 vector ameliorated the severity of
neurological manifestations and extended the survival of cats
with AM disease. The extent of therapy was dose-dependent.
Diffusion tensor imaging and magnetic resonance spectroscopy
demonstrated differences between the effects of high and low
doses, and normalization of grey and white matter imaging
parameters at the higher dose (Yoon et al., 2020). Although
AM is a CNS neurodegenerative disease, intravenous high-dose
administration of AAV vector may lead to amelioration of clinical
manifestation and is expected to be a promising therapeutic
approach.

2.15 Galactosialidosis

Galactosialidosis (GS) (MIM: 256540) is a glycoprotein storage
disease caused by mutations in CTSA, encoding the lysosomal
carboxypeptidase protective protein cathepsin A. GS affects
different body systems, including the eyes, brain, skeleton, and
muscles and develops manifestations, including vision problems,
difficulty walking, dark red spots on the skin, spine abnormalities,
and intellectual disability, that gets worse with time (Caciotti et al.,
2013). Manifestations of the early and late infantile types are
severe and associated with decreased survival. Hu et al. (2021)
reported a long-term safety and efficacy preclinical study for GS
mice (Table 2). One-month-old Ctsa−/− mice were injected
intravenously with a high dose of a self-complementary AAV2/
8 vector expressing human CTSA in the liver. Treated GS mice,
which were examined up to 12 months after receiving gene
therapy, appeared indistinguishable from their wild-type mice.
Sustained expression of scAAV2/8-CTSA in the liver led to the
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release of the therapeutic precursor protein in circulation and its
widespread uptake by cells in the brain and visceral organs.
Enhanced cathepsin A activity improved lysosomal vacuolation
throughout the affected organs and sialyl-oligosacchariduria (Hu
et al., 2021).

Clinical trials of GS gene therapy using AAV/CTSA are expected in
the future.

2.16 Mucolipidosis IV

Mucolipidosis type Ⅳ (ML Ⅳ) (MIM: 252650) is an LSD caused
by mutations in MCOLN1. Patients with ML Ⅳ show delayed
developmental milestones in infancy and reach a plateau in
psychomotor development by 2 years of age. Signs of
extrapyramidal and pyramidal motor dysfunction and axial
hypotonia are manifested early in life. Patients suffer from
impaired independent ambulation and severely limited fine motor
function. Moreover, patients frequently exhibit progressive spastic
quadriplegia across the first decade of life with significant loss of gross
and fine motor skills during the second decade (Wakabayashi et al.,
2011).

In a study by DeRosa et al. (2021), AAV-mediated CNS-
targeted gene transfer of human MCOLN1 restored motor
function and alleviated brain pathology in ML Ⅳ mice
(Table 2). The vector administration in symptomatic ML Ⅳ
mice resulted in long-term reversal of declined motor function
and a delay in paralysis. Intracerebroventricular administration of
a self-complementary AAV9 clinical candidate vector in post-
natal day 1 mice significantly restored motor function and
myelination and reduced lysosomal storage load in the ML Ⅳ
mouse brain. The scAAV9-mediated CSF-targeted MCOLN1
transfer is a potential therapeutic strategy for ML Ⅳ (DeRosa
et al., 2021).

In the future, gene therapy for Mucolipidosis IV may be an
effective treatment approach.

2.17 Farber disease

Farber disease (MIM: 228000) is an autosomal recessive LSD
caused by an acid ceramidase (AC; EC 3.5.1.23) activity defect
(Figure 1) (Sugita et al., 1972). AC activity deficiency results in
ceramide accumulation in various tissues, including the lung,
spleen, and liver. Farber disease is characterized by painful and
progressively deformed joints, subcutaneous nodules, hoarseness
due to laryngeal involvement, and premature death. Moreover,
hepatosplenomegaly and nervous system dysfunctions may
develop. Alayoubi et al. (2013) demonstrated the effect of gene
therapy in Asah1P361R/P361R mice with a defect in AC, which
developed Farber disease manifestations and died within
7–13 weeks (Table 2). Intravenous injection of a recombinant LV
encoding human AC in Asah1P361R/P361R neonates ameliorated the
disease phenotype, including reduced ceramide levels, lessened
cellular infiltrations, enhanced growth, and increased lifespans.

In the future, clinical trials of Farber disease gene therapy are
expected.

3 Future gene therapy prospects for
LSDs

Several clinical trials of LSD gene therapy are underway as phase 1/
2 studies, and some have been completed. Most trials have not
reported any adverse events resulting in their discontinuation.
Moreover, gene therapies for LSDs have been adopted; for
example, OLT-200 (LibmeldyⓇ) has been approved for gene
therapy for MLD by the European Medicines Agency. Some
clinical trial reviews on gene therapy for LSDs have been published
recently (Consiglieri et al., 2022; Rajan and Escolar, 2022; Wood and
Bigger, 2022). Clinical trials involving the administration of viral
vectors in animal models for LSDs have achieved good therapeutic
outcomes. Therefore, positive results from human clinical phase 1/
2 studies using these vectors are expected in the future, which may
promote the practical use of gene therapy for LSDs. Several challenges
including suitable vector selection, administration route, and
immunogenicity, are yet to be overcome. In particular, in CNS
neurodegenerative LSDs, the selection of an ideal vector,
administration route, and time is important. Only limited AAV
vectors can pass through the BBB (Fu and McCarty, 2016).
Therefore, gene therapy strategy should be considered depending
on the target organ and the onset time.

Newborn screening for several LSDs, including FD, PD, and GD,
has been conducted in Japan and worldwide. Newborn screening
contributed to the identification of patients with LSDs before
developing disease signs or symptoms (Sawada et al., 2020a;
Sawada et al., 2020b; Sawada et al., 2021; Sawada et al., 2022).
ERT, which can be administered from the neonatal period, is
available for some LSDs. ERT does not affect the CNS owing to
the BBB. Therefore, gene therapy is expected to be effective for infants
with neurological LSDs, if therapy is provided shortly after birth,
before the presentation of CNS symptoms. Moreover, ERT may be
practical, especially in infants, as a bridge therapy to gene therapy. If
the patient’s general condition is poor, it is difficult to perform gene
therapy. ERT can be effective in maintaining a patient’s general
condition. In Japan, it takes 2 weeks for onasemnogen abeparvovec
(ZOLGENSMAⓇ), a gene therapy product for spinal muscular
atrophy, to arrive after it is ordered. Because a considerable time
elapses between diagnosis and the ability to perform genetic
treatment, ERT may also be practical as a bridging therapy during
that period. Therefore, new treatments such as gene therapy are
expected to play an important role in the future; current
treatments may also play a beneficial role depending on the status
of patients with LSDs.

In conclusion, clinical gene therapy is a potential therapy for LSDs
in the future. It is necessary to develop new treatment strategies, as
well as, integrate the advantages of current treatments with gene
therapy.
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Glossary

AAV adeno-associated viral

AC acid ceramidase

AGU aspartylglucosaminuria

AM alpha-mannosidosis

BBB blood-brain barrier

CtsD cathepsin D

CMV cytomegalovirus

CNS central nervous system

FD Fabry disease

GAG glycosaminoglycans

GALC galactosylceramide-β-galactosidase
GCase glucocerebrosidase

GD Gaucher disease

GLA α-galactosidase A
GS galactosialidosis

HSC hematopoietic stem cell

IOPD infantile-onset PD

KD Krabbe disease

LAMP2 lysosomal-associated membrane protein

LINCL late-infantile NCL

LOPD late-onset PD

LSD lysosomal storage disease

LV lentiviral

ML Ⅳ mucolipidosis type Ⅳ

MLD metachromatic leukodystrophy

MPSs mucopolysaccharidoses

NCLs neuronal ceroid lipofuscinoses;

NPC Niemann-Pick disease type C

PD Pompe disease

PPT1 palmitoyl protein thioesterase 1

THLs Trojan horse liposomes

vg vector genomes

ZFN zinc finger nuclease
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Case Report: Transient antenatal
bartter syndrome in an extremely
preterm infant with a novel
MAGED2 variant
Hongyuan Yang1†, Zhiyong Liu1†, Yaying Wu2, Jinglin Xu1,
Ying He1, Ruiquan Wang1, Weifeng Zhang1*

and Dongmei Chen1*
1Department of Neonatology, Quanzhou Maternity and Children’s Hospital, Quanzhou, China,
2Department of Plastic Surgery, Quanzhou Maternity and Children’s Hospital, Quanzhou, China

Variants in the MAGED2 may cause antenatal transient Bartter syndrome, which
is characterised by polyhydramnios, preterm labour, postnatal polyuria,
hypokalaemia and metabolic alkalosis. Transient gross hematuria and acute
kidney injury in such cases have not been reported previously. The patient, a
boy, was born at a gestational age of 27 + 5 weeks. Polyhydramnios has been
detected at 24 weeks of gestation. Polyuria, hyponatraemia, hypokalaemia,
weight loss, transient hematuria and acute kidney injury occur after birth. The
urinary ultrasonography showed no abnormality, and after a month of
treatment with liquid electrolytes and nutritional management, the clinical
symptoms improved. Whole-exome sequencing revealed a variant in
MAGED2: c.1426C > T, p.Arg476X, inherited from the mother, who was
healthy. During the 1-year follow-up, the child grew and developed with
normal renal function and electrolyte levels. This is the first report of transient
antenatal Bartter syndrome caused by a MAGED2 variant in China in an
extremely preterm infant who exhibited previously unreported symptoms:
transient hematuria and acute kidney injury. This newly found variant expands
the spectrum of genetic variants associated with antenatal Bartter syndrome;
it can be detected by early genetic testing and overmedication, thereby avoided.

KEYWORDS

MAGED2, antenatal bartter’s syndrome, extremely preterm infant, transient haematuria,

acute kidney injury

Introduction

Bartter syndrome is a group of rare inherited renal tubular diseases resulting from a

disorder of salt reabsorption in the thick ascending limb of Henle’s loop (1). There exist

two main types of Bartter syndrome: antenatal Bartter syndrome (aBS) and classic

Bartter syndrome. The first is characterised by polyhydramnios and preterm birth as

results of severe fetal polyuria, but these clinical manifestations disappear completely

in the first few months of life (2).

In 2016, variants in MAGED2 in 13 male infants from seven different families who

had transient aBS were reported by Laghmani et al. (3), who identified MAGED2 as a
01 frontiersin.org
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causative gene for aBS. The MAGED2, located at Xp11.2,

encodes a protein that gradually translocates from the

cytoplasm to the nucleoplasm after interphase and upon

nucleolar stress and is therefore considered to play a role in

cell cycle regulation. This gene is linked to several types of

cancer, including breast cancer and melanoma.

Patients with aBS have severe symptoms. Long-term

treatment with nonsteroidal anti-inflammatory drugs was

previously considered necessary, but recent studies have

demonstrated good short-term and long-term prognoses

without medication. However, aBS can lead to extremely

preterm birth, which may be lethal.

We report a case of transient aBS caused by a novelMAGED2

variant, in which the infant exhibited polyuria, hematuria and

renal impairment soon after birth but had a favourable long-

term outcome. This is the first recorded case of an extremely

preterm infant with aBS in the Chinese population.
Case report

The patient, a boy, was born to a family in Quanzhou, a city

in South China (Figure 1). His father was 40 years old, and his

mother was 36 years old. Both were healthy and had no family

history of hereditary diseases. His mother’s prenatal

examination is as follows: blood pressure (118/73 mmHg),

sodium (137 mmol/L), chloride (100.9 mmol/L), potassium

(3.6 mmol/L), Urea nitrogen (1.49 mmol/L) and Creatinine

(30.3 μmol/L). This child resulted from the mother’s third

natural conception, and a non-invasive DNA test at 15 weeks

of gestation showed no abnormality. Polyhydramnios was

detected at 24 weeks of gestation (Figure 2). Ultrasonography

revealed multiple spot-like strong echoes in the left ventricle

and enhanced echoes in part of the both intestine.

Karyotyping and Chromosomal Microarray Analysis

examination by amniocentesis, performed at 25 weeks of

gestation, revealed no abnormality. At 26 weeks, the mother

developed chest tightness, abdominal distension and irregular

uterine contractions and was prescribed dexamethasone 6 mg

four times during the course of pregnancy and magnesium
FIGURE 1

Pedigree of the family. The arrow denotes the proband and the
hollow symbols represent the unaffected members and add a little
to the hollow symbols represent the carrier.
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sulphate 1500 mg per day for 3 days. At 27 + 3 weeks, natural

delivery was unavoidable; the infant weighed 1350 g (Apgar

scores: 8–9–9), and approximately 2100 ml of clear amniotic

fluid was delivered. After birth, the infant was transferred to

the neonatal intensive care unit of a tertiary hospital, where

he received invasive mechanical ventilation, pulmonary

surfactant, antibiotics and intravenous nutrition.

The infant’s renal function was normal 1 h after birth, but

he had polyuria (5.0 ml/kg per hour on average) during the

first 3 days, and gross hematuria developed 2 days after birth

but disappeared 4 days later. His body weight decreased by

30.4% to 940 g in the first 6 days after birth. Electrolyte

analysis revealed low levels of sodium (131 mmol/L), chloride

(95 mmol/L) and potassium (3.32 mmol/L) but normal levels

of magnesium. The infant was given sodium, chloride and

potassium supplements and electrolyte fluids intravenously.

Electrolyte levels returned to normal on day 7, renal function

returned to normal on day 14 (Table 1), and birth weight was

regained on day 20. The infant was receiving full-time enteral

nutrition (breastfed on demand) 48 days after birth, with an

additional oral 10% potassium chloride solution (1 ml, three

times a day). He was discharged in good condition 83 days

after birth, which corresponded to 39 + 1 weeks of corrected

gestational age. After being discharged from the hospital, he

was regularly given 10% potassium chloride oral solution,

1 ml at a time, three times a day, for 3 months (corrected age

of 2 months 24 days). All the examinations during

hospitalisation, including colour Doppler ultrasonography of

the urinary system, colour ultrasonography of the heart and

the head, measurement of auditory brainstem evoked

potentials and blood tandem mass spectrometry, revealed no

obvious abnormality. His renal function was normal, with

potassium levels fluctuating between 3.5 and 4.1 mmol/L. He

exhibited good physical, athletic and intellectual development

12 months after birth (corrected age of 9 months).
FIGURE 2

The changes in the amniotic fluid index during pregnancy for the
patient with an MAGED2 variant during pregnancy. (The normal
range of amniotic fluid index is 8–25 cm, as shown in the shaded
area).
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TABLE 1 Changes in renal function–related indexes after birth.

Age 1 day 4 days 6 days 9 days 14 days 1 month 3 months 6 months 1 year

Urea nitrogen (mmol/L) 2.21 7.15 37.05 11.32 7.34 2.02 2.33 5.42 3.81

Creatinine (μmol/L) 33.3 45.2 115.5 39.8 15.1 18.8 12.5 16.9 14.5

Yang et al. 10.3389/fped.2022.1093268
Genetic analysis

Because polyuria, hyponatraemia, hypokalaemia, hematuria

and acute kidney injury had occurred early in life, whole-exome

sequencing was performed, with parental consent, 10 days after

the patient’s birth. Sequencing results, received 30 days after his

birth, indicated a hemizygous variant in MEGED2 (c.1426C > T:

p.Arg476X) on the X chromosome; the variant was thus

inherited from his mother (Figure 3). The variant was

considered potentially pathogenic, as suggested by the

American College of Medical Genetics and Genomics grading

(PVS1 (strong), PM2 (supporting) and PP4). The diagnosis

was, therefore, transient aBS caused by a MAGED2 variant,

according to the clinical manifestations and genetic analysis

results. Sanger sequencing confirmed that both sisters of the

patient were carriers of the variant.
FIGURE 3

whole-exome sequencing showed c.1426C > T:p.Arg476X of the
MAGED2 (NM_014599) variant in the fetus; his mother and eldest
sister carried the variant in the heterozygous state.
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Discussion

Bartter syndrome is a group of inherited renal tubular

diseases characterised by secondary aldosteronism,

hypokalaemia and hypochloraemic metabolic alkalosis; blood

pressure is not affected (4). The MAGED2 encodes melanoma-

associated antigen D2 (MAGE-D2), required for activation of

the cyclic adenosine monophosphate/protein kinase A pathway

under hypoxic conditions (5). MAGE-D2 participates in the

biofunction of Na + -K + -2Cl− cotransporters (NKCC2) and

Na + -2Cl− cotransporters (NCC), possibly by cooperating with

Hsp40 and Gsα proteins, respectively. MAGE-D2 is, therefore,

essential for fetal renal salt absorption, amniotic fluid

homeostasis and the maintenance of normal pregnancy (6).

The MAGED2 variant identified in our case, c.1426C > T:

p.Arg476X, is a novel nonsense variant. Among the aBS cases

reported in recent years, a total of 31 variants in the MAGED2

have been reported: 6 nonsense variants, 8 frameshift variants,

7 splicing variants, 6 deletions and 4 missense variants. The

relationship between genotype and phenotype has not yet been

fully elucidated. Identification of more genotypes may help

reveal hotspot variants and facilitate genetic diagnosis in

pregnant women with polyhydramnios.

Wu et al. (7) reported a case of polyhydramnios 21 weeks

before delivery and identified a new frameshift variant in the

MAGED2 (NM_177433.1) through amniocentesis. Two amniotic

fluid reductions were performed at 24 weeks and 29 + 5 weeks.

The infant was delivered at 35 weeks without polyuria or other

abnormalities. Legrand et al. (8) showed that in all pregnant

women in their study whose fetuses had the MAGED2 variant,

severe polyhydramnios occurred at 18–27 weeks of gestation; in

such cases, amniotic fluid reduction is recommended. Almost all

the infants were born prematurely; 38% of the fetuses were born

at <28 weeks, all of whom had more severe clinical

manifestations. In the case of our patient, polyhydramnios

developed at 24 weeks of gestational age, but no amniotic fluid

reduction was performed. The severe increase in amniotic fluid is

probably a key reason for extremely preterm birth. Because of

the high mortality rate among children born extremely preterm

and the aggravation of clinical manifestations after birth,

amniotic fluid reduction may be an appropriate option for

fetuses with aBS that have severe antenatal polyhydramnios.

The clinical manifestations in our patient were similar to those

in previous cases of transient Bartter syndrome caused byMAGED2

variants. However, the patient developed transient hematuria and

acute kidney injury early in the course of the disease, which were

not reported in the past. Acute kidney injury was accompanied
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by severe weight loss, which may have been related to dehydration.

After fluid replacement therapy, renal function improved, which

suggests that early identification of aBS and active fluid

intervention are critical for extremely preterm infants with aBS.

Transient hematuria occurs even earlier than acute kidney injury

and may be associated with excessive fluid loss during preterm

labour, but the exact cause is unclear. Our case suggests that

hematuria and acute kidney injury may also be considered

manifestations of aBS, which may enable early diagnosis.

The MAGED2 variant is one of the causes of X-linked

recessively inherited transient aBS. Our patient is the first

reported extremely premature infant with transient aBS caused

by MAGED2 variant in China. Although transient hematuria

and acute kidney injury developed after birth, the prognosis at

the 1-year follow-up visit was good. For children with antenatal

polyhydramnios, polyuria, electrolyte imbalance, hematuria and

acute kidney injury after birth, genetic screening should be

performed in addition to colour Doppler ultrasonography of

the urinary system so that excessive intervention, especially

invasive operations such as renal puncture, can be avoided.
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Background: Phenylalanine hydroxylase deficiency (PAHD) is an autosomal
recessive disorder of amino acid metabolism and caused by mutations in the
phenylalanine hydroxylase (PAH) gene. Without timely and appropriate dietary
management, the disturbance of amino acid metabolism may impair cognitive
development and neurophysiological function. Newborn screening (NBS) can aid
the early diagnosis of PAHD, which can give accurate therapy to PAHD patients in
time. In China, the PAHD incidence and PAH mutation spectrum vary enormously
across the provinces. A total of 5,541,627 newborns from Jiangxi province were
screened by NBS between 1997 and 2021.

Method: One seventy one newborns from Jiangxi province were diagnosed with
PAHD. By Sanger sequencing and the multiplex ligation-dependent probe
amplification (MLPA) analysis, mutation analysis was performed in 123 PAHD
patients. Using an arbitrary values (AV)-based model, we compared the observed
phenotype with the predicted phenotype based on the genotype.

Results: In this study, we speculated the PAHD incidence of Jiangxi province was
about 30.9 per 1,000,000 live births (171/5,541,627). We summarized the PAH
mutation spectrum in Jiangxi province for the first time. Two novel variants
(c.433G > C, c.706 + 2T > A) were found. The most prevalent variant was
c.728G > A (14.1%). The overall prediction rate of the genotype-phenotype
was 77.4%.

Conclusion: This mutation spectrum is very meaningful to improve the diagnostic
rate of PAHD and to increase the accuracy genetic counseling. This study offers data
for the genotype-phenotype prediction suitable for Chinese population.

KEYWORDS

phenylalanine hydroxylase deficiency, newborn screening, mutational spectrum, arbitrary
values, Jiangxi province

1 Introduction

Phenylalanine hydroxylase deficiency (PAHD) is an autosomal recessive disorder of amino
acid metabolism and its prevalence is about 62.8 per 1,000,000 live births in China (Hillert et al.,
2020). It is caused bymutations in the phenylalanine hydroxylase (PAH) gene. To date, the PAH
Gene Locus-Specific Database (PAHvdb) contains 1584 PAH variants in total. The enzymatic
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inactivity of PAH variants inhibits the completion of L-phenylalanine
(Phe) to L-tyrosine (Tyr) conversion, causing hyperphenylalaninemia
(HPA) (Opladen et al., 2012). In addition, its cofactor
tetrahydrobiopterin (BH4) deficiency can also lead to HPA (Ye
et al., 2018). Without timely and appropriate intervention, the
consequent Phe accumulation may impair cognitive development
and neurophysiological function (Wang et al., 2019b; Tendi et al.,
2022). Based on the degree of Phe accumulation, PAHD is divided into
three groups: classic phenylketonuria (cPKU), mild phenylketonuria
(mPKU) and mild HPA (mHPA) (Lin et al., 2022). The dietary
management is an effective therapeutic approach for PAHD, but
the extent of restriction which each group required is different
(MacDonald et al., 2020; Firman et al., 2021; Quinn et al., 2022).

Numerous studies have found that the early diagnosis and
treatment is essential for the prognosis of PAHD (Huijbregts et al.,
2018; van Spronsen et al., 2021; Dobrowolski et al., 2022). The early
diagnosis can provide guidelines for a low-phenylalanine diet of
PAHD patients (van Spronsen et al., 2021). Newborn screening
(NBS) is an effective and low cost method for the early diagnosis
(Poloni et al., 2021). Many provinces of China have used NBS for a
very long time (Lin et al., 2022). The result of biochemical testing in
NBS can provide the early diagnosis of PAHD, whereas the final
diagnostic confirmation needs the help of mutational analysis
(Opladen et al., 2020).

The clinical phenotype in PAHD patients is significantly
related to the residual enzyme activity of PAH and the
relationship between enzyme activity and PAH variants has been
extensively studied (Blau, 2016; Zhang et al., 2019). Hence, some
models have been developed to achieve the genotype-phenotype
prediction (Blau, 2016). Practical tests showed that an arbitrary
values (AV)-based model was easy to analyze and had a higher
predicted rate (Hamilton et al., 2018; Wang et al., 2018). Each PAH
variant has an AV and the sum of the two AVs from both variants
on the PAH gene is to predict phenotype (Guldberg et al., 1998). In
particular, the AV-based model is of better prediction ability in
Chinese PAHD patients (Zhu et al., 2017; Li et al., 2018). In China,
geographical location and ethnic composition of provinces are
significantly different. Therefore, provinces vary enormously in
the PAHD incidence and the PAH mutation spectrum (Yan et al.,
2019; Tao et al., 2021). Jiangxi province lies in south-central China.
To facilitate accurate diagnosis and individualized genetic
counseling, it’s necessary to investigate the characteristics of
PAH gene variants in local populations.

Here, we successfully extracted genomic DNA from whole blood
of 123 PAHD patients and their parents. Then, taking advantage of
Sanger sequencing and the multiplex ligation-dependent probe
amplification (MLPA) analysis, we summarized the PAH mutation
spectrum of Jiangxi province for the first time. Further, the
comparison of the phenotype predicted from genotype with the
observed phenotype was performed.

2 Materials and methods

2.1 Participants

From October 1997 to December 2021, the newborns were
recalled to the Neonatal Screening Center of Jiangxi Maternal and
Child health Hospital for further diagnosis, due to high blood Phe

concentration in newborn screening. Following criteria for diagnosing
HPA in China (Yang et al., 2014), the ratio of blood Phe concentration
to tyrosine (Phe/Tyr) was greater than two and blood Phe
concentration was above 120 μmol/L. BH4D were excluded by
analysis of urinary pterins profile, BH4 loading test and
determination of dihydropteridine reductase (DHPR) in red blood
cells (PAHD had the normality of pterins profile and normality of
DHPR, while BH4D had the abnormity of pterins profile and
normality of DHPR). In this study, a total of 123 unrelated
patients diagnosed with PAHD were recruited. All participants
originated from Jiangxi province, including 73 males and
50 females. According to the consensus about the diagnosis and
treatment of hyperphenylalaninemia in China (Yang et al., 2014),
PAHD patients were divided into three groups: cPKU (Phe ≥
1200 μmol/L), mPKU (360 μmol/L ≤ Phe ≤ 1200 μmol/L) and
mHPA (120 μmol/L ≤ Phe ≤ 360 μmol/L). This study was
approved by the Clinical Research Ethics Committees of Jiangxi
Maternal and Child health Hospital, Nanchang, China. All parents/
legal guardians of the patients were provided for written informed
consent.

2.2 Molecular—Genetics analysis

Genomic DNA was extracted from peripheral blood samples of
patients and their parents using a QIAamp DNA Mini Kit
(Qiagen). Next, PCR and DNA sequencing of PAH gene were
performed to determine the causative variant in each family.
Each exon of PAH gene was amplified using the forward primer
and the reverse primer designed by Primer-BLAST (https://www.
ncbi.nlm.nih.gov/tools/primer-blast/) (Supplementary Table S1).
The PCR was performed through 2x Taq PCR Master MixII
(KT211,TIANGEN) according to the manufacturer’s protocol.
Amplification was carried out at 95°C for 5 min for initial
denaturing, then 30 cycles at 95°C for 40 s, at 57°C for 30 s and
at 72°C for 35 s, followed by a final extension of 8 min at 72°C in a
T100 Thermal Cycler for the Classroom (BIO-RAD). Thirteen PCR
products were sequenced by a sequencing provider (Tsingke,
Changsha). Sequencing results were aligned with the PAH
transcript (NM_00027) to precisely identify the nucleotide
variants by Seqman Pro. The disease-causing mutations
recorded in the Human Gene Mutation Database (HGMD,
http://www.hgmd.cf.ac.uk/ac/validate.php) or PAHvdb Database
(http://www.biopku.org/home/pah.asp) of variants detected by
sequencing were selected as the causative variant in each family.
Mutation nomenclature was based on the HGVS guidelines
(https://www.HGVS.org/varnomen).

When no variant or one variant were detected in PAH allele by
sequencing, the SALSA MLPA Probemix P055-D1PAH kit (MRC-
Holland, Netherlands) were subsequently used to analyze large
deletions or duplications, according to the manufacturer’s protocol.
Amplification products were separated using ABI 3500DXGenetic
analyzer and raw data were analyzed with Coffalyser software. The
ratio of the peak area of each PAH gene fragment to the corresponding
normal controls in the electrophoretograms was calculated to
determine the PAH copy-number variants. A ratio of 0 was
indicative of the presence of homozygous deletion and
0.45–0.65 for heterozygous deletion, 0.80–1.20 for two copies, and
1.30–1.65 for heterozygous duplication.
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2.3 Phenotypic prediction system

According to Guldberg et al. (1998), an AV model was assigned to
each PAH variant by referring to the PAHvdb database. The sum of
the two AVs from both variants on the PAH gene was to predict
phenotype. These predicted phenotypes were classified as the three-
phenotype (AV sum of cPKU = 2, 2 < AV sum of mPKU < 9 and AV
sum of HPA > 8).

2.4 Statistical analysis

Graph-Pad Prism version 8.0.1 software was used for generating
statistical charts in the study. The t-test analysis was applied for
differences between groups. Statistical significance was obtained
only if the p-value was less than 0.05.

3 Results

3.1 Neonatal PAHD screening

A total of 5,541,627 newborns were screened for neonatal diseases
in our center between 1997 and 2021. The screening rate increased
from 1.65% (5,391/359,525) in 1997 to 97.68% (339,839/347,910) in
2021 (Table 1). In the past 25 years, 171 newborns were diagnosed as
PAHD patients in total. Therefore, we speculated that the prevalence
of PAHD in Jiangxi province was about 30.9 per 1,000,000 live births
(171/5,541,627). Among 171 PAHD patients, 48 patients diagnosed a
long time ago were very difficult to be recalled for further genetic
diagnosis and the remaining 123 patients were enrolled to characterize
the mutational spectrum (Supplementary Table S2). These patients
were comprised of 49 cases of cPKU, 35 cases of mPKU and 39 cases of
mHPA (Supplementary Table S2).

TABLE 1 Newborn screening data of Jiangxi province from 1997 to 2021.

Year Number of born alive Total number of screenings Screening rate (%) Number of HPA patients

1997 359,525 5,931 1.65 0

1998 364,584 24,356 6.68 2

1999 364,317 24,869 6.83 2

2000 379,872 27,276 7.18 0

2001 381,421 25,292 6.63 4

2002 377,001 27,399 7.27 2

2003 391,866 26,564 6.78 2

2004 427,598 27,757 6.49 0

2005 466,061 25,473 5.47 1

2006 502,914 56,380 11.21 3

2007 530,240 93,930 17.71 4

2008 599,438 131,522 21.94 8

2009 603,849 158,652 26.27 7

2010 617,942 180,116 29.15 7

2011 631,382 216,750 34.33 6

2012 638,293 298,121 46.71 10

2013 625,075 390,438 62.46 20

2014 648,071 483,290 74.57 15

2015 628,241 510,196 81.21 16

2016 617,909 562,398 91.02 23

2017 606,707 562,154 92.66 18

2018 518,470 489,484 94.41 22

2019 479,567 457,372 95.37 26

2020 409,448 396,068 96.73 25

2021 347,910 339,839 97.68 17
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3.2 Mutation analysis of sanger sequencing

We applied Sanger sequencing and MLPA analysis to detect
PAH variants in 123 enrolled patients, followed by the phenotype
prediction based on the genotype in this study (Figure 1A). A total
of 233 disease-causing mutations were identified by Sanger
sequencing in the 246 alleles of 123 PAHD patients, with a

detection rate of 94.7% (233/246) (Supplementary Table S2).
These variants were distributed throughout the coding exons
and splicing regions of the PAH gene, and particularly focused
on exon 5–8 (Figure 1B). No variants were in exon 1 and 13
(Figure 1B). Subsequently analyzing parental mutations showed
that two disease-causing mutations were determined in both alleles
of PAH in 111 patients (111/123, 90.2%), 11 patients harbored one

FIGURE 1
Mutation analysis of 123 PAHD patients. (A)Workflow of PAHD patient’s enrollment and follow-up testing in the study. (B)The disease-causing mutations
were identified by Sanger sequencing in Jiangxi province. Novel mutations were marked red. Abbreviations: E, exon.

FIGURE 2
Two novel mutations identified in 123 PAHD patients. (A) Sanger sequencing results of the c.433G>Cmutation on the PAH forward sequence. (B) Sanger
sequencing results of the c.706 + 2T>A mutation on the PAH forward sequence.
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FIGURE 3
MLPA testing of seven PAHD patients. (A, F) The signal for the area spanning the 5′-UTR and Exon1 was nearly half of the signal observed for the normal
sample. (B) The signal for the PAH Exon6 was nearly half of the signal observed for the normal sample. (C, D, E) The signal for the PAH Exon5 was nearly half of
the signal observed for the normal sample. (G) Both the signal for the PAH Exon6 and the signal for the area spanning the 5′-UTR and Exon1 was nearly half of
the signal observed for the normal sample. (H) normal sample.

FIGURE 4
Shares of mutational analysis of 123 PAHD patients. (A) The proportion of five different kinds of positive variant findings (%). (B) The relative frequency of
various detected variants (%).
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mutant allele (11/123, 8.9%) and one patient had no mutation on
the PAH allele (1/123, 0.8%) (Supplementary Table S2).

3.3 Novel mutations

Two novel variants were not recorded in HGMD and PAHvdb
databases in this study: c.433G > C (p.D145H) and c.706 + 2T > A
(IVS6+2T > A) (Figure 2). All novel variants mutations were not
present in the population frequency databases. Mutation analysis
of probands and their parents showed that c.433G > C and
c.706+2T > A were in compound heterozygosity with the known
variants (c.442-1G > A and c.721C > T), respectively
(Supplementary Table S2).

3.4 Large-scale deletion/duplication analysis

The MLPA analysis was carried out in 12 patients who lacked
two disease-causing mutations in both alleles of PAH. The large
intragenic deletions were detected in seven patients (Figure 3).
These results indicated a heterozygous deletion spanning the 5′-
UTR and Exon1 in two patients (Family 3A, F), a heterozygous
deletion of Exon5 in three patients (Family 3B), a heterozygous
deletion of Exon6 in one patient (Family 3C, D, E), a compound
heterozygous deletion of Exon5 and 5′-UTR to Exon1 in one
patient (Family 3G) (Figure 2).

3.5 Mutational analysis of 123 PAHD patients

Sanger sequencing of PAH gene showed that 233 variants was
positive and MLPA analysis revealed eight large-scale deletions. The
combination strategy of Sanger sequencing and MLPA analysis
yielded 98.0% positive (241/246) variant findings. Based on
mutation types, these variants were grouped in five groups:
missense variants (57.3%, 138/241), splicing variants (23.2%, 56/
241), non-sense variants (9.1%, 22/241), small deletions (7.1%, 17/
241), and large deletions (3.3%, 8/241) (Figure 4A). Among these
241 variants, c.728G > A had the highest frequency (14.1%, 34/241),
and other variants, which were just as prevalent, included: c.721C > T
(6.2%, 15/241), c.1197A > T (5.0%, 12/241), c.611A > G (5.0%, 12/
241), c.442-1G > A (4.1%, 10/241), c.1223G > A (4.1%, 10/241) and
c.1174T > A (3.7%, 9/241) (Figure 4B). The seven prevalent variants
accounted for 42.3% of all detected variants (Figure 3B).

3.6 The comparison of phenotypic prediction
with the observed data

The two AVs of 84 enrolled patients were both discovered in the
PAHvdb database, whereas the AV was not recorded for one or two
PAH variants in the 39 remaining cases (Supplementary Table S2).
Therefore, 84 patients were enrolled to compare the phenotype
predicted with the actual phenotype. The comparison of the
predicted phenotype with the observed ones showed that the model
had a better prediction ability (65/84, 77.4%), especially in cPKU (39/
47, 83.0%) and mHPA patients (21/28, 75.0%) (Table 2). However, the
correctly predicted rate of mPKU was only 55.6% (5/9).TA
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4 Discussion

Early detection and treatment play a crucial role in the excellent
prognosis, resulting in the increased awareness of NBS (Blau, 2016).
The screening rate of neonatal screening was on a constant rise in
China and reached to 96.1% at 2016 (Xiang et al., 2019). After 25 years
of development, we rose the screening rate to 97.68% from 1.65% in
Jiangxi province. The NBS is more and more widely used in Jiangxi
province, which indicates that we have achieved the promotion of
the NBS.

Screening data suggested that the PAHD incidence differed
significantly in each Chinese province, ranging from very low in
the southern regions (1/188,679) to high in the northern regions
(1/3,492) (Xiang et al., 2019). Our results showed that the incidence in
Jiangxi province was about 30.9 per 1,000,000 live births, which was a
relatively lower than the average prevalence of 62.8 per 1,000,000 live
births in China (Xiang et al., 2019). Likewise, analyzing the newborn
screening data, the PAHD incidence of Suzhou and Xiamen of
southeastern China (1/9,563 and 1/27,922, respectively) were both
higher than the Jiangxi province of south-central China (Wang et al.,
2019a; Wang et al., 2019b).

As a result, 233 variants and eight large-scale deletions were found
in 246 alleles of 123 PAHD patients and the detection ratio achieved
98.0%. Interestingly, the use of MLPA analysis increased the detection
ratio, up from 94.7% to 98.0%. Large deletion and duplication account
for 12% and 2.1% of the PAH mutations in some ethnic groups
(Elhawary et al., 2022). Consistent with previous studies from others,
MLPA analysis was a complementary tool to improve the accuracy of
diagnosis when no variants were detected in both alleles of PAH by
sequencing (Lee et al., 2008; Yan et al., 2019; Tao et al., 2021). In
particular, we reported here a patient with the compound
heterozygous variants of two large-scale deletions. Similar to other
provinces (Zhang et al., 2018; Wang et al., 2019a), c.728G > Awas also
the highest frequency of variant. But the detection rate of 14.1% was
lower than 17.7% of northern China and 16.11% of central China (Liu
et al., 2017; Zhang et al., 2018). In addition, the highest frequency of
PAH variant in Hainan province was c.611A > G (Zhao et al., 2020),
which was also a common variant in Jiangxi province. There are
considerable differences in common variants of different countries
and provinces (Liu et al., 2017; Zhou et al., 2022). The low incidence
and differences of common variants indicated that the concentrated
distribution of PAH gene variants in Jiangxi province was less
obvious, which was a challenge for genetic counseling. Thus, own
spectrum of PAH mutations is an efficient tool for appropriate
newborn screening and individualized genetic counseling. Other
prevalent variants were also present in other provinces (Zhang
et al., 2018; Wang et al., 2019a), probably because the population
migration broken the region limits.

Some research applied the AV-based model to analyze the
relationship between genotype and phenotype in different regions
in China (Zhu et al., 2013; Chen et al., 2015; Wang et al., 2018). By
contrast, the overall consistency rate of Shanghai area was 54.4% (Zhu
et al., 2013), well below the correctly predicted rate of 77.4% in this
study. An 84.21% overall consistency rate in north Jiangsu province
was higher than that of this study (Wang et al., 2018). Another study
found that the consistency rate of Jiangsu province was 38%, which
was lower than the data of this study (Chen et al., 2015). AVs of the
milder variant are much higher than the severe one, so the PAHD
severity depends largely on the milder variant of two PAH variants

(Li et al., 2018; Elhawary et al., 2022). Nevertheless, we and others
discovered that the concordance rate for mPKU was very low in China
(Zhu et al., 2013). Since patients (Guldberg et al., 1998) studied were
all European, the AVs of some variants would be different in Chinese
population (Zhu et al., 2013). For example, previous research by Zhu
et al. (2013) showed that AVs of R241C, R243Q, R261Q, V388M,
V399V, R408Q, A434D and EX6-96A > G could hardly apply to the
PAHD classification of Chinese Han population (Zhu et al., 2013). Our
research supported this. After the AVs of R241C changing from 8 to 6,
the consistency rate of mPKU and mHPA would rise to 73.3% and
95.5% respectively. It indicated that R241C had particularly pernicious
effects on Chinese. The phenotypic difference between different
populations might be due to different residual enzymatic activity
produced by the ubiquitin–proteasome system (UPS) which can
regulate cellular protein turnover (Sarodaya et al., 2022).

In summary, for the first time, we successfully constructed the
PAH mutation spectrum in Jiangxi province and analyzed the
genotypic characteristics of 123 PAHD patients. This mutation
spectrum is very meaningful to improve the diagnostic rate of
PAHD and to increase the accuracy genetic counseling. We
compared the observed phenotype with the predicted
phenotype based on the genotype. This study offers data for
the genotype-phenotype prediction suitable for Chinese
population.
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Identification of genemutations in
six Chinese patients with maple
syrup urine disease

Lulu Li1†, Xinmei Mao2†, Nan Yang1, Taoyun Ji2, Shunan Wang1,
Yulan Ma2, Haihe Yang1, Yuting Sang2, Jinqi Zhao1, Lifei Gong1,
Yue Tang1 and Yuanyuan Kong1*
1Department of Newborn Screening Center, Beijing Obstetrics and Gynecology Hospital, Capital Medical
University, Beijing Maternal and Child Healthcare Hospital, Beijing, China, 2Peking University First Hospital
Ningxia Women and Children’s Hospital (Ningxia Hui Autonomous Region Maternal and Child Health
Hospital), Yinchuan, China

Background: Maple syrup urine disease (MSUD) is a rare autosomal recessive
amino acid metabolic disease. This study is to identify the pathogenic genetic
factors of six cases of MUSD and evaluates the application value of high-
throughput sequencing technology in the early diagnosis of MUSD.

Methods: Clinical examination was carried out for patients and used blood
tandem mass spectrometry (MS/MS), urine gas chromatography-mass
spectrometry (GC/MS), and the application of high-throughput sequencing
technology for detection. Validate candidate mutations by polymerase chain
reaction (PCR)—Sanger sequencing technology. Bioinformatics software
analyzed the variants’ pathogenicity. Using Swiss PDB Viewer software to
predict the effect of mutation on the structure of BCKDHA and BCKDHB proteins.

Result: A total of six MSUD patients were diagnosed, including four males and two
females. Nine variants were found in three genes of six MSUD families by high-
throughput sequencing, including four missense mutations: c.659C>T(p.A220V),
c.818C>T(p.T273I), c.1134C>G(p.D378E), and c.1006G>A(p.G336S); two non-
sense mutations: c.1291C>T(p.R431*) and c.331C>T(p.R111*); three deletion
mutations: c.550delT (p.S184Pfs*46), c.718delC (p.P240Lfs*14), and c.795delG
(p.N266Tfs*64). Sanger sequencing’s results were consistent with the high-
throughput sequencing. The bioinformatics software revealed that the
mutations were harmful, and the prediction results of Swiss PDB Viewer
suggest that variation affects protein conformation.

Conclusion: This study identified nine pathogenic variants in the BCKDHA,
BCKDHB, and DBT genes in six MSUD families, including two novel pathogenic
variants in the BCKDHB gene, which enriched the genetic mutational spectrum of
the disease. High-throughput sequencing is essential for the MSUD’s differential
diagnosis, early treatment, and prenatal diagnosis.

KEYWORDS

maple syrup urine disease, high-throughput sequencing, gene mutation, neonatal
screening, metabolic disorders
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Introduction

Maple syrup urine disease (MSUD, MIM248600), also known as
branched-chain ketoaciduria, is an amino acid metabolic disorder
named for the peculiar maple syrup odor of the urine of affected
children, which was first reported in 1954 (MENKES et al., 1954).
MSUD is a rare autosomal recessive metabolic disorder. The multi-
enzyme complex functional defective of branched-chain α-keto acid
dehydrogenase complex (BCKDC) in the cellular mitochondrial
matrix will cause the accumulation of branched-chain amino acids
(leucine, isoleucine, and valine) and the corresponding α-ketoacid
derivatives (α-ketoisoacetic acid, α-keto-β-methylpentanoic acid, and
α-ketoisovaleric acid) in brain tissue and body fluids (Strauss et al.,
2006; Blackburn et al., 2017). The accumulation of branched-chain
amino acids and the corresponding keto acid derivatives will produce
neurotoxic effects on brain tissue, leading to severe brain
developmental disorders and other neurological damage with a
high lethality and disability rate (Wendel et al., 1983). Based on
the time of onset, progression rate, and reactivity to vitamin B1,
MSUD can be divided into Classic, Intermittent, Intermediate,
Thiamine-responsive, and E3 deficiency (Yang et al., 2012; Douglas
et al., 2020). Classic is the most common type and severe type in the
neonatal period, with patients often dying within a few days.
Intermediate MSUD can develop at any age and exhibits growth
and intellectual development with milder symptoms than Classic.
Patients with Intermittent MSUD present with intermittent seizures,
asymptomatic during intervals. Patients’ growth and
neurodevelopment are normal, and the Intermittent MSUD is
similar to the Classic at the onset. Patients with Thiamine-
responsive can improve their tolerance to leucine through
thiamine supplementation, and their clinical manifestation is
similar to the Intermediate MSUD. E3 deficiency is the rarest type
of MSUD and is often associated with severe lactic acidemia and
neurological impairment (Flaschker et al., 2007; Frazier et al., 2014;
Fang et al., 2021)MSUD has significant racial and geographic
variability, with a global incidence of 1/185,000 and a prevalence
as high as 1/380 in the Mennonite population (Carleton et al., 2010).
MSUD has a complex clinical presentation, with early manifestations
mainly consisting of feeding difficulties, vomiting, lethargy, metabolic
acidosis, and a peculiar maple sugar odor in urine and sweat during
infancy (mainly in the early neonatal period). Later stages often
progress to degenerative neuropathy, such as convulsions,
hypoglycemia and increased muscle tone, which can lead to death
in severe cases (Flaschker et al., 2007; Frazier et al., 2014). Due to the
lack of specific clinical manifestations, MUSD is often misdiagnosed
as neonatal encephalopathy, neonatal sepsis or other abnormal
metabolic diseases. If the diagnosis and treatment are prompt,
some children can reach normal intelligence scores. Therefore, the
early diagnosis and treatment of MSUD are necessary (Medina et al.,
2021).

This study analyzed the clinical data and genetic test results of
six children with MSUD admitted to the Beijing Newborn Disease
Screening Center and the Maternal and Peking University First
Hospital Ningxia Women and Children’s Hospital (Ningxia Hui
Autonomous Region Maternal and Child Health Hospital). Aim to
explore the genetic etiology ofMSUD and the value of genetic testing
for the early diagnosis of MSUD and to enhance the acquaintance
and diagnosis of this disease.

Methods and materials

Medical records and ethical sight

Case 1, male, full-term newborn infant, could not hold objects at
four months, could not sit at six months, cried easily, and was slow to
respond at two years old. The patient registered at the Beijing
Newborn Disease Screening Center at 28 months for “slow
response, slow learning, and inability to walk” (Table 1). The
MS/MS and GS/MS detected elevated levels of leucine, isoleucine,
and their corresponding α Ketoacid levels were elevated (Table 2).
After diagnosis, the patient adhered to diet therapy and is now
16 years old, 180 cm tall, 94 kg, irritable, and mildly
neurodevelopmentally delayed (Table 1).

Case 2, male, full-term delivered via cesarean section, 25 days of
age, registered at the Beijing Newborn Screening Center for
“elevated leucine and valine on neonatal diseases screening.” The
MS/MS detected elevated leucine, isoleucine, and valine levels; the
GC/MS showed increased 2-keto-isobaric acid, 2-hydroxyisovaleric
acid, and 2-hydroxy-3-methyl valeric acid (Table 2). After diagnosis,
the patient insisted on diet treatment. Nowadays, the patient is
11 months old, with a height of 72 cm, a weight of 9.8 kg, good
spirits, and normal neural development (Table 1).

Case 3, male, full-term newborn infant, six days of age,
registered at Beijing Children’s Hospital for “tic, convulsions, and
drowsiness.” The patient had stable vital signs, drowsiness, poor
response, and weakness cry. The MS/MS and GC/MS were used to
detect leucine, isoleucine and the corresponding level of α-ketoacid
is elevated (Table 2). Currently, the patient is five years old and
treated intermittently, with poor growth and severe
neurodevelopmental retardation (Table 1).

Case 4, female, full-term newborn infant, first diagnosis in
Peking University First Hospital Ningxia Women and Children’s
Hospital (Ningxia Hui Autonomous Region Maternal and Child
Health Hospital) at eight days of age for “poor feeding, poor
response, persistent irritability and crying.” The MS/MS and GC/
MS were used to detect leucine, isoleucine, and the corresponding
level of α-ketoacid evaluated (Table 2). The medical history revealed
that the patient began to have the poor appetite at four days of age
and gradually aggravated the symptoms of irritability. The patient
had less response on the physical examination, limb hypertonia, and
cranial magnetic resonance imaging revealed bilateral cerebellar
hemispheres, bilateral internal capsule, symmetrically increased
signal intensity within the subcortical aera of the central sulcus
and the white matter of centrum ovale.

Case 5, female, full-term newborn infant, first diagnosis in
Peking University First Hospital Ningxia Women and Children’s
Hospital (Ningxia Hui Autonomous Region Maternal and Child
Health Hospital) at 15 days of age with “poor appetite for 15 days
and refusal of milk for one day”. The patient was found to be
drowsiness, poor response, weak cry, and decreased muscle tone
(hypotonia). The EEG revealed an abnormal signal.

Case 6, male, full-term newborn infant, first diagnosis in Peking
University First Hospital Ningxia Women and Children’s Hospital
(Ningxia Hui Autonomous Region Maternal and Child Health
Hospital) at ten days of age with “poor appetite for seven days
and drowsiness for two days.” The physical examination revealed
stable vital signs, drowsiness, poor response, poor nutrition, and a
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weak cry. The EEG showed an abnormal signal, and the chest X-ray
revealed a patchy hyperdensity shadow in both lungs, indicating
infectious lesions in both lungs.

All the mentioned patient’s parents had normal phenotypes, not
consanguineous marriage, and no family history of genetic or
infectious disease. The Beijing Obstetrics Gynecology Hospital of
Capital Medical University Ethics Committee approved this study
(2022-KY-087-01), and all family members (or guardians) signed
informed consent.

Blood tandem mass spectrometry

The dry blood filter paper for neonatal screening was detected by
Blood tandem mass spectrometry. Each specimen was taken 3 mm
diameter of blood spots, using TQD tandem mass spectrometry
(Triple Quadrupole Mass Spectrometry) (TQ Acquity Mass
Spectrometer, Waters Corporation, United States). Use the
NeoBase Non-derivatized MSMS Kit (Perkinelmer, Turku,
Finland) and tandem mass spectrometry methods to detect
amino acids and acylacrnitine with metabolic disorders.

Gas chromatography-mass spectrometry

5–10 ml of fresh urine was collected from patients, and the urine
was processed by removing urea, adding internal standards,
removing protein, performing vacuum drying, and trimethylsilyl
derivatization. Use gas chromatography-mass spectrometry
(Shimadzu GCMS-QP2010) to analyze the treated urine to
identify the components of organic acids in urine. After that,
analyzed qualitatively, and quantitatively of the detection peaks.

High throughput sequencing and
bioinformatics analysis

The experimental procedure of high throughput sequencing was
around as follows.

DNA extraction: The subject and their phenotypically normal
parents would be extracted 5 ml of peripheral blood from the elbow
vein which used the classical phenol-chloroform method. The
peripheral blood samples are stored at −20°C for backup.

Genomic library preparation: Genomic DNA is randomly
fragmented to a certain size, then add adopter primers to prepare
the desired library.

Hybridization capture: Using GenCap gene sequence capture
technology, the probe is fully mixed with the sample-related gene
target region library to enrich the DNA sequences in the exon
region.

Sequencing: Use High-throughput sequencing to process the
quality-checked products.

Data filtering and analysis: The raw data are filtered and
analyzed to assess the sequencing quality. Use human genome
standard sequence hg19 (Genome Reference Consortium
GRCh37, hg19) to compare with the filtered data and count and
analyze the data such as single nucleotide polymorphisms (SNPs)
and insertion-deletion mutations (InDels). Afterward, annotationTA

B
LE

1
C
lin

ic
al

an
d
g
en

et
ic

ch
ar
ac
te
ri
st
ic
s
of

p
at
ie
n
ts

re
cr
ui
te
d
in

th
is

st
ud

y.

C
as
e

G
en

de
r

Et
hn

ic
gr
ou

p
A
ge

A
ge

of
on

se
t

C
lin

ic
al

ou
tc
om

e
C
lin

ic
al

ph
en

ot
yp

e
G
en

et
ic

ch
ar
ac
te
ris
tic
s

G
en

e
Zy

go
te

ty
pe

A
lle
le

or
ig
in

Va
ria

nt
lo
ca
tio

n
N
uc
le
ot
id
e
(a
m
in
o
ac
id
)

ch
an

ge
N
ov

el
va
ria

nt

1
m
al
e

H
an

16
y7

m
28

m
Sl
ig
ht

ne
ur
od

ev
el
op

m
en
t

de
la
yd
el
ay

In
te
rm

ed
ia
te

B
C
K
D
H
A

C
-h
et

P
E
6

c.
65
9C

>T
(p
.A
22
0V

)
N

M
E
6

c.
79
5d
el
G

(p
.N
26
6T

fs
*6
4)

N

2
m
al
e

H
an

1
y

25
d

N
or
m
al

ne
ur
od

ev
el
op

m
en
t

C
la
ss
ic

B
C
K
D
H
B

C
-h
et

P
E
10

c.
11
34
C
>G

(p
.D
37
8E

)
Y

M
E
7

c.
81
8C

>T
(p
.T
27
3I
)

N

3
m
al
e

H
an

5
y3

m
6
d

Se
ve
re

ne
ur
od

ev
el
op

m
en
t

de
la
y

C
la
ss
ic

B
C
K
D
H
B

C
-h
et

P
E
5

c.
55
0d
el
T
(p
.S
18
4P

fs
*4
6)

N

M
E
6

c.
71
8d
el
C
(p
.P
24
0L

fs
*1
4)

Y

4
fe
m
al
e

H
an

—
8
d

D
ie
d

C
la
ss
ic

B
C
K
D
H
B

C
-h
et

P
E
3

c.
33
1C

>T
(p
.R
11
1*
)

N

M
E
9

c.
10
06
G
>A

(p
.G
33
6S
)

N

5
fe
m
al
e

H
ui

—
15

d
D
ie
d

C
la
ss
ic

D
B
T

ho
m

P
/M

E
11

c.
12
91
C
>T

(p
.R
43
1*
)

N

6
m
al
e

H
ui

—
10

d
D
ie
d

C
la
ss
ic

D
B
T

ho
m

P
/M

E
11

c.
12
91
C
>T

(p
.R
43
1*
)

N

y,
ye
ar
;d

,
da
y;

m
,
m
on

th
;Y

,y
es
;
N
,n

o;
ho

m
,h

om
oz
yg
ot
e;
C
-h
et
,c
om

po
un

d
he
te
ro
zy
go
te
;P

,p
at
er
na
l;
M
,m

at
er
na
l;
E
,e
xo
n;

I,
in
tr
on

.

Frontiers in Genetics frontiersin.org03

Li et al. 10.3389/fgene.2023.1132364

207

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1132364


and analysis of HGMD, ExAC, and other databases were performed
to screen candidate pathogenic variants to comprehend whether the
identified variants were new or already reported.

Primer designing andmutation confirmation

According to the results of candidate pathogenic variants
screened by high-throughput sequencing, BCKDHA(NM_
000155), BCKDHB(NM_183050), and DBT(NM_001918) gene
sequences were obtained from http://genome.ucsc.edu. The
standard procedures would perform the PCR amplification using
the Primer5.0 primer design tool to design specific PCR primers
(Supplementary Table S1), the PCR amplification was performed
according to standard procedures. The PCR products were purified
and processed the DNA sequencing. The sequencing results were
analyzed by CodonCode Aligner software, along with parental
origin verification.

Predictive analysis of pathogenicity

Functional prediction of missense mutant loci was performed
using Sorting Intolerant From Tolerant (SIFT,http://www.sift.jcvi.
org/), Polyphen-2 (http://genetics.bwh.harvard.edu/pph2),
Mutation taster (http://www.mutationtaster.org/), and REVEL
(https://sites.google.com/site/revelgenomics/). Variant frequencies
were determined in the 1000 Genomes Project, ExAC (http://
exac.broadinstitute.org/), and GnomAD ALL (http://gnomad-sg.
org/) database. Finally, the American College of Medical Genetics
and Genomics (ACMG) 2015 guidelines were used to interpret
variants.

Used Swiss-PDB viewer software to predict the evaluation of the
crystal structure of the mutant proteins. The protein structures of
BCKDHA and BCKDHB (PDB ID:1DTW) were acquired from the
PBD database and combined with Swiss PDB Viewer 4.1.0 software
to visualize the protein structures and predict the effect of the
mutation sites on the tertiary protein structures.

Results

Clinical characteristics

This study included six MSUD cases, including four males and
two females—those patients among four Han people and two Hui
people. Five patients had clinical manifestations of classic MUSD in
the neonatal period, particularly with vomiting, lethargy, poor
appetite, tic, and feeding difficulties, and one patient had an
intermediate MSUD (Table 1). Six patients’ MS/MS revealed
significantly elevated leucine, isoleucine, valine, and valine to
phenylalanine ratios. GC/MS results were also significantly
elevated in the other five patients, except case 6 (Table 2).

Case 4 had a high-signal lesion on cranial MRI, and cases 5 and
6 had abnormal EEG. Cases 1 and 2 received treatment and were
followed up regularly with good compliance. Case 3 was treated
intermittently with a poor prognosis. Cases 4, 5, and 6 died in the
neonatal period (Table 1).TA
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Gene sequencing results

High-throughput results revealed that case 1 carried compound
heterozygous mutations c.659C>T(p.A220V) and c.795delG
(p.N266Tfs*64) of BCKDHA gene (Figure 1A). Sanger
sequencing confirmed that the c.659C>T(p.A220V) mutation was
inherited from the father with the normal phenotype, and the
c.795delG (p.N266Tfs*64) mutation was inherited from the
mother with the normal phenotype. Case 2 carried the
compound heterozygous mutations c.818C>T (p.T273I) and
c.1134C>G (p.D378E) of the BCKDHB gene (Figure 1B). Sanger
sequencing confirmed that the c.818C>T (p.T273I) mutation was
inherited from the mother with the normal phenotype, and the
c.1134C>G (p.D378E) mutation was inherited from the father with
the normal phenotype. Case 3 carried the compound heterozygous
mutations c.550delT (p.S184Pfs*46) and c.718delC (p.P240Lfs*14)
of the BCKDHB gene (Figure 1C). Sanger sequencing confirmed
c.550delT (p.S184Pfs*46) mutation is inherited from the father with
the normal phenotype, c.718delC (p.P240Lfs*14) mutation was
inherited from the mother with the normal phenotype. Case
4 carried the BCKDHB gene compound heterozygous mutation
c.331C>T (p.R111*) and c.1006G>A (p.G336S) (Figure 1D).
Sanger sequencing confirmed that the c.331C>T (p.R111*)
mutation was inherited from the father with normal phenotype,
and the c.1006G>A (p.G336S) mutation was inherited from the
mother with normal phenotype. Cases 5 and 6 carry homozygous
mutation c.1291C>T (p.R431*) of DBT gene (Figures 1E, F). Their
parents are heterozygous carriers of c.1291C>T (p.R431*). Six
families conform to autosomal recessive inheritance.

Pathogenicity prediction analysis

Variation c.1134C>G (p.D378E) and c.718delC (p.P240Lfs*14)
are two novel mutations that have not been reported (Table 1), and
1000 Genomes Project, ExAC database, and GnomAD database
have not included these two mutations. We used Bioinformatics
software analysis to analyze variation c.1134C>G (p.D378E): the
predicted score of SIFT software was 0.021, the predicted score of
Polyphen-2 software was 0.663, the predicted value of Mutation
Taster software was 1, and the REVEL score was 0.787. All the
mentioned software indicated that the variation was pathogenic.
Other missense mutations indicated as pathogenic were analyzed
jointly by SIFT, Polyphen-2, Mutation Taster software, and REVEL
(Table 3). Meanwhile, all the mutation-related diseases were highly
consistent with the patient’s clinical phenotype, which was the
supporting pathogenic evidence.

Use Swiss PBD software to predict the effect of missense
mutation on protein conformation on BCKDHA and BCKDHB
respectively (Figure 2A):

c. 659C>T (p.A220V): In the three-dimensional structure of
human BCKDHA protein, alanine at position 220 respectively forms
hydrogen bonds with alanine at position 216, valine at position 217,
and lysine at position 224 (Figure 2Bi). The variant c.659C>T in
BCKDHA resulted in alanine at position 220 becoming valine. The
amino acid change does not affect the hydrogen bond linkage with
adjacent amino acids, but changes the side chain structure
(Figure 2Bi).

c.818 C > T (p.T273I): In the three-dimensional structure of
human BCKDHB protein, threonine at position 273 respectively
forms hydrogen bonds with arginine at position 324 and leucine at
position 326 (Figure 2Ci). The variant c.818C>T in BCKDHB
resulted in the replacement of polar threonine at position 273 by
non-polar isoleucine. The amino acid change does not affect the
hydrogen bond linkage with adjacent amino acids but changes the
side chain structure (Figure 2Cii).

c.1006G > A (p.G336S): In the three-dimensional structure of
human BCKDHB protein, glycine at position 336 respectively forms
hydrogen bonds with leucine at position 333 and serine at position
339(Figure 2Di). The variant c.1006G >A leads to the substitution of
glycine at 336 position by serine, and the change of amino acid leads
to an additional hydrogen bond with leucine at 333 position, which
is expected to affect the stability of protein structure (Figure 2Dii).

c. 1134C > G (D378E): In the three-dimensional structure of
human BCKDHB protein, aspartic acid at position 378 respectively
formed hydrogen bonds with tryptophan at position380, lysine at
position 381 and cysteine at position 382 (Figure 2Ei). The variant
c.1134C>G in BCKDHB resulted in glutamic acid replacing aspartic
acid at position 378. The change of amino acid makes it lose one
hydrogen bond with leucine 380 and lysine 381 respectively, which is
expected to affect the stability of protein structure (Figure 2Eii).

Discussion

In this study six patients with MSUD were diagnosed, thecase
1 was Intermediate MSUD, and the other 5 cases were Classic, which
developed within the first two weeks after birth. The study used
high-throughput sequencing to clarify the genetic etiology of the six
patients (Table 1). All the patient have mutations in BCKDC
subunit, diagnosing diseases from molecular etiology can improve
the efficiency of disease diagnosis. High-throughput sequencing is
essential for the MSUD’s differential diagnosis, early treatment, and
prenatal diagnosis.

BCKDC is a highly conserved and catalytic complex essential for
a series of enzymatic reactions, including branched-chain α-keto
acid decarboxylase (E1), branched-chain acyltransferase (E2),
dihydrolipoyl dehydrogenase (E3), BCKD kinase and BCKD
phosphatase (Zeynalzadeh et al., 2018; Strauss et al., 2020; Sun
et al., 2020). Mutations in any BCKDC subunits or enzyme protein
genes can affect their catabolic functions. E1 is a tetramer composed
of two E1α and two E1β. They are encoded by the BCKDHA (OMIM
608348) and BCKDHB (OMIM 248611) gene respectively. The
human BCKDHA gene is located at 19q13.2, which contains
9 exons and 8 introns with a full gene length of 27 kb and
encodes 445 amino acids. The human BCKDHB gene is located
at 6q14.1, which contains 10 exons and 9 introns with a full length of
239 kb and encodes 392 amino acids. Patients with BCKDHA and
BCKDHB gene mutations tend to have a Classic MUSD clinical
manifestation (Nguyen et al., 2020; Jiang et al., 2021). E2 is encoded
by the DBT (OMIM 248610) gene. The human DBT gene is located
at 1p21, which contains 11 exons and 10 introns. The full length of
DBT is 62 kb and encodes 482 amino acids. E3 is the homodimer of
E2, encoded by the DLD (OMIM 238331) gene and located in
7q31.1, containing 13 exons and 12 introns. DLD is 28 kb in length,
encodes 486 amino acids, and encodes a specific kinase. The PPM1K
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(OMIM 611065) gene, located at 4q22.1, contains seven exons and
six introns. The full length of PPM1K is 26 kb long and encodes
372 amino acids. PPM1K encodes mitochondrial protein
phosphatase that also causes MSUD when gene mutated (Nguyen
et al., 2020). As of February 2022, the HGMD database (http://www.
biopku.org/pnddb/search-results.asp) has included 439 mutations
on BCKDH, of which BCKDHA accounts for 30% (132/439),
BCKDHB for 39.4% (173/439), DBT for 23.5% (103/439), DLD
for 6.8% (30/439), and PPM1K for 0.2% (1/439). The mutations
were in various forms, including missense mutations, non-sense
mutations, splice mutations, and shift mutations, among which
missense mutations accounted for the most significant proportion.

Case 1 carried the compound heterozygous mutations c.659C>T
(p.A220V) and c.795delG (p.N266Tfs*64) in the BCKDHA gene

(Figure 1A). Case 2 was a patient confirmed by neonatal screening.
Gene test revealed that the patient carried the BCKDHB gene complex
heterozygous mutation c.818C>T(p.T273I) and c.1134C>G(p.D378E)
(Figure 1B). Case 3was in the neonatal period and carried theBCKDHB
gene compound heterozygous mutations c.550delT (p.S184Pfs*46) and
c.718delC (p.P240Lfs*14) (Figure 1C). Case 4 carried BCKDHB gene
compound heterozygous mutations c.331C>T (p.R111*) and
c.1006G>A (p.G336S) (Figure 1D). Gene detection of case 5 and
case 6 revealed that the patient carried a homozygous mutation of
DBT gene c.1291C>T (p.R431*) (Figures 1E, F) and was accompanied
by mass spectrum abnormality (Table 2). Among the six patients
diagnosed, 66.7% were male, two-thirds were Han nationality and one-
third of themwereHui nationality. Three patients carried theBCKDHB
genemutation, two carried theDBT genemutation, and one carried the

FIGURE 1
Sequencing analysis of all available members in six families with MSUD. (A) In family 1, sanger sequencing revealed the patient had the compound
heterozygous variantis c659C>T(p.A220V) of paternal origin and c794delG (p.N266Tfs*64) of maternal origin in BCKDHA. (B) In family 2, sanger
sequencing revealed the patient had the compound heterozygous variantis c1134C>G(p.D378E) of paternal origin and c818C>T(p.T273I) of maternal
origin in BCKDHB. (C) In family 3, sanger sequencing revealed the patient had the compound heterozygous variantis c550delC (p.S184Pfs*46) of
paternal origin and c718delC (p.P240Lfs*14) of maternal origin in BCKDHB. (D) In family 4, sanger sequencing revealed the patient had the compound
heterozygous variantis c331C>T(p.R111*) of paternal origin and c1006G>A(p.G336S) of maternal origin in BCKDHB. (E) In family 5, the patient was
homozygous of c1291C>T(p.R431*) inDBT. (F) In family 6, the patient was homozygous of c1291C>T(p.R431*) inDBT. Black arrows point to the mutation
sites.

TABLE 3 Bioinfomatic analysis of missense variants.

ExAC ALL GnomAD ALL SIFT Polyphen2 MutationTaster REVEL ACMG

c.659C>T(p.A220V) 0.00000878 0.00000800 D(0.031) D(0.953) D(1) D (0.942) P

c.818C>T(p.T273I) 0.00001653 0.00001594 D(0) D(0.999) D(1) D (0.759) LP

c.1134C>G(p.D378E) — — D (0.021) D(0.663) D(1) D (0.787) VUS

c.1006G>A(p.G336S) — 0.00000398 D (0.026) D(1) D(1) D (0.917) LP

D, Damaging; P, Pathogenic; LP, Likely pathogenic; VUS, Uncertain significance.
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BCKDHA gene mutation. With a total of nine mutations, including
four missense mutations: c.659C>T (p.A220V), c.818C>T (p.T273I),
c.1134C>G (p.D378E), and c.1006G>A (p.G336S); two non-sense
mutations: c.1291C>T (p.R431*) and c.331C>T (p.R111*); three
deletion mutations: c.550delT (p.S184Pfs*46), c.718delC
(p.P240Lfs*14) and c.795delG (p.N266Tfs*64). All mutations were
reported variants except c.1134C>G (p.D378E) and c.718delC
(p.P240Lfs*14). The deletion mutation c.718delC (p.P240Lfs*14)
leads to early termination of protein coding, with clear strong
pathogenicity. Analysis of the missense mutations by bioinformatics
software indicated that the mutations were strongly pathogenic. In
order to evaluate the influence of missense mutation on protein
function, we used SWISS software to analyze the protein 3D
structure of missense variants. The results revealed that
c.659C>T(p.A220V) and c.818C>T(p.T273I) lead to changes in the
structure of the side chain (Figure 2Bi&Ci),c.1006G>A(p.G336S) and
c.1134C>G(p.D378E) resulted in changes in the number of bonded
hydrogen bonds (Figure 2Di&Ei), which affects the protein
conformation of BCKDHA and BCKDHB. The discovery of new
mutations not only enriches the genetic mutation spectrum of the
disease, but also can diagnose the disease from molecular etiology as
early as possible, improve the efficiency of disease diagnosis, achieve
early detection, early diagnosis and early treatment, and provide
effective genetic counseling and prenatal diagnosis for the patient’s
family.

Similar to previous research reports, as it is a rare disease and the
cases in each study are relatively limited, so the relationship between
MSUD genotype and phenotype cannot be determined. Generally,
most patients with BCKDHA and BCKDHB gene mutations are
classical, with BCKDH activity less than 2% (Mitsubuchi et al., 2005;
Fang et al., 2021). In our study, three patients with BCKDHB
mutations are Classic, and one patient with BCKDHA mutations
Intermediate MSUD. According to the literature, the mutation
c.659 C>T is associated with moderate phenotype (Couce et al.,
2015), we suspect that this may be the cause of mild clinical
phenotype in case 1. The clinical manifestations of patients with
DBT gene variant are relatively mild, but in this study, two classical
patients who carried DBT homozygous mutations, both with
neonatal onset and death, were classic MUSD patients. A
previous study reported that a classical patient with the
c.1291C>T (p.R431*) homozygous mutation died at six months
(Khalifa et al., 2020). The report indicated that another patient who
carried the c.1291C>T (p.R431*) homozygous mutation was
diagnosed four days after birth with feeding difficulties and
seizure symptoms, diagnosed as MSUD (Abiri et al., 2019).
Mutation c.1291C>T (p.R431*) results in considerably impaired
enzyme activity. According to the reported cases,
c.659C>T(p.A220V) mostly appeared in compound heterozygous
mutations and was reported as an Intermediate MSUD (Rodríguez-
Pombo et al., 2006). Therefore, this study inferred that the enzyme

FIGURE 2
Three-dimensional structure of BCKDHA and BCKDHB (wild-type and mutant). (A) Overall structure of the BCKD protein. The chain α was
highlighted in yellow, while chain β in blue. The location of the missense mutations were mapped to the regions of the protein in green and marked with
white arrows. (B) The p. A220V missense mutation didn’t affect hydrogen bond linkage with adjacent amino acids, but changes the side chain structure.
(C) The p.T273I missense mutation didn’t affect hydrogen bond linkage with R324 and L326, but changes the side chain structure. (D) The p.G336S
missense mutation could create a new hydrogen bond between S336 and the Leucine (Leu) at position L333. (E) The p. D378E missense mutation could
disrupt a hydrogen bond between E378 and K381 and between E378 and W380, respectively.
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activity of c.659C>T(p.A220V) mutation is less impaired. Among
the reported cases, the four reported variations c.818C>T (p.T273I),
c.1006G>A (p.G336S), c.331C>T (p.R111*), and c.550delT
(p.S184Pfs*46) appeared in the form of compound heterozygous,
these mutations would cause classic MSUD patients (Ali and Ngu,
2018; Li et al., 2018; Yang et al., 2019). These results indicated that
the mentioned four reported mutations profoundly influenced the
enzyme activity.

MSUD is a highly lethal and disabled genetic metabolic disease,
and early diagnosis and treatment can vastly enhance the prognosis
process. However, because of the lack of specific clinical
manifestations in early MSUD, unscreened newborns with
MSUD are highly susceptible to misdiagnosis as sepsis,
neurological disorders, and other disorders that cause
convulsions (Han et al., 2018; Liu et al., 2018). Therefore,
making a diagnosis mainly based on clinical manifestations is
difficult, which may lead to delayed treatment of misdiagnosed
children. Thus, combining conventional differential diagnosis with
high-throughput sequencing technology to explore the genetic
etiology of MSUD patients and establish genotypic and
phenotypic correlations becomes essential for rapid diagnosis of
MSUD. Early symptomatic intervention and prenatal diagnosis of
the patient become necessary.

Conclusion

In conclusion, this study conducted a detailed analysis of the
clinical conditions and gene mutations of six cases of MSUD. Two
new pathogenic mutations of the BCKDHB gene were found
through high-throughput sequencing, which enriched the
mutation spectrum of the BCKDHB gene. The association
analysis of genotype and phenotype greatly assisted clinical
diagnosis and treatment. This study suggests that clinicians
should pay more awareness to genetic testing and use high-
throughput sequencing technology to identify the etiology rapidly
and enhance disease diagnosis efficiency. It would enable early
diagnosis and timely and effective treatment of MSUD patients
and provide effective genetic counseling and prenatal diagnosis for
their families.
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Introduction: Hereditary orotic aciduria is an extremely rare, autosomal recessive
disease caused by deficiency of uridinemonophosphate synthase. Untreated, affected
individuals may develop refractory megaloblastic anemia, neurodevelopmental
disabilities, and crystalluria. Newborn screening has the potential to identify and
enable treatment of affected individuals before they become significantly ill.

Methods: Measuring orotic acid as part of expanded newborn screening using
flow injection analysis tandem mass spectrometry.

Results: Since the addition of orotic acid measurement to the Israeli routine
newborn screening program, 1,492,439 neonates have been screened. The
screen has identified ten Muslim Arab newborns that remain asymptomatic so
far, with DBS orotic acid elevated up to 10 times the upper reference limit. Urine
organic acid testing confirmed the presence of orotic aciduria along with
homozygous variations in the UMPS gene.

Conclusion:Newborn screeningmeasuring of orotic acid, now integrated into the
routine tandem mass spectrometry panel, is capable of identifying neonates with
hereditary orotic aciduria.
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1 Introduction

Hereditary orotic aciduria is an autosomal recessive disease caused
by deficiency of the uridine monophosphate synthase (UMPS) enzyme
which catalyzes the last step in pyrimidine biosynthesis in mammals
(McClard et al., 1980) (EC 4.1.1.23). This bifunctional homodimeric
enzyme is encoded by theUMPS gene (Suchi et al., 1997) (MIM613891)
and harbors two functions: an orotate phosphoribosyltransferase
function (OPRT, EC 2.4.2.10) located in the 214 N-terminal amino
acids, and an orotidylic decarboxylase (ODC, EC 4.1.1.23) function
located in the 258 C-terminal amino acids (Suttle et al., 1988).
Biochemically, the OPRT activity ribosylates orotate to become
orotidine monophosphate, while the ODC activity decarboxylates
orotidine monophosphate to become uridine monophosphate.
Therefore, defects in the UMPS enzyme can lead to a build-up of
orotate and/or orotidine monophosphate (OMP) in cells (Bailey, 2009).

Hereditary orotic aciduria was first described in 1959 in an infant
presenting with refractory megaloblastic anemia and excretion of orotic
acid (Huguley et al., 1959). The disease typically presents in early
infancy with megaloblastic anemia, and may be treated with a
pyrimidine analog (Uridine triacetate). Later symptoms such as
growth retardation, developmental delay and intellectual disability
may develop if left untreated (Wortmann et al., 2017). Hematologic
malfunction, such as leukopenia, neutropenia, and defective cell-
mediated immune deficiency, has also been reported (Girot et al.,
1983; Wortmann et al., 2017). In additional, orotic aciduria with
subsequent orotate crystalluria has occasionally resulted in urinary
obstruction in affected individuals later in life (Bailey, 2009). The
most recent case reported was a 17-year-old Emirati girl born to a
consanguineous couple reported to have a complicated medical history
since early infancy. She presented with unexplained megaloblastic bone
marrow, immunodeficiency in form of recurrent infections, epilepsy,
developmental delay and crystalluria. The patient showed clinical,
hematologic, and biochemical improvement after being treated with
uridine triacetate (Al Absi et al., 2021).

Three subtypes of hereditary orotic aciduria have been reported in
the literature, all caused by deficiencies in UMPS. Subtype I involves a
defect of both OPRT and ODC functions, and subtype II involves a
defect in ODC only (Fox et al., 1973). These two biochemical subtypes
are clinically indistinguishable, both presenting with megaloblastic
anemia, orotic aciduria, and growth and developmental abnormalities
(Fox et al., 1973). In contrast, subtype III, resulting also from a
biochemical defect in ODC, has been reported in only 2 cases, which
presented with orotic aciduria but without megaloblastic anemia
(OAWA). Since the report of these cases was prior to the
molecular era, these two cases may be simply carriers for the
disease (Tubergen et al., 1969; Bailey, 2009; Wortmann et al.,
2017). In addition, heterozygosity for UMPS variants was recently
found to be associated with mild asymptomatic orotic aciduria
[OMIM#258900] (Robinson et al., 1984; Wortmann et al., 2017).

Since 2014, and as part of the expanded newborn screening (NBS)
program in Israel, orotic acid, and citrulline have been measured in
dried blood spots (DBS) for the detection of ornithine
transcarbamylase deficiency (OTCD) as a core condition (Staretz-

Chacham et al., 2021). Inadvertently, orotic acid as a newborn
screening disease biomarker has also led to the identification of
hereditary orotic aciduria. During this period, ten neonates have
been identified with elevated orotic acid and later found to carry
homozygous variants in the UMPS gene.

In this study, we report the first cohort of patients identified
through newborn screening with hereditary orotic aciduria and
presenting with isolated asymptomatic orotic aciduria.

2 Materials and methods

TheNewborn Screening Program in Israel is a national effort, and all
samples are transferred to, handled, and analyzed at a single laboratory.
On average, results are reported on the fourth day of life. The clinical data
were collected at real time as part of the routine newborn screening and
all parents were consented at the referral follow-up clinics.

The National Newborn Screening Program collaborates with all
metabolic clinics round the state. These clinics receive referrals of
babies with positive newborn screening. A referral of any positive NBS
for a metabolic disorder includes the option of rapid confirmatory
molecular testing (fresh blood sample in an EDTA purple-top tube).

2.1 Dried blood spots

Blood from neonates born in Israel is collected by a heel prick
blotted on a 903 filter paper manufactured by Eastern Business
Forms, United States. Recommended collection time is 36–48 h
from birth.

2.2 Subjects

1,492,439 neonates were tested as part of the Israeli routine
newborn screening panel.

2.3 Cutoff setting

Cutoff setting was as previously described by Staretz-Chacham et al.
(2021), with the normal range for orotic acid set as <10 μmol/L and
citrulline 10–50 μmol/L. Relevant here is the immediate referral of
newborns with orotic acid equal to or above 10 μmol/L. Newborns with
orotic acid equal to or above 10 μmol/L and citrulline within normal
limits were referred as suggestive for hereditary orotic aciduria. Recall
samples were requested only for initial results of orotic acid elevated
above 4 μmol/L in combination with citrulline below 10 μmol/L.

2.4 Reagents

Stable-isotope labeled amino acids (NSK-A1), acyl-carnitines
(NSK-B and NSK-B-G1), succinylacetone (CLM-6755) and orotic
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acid:H2O (1,3-15N2; NLM-1048) were from Cambridge Isotopes
(Tewksbury, MA). HPLC-MS grade acetonitrile, methanol, and
formic acid were from J.T. Baker, Fisher Scientific (Pittsburg,
PA). Hydrazine hydrate was from Sigma-Aldrich (St. Louis, MO).

Quality control materials enriched with amino acids,
acylcarnitines, and succinylacetone were from the CDC (Atlanta
GA) and ClinChek RECIPE chemicals and instruments GmbH
(Munich, Germany). Orotic acid (02750 Sigma Aldrich Israel,
Rohovot, Israel) controls were prepared by serial dilution.

2.5 Sample extraction and analysis

Each DBS punch (3 mm) was placed in a well of a
polypropylene U96-well plate (NUNC, Roskilde, Denmark)
containing 100 μL of extraction medium (V/V: 80% acetonitrile,
20% DDW, 0.05% oxalic acid and 15 mM hydrazine), the plate was
sealed with adhesive aluminum foil (Thermo Fisher Scientific,
Rochester, NY) and extracted for 45 min at 45°C with shaking
in a NCS incubator (Wallac, Turku, Finland). After extraction,
50 μL contents of each well were transferred to a new 96-well plate
(350 µL Acquity collection plate, Waters Corporation Company,
UK) containing 125 µL daily working solution (V/V: 80%
acetonitrile, 20% DDW, 0.05% oxalic acid, and internal
standards) and sealed by Cap-mat (7 mm round plug silicone/
PTFE treated pre slit, Waters Corporation Company,
United States). Orotic acid internal standard concentration per
well was 7 µM. For analyses, samples were handled by Acquity
H-class UPLC and the measurements by Xevo TQ-S micro (Waters
Corporation Company) using flow-injection analysis by
electrospray ionization tandem mass spectrometry. Mobile
phase was 80% acetonitrile, 20% DDW and 0.02% formic acid.
Tandem mass spectrometry analyses used multiple reaction
monitoring (MRM) transitions. For orotic acid and orotic acid
internal standard, MRM negative mode was used (parent 154.8,
156.8; daughter 111, 113; dwell 0.050, 0.10; collision V = 7; cone
V = 25). Data processing and concentration determination were
performed using MassLynx and NeoLynx (Waters Corporation
Company). Results were interpreted by Specimen Gate software
(Perkin Elmer, Turku, Finland).

2.6 Molecular diagnosis

The molecular whole exome sequencing were performed by
CeGaT GmbH, Tübingen, Germany. No incidental findings were
found, that according to the ACMG gene list and guidelines (Green
et al., 2013).

2.6.1 Prediction algorithms for pathogenicity
analyses

The PolyPhen-2 and SIFT score predicts the possible impact of
an amino acid substitution on the structure and function of a human
protein. This score represents the probability that a substitution is
damaging.

CADD, the third prediction program used, is a tool for scoring
the deleteriousness of single nucleotide variants as well as insertion/
deletions variants in the human genome (Rentzsch et al., 2019).

The human orotidine 5′-monophospahate decarboxylase 3D
protein structure, NCBI, structure summary PDB ID: 3MW7,
MMDB ID: 89666 was also used as prediction tool.

2.7 Metabolic confirmatory tests

Follow-up confirmatory tests included complete blood count,
blood gas analysis, serum glucose and electrolytes, plasma lactate
and ammonia, plasma amino acids and qualitative urinary organic
acids.

3 Results

The routine Israeli newborn screening incorporates since 2014 the
simultaneous measurement of both orotic acid and citrulline levels.
Routine newborn screening of 1,492,439 neonates, including
328,337 Muslim Arabs, identified ten Muslim Arab newborns with
elevated DBS orotic acid up to 10 times the upper reference limit, and
with normal or borderline citrulline levels (Table 1). Newborns with
orotic acid equal to or above 10 μmol/L and citrulline within normal
limits were referred as suspected hereditary orotic aciduria. Four (three
males) out of the 10 patients in our cohort had citrulline below 10 μmol/
L and therefore were initially referred as suggestive for X-linked OTCD.

Confirmatory urine organic acids analysis demonstrated
elevated urine orotate in all patients. All ten neonates (eight
males and two females), harbor variants in the UMPS gene
(Table 1). All patients have been followed up, except for one
child with whom contact was lost, with the oldest child having
now been followed for 6 years. None has developed megaloblastic
anemia or neurologic sequelae, and all children have reached
milestones appropriate for their age.

Among the 10 newborns diagnosed with hereditary orotic
aciduria, six (patients 1-6 in Table 1) were Muslim Arabs
belonging to a Bedouin community from the Negev region
(southern Israel). Two of them (patients 5 + 6) were siblings,
and all six were identified as double homozygotes for the
c.24 G > C p.L8F and c.342 T > G p.N114K substitutions. The
other four newborns (patients 7–10) were two pairs ofMuslim Arabs
siblings (not known whether they were of Bedouin descent or not),
each pair of siblings originating from a different extended family in
East Jerusalem. One pair (patients 7 + 8) shared the same double
homozygous genotype found among the Negev Bedouins, while the
other pair (patients 9 + 10) was homozygous for a c.1132 G > C
p.A378P substitution.

Both the p.L8F and the p.N114K amino acid substitutions are
located in the N-terminal 214 amino acids region, harboring the OPRT
activity. The p.A378P amino acid substitution is located in the
C-terminal part harboring the ODC activity. The conservation of
the two regions across species is described in Figure 1. Algorithms
developed to predict the effect of missense changes on protein structure
and function predicted the p.L8F variant to be disease-causing (SIFT:
deleterious, PolyPhen-2: probably damaging, CADD score: 22.8) and all
suggest that p.N114K variant is likely to be tolerated (Polyphen: benign,
SIFT: tolerated, CADD score: 7.9) (Table 2). Both p.L8F and p.A378P
variants are present twice in population databases (GnomAD allele
frequency: 0.000007954, two heterozygous). Both parents of an affected

Frontiers in Genetics frontiersin.org03

Staretz-Chacham et al. 10.3389/fgene.2023.1135267

216

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1135267


child were found in segregation study to be heterozygous for their
offspring’s p.L8F&p.N114K substitutions.

The p.L8F and the p.N114K amino acid substitutions are in cis.
The 3D protein structure (Supplementary Figure S2) indicates that
the two amino acids do no interact with each other and therefore
probably not causing the activity tolerance presences as
asymptomatic patients.

4 Discussion

The purpose of newborn screening (NBS) is to identify
newborns affected with diseases in which early diagnosis and
prompt treatment will significantly change disease outcome
(Jones and Bennett, 2002). Methionine and tyrosine as primary
targets for core disorders in routine NBS have led to identification of

TABLE 1 Biochemical findings and UMPS genotype in hereditary orotic aciduria subjects identified by routine newborn screening.

No. Citrulline normal
10–50 µM

Orotic normal <4.0 µM 1st ammonia µg/dL Male/
Female

UMPS variantsa NM_000373.4

1 18.5 31.8 120 M c.24 G>C; p.L8F and c.342 T>G;
p.N114K

2 19.6 15.9 not done F c.24 G>C; p.L8F and c.342 T>G;
p.N114K

3 27.0 17.5 not done M c.24 G>C; p.L8F and c.342 T>G;
p.N114K

4 9.9 13.6 Normal M c.24 G>C; p.L8F and c.342 T>G;
p.N114K

5 10.2 20.0 Normal M c.24 G>C; p.L8F and c.342 T>G;
p.N114K

6 9.5 25.0 110 M c.24 G>C; p.L8F and c.342 T>G;
p.N114K

7 13.5 45.1 Normal M c.24 G>C; p.L8F and c.342 T>G;
p.N114K

8 9.5 17.1 not done M c.24 G>C; p.L8F and c.342 T>G;
p.N114K

9 12.8 10.0 Normal M c.1132 G>C; p.A378P

10 8.5 9.8 Normal F c.1132 G>C; p.A378P

Newborns 1-6 are Bedouin Muslim Arabs from southern Israel, newborns 7–10 are Muslim Arabs from east Jerusalem. Newborns 5 + 6 and 7 + 8, and 9 + 10 are siblings.
aAll patients are homozygous for the listed change.

FIGURE 1
Standard Protein BLAST and alignment of uridine 5′-monophosphate synthase [Homo sapiens, Rattus rattus,Musmusculus,Drosophila albomicans]
andOrotidine 5′-phosphate decarboxylase [Caenorhabditis elegans, Saccharomyces cerevisiae]. (A) Amino acid range 1–40 including 8 L. (B) Amino acid
range 94–132 including 114 N (C) Amino acid range 359–401 including 378 A.
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secondary diagnoses such as hypermethioninemia (Couce et al.,
2013) and transient tyrosinemia of the newborn (Adnan and
Puranik, 2022). The addition of orotic acid analysis to our NBS
Program in 2014 has been successful in the identification of a
number of patients affected with urea cycle disorders (UCD)
(Staretz-Chacham et al., 2021), as well as in identification of ten
newborns with hereditary orotic aciduria. The introduction of
expanded newborn screening has led to the identification of
previously unrecognized, non-disease-causing variants of
devastating disorders such as isovaleric acidemia (Ensenauer
et al., 2004) and MCAD deficiency (Andresen et al., 2001).
Herein, we report an analysis done in a cohort of patients
identified by the NBS program with hereditary orotic aciduria
based on increased orotic acid levels in DBS followed by
confirmatory testing including urinary organic acids and
molecular testing. To this day, no treatment has been
administered to these patients, and all patients remain
asymptomatic.

Hereditary orotic aciduria is an extremely rare condition with
fewer than 30 cases reported in the literature. If left untreated, it may
result in refractory megaloblastic anemia, neurodevelopmental
disabilities, and crystalluria.

To the best of our knowledge, all individuals with hereditary
orotic aciduria were reported to carry at least one missense variant
allele, while no reports are available presenting affected individuals
harboring bi-allelic null variants which are predicted to cause
complete loss of UMPS protein function (Rogers et al., 1975;
Wortmann et al., 2017). On the other hand, carrier individuals of
null or missense variant may have persistent mild increase of urinary
orotic acid secretion, lower than expected in OTC. Wortmann et al.
reported 11 unrelated index cases referred for various signs and
symptoms and 18 family members with mild and isolated orotic
aciduria caused by heterozygous null or missense variants. The
observed hypotonia and developmental delay in some of these
individuals were thought to be due to ascertainment bias
(Wortmann et al., 2017). Others reported heterozygote carriers of
UMPSmutations with neurologic disabilities (Carpenter et al., 1997;

Imaeda et al., 1998). The homodimeric structure of the UMPS
protein might provide an explanation for the symptoms observed
in heterozygote individuals, since the presence of a mutated allele
may have a dominant negative effect on the wild-type allele, thereby
reducing the functional homodimers to 25%. Here we report on
10 asymptomatic individuals harboring homozygous UMPS
missense variants. Our newborn screening cutoff setting was as
previously described by Staretz-Chacham et al. (2021), these sets of
cutoffs will most likely result in avoiding the detection of
heterozygous hereditary orotic aciduria carriers.

Homozygosity for a loss of function variant in the umps gene,
p.R405x, in buffaloes and in the Holstein-Friesian breed cattle
results in early embryonic death. Orotate level in the milk of this
breed is four to 12 times normal (Schwenger et al., 1993; Sudhakar
et al., 2021). Others reported that cows with partial deficiency of
UMPS showed orotic acidemia and aciduria during lactation
(Robinson et al., 1984; Shanks et al., 1984). In view of the above
observations, it may be that a complete absence of this enzyme in
humans is also incompatible with life, whereas variants causing a
partial enzyme deficiency result in hereditary orotic aciduria either
symptomatic or asymptomatic, as reported here.

The p.L8F & p.N114K double homozygous genotype has been
identified in all six patients of the Bedouin Muslim Arabs from the
Negev (patients 1-6 in Table 1), indicating that it is a possible
founder allele in this population. The other four individuals are also
Muslim Arabs from two extended families in East Jerusalem, one
family with a pair of siblings sharing the same variant found among
the Bedouins, and the other family harboring the p.A378P amino
acid change. Both the p.L8F and the p.N114K substitutions are
located in the N-terminal 214 amino acids portion of UMPS having
OPRT activity. These variants have not been reported in the
literature in individuals affected with UMPS-related conditions.
Algorithms developed to predict the effect of missense changes
on protein structure and function predicted the p.L8F variant to be
disease-causing and all suggest that p.N114K variant is likely to be
tolerated. This may indicate that the p.N114K variant is less
significant in terms of its effect on protein function. One other

TABLE 2 In-silico variant impact prediction analyses.

c.24 G>C; p.L8F c.342 T>G; p.N114K c.1132 G>C; p.A378P
aPolyPhen-2 possibly damaging Benign possibly damaging

Score 0.857 0.001 0.648

sensitivity 0.83 0.99 0.87

specificity 0.93 0.15 0.91

bSIFT affects protein function Tolerated affects protein function

score 0.02 0.77 0.02

cCADD Deleterious Benign Deleterious

score 22.8 7.9 26.4

aPolyPhen-2 score ranges from 0.0 (tolerated) to 1.0 (deleterious). Variants with scores of 0.0 are predicted to be benign. Values closer to 1.0 are more confidently predicted to be deleterious. The

score can be interpreted as follows: •0.0 to 0.15—Variants with scores in this range are predicted to be benign. •0.15 to 1.0—Variants with scores in this range are possibly damaging. •0.85 to
1.0—Variants with scores in this range are more confidently predicted to be damaging. (https://ionreporter.thermofisher.com/ionreporter/help/GUID-57A60D00-0654-4F80-A8F9-

F6B6A48D0278.html).
bSIFT scores ranges from 0.0 (deleterious) to 1.0 (tolerated) (https://ionreporter.thermofisher.com/ionreporter/help/GUID-57A60D00-0654-4F80-A8F9-F6B6A48D0278.html).
cCADD is a tool for scoring the deleteriousness of single nucleotide variants as well as insertion/deletions variants in the human genome (Rentzsch et al., 2019).
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option is that the linkage between the two changes causes the activity
tolerance; however, the position of the two amino acids according to
the 3D structure of the protein does not support such an interaction.

The p.A378P substitution, located in the C-terminal part with
the ODC activity, is found in a more conserved sequence region
across species (5 out of 6) including yeast, which may indicate its
important function (Figure 1). It has not been reported in the
literature in individuals affected with UMPS-related conditions.
In silico analysis predicts this variant to be disease-causing. These
predictions highlight the importance of the reported patients being
asymptomatic, although the genetic and biochemical changes would
have been suggestive for the known clinical disease.

4.1 Strengths and limitations of the study:

Although there is consistent follow-up of the patients, due to the
patients’ ages there is limited clinical follow-up. An additional study
limitation is the limited genetic segregation analyses preformed,
although in the study, two sets of affected siblings were followed and
at least two sets of parents were found to be heterozygous. The study
also lacks functional studies and detailed analysis of 3D protein
structure.

5 Conclusion

To the best of our knowledge, this is the first report of
asymptomatic individuals harboring homozygous UMPS
mutations. This should raise consideration as to whether NBS for
hereditary orotic aciduria as a secondary target warrants reporting,
especially in populations without previously clinically identified
patients. Asymptomatic or mild variants of hereditary orotic
aciduria may be more common than previously recognized.
Further identification and longer follow-up of such individuals
will help to clarify this issue.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Ethics statement

Ethical review and approval was not required for the study on
human participants in accordance with the local legislation and
institutional requirements. Written informed consent from the
participants’ legal guardian/next of kin was not required to

participate in this study in accordance with the national
legislation and the institutional requirements.

Author contributions

OS-C guarantor for the article. SA, OS-C, SD, ND, and SK
conceptualized and designed the study, coordinated and
supervised data collection, drafted the initial manuscript, and
reviewed and revised the manuscript. TS-L, IU, and SD,
preformed and collected data on the newborn screening assays.
NR, nurse coordinator, coordinated between families and clinics,
collected confirmatory data. OB preformed the bioinformatics
analyses. SA, YA, SK, HM, RS, OS-C, GT, and RR members of
the Advisory Committee to the National Newborn Screening
Program. Carried out the clinical analyses, collected diagnoses
and treatment data, as well as reviewed and revised the manuscript.
NA, ND, AF-V, TF-Z, SJ, YL, TL-S, NS, YW, OS-C, and GT carried
out the clinical analyses, collected diagnoses and treatment data, as
well as reviewed and revised the manuscript. All authors approved
the final manuscript as submitted and agree to be accountable for
all aspects of the work.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fgene.2023.1135267/
full#supplementary-material

SUPPLEMENTARY MATERIAL S1
The human orotidine 5′-monophospahate decarboxylase 3D location of the
two amino acid involved in the cis amino acid alterations found in our
patients. Amino acid leucine at position 8 is altered in our patients to
phenylalanine (panel A) in combination with another cis alteration of
asparagine at position 114 to lysine (panel B). NCBI, structure summary PDB
ID: 3MW7, MMDB ID: 89666

References

Adnan, M., and Puranik, S. (2022). “Hypertyrosinemia,” in StatPearls [internet]
(Treasure Island (FL): StatPearls Publishing). 2022 Jan–. PMID: 35201733.

Al Absi, H. S., Sacharow, S., Al Zein, N., Al Shamsi, A., and Al Teneiji, A. (2021).
Hereditary orotic aciduria (HOA): A novel uridine-5-monophosphate synthase

(UMPS) mutation. Mol. Genet. Metab. Rep. 26, 100703. PMID: 33489760; PMCID:
PMC7807243. doi:10.1016/j.ymgmr.2020.100703

Andresen, B. S., Dobrowolski, S. F., O’Reilly, L., Muenzer, J., McCandless, S. E.,
Frazier, D. M., et al. (2001). Medium-chain acyl-CoA dehydrogenase (MCAD)

Frontiers in Genetics frontiersin.org06

Staretz-Chacham et al. 10.3389/fgene.2023.1135267

219

https://www.frontiersin.org/articles/10.3389/fgene.2023.1135267/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2023.1135267/full#supplementary-material
https://doi.org/10.1016/j.ymgmr.2020.100703
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1135267


mutations identified by MS/MS-based prospective screening of newborns differ from
those observed in patients with clinical symptoms: Identification and characterization of
a new, prevalent mutation that results in mild MCAD deficiency.Am. J. Hum. Genet. 68,
1408–1418. PMID: 11349232. doi:10.1086/320602

Bailey, C. J. (2009). Orotic aciduria and uridine monophosphate synthase: A
reappraisal. J. Inherit. Metab. Dis. 32 (1), S227–S233. Epub 2009 Jun 27. PMID:
19562503. doi:10.1007/s10545-009-1176-y

Carpenter, K. H., Potter, M., Hammond, J. W., and Wilcken, B. (1997). Benign
persistent orotic aciduria and the possibility of misdiagnosis of ornithine
carbamoyltransferase deficiency. J. Inherit. Metab. Dis. 20 (3), 354–358. PMID:
9266354. doi:10.1023/a:1005369726686

Couce, M. L., Bóveda, M. D., García-Jimémez, C., Balmaseda, E., Vives, I., Castiñeiras,
D. E., et al. (2013). Corrigendum to "Clinical and metabolic findings in patients with
methionine adenosyltransferase I/III deficiency detected by newborn screening. Mol.
Genet. Metab. 110 (3), 218–221. PMID: 23993429. doi:10.1016/j.ymgme.2015.01.011

Ensenauer, R., Vockley, J., Willard, J. M., Huey, J. C., Sass, J. O., Edland, S. D., et al.
(2004). A common mutation is associated with a mild, potentially asymptomatic
phenotype in patients with isovaleric acidemia diagnosed by newborn screening.
Am. J. Hum. Genet. 75 (6), 1136–1142. doi:10.1086/426318

Fox, R. M., Wood, M. H., Royse-Smith, D., and O’Sullivan, W. J. (1973). Hereditary
orotic aciduria: types I and II. Am. J. Med. 55 (6), 791–798. PMID: 4753642. doi:10.
1016/0002-9343(73)90260-x

Girot, R., Hamet, M., Perignon, J. L., Guesnu, M., Fox, R. M., Cartier, P., et al. (1983).
Cellular immune deficiency in two siblings with hereditary orotic aciduria. N. Engl.
J. Med. 308 (12), 700–704. doi:10.1056/NEJM198303243081207

Green, R. C., Berg, J. S., Grody,W.W., Kalia, S. S., Korf, B. R., Martin, C. L., et al. (2013).
American College of Medical Genetics and Genomics. ACMG recommendations for
reporting of incidental findings in clinical exome and genome sequencing. Genet. Med. 15
(7), 565–574. PMID: 23788249; PMCID: PMC3727274. doi:10.1038/gim.2013.73

Huguley, C. M., Bain, J. A., Rivers, S. L., and Scogging, R. B. (1959). Refractory
megaloblastic anemia associated with excretion of orotic acid. Blood 14 (6), 615–634.
PMID: 13651334. doi:10.1182/blood.v14.6.615.615

Imaeda, M., Sumi, S., Imaeda, H., Suchi, M., Kidouchi, K., Togari, H., et al. (1998).
Hereditary orotic aciduria heterozygotes accompanied with neurological symptoms.
Tohoku J. Exp. Med. 185 (1), 67–70. doi:10.1620/tjem.185.67

Jones, P. M., and Bennett, M. J. (2002). The changing face of newborn screening:
Diagnosis of inborn errors of metabolism by tandem mass spectrometry. Clin. Chim.
Acta 324 (1-2), 121–128. PMID: 12204433. doi:10.1016/s0009-8981(02)00238-3

Ma, R., Ye, J., Han, J., Gao, L., Wang, C., and Wang, Y. (2022). Case report: A novel
missense mutation c.517G>C in the umps gene associated with mild orotic aciduria.
Front. Neurol. 13, 819116. PMID: 35356460; PMCID: PMC8959382. doi:10.3389/fneur.
2022.819116

McClard, R. W., Black, M. J., Livingstone, L. R., and Jones, M. E. (1980). Isolation and
initial characterization of the single polypeptide that synthesizes uridine 5’-

monophosphate from orotate in Ehrlich ascites carcinoma. Purification by tandem
affinity chromatography of uridine-5’-monophosphate synthase. Biochemistry 19 (20),
4699–4706. doi:10.1021/bi00561a024

Rentzsch, P., Witten, D., Cooper, G. M., Shendure, J., and Kircher, M. (2019). Cadd:
Predicting the deleteriousness of variants throughout the human genome. Nucleic Acids
Res. 47 (1), D886–D894. PMID: 30371827; PMCID: PMC6323892. doi:10.1093/nar/
gky1016

Robinson, J. L., Dombrowski, D. B., Clark, J. H., and Shanks, R. D. (1984). Orotate in
milk and urine of dairy cows with a partial deficiency of uridine monophosphate
synthase. J. Dairy Sci. 67 (5), 1024–1029. PMID: 6547459. doi:10.3168/jds.S0022-
0302(84)81401-0

Rogers, L. E., Nicolaisen, A. K., and Holt, J. G. (1975). Hereditary orotic aciduria:
Results of a screening survey. J. Lab. Clin. Med. 85, 287–291.

Schwenger, B., Schöber, S., and Simon, D. (1993). DUMPS cattle carry a point
mutation in the uridine monophosphate synthase gene. Genomics 16 (1), 241–244.
doi:10.1006/geno.1993.1165

Shanks, R. D., Dombrowski, D. B., Harpestad, G. W., and Robinson, J. L. (1984).
Inheritance of UMP synthase in dairy cattle. J. Hered. 75 (5), 337–340. PMID: 6548235.
doi:10.1093/oxfordjournals.jhered.a109951

Staretz-Chacham, O., Daas, S., Ulanovsky, I., Blau, A., Rostami, N., Saraf-Levy, T.,
et al. (2021). The role of orotic acid measurement in routine newborn screening for urea
cycle disorders. J. Inherit. Metab. Dis. 44 (3), 606–617. Epub 2020 Nov 30. PMID:
33190319. doi:10.1002/jimd.12331

Suchi, M., Mizuno, H., Kawai, Y., Tsuboi, T., Sumi, S., Okajima, K., et al. (1997).
Molecular cloning of the human UMP synthase gene and characterization of point
mutations in two hereditary orotic aciduria families. Am. J. Hum. Genet. 60 (3),
525–539. PMID: 9042911; PMCID: PMC1712531.

Sudhakar, A., Khade, A., Nayee, N., Chandrasekhar Reddy, R. V., and Maurya, B.
(2021). Novel mutation in UMPS gene leads to false positive result of DUMPS
(genetic disorder) in buffaloes: Need for gene sequencing before confirming results of
RFLP in new species. J. Genet. 100, 55. PMID: 34344843. doi:10.1007/s12041-021-
01305-2

Suttle, D. P., Bugg, B. Y., Winkler, J. K., and Kanalas, J. J. (1988). Molecular cloning
and nucleotide sequence for the complete coding region of human UMP synthase. Proc.
Natl. Acad. Sci. U. S. A. 85 (6), 1754–1758. PMID: 3279416; PMCID: PMC279857.
doi:10.1073/pnas.85.6.1754

Tubergen, D. G., Krooth, R. S., and Heyn, R. M. (1969). Hereditary orotic aciduria
with normal growth and development. Am. J. Dis. Child. 118, 864–870. doi:10.1001/
archpedi.1969.02100040866009

Wortmann, S. B., Chen, M. A., Colombo, R., Pontoglio, A., Alhaddad, B., Botto, L. D.,
et al. (2017). Additional individual contributors. Mild orotic aciduria in UMPS
heterozygotes: a metabolic finding without clinical consequences. J. Inherit. Metab.
Dis. 40 (3), 423–431. Epub 2017 Feb 15. PMID: 28205048; PMCID: PMC5393157.
doi:10.1007/s10545-017-0015-9

Frontiers in Genetics frontiersin.org07

Staretz-Chacham et al. 10.3389/fgene.2023.1135267

220

https://doi.org/10.1086/320602
https://doi.org/10.1007/s10545-009-1176-y
https://doi.org/10.1023/a:1005369726686
https://doi.org/10.1016/j.ymgme.2015.01.011
https://doi.org/10.1086/426318
https://doi.org/10.1016/0002-9343(73)90260-x
https://doi.org/10.1016/0002-9343(73)90260-x
https://doi.org/10.1056/NEJM198303243081207
https://doi.org/10.1038/gim.2013.73
https://doi.org/10.1182/blood.v14.6.615.615
https://doi.org/10.1620/tjem.185.67
https://doi.org/10.1016/s0009-8981(02)00238-3
https://doi.org/10.3389/fneur.2022.819116
https://doi.org/10.3389/fneur.2022.819116
https://doi.org/10.1021/bi00561a024
https://doi.org/10.1093/nar/gky1016
https://doi.org/10.1093/nar/gky1016
https://doi.org/10.3168/jds.S0022-0302(84)81401-0
https://doi.org/10.3168/jds.S0022-0302(84)81401-0
https://doi.org/10.1006/geno.1993.1165
https://doi.org/10.1093/oxfordjournals.jhered.a109951
https://doi.org/10.1002/jimd.12331
https://doi.org/10.1007/s12041-021-01305-2
https://doi.org/10.1007/s12041-021-01305-2
https://doi.org/10.1073/pnas.85.6.1754
https://doi.org/10.1001/archpedi.1969.02100040866009
https://doi.org/10.1001/archpedi.1969.02100040866009
https://doi.org/10.1007/s10545-017-0015-9
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1135267


Identifying the genetic causes of
phenotypically diagnosed
Pakistani mucopolysaccharidoses
patients by whole genome
sequencing

Rutaba Gul1,2, Sabika Firasat1*, Mikkel Schubert2, Asmat Ullah2,
Elionora Peña2, Anne C. B. Thuesen2, Mulazim Hussain3,
Frederik F. Staeger4, Anette P. Gjesing2, Anders Albrechtsen4 and
Torben Hansen2*
1Department of Zoology, Faculty of Biological Sciences, Quaid-I-Azam University, Islamabad, Pakistan,
2Novo Nordisk Foundation Center for Basic Metabolic Research, Faculty of Health and Medical Sciences,
University of Copenhagen, Copenhagen, Denmark, 3The Children Hospital, Pakistan Institute of Medical
Sciences (PIMS), Islamabad, Pakistan, 4Section for Computational and RNA Biology, Department of
Biology, University of Copenhagen, Copenhagen, Denmark

Background: Lysosomal storage disorders (LSDs) are a group of inherited
metabolic diseases, which encompass more than 50 different subtypes of
pathologies. These disorders are caused by defects in lysosomal enzymes,
transporters, and other non-lysosomal proteins. Mucopolysaccharidosis (MPS)
is themost common subgroup of lysosomal storage disorders in which the body is
unable to properly breakdownmucopolysaccharides. The aimof the present study
was to identify novel genes and pathogenic variants in families from diverse
regions of Pakistan with clinically diagnosed mucopolysaccharidosis type I and
mucopolysaccharidosis type II.

Methods: Clinical diagnosis identified 12 with mucopolysaccharidosis I and 2 with
mucopolysaccharidosis II in 14 families and whole genome sequencing (WGS) was
performed to identify the causative variations in 15 affected individuals. Twenty-
two unaffected individuals including parents or normal siblings of patients were
also sequenced. Putative causal variants were identified by co-segregation and
functional annotation.

Results: Analysis of whole genome sequencing data revealed ten novel and six
previously reported variants in lysosomal storage disorders-associated genes
(IDUA, GALNS, SGSH, GAA, IDS, ALDOB, TRAPPC4, MASP1, SMARCAL,
KIAA1109, HERC1, RRAS2) and a novel candidate gene (ABCA5) for lysosomal
storage disorder-like phenotypes, which has previously been associated with
symptoms strongly related with lysosomal storage disorder in animal models.

Conclusion: Multigenic inheritance was found in several families highlighting the
importance of searching for homozygous pathogenic variants in several genes
also in families with a high degree of consanguinity.
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lysosomal storage disorder, mucopolysaccharidosis, Pakistani families, whole genome
sequencing, ABCA5

OPEN ACCESS

EDITED BY

Elsayed Abdelkreem,
Sohag University, Egypt

REVIEWED BY

Sheng Wang,
University of California, San Francisco,
United States
Daniela Melis,
University of Salerno, Italy

*CORRESPONDENCE

Sabika Firasat,
sabika.firasat@qau.edu.pk

Torben Hansen,
torben.hansen@sund.ku.dk

SPECIALTY SECTION

This article was submitted to Genetics of
Common and Rare Diseases,
a section of the journal
Frontiers in Genetics

RECEIVED 21 December 2022
ACCEPTED 13 March 2023
PUBLISHED 05 April 2023

CITATION

Gul R, Firasat S, Schubert M, Ullah A,
Peña E, Thuesen ACB, Hussain M,
Staeger FF, Gjesing AP, Albrechtsen A and
Hansen T (2023), Identifying the genetic
causes of phenotypically diagnosed
Pakistani mucopolysaccharidoses
patients by whole genome sequencing.
Front. Genet. 14:1128850.
doi: 10.3389/fgene.2023.1128850

COPYRIGHT

© 2023 Gul, Firasat, Schubert, Ullah,
Peña, Thuesen, Hussain, Staeger, Gjesing,
Albrechtsen and Hansen. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Genetics frontiersin.org01

TYPE Original Research
PUBLISHED 05 April 2023
DOI 10.3389/fgene.2023.1128850

221

https://www.frontiersin.org/articles/10.3389/fgene.2023.1128850/full
https://www.frontiersin.org/articles/10.3389/fgene.2023.1128850/full
https://www.frontiersin.org/articles/10.3389/fgene.2023.1128850/full
https://www.frontiersin.org/articles/10.3389/fgene.2023.1128850/full
https://www.frontiersin.org/articles/10.3389/fgene.2023.1128850/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2023.1128850&domain=pdf&date_stamp=2023-04-05
mailto:sabika.firasat@qau.edu.pk
mailto:sabika.firasat@qau.edu.pk
mailto:torben.hansen@sund.ku.dk
mailto:torben.hansen@sund.ku.dk
https://doi.org/10.3389/fgene.2023.1128850
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2023.1128850


1 Introduction

Lysosomal storage disorders (LSDs) are a diverse group of
inherited conditions primarily caused by loss of function of
lysosomal proteins leading to the dysregulation of many
lysosomes-linked activities including autophagy, lipid
homeostasis, membrane repair, cell viability, exocytosis and
signaling cascades (Parenti et al., 2015; Marques and Saftig,
2019). Common clinical phenotypes of LSDs include delay in
achieving milestones, abdominal distention, hepatosplenomegaly,
short stature, coarse facial features, and joint contractures (Gul et al.,
2021). LSDs are classified into subtypes based on accumulation of
undegraded substrates like glycosaminoglycans (GAGs), glycogens
and sphingolipids accumulated as a result of compromised activities
of enzymes in lysosomes.

Autosomal recessive disorders are more prevalent in
populations like the Pakistani where 60% of all marriages are
consanguineous and among them more than 80% are first cousin
unions (Hussain and Bittles, 1998). Globally, the prevalence for
LSDs ranges from 7.5/100,000 to 23.5/100,000 live births, with
sphingolipidoses as the highest prevalent disorder followed by
mucopolysaccharidoses (MPSs) (Kingma et al., 2015).
Mucopolysaccharidoses (MPS) (OMIM # 252700) are
carbohydrate metabolism disorders caused by the deficiency of
lysosomal enzymes required for hydrolyzing glycosaminoglycans
(GAGs; negatively charged polysaccharides). MPS are characterized
by gradual accumulation of various types of GAGs within cells of
multiple organs leading to somatic manifestations such as coarse
facial features, cardiac issues, skeletal deformities,
hepatosplenomegaly, respiratory problems, hematologic,
neurologic, and ocular phenotypes. MPS include a spectrum of
clinical phenotypes from severe to attenuated forms including all
MPS sub-types like MPS I, MPS II, MPS III, MPS IV, MPS VI, MPS
VII with overlapping physical features (Parenti and Giugliani, 2022).
Most MPSs are inherited as autosomal recessive disorders except
MPS II which follows an X-linked inheritance pattern (Linhart and
Elliott, 2007).

Genetic defects in genes encoding lysosomal enzymes including
IDUA, IDS, SGSH, NAGLU, HGSNAT, GNS, GALNS, GLB1 and
GAA lead to MPS. Additionally, pathogenic variants in other
lysosomal proteins also lead to hereditary metabolic disorders
with phenotypes that overlap with MPS (Kubo et al., 2005),
indicating that other candidate genes may also cause or
contribute to the disease. For example, ATP binding cassette
(ABC) are group of transporters involved in transportation of
substrates across membranes. ABCA5 is a member of this group
of transporters (Brooks-Wilson et al., 1999). ABCA5 is located in the
lysosomes and late endosomes and its homozygous knockout results
in lysosomal disease like symptoms in mice (Kubo et al., 2005).

Therapeutic management is a serious problem in LSDs as
enzyme replacement therapy (ERT) has limitations including
high cost, life-long treatment, inability to stop progression of
neuronal symptoms and possibility of immune response against
an exogenous enzyme (Arora et al., 2007). Globally, combinational
therapies including ERT, and pharmacological chaperone therapy
(PCT) are proving fruitful. For PCT, knowledge of the enzyme
mutations is required for selection of a specific chaperone, reflecting
the importance of identifying a molecular diagnosis. Other emerging

treatment options including gene therapy, genome editing, and anti-
inflammatory therapy also rely on identifying the genetic cause of
the disease (Kingma and Jonckheere, 2021; Schuh et al., 2029). Early
diagnosis for LSDs represents a big challenge and it is crucial to
prevent multi-organ failure (Mokhtariye et al., 2019). The use of
comprehensive genetic sequencing methodologies such as whole
genome sequencing (WGS) are particularly suitable to elucidate the
genetic background in rare diseases such as MPS I and MPS II, by
enabling the detection of rare variants in known as well as novel
genes. The aim of this study was to identify disease-causing variants
usingWGS data of 14 Pakistani families initially diagnosed as MPS I
and MPS II based on clinical presentation.

2 Materials and methodology

2.1 Ethical approvals

Ethical approval was granted by the Bioethical Review board,
Quaid-i-Azam University, Islamabad, Pakistan (BEC-FBS-
QAU2019-198) and Shaheed Zulfiqar Ali Bhutto Medical
University, Islamabad, Pakistan (F.1-1/2105/ERB/SZABMU/179).
Before collection of blood samples, all participants or their
guardians signed an informed consent form. The study was
conducted in accordance with the Declaration of Helsinki (World
Medical Association, 2013).

2.2 Participants

In the present study, we recruited 14 families in total (A–N).
Twelve of them (A–L) were diagnosed as MPS I with 26 affected
individuals (Figure 1) and the other two (M, N) as MPS II with
two affected males (Figure 2). In total, 37 individuals including
15 affected and 22 unaffected participated in the present study.
Families were recruited from diverse regions of Pakistan
(i.e., Punjab, Islamabad capital territory, Khyber
Pakhtunkhwa, and Azad Jammu and Kashmir) (Figure 3).
Moreover, 77 additional individuals with Pakistani origin that
are part of an ongoing LSDs study (unpublished) were also
sequenced.

Inclusion criteria were based on their physical phenotypes,
radiological findings, and blood testing (Table 1) at outpatient
department (OPD), Children Hospital, Pakistan Institute of
Medical Sciences, Islamabad, Pakistan. Pedigrees were drawn by
using the information provided by the accompanying elder
attendant of the patients.

2.3 Blood collection and DNA extraction

Peripheral blood samples of 3–5 ml were taken in an EDTA
vacutainer (BD vacutainer K2 EDTA 18 mg) and stored as whole
blood at −20°C before DNA extraction. DNA extraction was
performed using standard Phenol-Chloroform method (Grimberg
et al., 1989). DNA was quantified by using the μDrop Plate reader
(MultiskanTM, Thermo Fisher Scientific, and Waltham, MA,
United States).
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2.4 Whole genome sequencing and variant
calling

Read mapping and genotype calling was performed using a
modified version of the PALEOMIX pipeline (Schubert et al., 2014).
The modified pipeline and detailed instructions are available at
https://github.com/Hansen-Group/Gul2022.

Briefly, pre-analyses quality assurance was performed using
FastQC v0.11.9 (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) and MultiQC v1.10 (Ewels et al., 2016). Read
pairs were subsequently processed using fastp v0.20.1 (Chen et al.,
2018) to trim adapter sequences, remove reads with low
complexity, and merge and correct overlapping read pairs
(with a minimum overlap of 11 bp). Reads were mapped using
BWA mem v0.7.17-r1188 (Li, 2013). Against the hg38 human
reference genome distributed as part of the GATK resource
bundle (https://gatk.broadinstitute.org/hc/en-us/articles/
360035890811-Resource-bundle), (McKenna et al., 2010)
including alternative and decoy contigs. Mapped reads were
post-processed using samtools v1.11 (Danecek et al., 2021),

FIGURE 1
Pedigrees of families (A–L) inheriting MPS I phenotype consistent with autosomal recessive mode of inheritance of disease. Square and circles
denote males and females respectively, filled symbols indicate affected individuals and consanguinity is represented by double marriage lines. Genotypes
of participating individuals are shown beneath each individual.

FIGURE 2
Pedigrees of families (M,N) inheriting MPS II phenotype
consistent with X-linked mode of inheritance of disease. Square and
circles denote males and females respectively, filled symbols indicate
affected individuals and consanguinity is represented by double
marriage lines. Genotypes of participating individuals are shown
beneath each individual.
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and the “bwa-postalt.js” script included in the BWA-kit which
post-processes alignments mapping to alternative contigs such as
HLA variants. Duplicate, unmapped, and orphaned reads, and
secondary and supplementary alignments were filtered. The
resulting BAMs were recalibrated using GATK ApplyBQSR
trained using dbSNP release 151 (Sherry et al., 2001) for
known variable sites.

Genotypes (GVCFs) were called for each sample using GATK
HaplotypeCaller, merged, and called using GATK GenotypeGVCFs.
Variant recalibration was carried out separately for SNPs and indels
using GATK ApplyVQSRNode, trained using positive lists from the
GATK resource bundle. Features used in the calibration were
ExcessHet, DP, MQ, QD, SOR, FS, ReadPosRankSum,
MQRankSum, and BaseQRankSum (only for SNPs). We kept
only variables within the upper 98.0 tranche for indel and
99.6 tranche for SNPs. The resulting VCFs were annotated using
VEP v104 (McLaren et al., 2016) using the Ancestral Allele,
ExACpLI, GERP Conservation Scores, and LOFTEE v1.0.3
(https://github.com/konradjk/loftee) (Karczewski et al., 2020)
plugins. Additional custom annotation was included as described
in the github repository.

2.4.1 Data analysis and variant prioritization
All variants were evaluated as per ACMG guidelines (Richards

et al., 2020). Variants that were classified to be pathogenic, likely
pathogenic or uncertain significance according to ACMG guidelines
were prioritized.

Runs of homozygosity (ROH)-based inbreeding coefficient (F)
and principal component analysis was calculated using
PLINK(v1.90b6) on a dataset including both affected and
unaffected individuals as well as 77 additional individuals with
Pakistani origin that are part of an ongoing LSDs study
(unpublished) for better allele frequency estimates. Results are
only shown for the individuals in present study.

For ROH calculation, only variants with minor allele frequency
MAF> 5%, andnomissingnesswere used. ROHswere defined as having
more than 100 variants, a total length larger than 1MB, on average at
least 1 variant per 50 kB, consecutive variants less than 1MB apart, and
atmost 1 heterozygous call per window of 50 variants. The total length of
ROHs was then divided by the total length of the genome (3 GB).

Principal component analysis was performed on by first merging
with the 1000 genomes project (https://www.nature.com/articles/
nature15393). Non-overlapping sites and sites with a MAF difference

FIGURE 3
Map of Pakistan showing the locations (black triangles) of cities/towns from where families included in this study were collected.

Frontiers in Genetics frontiersin.org04

Gul et al. 10.3389/fgene.2023.1128850

224

https://github.com/konradjk/loftee
https://www.nature.com/articles/nature15393
https://www.nature.com/articles/nature15393
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1128850


TABLE 1 Showing the details of each patient affected with Mucopolysaccharidosis type I and II.

Family ID Individual
no.

No. of affected
individuals

Age/
Sex

Cast/Region/
Consanguinity

Clinical profile

A V-4 1 9 m/F Rajput/ICT/Yes

Squint eyes, tip-toe walking, kyphosis, frontal
bossing, depressed nasal bridge, umbilical

hernia, narrowing of spinal cord, dysostosis,
throat problem, weak muscles, more crying
episodes, two central incisors widely spaced,
joint contractures, coarse facial features

Pectus carinatum, Hemoglobin = 8.6 g/dL
(12–15), HCT = 32 (35–55), MCV = 63.9 fl

(75–100), MCH = 17.2 pg (25–35), MCHC =
26.9 g/dL (31–38), Neutrophils = 40.4%

(60–70), ESR = 28 mm/Hr (0–15)

B V-1 1 1 y/M Malik/Punjab/Yes

Delay in achieving milestone, speech delay,
hernia, short stature, coarse facial features, joint

contractures, hepatosplenomegaly,
developmental delay, depressed nasal bridge,

squinted eyes

C V-1 1 4 y/F Pathan/ICT/Yes

Delay in achieving milestone, abdominal
distention, aggressive behavior, speech delay,
short stature, respiratory/ear infections, coarse

facial features, broad based gait, joint
contractures, short trunk, scoliosis/kyphosis,
hepatosplenomegaly, low IQ, intellectual

disability, low hemoglobin

D IV-1 1 1.5 y/F Sheikh/Punjab/Yes

Delay in achieving milestone, abdominal
distention, aggressive behavior, speech delay,
gibbus formation, short stature, upper airways
obstruction, kyphosis, hazel corneas, coarse

facial features, hearing loss, joint contractures,
hepatosplenomegaly, Intellectual disability,

hypertrichosis

E
VI-4

6
8 y/F

Rajput/AJK/Yes

Delay in achieving milestone, abdominal
distention, aggressive behavior, speech delay,

hernia, gibbus formation, short stature,
respiratory/ear infection, coarse facial features,
waddling in gait, joint contractures, scoliosis,

hepatosplenomegaly, corneal clouding

VI-2 3 y/M Delay in achieving milestone, abdominal
distention, aggressive behavior, speech delay,

hernia, gibbus formation, short stature,
respiratory/ear infection, coarse facial features,
waddling in gait, joint contractures, scoliosis,

hepatosplenomegaly, corneal clouding

F IV-1 1 16.5 y/F Narman/AJK/Yes

Delay in achieving milestones, abdominal
distention, hernia, short stature, coarse facial

features, joint contractures, short trunk,
hepatosplenomegaly

G IV-4 1 6 y/M Rajput/Punjab/Yes

Delay in achieving milestones, abdominal
distention, aggressive behavior, short stature,
respiratory/ear infection, joint contractures,

short trunk, speech delay, coarse facial features,
hepatosplenomegaly, intellectual disability

H IV-2 2 14 y/M Suddhan/ICT/Yes

Delay in achieving milestones, abdominal
distention, coarse facial features, aggressive
behavior, short stature, respiratory/ear
infections, hip dysplasia, joint stiffness,
hepatosplenomegaly, difficulty in walking

Craniofacial disproportion, J-shaped sella,
L1 vertebral body is hypoplastic and slightly
posteriorly displaced, exaggerated lumbar
lordosis, RBG = 71 mg/dL (80–160), serum

urea = 10 md/dL (12–50), loss of biconcavity of
metacarpels with proximal tapping

(Continued on following page)
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between LSD-samples and the 1000 genomes South Asian super
population of more than 25% were removed. The PCA was
calculated using PLINK--pca function on remaining overlapping sites
with overall MAF > 0.05, no missingness, and LD-pruned (window size
of 1MB, step size of 1, R2-threshold of 0.8).

Non-synonymous variants including missense, non-sense,
frameshift and indels in coding and splice sites changes in non-
coding regions with a MAF of less than 0.01 in large, outbred
populations (gnomAD exomes of South Asian population) were
considered as putative causal candidates. Further prioritization of
these rare variants was based on segregation with disease phenotypes
within respective family. As a first phase for WGS data analysis,
already reported genes causing MPS were screened for pathogenic
variants and during second phase, unsolved families were checked
for variants in other LSDs-related genes. In 12 families (A–L)
diagnosed with MPS I, variants homozygous in affected
individuals and heterozygous in their parents were prioritized
based on recessive inheritance pattern of the disease and

consanguinity among parents revealed by their pedigrees. The
lists of heterozygous variants in each family were searched for
compound heterozygous or digenic inheritance. In two families
(M, N) diagnosed with MPS II, pathogenic variants on
X-chromosome segregated from the mother were extracted. In
families where genotypes of parents were available, exomes of
each family were analyzed for dual molecular diagnosis
(Supplementary Figure S1). As a reference population, more than
a 100 healthy control samples from the general Pakistani population
were analyzed for the prevalence of potentially causal variant as per
ACMG guidelines.

The identified variants were subjected to in silico analysis using
the following tools: Have (y) Our Protein Explained (HOPE)
(https://www3.cmbi.umcn.nl/hope/), Predictor of human
deleterious single nucleotide polymorphisms (PhD-SNP) (https://
snps.biofold.org/phd-snp/phd-snp.html), Protein analysis through
evolutionary relationships (PANTHER) (http://www.pantherdb.
org/tools/csnpScoreForm.jsp), I-Mutant (https://folding.biofold.

TABLE 1 (Continued) Showing the details of each patient affected with Mucopolysaccharidosis type I and II.

Family ID Individual
no.

No. of affected
individuals

Age/
Sex

Cast/Region/
Consanguinity

Clinical profile

I V-1 4 12 y/F Mughal/Punjab/Yes

Joint contractures, corneal clouding, very less
eyesight, abdominal distention, coarse facial
features, short stature, underweight, umbilical
hernia, cannot walk, developmental delay,
cardiac issues, hearing issues, respiratory

problems/loud snoring

J V-2 2 2.5 y/M Mughal/KPK/Yes

Delay in achieving milestones, aggressive
behavior with multiple crying episodes,

respiratory/ear infection, no walk, intellectual
disability

K IV-4 4 8.5 y/M Abbasi/Punjab/Yes

Delay in achieving milestones, abdominal
distention, aggressive behavior, speech delay,
umbilical hernia, gibbus formation, short
stature, constipation, coarse facial features,
cannot walk (Wheel chair bound), joint
contractures, scoliosis and kyphosis,

hepatosplenomegaly, fish mouth vertebrae, oar
shaped ribs, low IQ, widely spaced eyes,

narrowing of eye opening (right), drooping
eyelids, intellectual disability, developmental

delay

Red cell count = 2.68 million/ul (4–5.2),
Hemoglobin = 7.2 g/dL (11.5–15.5), HCT =
21.8 (35–45), Platelet count = 141 × 1000/ul
(170–450), Neutrophils = 53.4% (60–70)

L IV-5 2 8 y/M Yousafzai/KPK/Yes

Delay in achieving milestones, abdominal
distention, aggressive behavior, speech delay,
hernia, short stature, coarse facial features, joint
contractures, hepatosplenomegaly, low IQ,
intellectual disability, dysostosis multiplex

M VI-1 1 4.5 y/M Rajput Bhatti, Khosa Baloch/
Punjab/No

Delay in achieving milestones, abdominal
distention, aggressive behavior, speech delay,

short stature, constipation, coarse facial
features, joint contractures,

hepatosplenomegaly, intellectual disability,
hernia

N II-1 1 5 y/M Aryn/Punjab/No Hernia, short stature, coarse facial features

AJK, Azad Jammu and Kashmir; ESR, erythrocytes sedimentation rate; F, female; HCT, hematocrit; ICT, Islamabad capital territory; IQ, Intelligent quotient; KPK, Khyber Pakhtunkhwa; M,

male; MCV, mean corpuscle volume; MCH, mean corpuscle hemoglobin; MCHC, mean corpuscle hemoglobin concentration; m, months; RBG, random blood glucose; y, years.
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TABLE 2 List of variants identified in the current study.

Pedigree/
Patient ID

Gene variant Patients’
genotype

dbSNP In-silico tools
with

deleterious
output

MAF
gnomAD

Classification
ACMG

VarSome HGMD
accession
number

A/V-4

GALNS

Homozygous rs118204448 4/7 0.00001972

Pathogenic

Pathogenic CM950535NM_000512.5:c.871G>A
(p.Ala291Thr)

PP3, PP4, PP5,
PM1, PM2

B/V-1

IDUA

Homozygous rs1560548356 2/4 0.000007

Likely pathogenic

Likely
pathogenic

Current studyNM_000203.5:c.1172-
1173insGCTGCTGGC
(p.Gua391insLeuLeuAla)

PP4, PM2, PM4

C/V-1

SGSH

Homozygous

rs104894636 17/17

Pathogenic

Pathogenic CM971355
NM_000199.5:c.220G>A

(p.Arg74Cys) 0.0002270

PP5, PS3, PM1,
PM2, PM5, PP3

GAA rs752735168 16/18 0.00003306 Likely Pathogenic Pathogenic Current study

NM_000152.5:c.1930G>T
(p.Ala644Ser)

PM1, PM2,
PP3, PP4

D/IV-1

ABCA5

Homozygous rs747667004 7/7 0.0001090

Likely Pathogenic

Uncertain
significance

Current studyNM_172232.4:
c.26569G>A
(p.Arg857Cys)

PM1, PM2,
PP3, PP4

E/IV-2, IV-4

IDUA

Homozygous rs121965027 7/7 0.00004681

Pathogenic

Pathogenic CM950685NM_000203.5:c.1469T>C
(p.Leu490Pro)

PS3, PM1, PM2,
PP4, PP5, PS3

F/IV-1

IDUA

Homozygous rs121965027 7/7 0.00004681

Pathogenic

Pathogenic CM950685NM_000203.5:c.1469T>C
(p.Leu490Pro)

PS3, PM1, PM2,
PP4, PP5, PS3

G/IV-4

IDS

Hemizygous — 4/4 —

Pathogenic

Pathogenic Current studyNM_001166550.4:
c.353T>A (p.Leu118Ter)

PVS1, PM2,
PP3, PP4

H/IV-2

ALDOB

Homozygous rs200585150 11/18 0.0004219

VUS

Uncertain
Significance

CM1618755NM_000035.4:c.264G>T
(p.Asp88Glu)

PM1, PM2,
PP3 BP1

I/V-1

IDUA

Homozygous

rs121965027 7/7

Likely Pathogenic

Pathogenic CM950685
NM_000203.5:c.1469T>C

(p.Leu490Pro) 0.00004681
PS3, PM1, PM2,

PP4, PP5

KIAA1109 rs773658128 6/7 0.00001213 VUS Uncertain
significance

Current study

NM_001384125.1:
c.1297A>G

(p.Thr4033Ala)

PM1, PM2

J/V-2

TRAPPC4

Homozygous

rs375776811 N/A

0.0002403 Pathogenic

Likely
pathogenic

Not available

NM_016146.6:c.454
+ 3A>G

- PP5, PM2, PP3

HERC1 — 4/7 VUS Uncertain
significance

Current study

NM_003922.4:c.5941G>A
(p.Val1981Ile)

PM2, BP4

K/IV-4 IDUA Homozygous rs121965027 7/7 0.00004681 Likely Pathogenic Pathogenic CM950685

(Continued on following page)
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org/i-mutant/i-mutant2.0.html), MUpro (http://mupro.proteomics.
ics.uci.edu/), VarSome (https://varsome.com/), and ACMG
classification (http://wintervar.wglab.org/).

3 Results

3.1 Clinical characterization

In total, fourteen families (A-N) of Pakistani origin with
phenotypes associated with MPS I and MPS II were included in
the present study. Patients showed a wide variety of characteristic
symptoms from both MPS I and MPS II including coarse facial
features, joint contractures, abdominal distention,
hepatosplenomegaly, hernia, and mental abnormalities among
others (Table 1). Twelve of fourteen (A-L) families showed
consanguinity and clinical phenotypes consistent with MPS I and
were consequently labeled as suspected cases of MPS I by the
clinicians (Table 1; Figure 1). The other two families (M and N)
did not show consanguinity and phenotypes matched clinically with
MPS II (Table 1; Figure 2).

3.2 Genetic characterization

Principal component analysis of the LSDs families merged with
the 1000 genomes projects showed the LSDs families clustering with
the South Asian (SAS) superpopulation (Figure 4A). The SAS
population includes a Punjabi population (PJL) verifying the
genetic ancestry of the LSDs families. Runs of homozygosity-

based F-coefficient of the affected individuals showed that the
high rate of consanguinity in MPS I families was also reflected in
the genetic data (Figure 4B) and close to 0 for the non-
consanguineous MPS II affected individuals.

Analysis of WGS data of available affected and unaffected
individuals in each family revealed ten novel and six previously
reported homozygous or hemizygous variants in the genes involved
in MPS I, MPS II or other lysosomal storage disorders. Five families
(C, I, K, J, L) showed multigenic inheritance (Table 2). All the
variants were found in ROH in homozygous/hemizygous state in
affected individuals while heterozygous or wild type in their parents.
In family D, no homozygous or compound heterozygous variants
were found in MPS-related genes. Therefore, screening for other
LSD-associated or novel candidate genes was performed. The
analysis revealed a homozygous missense variant (c.26569G>A;
R857C) in ABCA5 located in the ROH. Based on the gene
expression, function and pathways, ABCA5 was predicted to be
the strongest candidate. Phenotypically normal siblings were either
wild type or heterozygous carrier of the respective variants in each
family (Figures 1, 2). Genes were annotated according to the
following transcripts: NM_000512.5 (GALNS); NM_000203.5
(IDUA); NM_000199.5 (SGSH); NM_000152.5 (GAA); NM_
172232.4 (ABCA5); NM_001166550.4 (IDS) NM_000035.4
(ALDOB); NM_001384125.1 (KIAA1109), NM_016146.6
(TRAPPC4); NM_003922.4 (HERC1); NM_139125.4 (MASP1);
NM_014140.4; NM_012250.6 (RRAS2).

These variants were predicted pathogenic, likely pathogenic or
variant of uncertain significance according to ACMG classification
(Table 2). None of the identified variants was found in homozygous
state in any human genome variations databases including

TABLE 2 (Continued) List of variants identified in the current study.

Pedigree/
Patient ID

Gene variant Patients’
genotype

dbSNP In-silico tools
with

deleterious
output

MAF
gnomAD

Classification
ACMG

VarSome HGMD
accession
number

NM_000203.5:c.1469T>C
(p.Leu490Pro)

0.0001591 PS3, PM1, PM2,
PP4, PP5

MASP1 rs369042881 N/A VUS Uncertain
significance

Current study

NM_139125.4:c.C73T
(p.Arg25Ter)

PM2, BS1, BS2

L/IV-5

SMARCAL1

Homozygous

— 6/7

- Pathogenic

Likely
pathogenic Current study

NM_014140.4:c.1810C>T
(p.Gln604Ter)

- PVS1, PM2, PP3

RRAS2 — 16/18 Likely Pathogenic Likely
Pathogenic

Not available
in HGMD

NM_012250.6:c.439C>T
(p.Arg147Trp)

PM1, PM2,
PP2, PP3

M/VI-1

IDS

Hemizygous — 17/23 —

Likely Pathogenic

Likely
pathogenic

Current studyNM_000202.8:c.1264C>G
(p.Cys422Ser)

PM1, PM2, PP3,
PP4, BP1

N/III-1

IDS

Hemizygous — 11/11 —

Pathogenic

Pathogenic Current studyNM_000202.8:c.1035C>T
(p.Trp345Ter)

PVS1, PM2, PP3

N/A, not applicable; VUS, variant of uncertain significance; -, not found.
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gnomAD, ExAC, 1000 Genome Project and ethnically matched
healthy controls.

4 Discussion

In the present study, fourteen families (A-N) initially diagnosed
with MPS underwent WGS to identify potentially pathogenic variants.
Among these, twelve families (A-L)were clinically characterized asMPS
I while two (M-N) were clinically diagnosed as MPS II. The diagnosis
was based on clinical phenotypes including facial features, stature,
laboratory tests and inheritance of the phenotypes in pedigree. WGS
revealed homozygous variants in previously MPS-associated genes
(IDUA, GALNS, SGSH, GAA and IDS) and a novel LSDs-associated
candidate gene (ABCA5) in affected individuals. In addition to these
genes, variants were found in seven genes (ALDOB,MASP1, KIAA1109,
TRAPPC4, SMARCAL1, HERC1, RRAS2) that were previously not
reported in MPS but associated with other metabolic disorders.

Our findings in family A (i.e., MPS I), reported a homozygous
sequence variant (c.871G>A; A291T) in GALNS. The gene encodes
N-acetylgalactosamine-6-sulfatase which is a lysosomal exohydrolase
required for the degradation of the glycosaminoglycans, keratan sulfate,
and chondroitin 6-sulfate. Previously, the identified variant (A291T)
has been reported in compound heterozygous and homozygous forms
in two different families of Pakistani origin segregating MPS IV
(Tomatsu et al., 1995; Ullah et al., 2017). In-silico analysis revealed
that missense mutation (p.A291S) resulted in the formation of
additional intramolecular interactions, most likely affecting the
conformation of the active site (Asp288 and Asn289) and its
substrate binding ability. Therefore, variation at amino acid position
291 of GALNS would affect structure and enzymatic function of the
protein.

Multiple mutations in IDUA gene have been identified and
associated with MPSI (Tieu et al., 1995). The IDUA gene is located

at 4p16.3 and comprises 14 exons. IDUA codes for the enzyme
α-L-iduronidase, which is required for the degradation of the
GAGs dermatan and heparan sulfate. Deficiency of the enzyme
leads to the accumulation of these GAGs in tissues throughout the
body, playing a central role in the pathogenesis of MPS I. A novel
homozygous insertion mutation (c.1172-1173insGCTGCTGGC;
G391insLLA) in IDUA was identified in an affected individual in
family B. Glycine at position 391 is involved in the formation of
torsion angles due to its high degree of rotational ability which
maybe lost after the insertion of LLA leading to abnormal function
of the enzyme. Furthermore, affected individuals in families E, F, I
and K also revealed a previously reported variant (c.1469T>C;
L490P) in IDUA (Gul et al., 2020). In these cases, a high
interfamilial variability in the phenotypes of patients
segregating same sequence variant (IDUA; c.1469T>C; L490P)
was observed in our families (E, F, I, K). Deep analysis of the
genome of individuals revealed additional homozygous pathogenic
variants in other genes (c.1297A>G; T4033A in KIAA1109 in
family I, and c.C73T; R25* in MASP1 in family K) that may act
as modifiers or dual molecular diagnosis. Previously sequence
variants in KIAA1109 (4q27) encoding a protein playing role in
endosomal trafficking and endosome recycling of lipids have been
reported to cause Alkuraya-Kucinskas syndrome characterized by
brain abnormalities associated with cerebral parenchymal
underdevelopment, arthrogryposis, clubfoot, and global
developmental delay. Patients in family I showed phenotypes of
MPS as well as Alkuraya syndrome. Similarly, sequence variants in
MASP1 (3q27.3) encoding a serine protease having an essential
role in the innate and adaptive immune response have been
associated with 3MC syndrome 1 characterized by widely
spaced eyes (hypertelorism), a narrowing of the eye opening
(blepharophimosis), droopy eyelids (ptosis) and highly arched
eyebrows. Patients in the present family K showed phenotypes
of 3MC syndrome in addition to MPS.

FIGURE 4
(A) Principal component analysis of the LSDs families merged with the 1000 Genomes project colored according to super population: African
ancestry (AFR), East Asian ancestry (EAS), European ancestry (EUR), and South Asian ancestry (SAS). (B) Distribution of runs of homozygosity-based
F-coefficient of the LSDs families.
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IDUA, KIAA1109 and MAPS1 are located at different loci of
human genome. Due to higher rate of consanguinity, the number of
homozygous regions increases leading to a high risk of occurrence of
multiple pathogenic variants. This might lead to complex
phenotypes due to co-segregation of two syndromes in the same
patient. Therefore, analyzing genomes of populations with a high
rate of consanguinity, dual molecular diagnosis should be
considered.

In family C, we can appreciate a multi-genic inheritance,
segregating two damaging variants in known LSDs enzymes SGSH
(c.220G>A; R74C) and GAA (c.1930G>T; A644S) in homozygous
state, both of which lie within the mapped interval at 17q25.3. SGSH
encodes a lysosomal enzyme sulfamidase involved in the lysosomal
degradation of heparan sulfate. Pathogenic sequence variants in the
gene lead to MPS IIIA (Weber et al., 1997). Arginine at amino acid
position 74 is likely to be involved in the formation of the active site of
sulfamidase. Transition of arginine at the position to a non-conserved
Cysteine may grossly affect enzyme activity. GAA encodes a lysosomal
enzyme alpha-glucosidase. The lysosomal alpha-glucosidase is essential
for the degradation of glycogen to glucose in lysosomes. Defects in the
enzyme lead to glycogen storage disease. In addition toMPS phenotypes
associated with variants in SGSH, the patient showed low hemoglobin
concentration which is found in glycogen storage disease caused by
pathogenic variant in GAA. These findings, suggest that the disease
phenotypes in the present patient could be due to the contribution of
variants in both genes, SGSH and GAA.

In family D, we have identified a missense homozygous variant
(c.26569G>A; R857C) in ABCA5. The ABCA5 protein is a member
of the superfamily of ATP binding cassette (ABC) transporters. ABC
proteins play an important role in transporting various molecules
across extra- and intracellular membranes. Loss of function variants
in human ABCA5 have been associated with hair overgrowth in
human (DeStefano et al., 2014; Raza et al., 2020). On the other side,
abca5−/− knockout mice developed lysosomal disease-like
symptoms (Kubo et al., 2005). Interestingly, the affected
individual in family D carrying ABCA5 missense variant showed
phenotypes overlying with MPS associated with hair overgrowth. To
the best of our knowledge, this is the first human case associating a
variation in ABCA5 with LSD associated with hair overgrowth.

ABCA5 has 1642 amino acids long lysosomal peptide which is
composed of two domains including ABC transporter 1 (478-713)
and ABC transporter 2 (1290-1533). The protein determines the fate
of cholesterol derived from lipoprotein. The functional loss of this
protein impairs the integrity of lysosomes, disrupts the intracellular
flow of free cholesterol, and causes cholesterol to accumulate intra-
endo-lysosomally, adding to the organelles’malfunction (Raza et al.,
2020). The substitution R857C, replaces a positively charged, less
hydrophobic bigger amino acid (Arginine) to a neutral, more
hydrophobic and smaller amino acid (Cysteine). Change in
charge, size and nature of amino acids (Arginine and Cysteine)
at position 857 may affect interactions of the protein with other
molecules and residues leading to improper protein folding and
intra-lysosomal accumulation of cholesterol.

In family G, a homozygous non-sense variant c.353T>A;
p.L118* was identified in IDS gene which is involved in the
X-linked inheritance of MPS II. IDS gene encodes a protein
iduronate 2-sulfatase that catalyzes the degradation of heparan
sulfate and dermatan sulfate (Gul et al., 2020).

In family H, a homozygous missense variant (c.264G>T;
p.D88E) was identified in ALDOB. ALDOB encodes fructose-1,6-
bisphosphate aldolase, a tetrameric glycolytic enzyme that catalyzes
the reversible conversion of fructose-1,6-bisphosphate to
glyceraldehyde 3-phosphate and dihydroxyacetone phosphate.
Pathogenic variants in the gene have been associated with
fructose intolerance. The specific variant (c.264G>T) identified in
family H was previously reported by Retterer et al. (2016) in a family
segregating abnormality of central nervous system. Interestingly, the
affected individual in our family H, showed delay in achieving
milestones, abdominal distention, coarse facial features, aggressive
behavior, short stature, respiratory/ear infections, hip dysplasia,
joint stiffness, hepatosplenomegaly, difficulty in walking,
craniofacial disproportion, J-shaped sella, L1 vertebral body is
hypoplastic and slightly posteriorly displaced and exaggerated
lumbar lordosis. In addition to these phenotypes, the patient
showed hypoglycemia, which is an indication of fructosuria. The
amino acid aspartic acid D at position 88 make salt bridge with R57,
L92 and L321, the mutant residue glutamic acid E may not be able to
interact. Wild type residue D is in its preferred secondary structure, a
turn, while mutant residue E prefers to be in another secondary
structure, which may therefore destabilize the protein conformation.
Due to mutated fructose-1,6-bisphosphate aldolase, accumulation of
fructose-1,6-bisphosphate in different organs of the body may lead
to multi-organ abnormality.

Family J revealed two homozygous variants, one is a missense
variant c.5941G>A; p.V1981I in HERC1 gene and other is splice site
variant (c.454 + 3A>G) in TRAPPC4. HERC1 protein is involved in
the membrane trafficking via guanine nucleotide exchange factors
(GEF) and previously reported as a novel candidate gene for causing
intellectual disability (Ortega-Recalde et al., 2015). Recently, Van
Bergen and colleagues (Van Bergen et al., 2020) reported the same
splice variant underlying early-onset seizures, developmental delay,
microcephaly, sensorineural deafness, spastic quadriparesis and
progressive cortical and cerebellar atrophy in families of
Caucasian, Turkish and French-Canadian ethnicities. Other
authors also identified the same splice site variant in a family of
Indian origin having progressive encephalopathy and muscle
involvement (Kaur et al., 2020). The primary phenotypes of our
patient in family J include delay in achieving milestones, aggressive
behavior with multiple crying episodes, respiratory/ear infection,
unable to walk, and intellectual disability. Interestingly, phenotypes
like muscles weakness, deafness, microcephaly and seizures were not
found in our case. The phenotypic variability might be due to
different familial backgrounds of the families and effect of rare
SNPs in modifier genes. The variant is predicted to cause frameshift
of the protein due to mis-splicing of mRNA.

In affected individual of family L, a novel homozygous missense
variant c.439C>T; p.R147W in RRAS2 gene and a novel non-sense
variant (c.1810C>T; Q604*) was found in SMARCAL1. The
substitution in gene RRAS2 of a positively charged arginine at
position 147 with a neutral residue tryptophan may lead to the
loss of ionic interactions with surrounding residues. It also leads to
distortion of shape as mutant residue tryptophan is bigger in size
than wild type residue arginine. RRAS2 protein is involved in the
regulation of MAPK signaling pathway (Capri et al., 2019). The
involvement of RRAS2 gene in some disease is still to be explored
and linked with disease etiology in human genome mutation
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database. The encoded protein SMARCAL1 is a member of the SWI/
SNF family of proteins. Members of this family have helicase and
ATPase activities and are thought to regulate transcription of certain
genes by altering the chromatin structure around those genes.
Pathogenic variants in the gene have been reported in nephrotic
syndrome and a metabolic syndrome Schimke immuno-osseous
dysplasia characterized by short stature, kidney disease, and a
weakened immune system. The patient in the present study
carrying a non-sense variant in the gene showed a severe
phenotype of delay in achieving milestones, abdominal
distention, aggressive behavior, speech delay, hernia, short
stature, coarse facial features, joint contractures,
hepatosplenomegaly, intellectual disability and dysostosis
multiplex (Table 1). Neurological phenotypes including
intellectual disability, aggressive behavior, joint contractures, and
hepatosplenomegaly showed by the present case were not described
in previous cases. The variation in the phenotypes of previous and
the present case might be due to the nature and/or position of
mutation, different familial background and ages of the affected
individuals. The identified non-sense variant (Q604*) in
SMARCAL1 is predicted to cause loss of function of the protein
either through non-sense-mediated mRNA decay or production of
truncated protein.

Regarding families diagnosed as MPS II (M and N) we found
pathogenic variants (c.1264C>G; C422S in family M and
c.1035C>T; W345* in family N) in IDS segregating with the
phenotypes. The novel missense variant C422S affects a non-
conserved residue among human sulfatases. Cysteine is more
hydrophobic in nature than serine, which causes loss of
hydrophobic interactions. Cysteine at position 422 is involved in
the sulphide bridge formation which will be lost after this change
with serine thus it will affect the stability of protein structure and
ultimately loss of function. The other non-sense variant (W345*) in
IDS was previously identified in Japanese patient affected with sever
phenotypes of MPS II (Sukegawa et al., 1995). The authors found a
smaller precursor protein in cells transfected with W345*.
Therefore, it is predicted that the variant leads to the production
of truncated enzyme. The affected individual in family N showed
mild phenotypes of short stature, coarse facial features and hernia as
compared to those reported by Sukegawa et al. (1995).

Our study increases the knowledge of genetic factors involved in
rare diseases. For this purpose, the Pakistani population is unique
due to the high number of families with consanguineous marriages
and the high frequency of large pedigrees. Furthermore, we have
used WGS instead of phenotype-based diagnosis to diagnose
subtypes of disorders having overlapping phenotypes. Thus, WGS
is a fruitful strategy to identify novel causal homozygous variants in
inbred populations.

The findings of this study have to be taken with some
limitations. For example, limited clinical details were gathered
from the recruited families due to limited resources like testing
facilities at tertiary care hospital at the time of recruitment of the
patients. The overlapping phenotypes among the recruited cases
presented in this study is one of the main reasons for pseudo-
identification of various pathologies diagnosed initially as MPS.
After getting results from sequencing data, the families were
recontacted for more detailed evaluation but most of the
recruited patients have died and families flatly declined to

provide more information. Thus, the present study could not
include functional enzymatic studies and comprehensive analysis
of 3D protein structure. Performing in-vitro and in-vivo functional
studies would help in examining detailed biological effects of the
identified variants. Further studies including more consanguineous
families with similar phenotypes and combined with functional
analysis should be performed to clarify the effect of the identified
variants.

Genetic findings in the affected families showed that the
diagnosis based on phenotypic presentation is not an optimal
method. For this reason, the incorporation of next-generation
sequencing (NGS) in consanguineous families represents one of
the best ways to elucidate the underlying causes in rare diseases
such as MPS I and MPS II and establish a genotype-phenotype
relationship (Hoffman et al., 2013; Umair et al., 2018). NGS will
not only be helpful in the correct diagnosis of the disease but it
will also help in prenatal testing, family planning, carrier testing
and genetic counseling in families affected with LSDs (Komlosi
et al., 2016). Similarly, dual molecular diagnosis has been
reported in several cases of consanguineous unions (Umair
et al., 2017), which cannot be detected through conventional
sequencing or enzymatic testing. Therefore, NGS is required to
identify all the pathogenic and modifier variants in
heterogeneous disorders like LSDs. Sequencing highly
homologous regions (for example, GBA1 locus) using Sanger
or short-read NGS methods in suspected cases of LSDs can miss
other mutant alleles. Because, the shorter reads cannot be
mapped uniquely to the reference genome, especially in cases
where there are recombinant alleles aligning to the homologous
region. Therefore, long-read NGS is recommended in such cases
to discriminate the functional genes from their pseudogenes
(Woo et al., 2021).

Accurate and early diagnosis of LSDs in children represents a
helpful step for designing therapeutic strategies to save different
organs from permanent degeneration. Pre-natal screening and
identification of carriers’ status in an affected family for LSDs
will be helpful for genetic counselling of the family. The
identification of a novel MPS I gene (ABCA5) based on WGS
proves to be helpful for expanding the limits of targeted
therapies to treat LSDs.
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Four novel variants identified in
primary hyperoxaluria and
genotypic and phenotypic analysis
in 21 Chinese patients
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Beijing, China, 4Department of Nursing, Qingdao Municipal Hospital, Qingdao, China

Background: Primary hyperoxaluria (PH) is a rare genetic disorder characterized
by excessive accumulation of oxalate in plasma and urine, resulting in various
phenotypes due to allelic and clinical heterogeneity. This study aimed to analyze
the genotype of 21 Chinese patients with primary hyperoxaluria (PH) and explore
their correlations between genotype and phenotype.

Methods: Combined with clinical phenotypic and genetic analysis, we identified
21 PH patients from highly suspected Chinese patients. The clinical, biochemical,
and genetic data of the 21 patients were subsequently reviewed.

Results:We reported 21 cases of PH in China, including 12 cases of PH1, 3 cases of
PH2 and 6 cases of PH3, and identified 2 novel variants (c.632T > G and c.823_
824del) in AGXT gene and 2 novel variants (c.258_272del and c.866-34_866-8del)
in GRHPR gene, respectively. A possible PH3 hotspot variant c.769T > G was
identified for the first time. In addition, patients with PH1 showed higher levels of
creatinine and lower eGFR than those with PH2 and PH3. In PH1, patients with
severe variants in both alleles had significantly higher creatinine and lower eGFR
than other patients. Delayed diagnosis still existed in some late-onset patients. Of
all cases, 6 had reached to end-stage kidney disease (ESKD) at diagnosis with
systemic oxalosis. Five patients were on dialysis and three had undergone kidney
or liver transplants. Notably, four patients showed a favorable therapeutic
response to vitamin B6, and c.823_824dup and c.145A > C may be identified
as potentially vitamin B6-sensitive genotypes.

Conclusion: In brief, our study identified 4 novel variants and extended the variant
spectrum of PH in the Chinese population. The clinical phenotype was
characterized by large heterogeneity, which may be determined by genotype
and a variety of other factors. We first reported two variants that may be sensitive
to vitamin B6 therapy in Chinese population, providing valuable references for
clinical treatment. In addition, early screening and prognosis of PH should be given
more attention. We propose to establish a large-scale registration system for rare
genetic diseases in China and call for more attention on rare kidney genetic
diseases.
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1 Introduction

Primary hyperoxaluria (PH) is an autosomal recessive
inherited disease resulting from abnormal hepatic glyoxylate
metabolism, which is mainly characterized by excess oxalate
production and excretion and progressive deposition of
calcium oxalate in the kidney (Hoppe et al., 2009; Hoppe,
2012). The oversaturation of calcium oxalate can result in
parenchymal inflammation, interstitial fibrosis, and urinary
tract infection, and can, in some cases, lead to end-stage
kidney disease (ESKD) and systemic oxalate deposition
(systemic oxalosis) with time (Bobrowski and Langman, 2008;
Shee and Stoller, 2022).

To date, three genetic forms of PH have been identified. PH1,
the most prevalent and the most severe form, is caused by AGXT
gene variants, which impair the function of hepatic alanine-
glyoxylate aminotransferase (AGT). Consequently, excessive
glyoxylate can’t be metabolized and was converted to oxalic
acid, which was deposited in the kidney, resulting in recurrent
urolithiasis and ESKD development during the early decades
(Danpure and Jennings, 1986). Variants in the GRHPR gene
inhibit the glyoxylate and hydroxypyruvate reductase (GR/HPR)
activity and promote the occurrence of PH2. Compared with
PH1, patients with PH2 generally have a less severe clinical
picture, although recurrent urolithiasis may also lead to loss of
renal function over time (Cramer et al., 1999; Cregeen et al.,
2003). PH3 results from the deficiency of 4-hydroxy-2-
oxoglutarate aldolase (HOGA), which is encoded by the
HOGA1 gene. It has been considered that PH3 was the least
severe form with the maintenance of normal kidney function
(Williams et al., 2012).

Until now, variants in the AGXT, GRHPR and HOGA1 genes
associated with PH have been described worldwide but rarely
reported in China. The actual epidemiological and clinical
characteristics of PH in Chinese populations remain unclear.
Herein, this article described a series of 21 Chinese PH patients
(12 of PH1, 3 of PH2, and 6 of PH3) with a wide clinical spectrum
ranging from asymptomatic nephrolithiasis to ESKD and
investigated their genotype-phenotype correlations.

2 Materials and methods

2.1 Patients

This study recruited 21 PH patients from 21 unrelated Chinese
families who had been hospitalized in our nephrology department of
Qingdao University Affiliated Qingdao Municipal Hospital from
September 2017 to June 2022.

Among them, 10 were males and 11 were females. One patient
(pt14) was born to first cousin parents. Necessary diagnostic
criteria for PH included clinical findings (nephrocalcinosis,
urolithiasis, end-stage renal failure, and other systemic
complications), elevated levels of oxalate in urine (>0.5 mmol/
1.73 m2/24 h), and confirmation of genetic testing. In addition,
the elevated excretion of related biomarkers contributes to the

type-specific diagnosis of PH: glycolate elevation (>0.418 mmol/
mmol Cr) suggests PH1, elevated glycerate (>0.284 mmol/mmol
Cr) suggests PH2, and excretion (>0.004 mmol/mmol Cr) of 4-
hydroxy-glutamate (HOG) are pathognomonic of PH3.
Hyperoxaluria caused by gastrointestinal disease or other
secondary causes was excluded.

This study protocol was approved by the Ethics Committee of
Qingdao University Affiliated Qingdao Municipal Hospital.
Guardians or parents of the 21 PH patients have signed informed
consent.

2.2 Variant analysis

2.2.1 High-throughput sequencing and
pathogenicity prediction of novel variants

Genomic DNA was extracted from the peripheral blood of
these probands and their family members by GenElute blood
genomic DNA kit (Sigma, NA 2010). High-throughput
sequencing was used to analyze the exon regions and flanking
intronic regions of three genes in each patient (AGXT, GRHPR,
and HOGA1) associated with PH. Generated reads were then
aligned to the human reference genome (UCSC hg19) using the
Burrows-Wheeler Aligner (University of California, Santa Cruz,
CA, United States). With Variant Effect Predictor v83 and the
dbNSFP (Database for Non-synonymous SNPs’ Functional
Predictions) v3.1, the variant call file (VCF) containing these
variants was annotated. To predict the pathogenicity of the novel
missense variants, web-based programs (SIFT, PolyPhen-2, and
Mutation Taster) were used. Swiss-Pdb Viewer was used to
elucidate the crystallographic structure of the protein, followed
by energy minimization of wild-type and mutant protein
structures using NOMADRef.

2.2.2 Sanger sequencing verification
The potential candidate variants identified by NGS were

validated by Sanger sequencing in patients and their family
members. The suspected candidate variant sites and their
flanking regions were amplified by PCR, and direct Sanger
sequencing was performed using ABI prism 3700 DNA analyzer
(Applied Biosystems, CA, United States). When heterozygous
deletion or insertion was suspected, the PCR product was
subcloned into the PGEM-T Easy vector (A1360; Promega), and
sequenced using T7/SP6 primers.

2.3 Phenotype analysis

Collect information including age of onset, chief complaint for
hospitalization, and main symptoms and signs, such as dysuria,
renal colic, urgency and frequency of urination and hematuria in the
form of questionnaire. Their laboratory results and images were
reviewed, such as serum and urinary biochemical indexes, urinary
electrolytes excretion fraction, stone risk factors (urine oxalic acid,
urine glycolic acid, etc.), computed tomography as well as
ultrasound examination of the urinary system.
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TABLE 1 Pathogenic variants of primary hyperoxaluria that were identified in this study.

Patient number gene Allele 1 Allele 2

Exon Nucleotide change Amino-acid change References Exon Nucleotide change Amino-acid change References

1 AGXT 1 c.107G>A p. Arg36His Williams et al. (2009) 6 c.614C>T p. Ser205Leu Mandrile et al. (2014)

2 AGXT 6 c.679_680+2del splicing donor Coulter-Mackie et al. (2001) 1 c.33dup p. Lys12Glnfs*156 Monico et al. (2007)

3 AGXT 6 c.632T>G p. Leu211Arg This study 6 c.632T>G p. Leu211Arg This study

4 AGXT 1 c.33dup p. Lys12Glnfs*156 Monico et al. (2007) 5 c.577del p. Leu193Phefs*19 He et al. (2019)

5 AGXT 8 c.823_824dup p. Ser275Argfs*38 He et al. (2019) 4 c.466G>A p. Gly156Arg Mandrile et al. (2014)

6 AGXT 1 c.33dup p. Lys12Glnfs*156 Monico et al. (2007) 11 c.1079G>A p. Arg360Gln Williams et al. (2009)

7 AGXT 8 c.823_824dup p. Ser275Argfs*38 He et al. (2019) 8 c.823_824dup p. Ser275Argfs*38 He et al. (2019)

8 AGXT 1 c.2T>C p. Met1Thr Coulter-Mackie and Rumsby (2004) 6 c.679_680+2del splicing donor Coulter-Mackie et al. (2001)

9 AGXT 1 c.145A>C p.M49L Wang et al. (2016) 1 c.145A>C p. Met49Leu Wang et al. (2016)

10 AGXT 8 c.823_824dup p. Ser275Argfs*38 He et al. (2019) 11 c.1161C>A p. Cys387* He et al. (2019)

11 AGXT 8 c.823_824del p. Ser275Profs*56 This study 8 c.823_824del p. Ser275Profs*56 This study

12 AGXT 1 c.33dup p. Lys12Glnfs*156 Zhao et al. (2021) 8 c.823_824dup p. Ser275Argfs*38 He et al. (2019)

13 GRHPR 8 c.866_867del p. Val289Aspfs*22 Cregeen et al. (2003) 8 c.866_867del p. Val289Aspfs*22 This study

14 GRHPR 3 c.258_272del p. His87_Asp91del This study 3 c.258_272del p. His87_Asp91del This study

15 GRHPR 2 c.139C>T p. Arg47* Garrelfs et al. (2019) 8** c.866-34_866-8del splicing acceptor This study

16 HOGA1 6 c.834_834+1GG>TT p. Val279Cysfs*35 Fang et al. (2019) 6 c.834_834+1GG>TT p. Val279Cysfs*35 Fang et al. (2019)

17 HOGA1 6 c.834_834+1GG>TT p. Val279Cysfs*35 Fang et al. (2019) 6 c.834G>A p. Ala278= Wang et al. (2015)

18 HOGA1 7 c.845G>A p. Arg282His Huang et al. (2022) 6 c.812G>A p. Arg271His Fang et al. (2019)

19 HOGA1 6 c.769T>G p. Cys257Gly Belostotsky et al. (2010) 6 c.769T>G p. Cys257Gly Belostotsky et al. (2010)

20 HOGA1 6 c.834_834+1GG>TT p. Val279Cysfs*35 Fang et al. (2019) 7 c.907C>T p. Arg303Cys Monico et al. (2011)

21 HOGA1 6 c.769T>G p. Cys257Gly Belostotsky et al. (2010) 6 c.834_834+1GG>TT p. Val279Cysfs*35 Fang et al. (2019)

Novel variants are in bold type. Intron is marked with * *.
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2.4 Treatment and follow-up

Patients must avoid diets high in oxalic acid and vitamin C.
Primary treatment includes supportive care, dialysis and surgery.
Additionally, except those who were already on dialysis at diagnosis,
all PH1 patients were treated with VB6. The initial oral dose of
vitamin B6 was 5 mg/kg body weight/day, gained 5 mg/kg body
weight every 6 weeks, and the final dose up to 20 mg/kg body
weight/day in the 24th week. The threshold level for the efficacy
of vitamin B6 treatment was defined as a relative 30% reduction in
urinary oxalic acid (UOx) excretion. Serum and urine biochemical
indicators, nephrocalcification/nephrolithiasis progression, and
systemic complications were regularly followed up. Routine
follow-up was performed in 21 cases, with a median follow-up of
2.1 years (0.3–4.5 years).

2.5 Genotype and phenotype association
analysis

To analyze a possible genotype/phenotype correlation in PH1,
we categorized patients into two groups (severe genotype group and
mild genotype group) and performed a comparative study on the
laboratory data at first admission between them.

3 Results

3.1 Analysis of variants

As shown in Table 1, there were 12 cases of type I, 3 cases of type
II, and 6 cases of type III among all patients. Eight of them were
homozygotes, the remaining thirteen were compound
heterozygotes. Both alleles of the corresponding pathogenic gene
were detected variants inherited from parents in each of the
21 probands. The results of high-throughput sequencing
demonstrated that 23 variations (13 in type I, 4 in type II, and
6 in type III) were detected in our study. Variants with the highest
frequency in PH1 were c.823_824dup (5/24) and c.33dup (4/24),
while in PH3 were c.834_834 + 1GG>TT (5/12) and
c.769T>G (3/12).

Notably, 2 variants (c.632T>G and c.823_824del) in AGXT and
2 variants (c.258_272del and c.866-34_866-8del) in GRHPR have
not been reported previously in the literature. In addition, we also
found a probably novel missense variant c.20G>C in HOGA1 gene
from a PH1 patient (pt11). The details of the predictive analysis on
the pathogenicity of the novel missense variants were listed in
Table 2.

To investigate the potential impact of the novel mutants on
protein folding and structure, three-dimensional (3D) structures
of mutant protein were generated using Swiss-Pdb Viewer
(Figure 1). With the change of amino acid sequence in AGT,
the non-polar and hydrophobic leucine changed into alkaline
arginine. In addition, the mutated R211 side chain formed a new
hydrogen bond with the L188 main chain, which may have an
adverse effect on the proper folding of the protein (Figure 1A).
The deletion of amino acids from position 258 to 272 in GR/HPR
destroyed the nearby α-helix and β-folding regions, and
consequently, greatly changed the protein structure (Figure
1B-a, C). Meanwhile, the deletion of these amino acids
produced new negatively charged cavities and replaced the
original weakly negative and positively charged protein
surfaces, which may affect protein folding or interaction with
other molecules (Figure 1B-b, d).

3.2 Clinical manifestations and biochemical
data

A total of 21 unrelated Chinese patients with PH were included
in this study, and their basic information and biochemical results
were summarized in Tables 3, 4. Median age at first clinical
manifestation was 3 (interquartile range 1–10) years. Symptoms
occurred before 1 year of age in 6 patients (30%) and after 18 years in
1 patient (5%). The median age at diagnosis was 4 (interquartile
range 2–20) years. In the 15 patients who were symptomatic before
9 years of age, the mean diagnosis delay was 0.8 years (median
1.2 years). However, the remaining 6 patients (pt1, 6, 11, 12, 13, 14)
who were symptomatic after 9 years had reached ESKD at diagnosis,
and the mean diagnosis delay of them was 13 years.

Common manifestations at initial visits in the 21 diagnosed PH
patients were unilateral/bilateral stones (21/21), urinary tract
infection (12/21), hematuria (6/21), dysuria (4/21) and
hydronephrosis (2/21). None of the remaining family members
presented any symptoms of hyperoxaluria or renal calculus. In
addition, the mean levels of eGFR in the patients with PH1
(86 ml/min/1.73 m2) was lower than those in the patients with
PH2 and PH3 (104.6 ml/min/1.73 m2), while the mean levels of
creatine (148.8 umol/L) in PH1 was significantly higher than those
in PH2 and PH3(77 umol/L).

Notably, patients who had reached ESKD presented various
systemic complications, including difficult-to-correct
hypoalbuminemia, severe anemia, hypercoagulation, optic
atrophy, macular degeneration, decreased vision, glaucoma,
hypothyroidism, and poor liver function with multiple
abnormalities.

TABLE 2 Prediction of the pathogenicity of the novel missense variants.

Gene Variant Mutation
Taster

PolyPhen-2 SIFT Conservative
prediction

gnomAD
MAF (%)

ExAC
MAF (%)

ACMG
classification

AGXT c.632T>G disease causing probably
damaging

damaging Completely conservative 0.000 0.000 Likely pathogenic

HOGA1 c.20G>C disease causing benign damaging Completely conservative 0.002 0.002 Likely pathogenic
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3.3 Treatment and follow-up

The treatment and outcomes of 21 patients are presented in
Table 5. All patients received supportive therapy (high fluid intake,
low-oxalate diet, etc.), and drug treatment including oral citrate and
vitamin B6. Meanwhile, children (pt4, 17, 19) with hypercalciuria
were also treated with oral hydrochlorothiazide. We observed the
efficacy of VB6 in all PH1 patients and results showed that Vitamin
B6 was effective in 4 patients (pt4, 7, 8, 9). The Uox levels of them
decreased by an average of 36.3% after administration with VB6
(Table 4). In addition, most patients have undergone minimally
invasive lithotripsy procedures, such as ureteroscopy, extracorporeal
shock wave lithotripsy (ESWL), and retrograde intrarenal surgery
(RIRS). Pt8 and pt9 were being maintained on citric acid and
VB6 without any lithotripsy surgery, and have preserved intact
renal function by now. Unfortunately, 5 patients (pt6, 11, 12, 13, 14)
were on dialysis, which was not effective as expected.

What’s more, pt1 first presented with stones at the age of 22, and
received a kidney transplant after diagnosis at the age of 35. Pt5 and
pt10 have received liver transplantation, and both of them have
acceptable renal function now. During follow-up, the urinary stones
in 5 patients (pt1,4, 5, 9, 10) were completely removed without
recurrence, and the remaining 16 patients showed recurrent urinary
tract stones.

3.4 Genotype and phenotype association
study

In general, the most severe phenotype was commonly observed
in patients with non-sense, frameshift, canonical ±1 or 2 splice sites
variants, single-exon or multiexon deletion, and loss-of-function

missense mutants. Furthermore, since AGT functions as a
homodimer, the residual activity of AGT may correspond to the
residual activity resulting from a variant on one of the alleles.
Therefore, we categorized patients into two groups: patients
carrying 2 severe variants mentioned above on both alleles were
classified as severe genotype group (pt2, 4, 6, 7, 10, 11, 12), while the
others were assigned to mild genotype group (pt1, 3, 5, 8, 9). The
results demonstrated that there was no significant difference in the
age of onset (6.9 versus 5.5 years) between the two groups, however,
significant higher creatinine (191.1 versus 89.6umol/L) and lower
eGFR (68.1 versus 111.1 ml/min/1.73 m2) were detected in the severe
genotype group than in the mild genotype group.

Notably, among the four patients (pt4, 7, 8, 9) who showed a
favorable reactivity to vitamin B6 treatment, pt7 and pt9 were
homozygous for c.823_824dup and c.145A>C respectively, while
pt4 and pt8 were compound heterozygotes with different severe
variants.

4 Discussion

4.1 Genotype and genotype-phenotype
associations analysis of PH1

In the previous studies, the most frequent PH1 variants in the
Chinese population were c.823_824dup, c.33dup and c.679-680 +
2del (Coulter-Mackie and Rumsby, 2004; Coulter-Mackie et al.,
2008; Du et al., 2018; Li et al., 2018; He et al., 2019; Lin et al., 2021;
Zhao et al., 2021). In our study, pt7 was homozygous for the variant
c.823_824dup and lived with stable disease. This differed from
previously reported conclusions, which suggested that this variant
site was associated with a poorer prognosis (Zhao et al., 2021). So far,

FIGURE 1
Predicted models of the novel variants. (A-a, b, B-a, c): the bule line represented the target amino acid residue, the purple line represented the α
helix, the yellow part represented the β layer, and the black dotted line represented the hydrogen bond. (B-b, d): blue represented positive potential, white
represented electrical neutrality, and red represented negative potential.
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TABLE 3 Clinical and biochemical characteristics of primary hyperoxaluria patients.

Patient number Sex Age at diagnosis (y) Age at first onset (y) Presenting symptoms Urine calcium (mg/kg/24 h) Plasma
creatinine
(μmol/l)

eGFR
(ml/min/
1.73 m2)

1 female 35 22 Bilateral stones, UTI 5.07 88 123.6

2 female 3.5 2 Bilateral stones, UTI, hematuria, hydronephrosis, dysuria 2.57 153 67.9

3 male 4 2 Bilateral stones 1.99 85 112.3

4 male 6.5 5 Bilateral stones, UTI, hematuria, dysuria 6.41 111 85.1

5 female 3.2 3 Bilateral stones, UTI 1.77 95 94.1

6 female 20 12 Bilateral stones, UTI 2.68 52 94.3

7 male 4.0 1.0 Bilateral stones, UTI 2.31 45 96.8

8 male 0.5 0.25 Bilateral stones, UTI 3.16 88 123.9

9 female 0.3 0.25 Bilateral stones 2.97 92 101.5

10 female 0.5 0.25 Bilateral stones, UTI, hematuria, hydronephrosis, dysuria 3.09 235 55.8

11 male 25 18 Bilateral stones, dysuria 4.86 407 35.3

12 male 18 10 Bilateral stones, UTI, hematuria 4.17 335 41.8

13 male 32 11 Bilateral stones, hematuria 3.55 154 84.2

14 male 30 9 Bilateral stones 2.79 76 92.5

15 female 7.5 7 Bilateral stones, hematuria 3.36 103 79.4

16 male 2.5 2.25 Bilateral stones, UTI 3.08 49 119.5

17 female 5.5 5 Bilateral stones 4.51 53 120.7

18 female 8 7 Unilateral stone 3.11 57 111.5

19 male 0.5 0.3 Bilateral stones, UTI 7.55 70 121.3

20 female 1 0.6 Bilateral stones, UTI 2.98 49 116.9

21 female 2 1.5 Unilateral stone 4.14 82 95.2

All data above were obtained at the first admission or before any treatment.

UTI, urinary tract infection; eGFR, estimated glomerular filtration rate.
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the variant c.33dup (p. K12Qfs) was documented as the second most
common AGXT variant in the Chinese population (van Woerden
et al., 2003; Monico et al., 2007; He et al., 2019; Zhao et al., 2021).
Variant c.679-680 + 2del has been reported to have apparent ethnic
associations with Chinese PH1 patients (Coulter-Mackie and
Rumsby, 2004; Coulter-Mackie et al., 2008). It is located in the
exon 6/intron 6 splice junction and is highly likely to interfere with
the normal splicing process, as it is critical for initiating spliceosome
assembly, precise selection of cleavage sites and interaction with
U1snRNA and U6snRNA (Krawczak et al., 1992; Coulter-Mackie
et al., 2001).

We identified a novel variant c.632T > G (p. Leu211Arg) in
AGXT and pt3 was homozygous for it. The patient was diagnosed at
the age of 4 and presented with classic recurrent urolithiasis with an
increasing trend in creatinine in recent years. What’s more, this
novel variant was located in the exon 6 of the AGXT gene, which
spanned the common Pyridoxal 5′-phosphate (PLP) cofactor

binding site consensus sequence (amino acids 201–221) of
transaminases and was critical for the catalytic site (Ouzounis
and Sander, 1993). Crystallization studies confirmed that the
lysine at codon 209 was the actual site of the Schiff base and
PLP (Zhang et al., 2003). Previous studies have identified more
than a dozen variants on this motif (Nishiyama et al., 1991; Monico
et al., 2005; Coulter-Mackie and Lian, 2006; Williams et al., 2009; Li
et al., 2014). Therefore, variant c.632T > G may reduce or even
abolish the catalytic activity of AGT by interfering with the binding
of cofactors. The variant c.145A > C (p.M49L) was first reported in
our previous study. Combined with software prediction results and
clinical phenotype, it was considered to be “moderately pathogenic”
at that time, and whether it had “true” pathogenicity remained to be
confirmed (Wang et al., 2016). In this study, pt9, who was
homozygous for this variant, showed typical symptoms at
3 months of age and was diagnosed as PH1 in infants. Therefore,
the pathogenicity of this variant was further confirmed.

TABLE 4 Analysis of urine organic acid components.

Patient number Specific biomarkers (mmol/mmol Cr) Urine oxalate
(mmol/

1.73 m2/24 h)

Urine oxalate after VB6 treatment
(mmol/1.73 m2/24 h)*

Urinary
glycolatea

Urinary
glycerateb

Urinary
4OHGluc

1 0.962 0.066 0.003 2.77 -

2 0.554 0.134 0.004 1.11 1.05 (5.4%)

3 0.497 0.214 0.002 0.86 0.76 (11.6%)

4 0.713 0.116 0.002 1.74 1.16(33.3%)

5 0.882 0.173 0.002 1.66 1.41 (15.1%0

6 - - - 3.12 -

7 0.534 0.238 0.003 0.96 0.57(40.6%)

8 0.627 0.098 0.004 1.08 0.71(34.3%)

9 0.725 0.187 0.002 1.41 0.89(36.9%)

10 0.768 0.183 0.003 1.55 1.46 (5.8%)

11 - - - 2.99 -

12 - - - 3.45 -

13 - - - 3.08 -

14 - - - 3.51 -

15 0.332 0.376 0.004 1.37 -

16 0.216 0.157 0.014 0.83 -

17 0.274 0.202 0.019 0.73 -

18 0.148 0.193 0.021 0.82 -

19 0.313 0.212 0.033 1.29 -

20 0.275 0.147 0.042 1.15 -

21 0.259 0.146 0.051 0.77 -

aPH1 Specific biomarker.
bPH2 Specific biomarker.
cPH3 Specific biomarker.

*The data in brackets in this column indicates the percentage of urinary oxalate reduction after VB6 treatment.

Cr, creatinine; VB6, vitamin B6.
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There was significant heterogeneity in clinical manifestations
and laboratory examinations in PH1. Among the variants in this
study, the variants p. Ser205Leu (<3% or<1%) and p. Arg360Gln
(<1%) have been confirmed to cause almost loss-of-function of AGT
through in vitro activity experiments, while the variants p. Arg36His
(8.5%) and p. Gly156Arg (9%) have been confirmed to have some
residual AGT activity (Coulter-Mackie and Lian, 2006; Williams
et al., 2009). In addition, variant p. Met1Thr has been reported to be
possibly associated with a milder clinical phenotype (Li et al., 2014;
Zhao et al., 2021). Although it is located in the region of the start
codon, it is possible that other downstream Mets act as alternative
initial codons, resulting in the synthesis of AGTs with different
N-terminus. Based on the work we performed, severe genotype
group were found with higher creatine and lower eGFR, which
indicated that genotype may influence the clinical presentation of
PH1. In a sense, differences between the two groups suggested that
there may be still some variations in the mild group that can confer

AGT activity, which requires further functional expression research.
Moreover, the ultimate phenotype and prognosis of patients may be
affected by the age of diagnosis and clinical intervention,
environmental factors and other variants from modifying genes,
and just because of this, patients carrying the same variants may
have great phenotypic heterogeneity (Mbarek et al., 2017).

In 1961, vitamin B6 was first described as a treatment choice for
two patients with PH1(McLaurin et al., 1961). Pyridoxal 5′-
phosphate (PLP) is a component of VB6 and a cofactor for AGT,
which is defective in PH1. There are several different hypotheses
about how PLP reduces endogenous oxalate production, such as
increasing AGT enzymatic activity and stability, facilitating proper
targeting of AGT to peroxisomes (Hopper et al., 2008; Fodor et al.,
2012; Oppici et al., 2012; Oppici et al., 2015). A cohort study in
Europe reported that response to VB6 treatment seemed to depend
on potential variation (Mandrile et al., 2014). A prospective study
reported that approximately 50% of patients showed a >30%

TABLE 5 Management strategies and outcome of 21 patients.

Patient number Procedures Clinical outcome Follow-up
(years)

Urine oxalate
(mmol/

1.73 m2/24 h)

Plasma creatinine
(μmol/l)

eGFR
(ml/min/
1.73 m2)

1 FURL, PCNL, KT Stable 4.5 0.99 54 121.4

2 FURL, ESWL Deteriorating 2.1 2.23 187 57.5

3 FURL Deteriorating 2.8 1.01 89 78.2

4 FURL, RIRS Stable 3.4 1.12 66 94.6

5 FURL, ESWL, LT Stable 0.8 0.44 77 115.5

6 FURL,
PCNL, HD

Deteriorating 1.8 - 257 -

7 FURL Stable 2.5 0.61 45 124.9

8 - Stable 0.5 0.72 64 111.3

9 - Stable 1 0.85 68 97.4

10 FURL, LT Stable 0.6 0.52 37 115.6

11 FURL,
PCNL, HD

Deteriorating 2 - 312 -

12 FURL,
PCNL, HD

Deteriorating 2.5 - 199 -

13 FURL,
PCNL, HD

Deteriorating 4.2 - 267 -

14 FURL,
PCNL, HD

Deteriorating 4.5 - 238 -

15 FURL, ESWL Deteriorating 3.0 2.45 136 74.7

16 FURL, ESWL Stable 1 0.77 52 119.3

17 FURL, RIRS Stable 0.3 0.69 65 128.3

18 FURL, ESWL Stable 1 0.86 75 116.3

19 FURL, ESWL Stable 1 1.05 58 118.9

20 FURL, ESWL Stable 0.5 1.11 60 123.7

21 FURL, RIRS Stable 4 0.89 74 109.3

FURL, flexible ureteroscopy; ESWL, extra-corporeal shock wave lithotripsy; RIRS, retrograde intrarenal surgery, PCNL, percutaneous nephrolithotomy; LT, liver transplantation; KT, kidney

transplantation; HD, hemodialysis.
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reduction in Uox but did not reach complete normalization, even
not in patients homozygous for the p. G170R variant (Hoyer-Kuhn
et al., 2014). Notably, vitamin B6 treatment was also effective for
some severe genotypes in our study, which may be associated with
the residual AGT activity (Wanders et al., 1988). However, the
efficacy of VB6 may not entirely depend on genotype, but also on
differences in its absorption and metabolism among patients
(Hoppe and Martin-Higueras, 2022). Furthermore, in addition to
VB6, adjuvant therapy (such as citric acid supplementation), diet
control compliance, and medicinal therapy can influence the
outcome of treatment.

4.2 Genotype analysis in PH2 and PH3

Many findings have shown that the frequency of small deletions
in PH2 was higher than expected (Cregeen et al., 2003). So far, two
variants (c.139C>T and c.864_865del) in GRHPR gene from 2
patients have been reported in the Chinese population (Lam et
al., 2001; He et al., 2019). In this study, we identified 4 variants from
4 patients, and 2 (c.258_272del and c.866-34_866-8del) of which
were novel. The intronic variant c.866-34_866-8del is close to the
3′splice acceptor site of intron 8, and the pyrimidine content of the
deleted sequence (CUUAUCUCCCUCUCUCUCUCUCUCUCC)
is higher than 96%, which suggests that this sequence is likely to
be located in the polypyrimidine tracts region in pre-mRNA. The
absence of polypyrimidine tracts may interfere with the functioning
of certain splicing factors and induce abnormal splicing (Auweter
and Allain, 2008; Glasser et al., 2022).

It has been reported that the most common PH3 variant in the
Chinese population was c.834_834 +1GG > TT, which accounts for
approximately half of the PH3 variants identified in our study (Fang
et al., 2019). In addition, the effect of consecutive substitution
variant c.834_834+1GG > TT and synonymous variant c.834G>A
on exon splicing has been verified in our previous mini-gene
experiment (Wang et al., 2015). Interestingly, pt11 carried not
only a homozygous AGXT gene variant c.823_824del, but also a
heterozygous missense HOGA1 variant c.20G > C. Regarding the
pathogenicity of this variant c.20G > C, the results of different
prediction software were not consistent. Therefore, further analysis
and investigation are warranted to confirm whether c.20G>C serve
as a modifying variant in the phenotype of the patient, or is a true
PH3 pathogenic variant.

4.3 Underestimated prevalence of PH

Many studies have shown that the true proportion of PH in the
renal stone and hyperoxaluria population is much higher than the
observed prevalence (van der Hoeven et al., 2012; Garrelfs et al.,
2019). In our study, 6 patients were severely delayed in diagnosis.
Delayed diagnosis may impede early effective treatment and
accelerate the occurrence of ESKD. The more serious possibility
is that a large number of potential PH patients have not been
diagnosed (Garrelfs et al., 2019). Therefore, it is necessary to
reinforce screening for PH, and genetic testing is recommended
for all patients with hyperoxaluria and recurrent stones. In addition,
we suggest that a large registration system for rare diseases should be

established in China to facilitate follow-up and instruct genetic
counseling.

4.4 Treatment strategies for PH

So far, liver transplantation is the only established treatment for
correcting metabolic defects that lead to the formation of excessive
endogenous oxalates, but ideally before systemic complications
occur (Devresse et al., 2020). For patients who have progressed
to CKD IV (eGFR < 15–30 ml/min/1.73m2) and ineffective to
vitamin B6 treatment without serious systemic oxalic acidosis,
the first choice is combined liver and kidney transplantation
(Murad and Eisenberg, 2017). However, transplantation is a
morbid procedure associated with many potential complications,
such as operative risks, graft rejection, post-transplant organ failure
and the adverse effects of lifelong immunosuppressive medications
(Asrani et al., 2018).

Hopefully, Lumasiran is a therapy based on RNA interference
(RNAi), which can block the synthesis of oxalate glycolate
oxidase and reduce the oxidation of glycolic acid to glyoxylic
acid, thus avoiding further conversion of glyoxylic acid to oxalic
acid (Hoppe and Martin-Higueras, 2022). Subcutaneous
administration in animals shows 98% reduction in Uox
(Liebow et al., 2017). Current experience with Lumasiran has
been reported in both children and adults with PH1, with no
specific side effects (Chiodini et al., 2021; Di Toro et al., 2021;
Stone et al., 2021; Aldabek et al., 2022; Joher et al., 2022; Méaux
et al., 2022). Good responsiveness has been shown in children.
However, the effect is not significant in patients who already have
systemic oxalic acidosis [37]. At present, clinical trials on the
efficacy and safety of this therapy are under way, and it will be a
promising treatment for PH in the future (Devresse et al., 2020;
Michael et al., 2022).

4.5 Limitations of this study

There are certain limitations of this study. Firstly, the sample size
of the study was insufficient, so the insights that can be provided
were limited. In the future, it is necessary to carry further
investigations with a larger sample size in the Chinese
population, including polymorphisms and pathogenic variations.
Besides, for some missense variations, more in-depth functional
studies on activity are warranted. Furthermore, we suggest that
studies should further confirm whether certain variations are really
sensitive to VB6 treatment and how VB6 plays a therapeutic role.

To summarize, 4 novel variants in 21 Chinese PH patients
were identified, including 2 in AGXT and 2 in GRHPR gene. A
possible hotspot variant c.769T>G in PH3 was identified.
Compared to PH1 patients, patients with PH2 and
PH3 showed milder clinical phenotypes. Patients carrying
severe variants in both alleles were vulnerable to more serious
phenotypes. We found two potential VB6-sensitive genotypes,
which would probably provide significant reference for clinical
treatment. Delayed diagnosis still existed in some patients, and
the actual prevalence of PH was likely to be much higher than
what we have observed. Early screening of PH was very necessary,
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and intervention should be carried out as soon as possible to
avoid the occurrence of ESKD.
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Osteopetrosis is a genetic condition of the skeleton characterized by increased
bone density caused by osteoclast formation and function defects.
Osteopetrosis is inherited in the form of autosomal dominant and autosomal
recessive manner. We report autosomal recessive osteopetrosis (ARO; OMIM
611490) in a Chinese case with a history of scarce leukocytosis, vision and
hearing loss, frequent seizures, and severe intellectual and motor disability.
Whole-exome sequencing (WES) followed by Sanger sequencing revealed novel
compound heterozygous mutations in the chloride channel 7 (CLCN7) gene
[c.982-1G >C and c.1208G > A (p. Arg403Gln)] in the affected individual, and
subsequent familial segregation showed that each parent had transmitted a
mutation. Our results confirmed that mutations in the CLCN7 gene caused ARO
in a Chinese family. Additionally, our study expanded the clinical and allelic
spectrum of the CLCN7 gene and enhanced the applications of WES
technology in determining the etiology of prenatal diagnoses in fetuses with
ultrasound anomalies.

KEYWORDS

autosomal recessive osteopetrosis (ARO), chloride channel 7 (CLCN7), leukocytosis,

neurological impairment, genotype–phenotype correlation

Introduction

Osteopetrosis is a genetically heterogeneous disorder characterized by abnormal bone

metabolism. The pathogenesis of osteopetrosis stems from the dysfunction of

differentiation and/or absorption of osteoclasts, which results in skeletal dysplasia, such as

increased bone density and medullary cavity stenosis (1). Three clinical types can be

identified based on severity, age of onset, and inheritance: a dominant benign type,

autosomal dominant osteopetrosis (ADO, OMIM 166600); intermediate autosomal

osteopetrosis (IAO, OMIM 259710); and a severe recessive type, autosomal recessive

osteopetrosis (ARO, OMIM 611490). ARO, also known as infantile malignant

osteopetrosis, is the most fatal type of osteopetrosis, with an incidence of 1/250,000 live

births. ARO patients usually present by 2 years of age and die before 10 years of age

(1–3). Patients diagnosed with ARO are more susceptible to hematological impairment

with anemia, thrombocytopenia, and secondary neurological deficits. However, leucocyte

counts in ARO patients were not frequently reported (4).
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At least 10 genes have been reported to be associated with

osteopetrosis. Mutations in T-cell immune regulator 1 (TCIRG1)

and chloride channel 7 (CLCN7) are the two most common causes

of ARO. TCIRG1 is located on chromosome 11q13 and spans

∼12.5 kb. The transcript variants of this gene containing 15 exons

represent the a3 subunit of the vacuolar proton pump, which is

preferentially expressed in osteoclasts and plays an important role

in bone resorption. TCIRG1 mutations are reportedly responsible

for over 50% of ARO cases. The CLCN7 gene on human

chromosome 16p13.3 contains 25 exons and encodes the 803

amino acid chloride channel protein 7 (CLC-7). CLCN7 is a

member of the voltage-gated chloride channel protein family that

mediates the exchange of chloride ions against protons,

maintaining the acidic environment for bone resorption (5).

CLCN7 plays a synergistic role when hydrogen ions are transported

outside of the cell by TCIRG1 (6). Mutations in CLCN7 have been

documented in approximately 20% of individuals and are related

to a broad spectrum of osteopetrosis with phenotypes ranging

from mild to life-threatening levels of severity (1, 3, 7).

The initial clinical presentation of this rare genetic syndrome is

heterogeneous. Formal clinical diagnostic criteria for ARO have not

been established. High awareness of initial ARO symptoms is

critical for early diagnosis. Approximately 100 variants in CLCN7

are known (http://www.hgmd.cf.ac.uk/). ARO related to CLCN7

mutation has been identified in approximately two dozen

families (3, 8–19). Affected individuals admitted for visual

impairment, anemia, failure to thrive, or convulsion in the

infantile period are frequently reported (1, 3). These symptoms

and radiological changes involving extensive bone calcification

should raise clinical suspicion of ARO. Genetic testing

approaches promote molecular diagnoses. Data regarding

Chinese patients with CLCN7-related ARO are limited to four

cases from Taiwan (12), Guangzhou (10), and Shanghai (17).

These patients had a relatively stable disease course and were still

alive at the time they were reported.

Here, we report the natural course of a patient with CLCN7-

related ARO involving scarcely leukocytosis at birth, rapidly

progressing to neurological deterioration with a very poor

prognosis. We also review the clinical and genetic findings in

CLCN7-related ARO reported thus far.
Methods

Subjects and ethical approval

A neonate who presented with severe leukocytosis and

thrombocytopenia at 3 days of age was referred to Xinhua

Hospital affiliated with Shanghai Jiao Tong University School of

Medicine. The patient was evaluated with whole-exome

sequencing (WES) for etiological evidence.

The studies involving human participants were reviewed and

approved by the Institutional Review Board of Xinhua Hospital.

Written informed consent was obtained from the legal guardian

for the publication of any potentially identifiable images or data

included in this article.
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Whole-exome sequencing and Sanger
sequencing

Genomic DNA was extracted from peripheral blood. Library

preparation was performed with an xGen Exome research panel

v1.0 (IDT, United States), and sequencing was conducted on a

HiSeq 4000 (Illumina, United States). Raw reads were aligned to

the reference genome GRCh37/hg19 by BWA-MEM (v0.7.12).

Variant calling was performed following the GATK best practice

workflow (v3.3) (20, 21). Variant annotation and filtration were

performed by SnpEff (v4.2) and SnpSift (v4.2) based on

gnomAD (v2.1), OMIM (https://omim.org/), HGMD (https://

www.hgmd.cf.ac.uk/ac/), ClinVar (https://www.ncbi.nlm.nih.gov/

clinvar), and an in-house database. Interpretation of variants was

conducted in accordance with American College of Medical

Genetics and Genomics (ACMG) guidelines (22).

The variant screening process was based on disease-related

information and variant pathogenicity evaluation (allele frequency

in population, in silico tools, ACMG guidelines) (23, 24). Genetic

disorders that frequently manifest phenotypes similar to our case

include juvenile-myelomonocytic-leukemia (JMML) (5, 17, 25) and

leukocyte adhesion deficiency (LAD) (1, 26, 27). JMML-related

genes include PTPN11, NRAS, KRAS, NF1, and CBL. LAD-related

genes include IKBKG, ITBG, KINDLIN3, and FERMT3. All rare

variants in these genes were extracted and filtered.

Sanger sequencing was performed to validate the heterozygous

variants identified through WES. PCR amplification was carried

out using an ABI 9700 Thermal Cycler and sequenced on an

ABI PRISM 3730 sequencer (Applied Biosystems, United States)

using the primers listed in Supplementary Table S1.
In silico analysis

REVEL is a tool for predicting the effect of reported missense

variants on the function of mutant human proteins (28). The

chromosome localization, protein sequences, and phylogenetic

tree of the missense variant (c.1208 G > A) in the CLCN7 gene

were analyzed by ClustalX_1.81 (http://www.clustal.org/) and

Molecular Evolutionary Genetics Analysis (https://www.

megasoftware.net/). Mutant sequences (c.982-1G > C) and wild-

type sequences were analyzed by in silico tools (29), CADD

(Combined Annotation Dependent Depletion; cadd.gs.washington.

edu) splice, MaxEntScan, Spliceogen (https://github.com/VCCRI/

Spliceogen), NNSPLICE (Splice Site Prediction by Neural

Network), and Splice AI (https://github.com/Illumina/SpliceAI).
Results

Clinical presentation

A 3-day-old female neonate was referred to our hospital with

rare leukocytosis (56.12 × 109/L) and transient thrombocytopenia

(85 × 109/L) on the day she was born. Physical examination
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showed no external birth defects other than mild hypotonia with

slow suckling. Clinical biochemical analysis was also performed.

The patient’s hematological profile was as follows: white blood

cell (WBC) count, 43.71 × 109/L; neutrophil/lymphocyte (N/L)

ratio, 66%/16.9%; monocyte ratio, 14.70%; hemoglobin (Hb),

162 mg/dL; platelets, 98 × 109/L. C-reactive protein and

procalcitonin were in the normal range. No pathogenic

microorganisms were identified by bacterial culture or

metagenomic sequencing. Serology for toxoplasma, rubella,

cytomegalovirus, and herpes was negative. Peripheral blood

smear showed no evidence of immature cells. Bone marrow

puncture was considered but not successfully performed. After

intravenous administration of meropenem and penicillin for

7 days, leukocytosis and thrombocytopenia did not significantly

improve (Figure 1). Brain magnetic resonance imaging (MRI)

showed slight signal alterations in white matter and the corpus

callosum (Figure 2A). Screening tests of hearing and ocular

disease were normal.

At 2 months of age, the patient had vision and hearing

impairment, with little response to colors, voices, or moving

objects. From the age of 4 months, her neurological defects

gradually worsened. The patient began to have seizures that

manifested as spasticity, sometimes as often as dozens of times

per day, and a diagnosis of West syndrome was made. She was

treated with various antiepileptic medicines, such as vigabatrin,

topiramate, and levetiracetam, but none successfully controlled

the seizures. The patient’s biochemical indexes were normal,

including calcium–phosphorus metabolism biomarkers,

immunoglobulin levels, and lymphocyte classification counts

(Supplementary Table S2). Brain MRI showed hydrocephalus

and cerebral atrophy (Figures 2B,C). The electroencephalogram
FIGURE 1

The longitude data of white blood cells and monocyte percent of the patient
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showed multifocal slow spike-wave and slow-wave patterns

(Figure 2E). At 9 months of age, her head circumference was

38.0 cm (<−3 SD), height was 65 cm (<−2 SD), and weight was

7.0 kg (−1 SD to −2 SD). Her vision was completely lost. She

could not raise her head, sit, or laugh. Neuropsychological testing

showed a development delay using the Bayley III scale.

Through telephone follow-up, we learned that her leucocytes

remained at a high level (not lower than 15 × 109/L). When the

patient experienced diarrhea or acute upper respiratory

infections, her leucocytes were high, up to 20–40 × 109/L

(Figure 1). Because of the progressive neurologic impairment,

her family was compelled to provide symptomatic treatment

without resorting to bone marrow transplantation or

hematopoietic stem cell transplantation. The patient died from

respiratory arrest at the age of 22 months.
Molecular analysis

Compound heterozygous variants were identified in the

CLCN7 gene. According to ACMG guidelines, the variant

c.1208G > A (p. Arg403Gln) is rated “likely pathogenic” (PM1 +

PM2 + PM3 + PP3 + PP4). The variant c.982-1G > C, located at a

splice donor site, is also rated “likely pathogenic” by ACMG

standards (PVS1_S + PM2 + PM3 + PP4).

We also reviewed the patient’s bone imaging, which showed

increased bone density on radiography and “sandwich” vertebrae

(Figure 2D); this evidence, together with the early onset of

patient clinical manifestations and the mode of inheritance

(Figure 2F), was highly compatible with ARO. The variant

c.1208G > A was paternally inherited (Figure 2G). This missense
.

frontiersin.org

https://doi.org/10.3389/fped.2023.978879
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


FIGURE 2

Clinical and molecular findings of the patient. (A) T1-weighted (T1W) brain MRI indicated a high signal in the white matter (arrowheads) and corpus
callosum (arrowheads) during the neonatal period. (B,C) T1W brain MRI indicated hydrocephaly (arrowheads) and brain atrophy (arrowheads) at 4
months of age. (D) Proband showed increased bone density on radiography and “sandwich” vertebrae. (E) Multifocal slow spike-wave and slow-wave
patterns in electroencephalogram. (F) The proband’s family tree. (G) The proband was paternally inherited the variant of c.1208G > A in the CLCN7
gene. (H) The proband was maternally inherited the variant of c.982-1G > C in the CLCN7 gene. (I) A cross-species alignment of amino acid
sequences showed that p. Arg403Gln variants were located in a highly conserved region in CLCN7 protein.

TABLE 1 Splicing prediction of the novel variant c.982-1G > C in CLCN7
gene.

In silico tools NM_001287.5:
c.982-1G > C

Splice site altering

Scores Cutoff
CADD splice 32 >14.25 Yes

Wang et al. 10.3389/fped.2023.978879
mutation is a previously reported osteopetrosis-causing variant

located in the transmembrane domain of the protein. The

c.1208G > A mutation is located in a highly conserved region

among vertebrates, as confirmed by an online sequence database

(Figure 2I). The other variant, c.982-1G > C, located in intron

11, was maternally inherited; this variant is novel (Figure 2H).

MaxEntScan 8.27 >2.35 Yes

Spliceogen 1.0 0.78 Yes

NNSPLICE 0.75 >0.4 Yes

SpliceAI 0.79 >0.1 Yes

CADD splice, combined annotation-dependent depletion splice; NNSPLICE, splice

site prediction by neural network.
Splice-altering prediction

As a variant at the canonical splice site, the interpretation of

the c.982-1G > C variant following ACMG guideline was “likely

pathogenic” (PVS1_S + PM2 + PM3 + PP4). In order to predict

the possible splice-altering effect, multiple splice-altering

prediction algorithms were used including CADD, MaxEntScan,

Spliceogen, NNSPLICE, and SpliceAI.

The guanine is replaced by thymine (c.982-1G > C) at

nucleotide number 1 in intron 11 located at the exon–intron

boundaries. In silico prediction analysis is shown in Table 1. The
Frontiers in Pediatrics 04248
CADD index is 32 (CADD index of process normal order is

14.25). MaxENT value is 8.27 (MaxENT index of the normal

sequence is 2.35). Spliceogen index was 1.0 (normal sequence

index is 0.78). NNSPLICE showed an original acceptor site with

a score of 0.79 (cutoff 0.40); no splice site was predicted after the

c.982-1G > C alteration. Similarly, SpliceAI suggested splice
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TABLE 3 The molecular variants in CLCN7 in our patient and others in the literature.

Case (ref.) cDNA nucleotide change Variant type Heterozygosity Amino acid change
1 (10) c.896C > T

c.285 + 1G > A
Missense
Splice site

Compound heterozygous p.Ala299Val
NA

2 (12) c.857G > A
c.1168del

Missense
Frameshift

Compound heterozygous p.Arg286Gln
p.Ala390Glnfs*6

3 (13) c.875G > A
c.1208G > A

Missense
Missense

Compound heterozygous p.Gly292Glu
p.Arg403Gln

4 (14) c.1577G > A Missense Homozygous p.Arg526Gln

5 (11) c.1792G > A Missense Homozygous p.Arg561Gln

6 (8) c.981 + 5G > A
c.948C > T

Splice site
Missense

Compound heterozygous NA
p.Arg280Cys

7a/7b (15) CLCN7: c.594 + 193oGNPTG: c.178 + 6298 Nonsense Homozygous NA

8a/8b (30) c.784_787del
c.1354-1G > A

Frameshift
Splice site

Compound heterozygous p.Ser262Argfs*7NA

9 (9) c.1504G > T Missense Homozygous p.Arg502Trp

10 (3) c.465_466ins Frameshift Homozygous p.Tyr156Leufs*209

11 (3) c.2338G > A Missense Homozygous p.Arg767Trp

12 (3) c.756G > A
c.1614C > T

Missense
Missense

Compound heterozygous p.Gly240Arg
p.Arg526Trp

13 (3) c.1879T > C
c.1485_1565del

Missense
Frameshift

Compound heterozygous p.Leu614Pro
p.Tyr156Leufs*209

14 (3) c.1158G > T
c.*13621A > T

Nonsense
Splice site

Compound heterozygous p.Glu374*
NA

15 (3) c.1032A > G
c.2337C > T

Missense
Missense

Compound heterozygous p.Met332Val
p.Arg767Trp

16a/16b (3) c.784C > G
c.2269C > T

Missense
Missense

Compound heterozygous p.Pro249Arg
p.Ser744Phe

17 (17) c.1555 C > T
c.2999 C > T

Missense
Missense

Compound heterozygous p.Leu519Phe
p.Arg767Trp

18 (17) c.286-9G > A
c.1025T > C

Frameshift
Missense

Compound heterozygous p.Glu95Valfs*8
p.Leu342Pro

19 (18) c.610A > T
c.612C > G

Missense
Missense

Compound heterozygous p.Ser204Trp
p.Ser204Trp

20 (19) c.2416T > A Nonsense Homozygous p.*806Argext*58

21 (16) c.595-120_595-86dup Splice site Homozygous NA

Presenta c.1208G > A
c.982-1G > C

Missense
Splice site

Compound heterozygous p.Arg403Gln
NA

NA, not applicable.
aCurrent study.
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acceptor loss caused by the variant, with a score of 0.79 (cutoff

0.50). Based on these prediction algorithms, the c.982-1G > C

variant, at the splice acceptor site of intron 11, potentially alters

mRNA transcription.
Discussion

We reported a case of neonatal CLCN7-related ARO detected at

birth, with an onset symptom of severe leukocytosis; later

symptoms included vision and hearing loss as well as

neurological deficits in the form of frequent seizures and

intellectual and motor disability. The diagnosis was confirmed by

genetic testing, which showed compound heterozygous variants

in the CLCN7 gene.

Anemia and thrombocytopenia are prominent symptoms in

ARO patients due to bone marrow failure (Table 2). Recurrent

leukocytosis observed in our patient has been scarcely reported.

Another case of CLCN7-related ARO reported in Guangzhou,

China, showed an increased leukocyte count of 19.2 × 10^9/L at
Frontiers in Pediatrics 06250
7 months of age, without longitudinal data, which was similar to

our patient’s condition. However, studies of immunological

deficits in ARO patients have been limited by the availability of

osteoclasts. The defective generation of superoxide by neutrophil

cells, monocytes, and lymphocytes, which results in an inability

to eradicate infection, has been observed in ARO patients (31,

32). Recurrent leukocytosis and osteopetrosis at early age was

highly suspected to be due to KINDLIN3 mutation, an important

intracellular signaling molecule involved in the combination of

osteoclast maturation and leukocyte adhesion deficiency (26, 33).

However, genomic sequencing did not identify pathogenic

variants. Second, the monocyte percentage in this case was

persistently increased (Figure 1). Monocyte macrophages and

osteoclasts are derived from the same hematopoietic lineage. The

dysfunction of osteoclasts may trigger an increase in the

production of monocytes in the feedback cycle, which is

modulated by homologous crosstalk signals (7, 34). Furthermore,

determining whether leukocytosis is a phenotype in CLCN7-

related ARO children and identifying the underlying genotype

may require a more specific cohort.
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FIGURE 3

A sketch-map of the gene and location of reported variants of CLCN7.
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Another important issue is central nervous system (CNS)

impairment. The mechanism of CNS impairments may result from

endosome or lysosome dysfunction in the neuron system mediated

by the inactive CLCN7 channel (35). The interaction pathways of

the peroxisome proliferator-activated receptor and neuroactive

ligand–receptor are reported to be involved (36). We reviewed the

literature and identified a total of 21 patients with CLCN7-related

ARO (8–17, 30, 37) (Table 2). A total of 15/21 patients had CNS

involvement; 6/21 patients died before the age of 5 years. However,

the 10/15 patients without CNS involvement were all alive when

their cases were reported. The oldest surviving patient was 25 years

old (14). Thus, patients with CNS impairments usually had

significantly reduced lifespans, and this effect could not be reversed

by bone marrow transplantation or hematopoietic stem cell

transplantation (1, 3). Thus, CNS involvement in CLCN7-related

ARO should be thoroughly assessed initially and carefully

monitored, as it is an essential prognostic predictor. The typical

clinical neurological presentation of TCIRG1-related ARO patients

was also hydrocephalus, myotonia, neuropsychic and psychomotor

retardation, compromised vision, and heavy nasal breathing.

Overall, the neurological phenotype of TCIRG1-related ARO seems

to be more benign than that of the CLCN7-dependent form.

However, no significant correlation was found between CNS

phenotypic presenting features and specific gene mutations, which

may be related to the clinical phenotype variability and variable

genetic expressivity in the pathogenic genes (4, 38–40).

Previously, the reported ARO-causing variants in CLCN7

(42 alleles, including 22 missenses, 6 splice sites, 3 nonsense, and
Frontiers in Pediatrics 07251
5 frameshift) did not include any hotspot mutations (Table 3,

Figure 3). The missense mutation (c.1208G > A) was reported,

which was suggestive of a mild case of ARO (13). However, our

patient’s medical history and short survival time manifested a

malignant phenotype. Thus, the correlation between genotype

and phenotype remains to be resolved. The pathogenetic process

may also involve posttranslational modifications, including

epigenetic modification, phosphorylation, and ubiquitylation,

which might impair the function of the CLCN7 protein.

In a review of 22 patients with CLCN7-related AROs, the

predictive value concerning survival of early central nervous

impairment was investigated (Table 2). Another important

issue was that the onset symptom of exaggerated leukocytosis

was scarcely reported, which would straightforwardly be

misdiagnosed as JMML or LAD. However, the nonspecific

peripheral blood smear test and the failure of bone marrow

aspiration of the neonatal patient required the consideration of

differential diagnoses. ARO is not recognized immediately in our

case and other considerable number of children. Indicative signs,

such as neurologic impairment, vision or hearing lost, and

hematological abnormality, would be suggestive findings for the

early diagnosis. Increased bone density is radiological feature for

clinically early diagnosis. Also, high-throughput sequencing

technology is the most effective and precise method to

distinguish similar phenotypes. Hopefully, our research will be

able to increase adequate knowledge and awareness of ARO

disease for physicians, who might be the initial contact for

patients, such as pediatricians, neurologists, hematologists,
frontiersin.org
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ophthalmologists, and geneticists. There are some limitations of

our study. The minigene assay was an efficiency method to

elucidate the biological effects of the novel splice site variant

(c.982-1G > C). However, we did not perform studies on the

working mechanism of this variant and more in-depth research

is needed. Additionally, the predictive values of exaggerated

leukocytosis as early signs need more clinical cohorts to illustrate.
Conclusion

This study expands the spectrum of CLCN7 mutations,

reporting that the combination of c.1208G > A and c.982-1G > C

mutant alleles resulted in a very early-onset, life-threatening

phenotype. Furthermore, symptoms of leukocytosis, progressive

neurological impairment, and vision or hearing loss should raise

clinical suspicion of ARO. High-throughput sequencing

technology is expected to be beneficial for precise diagnosis and

improved prognosis.
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Acid sphingomyelinase deficiency (ASMD) is an autosomal recessive disease
caused by biallelic pathogenic variants in the sphingomyelin
phosphodiesterase-1 (SMPD1) gene. Acid sphingomyelinase deficiency is
characterized by a spectrum of disease and is broadly divided into three types
(ASMD type A, ASMD type A/B, and ASMD type B). More than 220 disease-
associated SMPD1 variants have been reported, and genotype/phenotype
correlations are limited. Here we report the first description of all six diagnosed
acid sphingomyelinase deficiency cases in Hungary. Nine SMPD1 variants are
present in this cohort, including 3 SMPD1 variants (G247D, M384R, and F572L),
which have only been described in Hungarian patients. All described variants are
deemed to be pathogenic. Eight of the variants are missense, and one is a
frameshift variant. The treatment of an ASMD type A/B patient in this cohort
using hematopoietic stem cell transplantation is also detailed. This study may help
to support diagnosis, patient genetic counseling, and management of acid
sphingomyelinase deficiency.

KEYWORDS

ASMD, acid sphingomyelinase deficiency type A/B, intermediate-type acid
sphingomyelinase deficiency, Niemann-Pick disease type A/B, SMPD1

1 Introduction

Acid sphingomyelinase deficiency (ASMD), which was historically known as Niemann-
Pick disease, is a rare, progressive, debilitating, and potentially fatal disease (McGovern et al.,
2017b). ASMD is an autosomal recessive lysosomal storage disease (LSD) caused by biallelic
pathogenic variants in the sphingomyelin phosphodiesterase-1 (SMPD1) gene, which
encodes acid sphingomyelinase (ASM). Reduced levels and/or activity of ASM results in
the progressive accumulation of sphingomyelin and other lipids, notably within tissues with
a high reticuloendothelial cell content, such as the spleen, liver, lung, lymph nodes, and bone
marrow (McGovern et al., 2017b). To date, more than 220 pathogenic sequence variants of
SMPD1 have been associated with ASMD (Hu et al., 2021). The numerous gene variants of
SMPD1, in conjunction with other genetic and epigenetic factors, give rise to a wide range of
disease symptoms and severity (McGovern et al., 2021).
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ASMD is broadly divided into three types, which are
characterized by their clinical manifestations, age of onset, and
rapidity of disease progression (Schuchman and Desnick, 2017).

ASMD type A is an early-onset, rapidly progressing
neurovisceral disorder leading to death at 2–3 years of age. These
patients may exhibit symptoms including central nervous system
involvement, hepatosplenomegaly, pulmonary symptoms, and a
failure to thrive or reach developmental milestones (McGovern
et al., 2006). ASMD type B has a slow, progressive course with
limited or no neurologic involvement, and patients may survive until
adolescence or adulthood. Hepatosplenomegaly is the predominant
manifestation; other common symptoms include pulmonary
involvement and liver dysfunction (McGovern et al., 2017a).

ASMD type A/B is thought to be an intermediate clinical
phenotype characterized by slow progressive, variable visceral
disease and neurological degeneration (Pavlů-Pereira et al., 2005;
Wasserstein et al., 2006).

Given the variety of clinical manifestations of ASMD, a wide
range of clinical evaluations (including cardiac, neurological,
metabolic, pulmonary, musculoskeletal, and gastrointestinal) may
be undertaken before ASMD is suspected and diagnosed (McGovern
et al., 2017b). The clinical diagnosis of ASMD may also be
confounded by multiple symptoms that overlap with other LSDs.
Consensus diagnostic guidelines for ASMD (McGovern et al.,
2017b), therefore, recommend that diagnosis is made based on
reduced ASM activity in whole blood, dried blood spots,

TABLE 1 Timeline, natural history, and genotype/phenotype of ASMD patients.

Patient No 1 2 3 4 5 6

Gender Male Male Male Female Female Male

Ethnicity Caucasian Caucasian Caucasian Caucasian Caucasian Roma

Disease type ASMD Type A ASMD Type A/B ASMD Type A/B ASMD Type A/B ASMD Type B ASMD Type B

Current age Deceased 9 years 15 months 7 years Deceased Unknown

Age of disease
onset

6 months 22 months 3 months 6 weeks 17 months 24 months

Presenting
symptoms

Elevated liver
enzymes, hepato-
splenomegaly

Hepato-splenomegaly,
anemia, elevated liver
enzymes and
thrombocytopenia

Eating difficulties,
dystrophic features, axial
hypotonia, slightly delayed
psychomotor development,
hepatosplenomegaly, and
fluctuating liver enzymes

Icterus, elevated liver
enzymes

Elevated liver enzymes,
hepato-splenomegaly

Abdominal
distension,
hepato-
splenomegaly

SMPD1 rare
variants/
ACMG
classification

c.740G>A
(p.G247D)/
Pathogenic;
c.1716C>G
(p.F572L)/Likely
pathogenic

c.880C>A (p.Q294K)/
Pathogenic; c.518dupT
(p.S174fs*19)
Pathogenic

c.742G>A (p.E248K)/
Pathogenic; c. 1151T>G
(p.M384R)/Pathogenic

c.880C>A (p.Q294K)/
Pathogenic; c.911T>C
(p.L304P) Pathogenic

homozygous c.748A>C
(p.S250R)/Pathogenic

homozygous
c.1177T>G
(p.W393G)
Pathogenic

ASM activity NA 2.5% 8% 8% 10% NA

Age of Genetic
Diagnosis

1 year 5 years 6 months 17 months 2 years 6 years

Additional
Symptoms
developed

Failure to thrive,
severe psychomotor
retardation, lymph-
adenopathy, iron
deficiency anemia,
macrocephaly, facial
dysmorphia,
hypotonia, right
inguinal hernia and
hydrocele

Delayed motor and
speech development,
truncal ataxia. 4 years
old, speech and mental
regression. 7 years old
epileptic seizures.
Unable to walk due to
ataxia

8 months failure to thrive,
PEG tube introduced.
11 months, weight
remained under the 3rd
percentile, delayed motor
development

2 months cholelithiasis,
direct hyperbilirubinemia
and hepatopathy.
4 months splenomegaly.
Failure to thrive, anemia,
generalized muscle
hypotonia, delayed motor
development, seizures,
and low cortisol. 3 years
pulmonary fibrosis, lung
infiltration, gastroparesis,
significant splenomegaly,
and foamy macrophages
in the bone marrow.
5 years mental regression,
decreased muscle tone,
delayed motor
development

Nanosomia 13 years,
Hypoalbuminemia,
anemia, thrombo-
cytopenia, and interstitial
lung disease. 14 years
hepatorenal syndrome,
anuria, and respiratory
insufficiency

Elevated liver
enzymes,
cherry-red
spot

HSCT N N N Y at 2 years of age N N

Deceased Y N N N Y NA

Deceased age 26 month N/A N/A N/A 14 years NA
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fibroblasts, or leukocytes. The gold standard method of ASM
estimation is tandem mass spectrometry, but fluorometric ASM
activity assays are also widely used (McGovern et al., 2017b). When
ASM deficiency, defined as a residual ASM less than 10% of control
values (Wasserstein and Schuchman, 1993), is apparent, genetic
sequencing is performed to obtain additional information and
predict genotype/phenotype correlation if none has been
established. Genetic sequencing may be independently diagnostic
if 2 pathogenic variants are detected (McGovern et al., 2017b).

ASMD is a pan-ethnic disorder with a worldwide distribution
(Simonaro et al., 2002). However, some SMPD1 variants have a
higher incidence in particular geographic regions; for example, the
p.R610del variant is prevalent within the Maghreb region of North
Africa (Vanier et al., 1993). Detailed studies of the ASMD genotype
and phenotype have been conducted in some European areas, such
as in Czech and Slovak patients (Pavlů-Pereira et al., 2005). To date,
a limited amount of information on Hungarian ASMD genotypes
and phenotypes is available from a research study of three
Hungarian ASMD families (Tóth et al., 2011).

Here we describe the genotype and phenotype of 6 Hungarian
pediatric patients and the treatment of one with a hematopoietic
stem cell transplant (HSCT).

2 Patients and methods

Patients diagnosed with ASMD in Hungary were identified with
the involvement of physicians from Hungarian Rare Disease Expert
Centers and lysosomal disease treatment centers. All patients
described in this case series (Table 1) are Hungarian, patients 1-
5 are Caucasian, and patient 6 is of Gypsy/Roma ethnicity. SMPD1
variants are described with reference to the GenBank (Accession
Number) NM_000543.4 sequence. The impact analysis tool
VarSome (Kopanos et al., 2019) and the Franklin online platform
(https://franklin.genoox.com - Franklin by Genoox) were used for
variant classification. ACMG (American College of Medical
Genetics) classification were performed in all cases. The
damaging rare variants were validated by Sanger sequencing in
all cases. The trans position of the heterozygous rare variants were
proven by the segregation analysis of the parents.

2.1 Case reports

All patients described in this case series (Table 1) are Hungarian,
patients 1-5 are Caucasian, and patient 6 is of Romani person
ethnicity. SMPD1 variants are described with reference to the
GenBank (Accession Number) NM_000543.4 sequence. The
impact analysis tool VarSome (Kopanos et al., 2019) and the
Franklin online platform (https://franklin.genoox.com - Franklin
by Genoox) were used for variant classification (Supplementary
Table S1).

Patient 1 (a male deceased at 26 months) was diagnosed at
6 months of age with ASMD type A disease, which was characterized
by hepatosplenomegaly and elevated liver enzymes. He was born at
term with a birth weight of 3,020 g. His perinatal adaptation was
normal; no prolonged jaundice was detected. He presented with
hepatosplenomegaly at the age of 6 months. Laboratory tests showed

elevated liver enzymes. By 4 months, he exhibited failure to thrive
and delayed motor development. From the age of 5 months, he was
treated for a right inguinal hernia and hydrocele. He received iron
supplementation due to iron deficient anemia. By the age of 1 year,
he only learned to roll over, but could not sit, stand or walk. He had
hypotonia and he could not eat chunky food. He also developed
macrocephaly and facial dysmorphia characterized by distant eyes
and swollen eyelids, slight exophthalmos, wide nasal roots and deep-
set ears. Biallelic SMPD1 c.740G>A (p.G247D), c.1716C>G
(p.F572L) gene variants were identified at 1 year. During the
second year of life, severe progression of the disease was
observed, and rapid deterioration of organ functions led to death
at 26 months of age.

2.1.1 Patients 2–4 had ASMD A/B phenotype
Patient 2 (a 9-year-old male) was 22 months old at disease onset

and presented with hepatosplenomegaly, elevated liver enzymes,
anemia, and thrombocytopenia. The patient was determined (at
5 years) to have an ASMD type A/B phenotype and to carry
compound heterozygous c.880C>A (p.Q294K) and c.518dupT
(p.S174fs*19) SMPD1 variants. Acid sphingomyelinase activity
was decreased. Delayed motor and speech development and
truncal ataxia were exhibited. At 4 years, speech and mental
regression were noted, and epileptic seizures developed aged 7.
The patient was unable to walk as a consequence of ataxia.

Patient 3 (a 15-month-old male) presented at 3 months with
eating difficulties, dystrophic features, axial hypotonia, slightly
delayed psychomotor development, hepatosplenomegaly, and
elevated liver enzymes. Ferritin was 502 μg/L. C-triol (cholestane-
3β,5α,6β-triol) was 109 ng/ml (normal range 0–40 ng/mL), 7-
ketocholesterol: 395 ng/ml (normal range 0–85 ng/mL). Acid
sphingomyelinase activity was decreased at 0.1 μmol/L/h (cut
off > 1.2). He was determined (at 6 months) to have compound
heterozygous c.742G>A (p.E248K) and c.1151T>G (p.M384R)
SMPD1 variants. By 8 months, he exhibited a failure to thrive,
and a PEG tube was introduced. At 11 months, his weight remained
under the 3rd percentile, and he has delayed motor development. He
is able to roll over in both directions but cannot crawl. He does not
exhibit any pulmonary symptoms.

Patient 4 (a 7-year-old female) first exhibited symptoms of
icterus and elevated liver enzymes at 6 weeks. She demonstrated
cholelithiasis, direct hyperbilirubinemia and hepatopathy (at
2 months), and splenomegaly (at 4 months). Liver enzymes were
elevated. Subsequently, failure to thrive, anemia, generalized muscle
hypotonia, delayed motor development, seizures, and low cortisol
were noted. Her acid sphingomyelinase activity was decreased at
0.1 μmol/L/h (cut off > 1.2). Genetic analysis (at 17 months of age)
revealed biallelic c.880C>A (p.Q294K) and c.911T>C (p.L304P)
SMPD1 variants. At 2 years of age, the patient received an allogeneic
bone marrow transplant. However, donor chimerism rapidly
decreased in the peripheral blood. Approximately 6 weeks after
the initial procedure, an additional “mega-dose” haploidentical
transplant with continual G-CSF was required. Three months
later, a (CD 20 negative, mucosa-associated lymphoid tissue-type)
post-transplant lymphoproliferative disorder developed, which was
successfully treated with dexamethasone. A bone marrow biopsy
confirmed normal thrombopoiesis; however, a low peripheral
platelet count was noted, which may have been a consequence of
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hypersplenism. At 3 years of age, signs of disease progression were
observed, including pulmonary fibrosis, lung infiltration,
gastroparesis, significant splenomegaly, and foamy macrophages
in the bone marrow. At 5 years, she is still PEG tube fed and
demonstrates some mental regression, decreased muscle tone,
and delayed motor development.

2.1.2 Patient 5–6 were classified as ASMD type B
Patient 5 (a female deceased at 14 years of age) was born at term

with a birth weight of 2,750 g. Her perinatal adaptation was normal,
no prolonged jaundice was detected. She presented with elevated
liver enzymes and hepatosplenomegaly at 17 months. She also had
nanosomia. Laboratory tests showed elevated liver enzymes. She had
significantly decreased acid sphingomyelinase activity (0.24 μkat/kg
protein, normal range: 2.3–3.9 μkat/kg protein). Genetic analysis
(conducted at 2 years) revealed this patient was homozygous for the
c.748A>C (p.S250R) SMPD1 variant. She had no neurological
disease manifestations. Hypoalbuminemia, anemia,
thrombocytopenia, and interstitial lung disease were noted at
13 years, and hepatorenal syndrome, anuria, and respiratory
insufficiency developed by 14 years of age. The patient died aged
14 years due to severe hepatic dysfunction, hepatorenal syndrome,
interstitial lung disease, and cardiac failure.

Patient 6 (male) displayed abdominal distension and
hepatosplenomegaly at 24 months. He had no neurological
disease manifestations at diagnosis. Liver enzymes were elevated,
and a cherry-red spot was noted. This patient is Roma origin and is
homozygous for the c.1177T>G (p.W393G) SMPD1 variant. A
genetic diagnosis was established at 6 years of age. Limited
further clinical information is available for this patient.

3 Discussion

Here we describe the genotype and phenotype of 6 Hungarian
ASMD patients. Nine SMPD1 variants are present in this cohort. To
date, 3 SMPD1 variants identified in this study (G247D, M384R, and
F572L) have solely been described in Hungarian patients. The
remaining SMPD1 variants have been previously documented in
Bulgarian, Jewish, Chinese, Korean, Italian, Czech, and Slovakian
patients (Levran et al., 1992; Ferlinz et al., 1995; Simonaro et al.,
2002; Harzer et al., 2003; Sikora et al., 2003; Ricci et al., 2004; Pavlů-
Pereira et al., 2005; Mihaylova et al., 2007; Cho et al., 2009; Gan-Or
et al., 2013; Zampieri et al., 2016; Kaseniit et al., 2020; Hu et al.,
2021). Eight of the variants are missense, which are deemed to be
pathogenic, and one is a frameshift variant (Zampieri et al., 2016).
Several of the missense variants present in this cohort of patients
have been functionally evaluated (G247D, Q294K, L304P, W393G,
and F572L), which demonstrated a range of residual activity from
less than 5% up to 30% of wild-type ASM activity (Tóth et al., 2011;
Zampieri et al., 2016). Frameshift variants are deleterious as they can
produce mRNA, which is eliminated by nonsense-mediated decay or
lead to the generation of truncated and potentially afunctional
proteins (Zampieri et al., 2016). Frameshift variants generally
result in limited or no ASM activity (McGovern et al., 2017b).
However, the frameshift variant (p.S174fs*19) identified in this case
series has not been further characterized.

Genetic testing revealed that the only patient diagnosed with
ASMD type A (patient 1) carried p.G247D and p.F572L SMPD1
variants. This patient was previously reported by Tóth et al. (2011).
Their functional in vitro analysis demonstrated that both variants
(but notably p.G247D) decreased the half-life and catalytic activity
of ASM, which may explain the severe and ultimately fatal ASMD
disease trajectory in p.G247D, p.F572L patients (Tóth et al., 2011).

One of the ASMD type B patients described here (patient 6) is of
Roma origin and homozygous for the p.W393G variant. A study of
20 Bulgarians with Roma ancestry showed that all the individuals
were homozygous for the p.W393G variant and had an ASMD A/B
phenotype. These patients demonstrated a wide spectrum of
neurological involvement (Mihaylova et al., 2007). Functional
studies of the resultant protein demonstrated limited ASM
stability which may underpin the limited sphingomyelinase
activity in these patients (Ferlinz et al., 1995). These data suggest
that this variant is a Roma founder mutation.

Two patients in this case series carry the p.Q294K variant in
heteroallelic form either alongside the p.L304P variant [ASMD type
A/B (patient 4)]; or the p.S174fs*19 frameshift variant in the
intermediate ASMD type A/B participant (patient 2). The
p.L302P (also known as p.L304P) variant accounted for ~24% of
the mutant alleles in a group of Ashkenazi Jewish ancestry who had
ASMD type A (Levran et al., 1992). Q294K is a common SMPD1
gene variant that is strongly associated (in either homoallelic or
heteroallelic form) with neurological symptoms and disease
progression (Pavlů-Pereira et al., 2005; Wasserstein et al., 2006).
When p.Q294K is present in heteroallelic form, the phenotype is
modified by the second SMPD1 variant (Pavlů-Pereira et al., 2005).
A study in Czech and Slovak patients revealed that p.Q294K is one of
the most common variants in Eastern Europe (Pavlů-Pereira et al.,
2005). The p.Q294K variant was previously identified in the
Hungarian population by anonymous retrospective testing of
newborn screening cards for LSDs (Wittmann et al., 2012).
However, this study was not designed to provide information on
phenotype and disease trajectory or allow for patient follow-up
(Wittmann et al., 2012).

An ASMD type A/B patient in this case series (patient 3) is
heteroallelic for the p.E248K missense variant (Ricci et al., 2004),
which is thought to be a functionally important variant as it resulted
in charge changes (Ricci et al., 2004). p.E248K has been previously
documented in Korean (Cho et al., 2009), Italian (Ricci et al., 2004),
and Chinese (Hu et al., 2021) patients.

The Hungarian ASMD type B patient homozygous for p.S250R
(patient 5) died aged 14. The p.S250R variant was also present in
heteroallelic form (alongside p.Q294K) in a previously described 4-
year-old patient who exhibited massive hepatosplenomegaly, lung
infiltration but no neurological symptoms (Harzer et al., 2003).
However, no follow-up information on patient longevity is provided
(Harzer et al., 2003).

The most frequently reported worldwide SMPD1 variant is
c.1829_1831del (p. R610del) (Zampieri et al., 2016). Interestingly
it was not present in any of the Hungarian patients studied.
However, Eastern European populations may have a lower
incidence of the p.R610del variant, given that it was not
identified in a cohort of patients from the Czech Republic
(Pavlů-Pereira et al., 2005; Zampieri et al., 2016).
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Until early 2022, when enzyme replacement therapy for ASMD
was initially approved (Keam, 2022), no disease-specific treatments
for ASMD were available. Limited reports document the successful
use of bone marrow or stem cell transplantation in ASMD (Victor
et al., 2003; Shah et al., 2005). Despite the use of 2 allogeneic stem cell
transplants in patient 4, the (p.Q294K; p.L304P) ASMD type A/B
patient described, disease progression has continued.

In conclusion, this case report represents the most
comprehensive description of ASMD in Hungary to date. Nine
SMPD1 variants are present in this cohort (Supplementary Table
S1), including 3 SMPD1 variants (p.G247D, p.M384R, and p.F572L),
which have solely been described in Hungarian patients. In patients
who present with rare or novel SMPD1 variants, genotyping has
limited prognostic value. Therefore, the analysis of possible
correlations between the genotype and ASMD disease course can
inform clinical management and help to develop novel or
personalized therapies.
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Spastic tetraplegia, thin corpus callosum, and progressive microcephaly
(SPATCCM) are linked to SLC1A4 genetic variants since the first reported case in
2015. SLC1A4 encodes for the neutral amino acid transporter ASCT1 which is
involved in the transportation of serine between astrocytes and neurons.
Although most of the reported cases are of Ashkenazi Jewish ancestry,
SPATCCM has also been reported in Irish, Italian, Czech, Palestinian, and
Pakistani ethnicities. Herein, we report two Pakistani male siblings from a non-
consanguineous marriage presented with global developmental delay associated
with spastic quadriplegia, microcephaly, and infantile spasm. Since infancy, both
siblings suffered from microcephaly with brain MRI demonstrating generalized
atrophy of the frontal, temporal, and parietal lobes with a prominence of the
subarachnoid spaces, widening of the Sylvian fissures, and enlargement of the
ventricular system not compatible with the chronological age of both patients
associated with thinning of the corpus callosum. Whole-exome sequencing of
both affected brothers revealed novel compound heterozygous variants in the
SLC1A4 gene (NM_003038) segregating from their parents. The maternal
c.971delA (p.N324Tfs*29) deletion variant disturbs the transcript reading frame
leading to the generation of a premature stop codon and its subsequent
degradation by nonsense-mediated mRNA decay as detected through
expression analysis. The paternal c.542C > T (p.S181F) missense variant was
predicted deleterious via multiple in silico prediction tools as the amino acid
substitution is speculated to affect the overall ASCT1 structural confirmation due
to the loss of an H-bond at the core of the protein at this position which might
affect its function as concluded from the simulation analysis. The presented
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cases expand the genetic and clinical spectrum of ASCT1 deficiency and support the
importance of including SLC1A4 gene screening in infants with unexplained global
neurodevelopmental delay regardless of ethnicity.
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1. Introduction

Alanine Serine Cysteine Transporter 1 (ASCT1; P43007-1) is a

neutral amino acid transporter protein that is mainly responsible

for the transport of l-Serine amino acids from astrocytes to

neuronal cells in a Na+-dependent mechanism (1). L-Serine is a

nonessential amino acid that can be provided through diet and

protein degradation. Because of its poor permeability through the

blood-brain barrier, l-Serine is synthesized in the brain by

astrocytes and shuttled to neurons through ASCT1, serving as a

precursor for l-cysteine, phosphatidyl-l-serine, sphingolipids, and

different neuromodulators (2). Therefore, ASCT1 is crucial for

the early development and function of the neuronal system and

is ubiquitously expressed in the brain (3, 4). The transporter

protein is expressed by the solute carrier family 1 member 4

(SLC1A4) gene (HGNC:10942; NM_003038.5) mapped to

chromosome 2p14 (5).

Genetic defects in the SLC1A4 gene (MIM: 600229) have been

linked to an autosomal recessive neurodevelopmental disorder

(MIM: 616657) that is mainly characterized by early infantile

onset of spastic tetraplegia, thin corpus callosum, and progressive

microcephaly (SPATCCM) leading to severe and progressive

early developmental delay (6). The first SPATCCM case was

published in 2015 reporting two siblings from a consanguineous

Ashkenazi Jewish family carrying the founder p.E256K mutation

that has a carrier frequency of 0.7% in the population (7). Later,

multiple other disease-causing variants like p.L315fs and

p.R457W were detected in eight or more families of the same

origin, strongly suggesting including the SLC1A4 gene in the

carrier screening panel of this community. However, the

phenotype has been reported in families of European and Middle

Eastern origins, supporting the fact of investigating for ASCT1

deficiency in cases with unexplained neurodevelopmental

disorders regardless of ethnicity (8, 9). Collectively, there are a

total of 10 SLC1A4 genetic variants reported in the Human Gene

Mutation database (HGMD) that are linked to the autosomal

recessive SPATCCM phenotype of which are three nonsense,

four missense, two deletion, and one insertion variants (10).

So far, there is only one case of SPATCCM reported in the

Pakistani population that is associated with seizure disorder due

to a nonsense variant in the SLC1A4 gene (c.573T > G; p.Y191*)

(8). Herein, we are reporting the second case of novel compound

heterozygous SLC1A4 mutations identified by whole-exome

sequencing (WES) in two Pakistani siblings of a non-

consanguineous family. The pathogenicity of the detected

variants was confirmed through multiple in silico molecular

dynamics (MD) simulations and expression analyses.
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2. Materials and methods

2.1. Ethical consideration

This study was approved by the Abu Dhabi Health Research

and Technology Committee, reference number DOH/CVDC/

2021/1318 as per national regulations. Affected patients were

identified by the neurology and metabolic team at Tawam

Hospital, Abu Dhabi, for clinical evaluation and follow-up. All

participants signed an informed consent form to participate in

this study.
2.2. Whole-Exome sequencing (WES)

Genomic DNA (gDNA) from whole blood (collected in EDTA

tubes) was extracted using the QIAcube automated DNA extraction

system with the QIAmp DNA Mini kit (Qiagen). The quantity and

quality of genomic DNA were assessed by both spectrophotometric

(Nanodrop, Thermo Fisher Scientific, Waltham, MA, USA) and

fluorometric methods (Qubit 4.0 fluorometer, Thermo Fisher

Scientific, Waltham, MA, USA). Genomic DNA was fragmented

by a Covaris LE-220 plus ultrasonication system (Covaris Inc.,

Woburn, MA, USA). Whole-exome sequencing library

preparation and target enrichment were performed using TruSeq

DNA Exome (Illumina Inc., San Diego, CA, USA.) kit according

to the manufacturer’s protocol. The libraries were sequenced with

paired-end reads (2 × 150 bp) on the NovaSeq6000 system

(Illumina Inc., San Diego, CA, USA). Read mapping (GRCh37/

hg19 reference assembly), alignment, and variant calling were

performed using a combination of in-house developed pipelines

and the Illumina DRAGEN Bio-IT platform. Variant annotation

and filtration were performed using the VarSeq software (Golden

Helix Inc, Boseman, MT) using a customized pipeline. The

following databases and in silico algorithms were used to

annotate and evaluate the impact of the variant in the context of

human disease: gnomAD, ClinVar, HGMD, OMIM, dbSNP,

NCIB RefSeq Genes, the Exome Aggregation Consortium (ExAC)

Gene Constraints, Sorting Intolerant From Tolerant (SIFT),

PolyPhen2, PhyloP, GERP++, GeneSplicer, MaxEntScan,

NNSplice, and CADD scores. All disease-causing variants in

ClinVar [http://ncbi.nlm.nih.gov/clinvar], Human Genome

Mutation Database [HGMD; http://hgmd.cg.ac.uk] (10), as well

as all variants with minor allele frequency (MAF) of less than 1%

in the gnomAD database (11) in the coding regions and exon/

intron boundaries ± 20 bp in the target genes, were considered.

For the clinical correlation of the identified variants, relevant
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inheritance patterns based on clinical information and family

history provided by the referring physician were used. The

variants were interpreted according to the criteria specified by

ACMG guidelines (12) and patient phenotype.
2.3. PCR amplification and validation by
sanger sequencing

SLC1A4 gene variants detected viaWESwere confirmed via Sanger

sequencing. Primers for exon 2; NM_003038.5: c.542C > T (forward;

5′- AGTTCAAGGCTGCAGTGAGCTG-3′ and reverse; 5′-
ACCATCTCTCCCTGTTCTACC-3′) and exon 5; NM_003038.5:

c.971delA (forward; 5′- AGGAAGGACCTGCATCTCTCAC-3′ and

reverse; 5′-CACCTGGTTCCATGTTAACATG-3′) were designed

via Primer3Plus (http://www.bioinformatics.nl/cgi-bin/primer3plus/

primer3plus.cgi/) and purchased from Metabion Inc. (Germany).

PCR amplification and Sanger Sequencing were carried out as

previously performed (13).
2.4. In silico analysis and the impact of the
variants on protein structure and function

The SLC1A4 gene transcript (ENST00000234256) and protein

sequence (NM_003038; P43007) were obtained from the Ensembl

and UniProt databases, respectively. The ExPASy translate tool

was used to predict the impact of the filtered variants from WES

on the protein sequence. Various in silico prediction tools were

employed to assess the effect of the detected genetic variants on

protein function. The SIFT algorithm determined whether the

variants affected ASCT1 protein function based on a score

threshold of 0.05 (14). The PolyPhen-2 algorithm evaluated the

impact on ASCT1 structure and function, with scores categorized

as benign (0–0.15), possibly damaging (0.15–0.9), or confidently

damaging (0.9–1) (15). The PROVEAN software assessed the

influence of ASCT1 amino acid substitution on biological

function, with a score below −2.5 indicating a deleterious variant

(16). Lastly, the MutationTaster online tool was utilized to

evaluate whether these variants could be disease-causing (17).
2.5. Real-time PCR

Total RNA was isolated from EDTA-collected whole blood

samples using TRIzol Reagent (Life Technologies). Total RNA

was precipitated, purified, and eluted using a QlAamp RNA

blood mini kit (Qiagen). Total RNA was subjected to reverse

transcription using Promega GoScript reverse transcriptase kit by

following the manufacturer’s instructions. Quantitative real-time

PCR was performed on a QuantStudio 7 Flex (Applied

Biosystems) real-time PCR machine. TaqMan real-time PCR

assays (Life Technologies) for SLC1A4 (Hs00983079_m1) were

used for analyzing ASCT1 expression and as an internal

reference control, GAPDH (Hs02758991_g1) was used, according

to the manufacturer’s protocol. Gene expression was analyzed by
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relative quantification, normalized to GAPDH (reference gene)

expression, and calculated using the comparative Ct (ΔCt)

method via the QuantStudio Real-Time PCR software v1.2. The

relative expression presented in the bar graph is a representation

of the mean of three independent reaction runs, where error bars

indicate S.E.M.
2.6. Molecular dynamics simulation

2.6.1. Stability Study
The ASCT1 crystal structure was obtained from the protein

data bank (PDB ID: 7P4I2) (18). The ASCT1 structure was

checked for missing residues and atoms, then it was protonated

via the protein preparation module in the MOE software package

(19). Consequently, the ASCT1 structure was mutated from

serine to phenylalanine at position 181 by the Residue Scan

module in MOE, which then produced the 3D structure of the

mutant form (19).
2.6.2. Molecular dynamics protocol
The wild-type and mutated solvated systems of the ASCT1

transporter were built separately via XLeap in the AmberTools

program (20). Both systems were energy-minimized and

simulated (via molecular dynamics) via pmemd in the Amber18

software package (20). Minimization was conducted via two

consecutive steps of 1,000 cycles each by applying 2 kcal/mol

restraint forces on the protein atoms only in the first stage. The

resultant systems were heated over the time course of 20 ps from

0 to 300 K under NVT conditions using a Langevin thermostat

and 2 kcal/mol restraint force (on protein atoms). Subsequently,

the solvated systems’ densities were equilibrated for 100 ps and

used again at 2 kcal/mol to restrain the forces on protein atoms.

MD simulations were conducted for the course of 100 ns using

an average pressure of 1 atm under NPT conditions, with a

relaxation time of 2 ps. The average temperature was set to

300 K, and it was controlled by a Langevin thermostat (using a

collision frequency of 1.0 ps−1). The Particle mesh Ewald

algorithm was employed to run all explicit solvent calculations,

with a cutoff of 10 Å for long-range electrostatics (21). The

SHAKE algorithm Hydrogen was used to constrain hydrogen

atoms’ covalent bonds during all MD simulations. Clustering was

done to identify the top clustered conformation using the

CCPTRAJ module, where the Epsilon value was set to 1.5 after

all frames were stripped out of solvent molecules and ions (22).
2.7. Data availability statement

Variant data have been submitted to ClinVar with the

following submission IDs: SUB11885160 for the deletion

(c.971delA) variant and SUB11885207 for the missense (c.542C

> T) variant. The data that support the findings of this study are

available upon request from the corresponding author.
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3. Clinical presentation

In this study, two male siblings of Pakistani origin were

presented at the metabolic clinic with a neurodevelopmental

disorder characterized by severe global developmental delay since

birth. They were diagnosed with SPATCCM through clinical

examination and molecular analyses. The family had no previous

history of the disease. Parents are non-consanguineous and had

one miscarriage during early pregnancy for unknown reasons

(Figure 1A). The diagnosis in both siblings was confirmed via

whole-exome sequencing (WES) at UAEU genomic lab that

detected novel compound heterozygous variants in the SLC1A4

gene. The reported variants were detected in both affected

siblings segregating from their parents as confirmed by Sanger

Sequencing. The pathogenicity of the novel variants was further

confirmed via functional and structural analyses as described in

detail below.
3.1. Patient 1 (proband)

6-year-old Pakistani boy born to non-consanguineous parents

presented with an infantile-onset global developmental delay,

spastic quadriplegic, seizures, acquired microcephaly, and failure
FIGURE 1

The effect of the detected SLC1A4 genetic variants on ASCT1 expression. (A) G
inheritance pattern. (B) Schematic illustration of ASCT1 protein showing the p
deletion variant and its subsequent loss of three functionally critical transmem
extracellular domain of ASCT1 is highlighted in yellow. (C) Relative expression
RT-PCR confirming the pathogenicity of both reported variants. Error bars re

Frontiers in Pediatrics 04263
to thrive. Metabolic workup and chromosomal analyses

(karyotype and chromosomal microarray analysis) were

unremarkable. Compound heterozygous variants (deletion and

missense) in SLC1A4 were detected by WES, which was

confirmed by Sanger Sequencing.

The proband was born at term with an unremarkable perinatal

history and 3 kg weight. He smiled at 3 months, rolled over at 10

months, and was able to sit at 11 months, but he could not sit

after his first febrile seizure. His seizures were noticed during a

febrile illness at 16 months of age for which he was managed

with levetiracetam. He started to regain multiple abilities like

rolling over and started sitting again with a curved back at 18

months of age. He could not crawl or pull himself to a standing

position or cruise around. He was able to reach for objects, hold,

and transfer them from hand to hand, but he did not have a

pincer grasp. His speech skills were delayed, and he could not

speak but communicate through screaming and sounds. He had

good eye contact but was socially anxious toward strangers. He

was not interacting with others but was able to clap and wave

bye. His development was affected in all aspects. He was

managed with baclofen and routine botulinum toxin injections

for his muscle spasticity where the lower limbs were severely

affected. The spasticity was progressive; it started in the lower

limbs and progressed to the upper limbs as well. Botox injection
enetic pedigree chart of the affected family showing the reported variants
osition at which the premature termination is generated due to c.971delA
brane domains. The position of the p.S181F amino acid substitution in the
of the SLC1A4 gene in blood samples of all family members measured via
present ± SEM of three independent experiments.
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improved the muscle tone, but continuous administration was

required to maintain the improvement. His condition is severely

progressive, keeping him wheelchair dependent. The proband

was seizure-free on Levetiracetam until 5 years of age when he

started new types of seizures. In addition to myoclonic seizures,

the proband’s mother reported seizure episodes that resembled

tonic spasms. These episodes were progressive, reaching up to 8

to 10 tonic seizures during his sleep.

The proband had a failure to thrive and had recurrent

aspiration pneumonia because of feeding difficulties which were

confirmed by swallowing studies. He is currently fed by a

nasogastric (NG) tube. He had a ventricular septal defect (VSD)

and a history of recurrent urinary tract infection (UTI). He was

admitted to the hospital for acute gastroenteritis with prerenal

azotemia which was managed with intravenous fluid and

supportive management.

The patient’s (6 years) current physical parameters are a weight

of 15.8 kg <3 percentile and height of 101 cm <3 percentile. He is

wheelchair-bound and has microcephaly (head circumference:

46 cm), normal heart rate, regular rhythm, and normal

peripheral perfusion with no reported edema or gallop. A grade

III systolic murmur was detected in the left sternal border. He

has significant spasticity in all four limbs; the tone is on a

modified Ashworth scale of 1+ in the upper limbs and three in

the lower limbs (the lower limbs are more severely affected).

Deep tendon reflexes are exaggerated in all four limbs and

bilateral ankle clonus is present. He has scissoring of his legs.

Cranial nerves are grossly intact. There was no nystagmus and

no intentional tremors.
FIGURE 2

Brain MRI characteristic of SPATCCM in the proband (top panel) and his affe
significant thinning of the corpus callosum. (B) Axial T2-Weighted Image dem
of the subarachnoid spaces. (C) Widening of the Sylvian fissures. (D) Sagit
callosum and mild atrophy of the cerebellum. (E) Axial T2-Weighted Image
lobes with a prominence of the subarachnoid spaces; enlargement of the
patient. (F) Widening of the Sylvian fissures.
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At 5 years of age, the proband’s electroencephalogram (EEG)

was performed, showing abnormal patterns. The awake record

showed a slow background consisting of mixed delta and theta

activity (mostly delta). During drowsiness and while sleeping, the

EEG showed a frequent high amplitude of generalized and sharp

spikes/poly-spikes, and slow waves were noted, occurring at

≲2 Hz/sec. At times, these epileptiform discharges occur in runs.

The photic paroxysmal response was noted at certain frequencies

with spikes and slow wave discharges predominantly in the

posterior region. One episode of myoclonic jerk was noted

during sleep, coinciding with spikes/poly-spikes and slow waves

in EEG. Another episode of right upper limb movement (jerk)

was noted during a long run of epileptiform discharges. Tonic

seizures were not noted at the time of EEG recording. EEG was

in favor of diffuse cerebral dysfunction and encephalopathy and

suggestive of Lennox Gastaut syndrome. Brain MRI showed

generalized atrophy of the frontal, temporal, and parietal lobes

with a prominence of the subarachnoid spaces, widening of the

Sylvian fissures, and enlargement of the ventricular system with

thinning of the corpus callosum and mild atrophy of the

cerebellum which were not compatible with the chronological age

of the patient (Figures 2A–C). The gray-white matter

differentiation was seen to be preserved. Unfortunately, no

follow-up imaging was done at an older age for reanalysis.

Seizures were managed by adding sodium valproate to his

medication since he was 5 years old and currently, he is seizure

free on the following antiepileptic medications: Clobazam (which

was started at the age of 4 years) 2.5 mg BID (0.25 mg/kg/day)

and Sodium Valproate 300 mg BID (30 mg/kg/day). Levetiracetam
cted brother (lower panel). (A) Sagittal T1 weighted image demonstrates
onstrating atrophy of the frontal and temporal lobes with a prominence
tal T1-weighted image demonstrates significant thinning of the corpus
demonstrating generalized atrophy of the frontal, temporal, and parietal
ventricular system is not compatible with the chronological age of the
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was slowly tapered off. His sleep interruptions were managed with

9 mg of melatonin. Symptoms were slightly improved with serine

supplement as per the mother’s report, but clinically, no

improvement was noted.
TABLE 1 In silico prediction analysis of c.971delA variant effect on ASCT1
function and structure.

c.971delA (p.N324Tfs*29)
Exon 5

gnomAD and/or 1,000G Not reported

Mutation taster NMD due to frameshift and generation
of a premature stop codon

Conservation Conserved

Stop codon position
(WT/Mut)

CDS (Coding
Sequences)

1,599/1,056

Protein 533/352

ExPASy translate Loss of 181 amino acids
3.2. Patient 2 (proband’s older brother)

A 14-year-old boy presented with profound global

developmental delay, sleep disturbances, and severe spasticity in

both lower limbs resulting in wheelchair dependence. The long

clinical diagnostic journey revealed compound heterozygous

genetic variants (deletion and missense variant) in the SLC1A4

gene inherited from his parents as revealed by WES.

The perinatal history was unremarkable; the mother had a

normal pregnancy and gave birth by normal vaginal delivery

without any postnatal problems and required no resuscitation at

birth. He had a history of infantile spasms and seizures since the

age of 7 months, which persisted up to the age of 3–4 years and

then stopped at which his parents discontinued his antiepileptic

medications. The seizure was generalized with an episodic activity

that usually lasts for a few seconds. It used to occur as multiple

episodes mostly upon waking up from sleep. He had a history of

feeding difficulties and recurrent upper respiratory tract infections.

The patient was reported with repetitive habitual movements of

his legs. He experienced significant developmental delays since

birth. Although he started sitting at 6 months, he never crawled or

walked. He was unable to stand even with support, and he is

wheelchair-bound. He was and still is unable to perform any

useful activities of daily living due to severe cognitive defects and

impaired fine motor skills. He can reach objects and transfer them

from one hand to another but has no pincer grasp. His receptive

and expressive language was not developed due to severe cognitive

delay; he never formed words or simple sentences but only

produces sounds and cannot follow simple commands. His vision

is normal; he can fix his gaze and visually follow in all directions.

He is normally alert and hyperactive, communicating with

incomprehensible sounds and screaming at a time without

obvious reasons. He has microcephaly (46 cm head

circumference at the age of 14) but no dysmorphic features. His

weight is 27 kg, Z-Score is −4.85; height is 142 cm, Z score is

−3.05. He has a normal heart rate, regular rhythm, and no

cardiac murmur. Respiratory and abdomen examination is within

normal limits. An examination of the spine revealed

thoracolumbar scoliosis. He has reduced muscle bulk, increased

tone in both upper limbs (on MAS 2) and severe spasticity with

bilateral muscle contractures at both knees and ankles (Tone on

MAS 4). Deep tendon reflexes are exaggerated in all four limbs,

and bilateral ankle clonus is present. Cranial nerves are grossly

intact and there are no cerebellar signs (no nystagmus, no ataxia,

and no intentional tremors). Like his sibling but to a lesser

extent, Brain MRI showed atrophy of the frontal and temporal

lobes with a prominence of the subarachnoid spaces and

widening of the Sylvian fissures bilaterally associated with

thinning of the corpus callosum (Figures 2D–F). The grey-white

matter differentiation is preserved.
Frontiers in Pediatrics 06265
Furthermore, the patient’s initial EEG showed abnormal

consistency with an interictal record of modified hypsarrhythmia.

The background consisted of delta activity disorganized at places.

There were bursts of high amplitude and slow waves seen at

periodic intervals on both sides lasting for 1–2 s at places. These

bursts were followed by voltage suppression. Random spikes and

slow waves were also noticed. EEG was repeated at 7 years of age

during his sleep, showing mixed theta and delta activity.

Occasional episodes of focal sharp wave activity were seen

bilaterally. These findings proved and supported the diagnosis of

a convulsive tendency.

Basic metabolic workup including ammonia, lactate,

homocysteine, urine organic acid, amino acid, and acylcarnitine

was normal as well as chromosomal microarray analysis. The

patient was managed with baclofen and botox injections regularly

for the management of muscle spasticity. Currently, he is seizure-

free and not on any antiepileptic medications.
4. Results and discussion

4.1. Whole-exome sequencing identified
novel compound heterozygous variants
(c.971delA and c.542c > T) in the SLC1A4
gene of both affected patients

We have performed WES for both affected siblings and their

parents revealing compound heterozygous variants with a

deletion and missense variant in both patients (Figure 1A).

Both detected variants were neither reported in gnomAD nor

1,000G databases (23, 24). The c.971delA deletion lies within

exon 5 (chr2:65243744_65243744delA) and is segregated from

the mother as confirmed by Sanger Sequencing. The mutation

is predicted to result in the degradation of the mRNA

transcript through the non-mediated decay (NMD) machinery

as indicated by the Mutation Taster tool (17). However, if it

managed to evade NMD, the mutated ASCT1 harboring a

deletion of a single nucleotide at this position will disturb the

reading frame leading to a frameshift mutation and the

generation of a premature stop codon at position 1,056 instead

of 1,599 in the wild-type transcript (Table 1). At the protein

level, the frameshift will start at position 324, substituting the
frontiersin.org
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wild-type Asn with Thr disturbing the rest of the amino acids

(AAs) sequence leading to the generation of a premature stop

codon after 29 residues (p.N324Tfs*29). The premature

termination will result in the loss of 181 AAs (Figure 1B).

Overall, this genetic change will lead to the loss of three (out

of a total of six) N-terminal transmembrane domains, five

serine phosphorylation sites (at positions: 502, 507, 521, 527,

and 530), and five lysine ubiquitination sites (at positions: 483,

484, 493, 501, and 528) (3, 25). ASCT1 has three sodium

binding sites (site 1—E465 and D467; site 2—T376 and V418;

site 3—F121, T124, T125, N378, and D380) that will most

probably be lost or affected due to the underlying damage (3).

More importantly, residues of the binding sites (C343, S345,

D452, D456, T459, T460, and N463) will also be lost due to

the underlying premature termination (25). Multiple other

SLC1A4 premature termination mutations have been reported

previously with similar effects resulting in non-mediated decay

like p.Y191*, p.W453*, and p.L315Hfs*42 noting that

p.N324Tfs*29 variant identified in this case study is located

upstream to most of the previously reported pathogenic

mutations (7–9).

The paternal c.542C > T missense variant, on the other hand,

lies within exon 2 of SLC1A4 and results in the substitution of

the wild-type serine (Ser) to phenylalanine (Phe) at position 181

at the protein level. The amino acid change at this position is

predicted to be damaging and disease-causing by multiple in

silico prediction tools (Table 2). It is speculated to affect the

protein folding structure and conformation as Ser181 is part of

the extracellular domain of the transporter protein that contains

critical residues vital to its function (3). The wild-type residue is

buried in the core of the ASCT1 protein and located within a

loop that links two alpha helixes; however, the mutant amino

acid is bulkier than the wild-type and most probably will not fit

in this position, disturbing the structure as speculated by the

HOPE project tool (26).
TABLE 2 In silico prediction analysis of c.542C > T variant effect on ASCT1
function and structure.

c.542C > T (p.S181F)
Exon 2

gnomAD and/or
1,000G

Not reported

Mutation taster Disease-causing due to amino acid change sequence

SIFT* Effect Affect protein function

Score 0.04

Conservation Highly conserved

PROVEAN** Effect Deleterious

Score −3.904
HOPE Predicted to disturb correct folding due to the loss of

H-bond in the core of the protein

PolyPhen2† Effect Probably damaging

Score 0.988

*The score ranges from 0 to 1. The amino acid substitution is predicted damaging if

the score is ≤0.05, and tolerated if the score is >0.05.

**Scores ≤−2.5 are considered “deleterious”.

Scores >−2.5 are considered “neutral”.
†The score ranges from 0.0 (tolerated)—1.0 (deleterious).
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4.2. p.N324Tfs*29 variant leads to non-
mediated decay and loss of ASCT1
expression

To further prove the predicted effect of the detected deletion,

ASCT1 expression has been assessed in all family members.

Extracted mRNA samples from whole blood have been collected

and transformed into cDNA to measure the relative expression of

the SLC1A4 gene in the affected patients and their parents via

quantitative real-time PCR (RT-PCR). The TaqMan probe used for

the intended purpose was chosen to bind ahead (at exon 2) to the

deletion mutation position (exon 5), making sure to detect the

transcript if it was not directed for degradation. Since the mother

was a heterozygous carrier for the c.971delA variant, SLC1A4

relative expression was around three folds less than the father who

is a heterozygous carrier for the substitution variant (Figure 1C).

As a result, the expression analysis confirmed the damaging effect

of the deletion mutation leading to its degradation via NMD. Like

the mother, both patients showed relatively similar SLC1A4

expression patterns (Figure 1C). Interestingly, the detected

expression amount detected in the mother by the wild-type allele

was enough to compensate for the observed loss; hence, she was

clinically normal. However, the amount expressed by the

SLC1A4S181F allele in both patients did not recompense for the

decreased expression.
4.3. The predicted loss of function in the
p.S181f mutated ASCT1 is due to an overall
structural and conformational distortion

Fortunately, the ASCT1 crystal structure has recently been

revealed, which allowed us to study the effect of the p.S181F

mutation on the transporter quaternary structure (3). As shown in

Figure 3A, the top clustered conformations of the wild-type and

mutant forms were sampled and aligned on top of each other; then

backbone RMSD (Root mean square deviation) (Figure 3B) and

hydrogen bonding analyses (Figure 3C) were conducted to view

the effect of the p.S181F mutation on the overall structure and

certain electrostatic interaction patterns within the nearby residues.

Although the Ser181 side chain appears not to be involved in

solid interactions with the neighbor amino acids, replacing it with

a bulkier residue such as phenylalanine seems to heavily disturb

the arrangement of the surrounding secondary structure of the

transporter (Figure 3A). This indeed was influenced by disrupting

the internal network of the transporter via losing or gaining key

interactions that are generally responsible for preserving the

tertiary structure of the protein. For instance, the observed

hydrogen bonding between Arg87 and Glu436 was disturbed by

the large size of the Phe181 side chain in the mutant form, as

shown in Figure 1A. The quantitative analysis of the Arg87 and

Glu436 interactions over the course of the MD simulations shows

that four electrostatic interactions with various intensity are usually

taking place in the wild-type form (Figure 1C). Interestingly, these

electrostatics seem to be disrupted in the mutant form, particularly
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FIGURE 3

The p.S181F missense variant detected that the loss-of-function effect is due to a structural conformational defect. (A) The top-cluster conformations of
the wild type (green cartoon) and mutated structures (pink cartoon) of the ASCT1 transporter were obtained from 100 ns MD simulations. The zoom-in
picture shows the S181F mutation along with a nearby interrupted interaction between Arg87 and Glu436 (hydrogen bonding as a blue dotted line). (B)
The backbone RMSD analysis of both ASCT1 transporter. (C) The Arg87-Glu436 electrostatic interaction pattern of the ASCT1 wild-type (bottom)
compared to the mutant form (top) over the course of the MD simulation.
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in the second half of the MD simulations where the occurrence of

two interactions is still evident while the occurrence of the other

two interactions seems to be minimal and disruptive. The overall

impact of the mutation on the transporter structure is also evident

by the RMSD analysis of the backbone structure of both forms

(Figure 1B), where the mutant form shows higher RMSD values

(>5 Å) than that in the wild type which preserved it to less than

5 Å in most of the simulations. To sum up, the MD simulations

showed that the S181F mutation damaged the overall protein

structure and, possibly, the transportation function of ASCT1.

Nonetheless, in-vitro assays are still needed to establish the

correlations shown between the clinical data and the molecular

modeling findings described in this study.

Several previously reported ASCT1 amino acid substitutions

have shown similar structural defects as reported in our study (3).

The simulation analysis of the p.E256K variant predicted the de

novo formation of a salt bridge between the mutated Lys256 and

Glu243 located in the fifth transmembrane domain disturbing the

overall conformation of the protein. The obtained simulation

analysis came in line with the reduced substrate uptake (30%–
Frontiers in Pediatrics 08267
40%) performed for the same mutant through in vitro

characterization in HEK293 cells (7). The p.R457W mutant, on the

other hand, showed a complete loss of substrate uptake due to the

larger sidechain of the mutated amino acid that leads to the

distortion of the transporter substrate binding site as a result of its

interaction with Cys343 (3, 7). The substrate binding pocket of

p.G381R-mutated ASCT1 was markedly altered due to the

destabilization and rearrangement of nearby critical domains (3).

The wild-type glycine at this position is part of a highly conserved

motif that is involved in the formation of sodium binding sites

and plays a role in the coupling of sodium and substrate binding.
5. Conclusion

This study reported the second and third SLC1A4 mutations in

the Pakistani population. ASCT1 deficiency is not limited to the

Ashkenazi Jewish population and it should be considered

regardless of ethnicity in cases with an unexplained

neurodevelopmental disorder associated with similar clinical
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implications (8). ASCT1 knock-out mice have been created and

well-analyzed systematically and phenotypically by Kaplan et al.’s

group in 2018 (27). The availability of such a model that mimics

patients with mutations in the SLC1A4 gene will facilitate a

better understanding of the disease’s clinical complications and

may aid the development of therapeutic interventions to prevent

or slow down the prognosis of the neurodegenerative effects of

the underlying disease.
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Thiamine pyrophosphokinase
deficiency: report of two Chinese
cases and a literature review
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Xin Duan, Ruoyu Duan, Han Xu, Zhimei Liu and Fang Fang*

Department of Neurology, National Center for Children’s Health, Beijing Children’s Hospital, Capital
Medical University, Beijing, China

Thiamine pyrophosphokinase (TPK) deficiency, is a rare autosomal recessive
disorder of congenital metabolic dysfunction caused by variants in the TPK1
gene. TPK1 variants can lead to thiamine metabolic pathway obstacles, and its
clinical manifestations are highly variable. We describe two cases of TPK
deficiency with completely different phenotypes and different therapeutic
effects, and 26 cases of previously reported were retrospectively reviewed to
improve our understanding of the clinical and genetic features of the disease.
Patients with TPK deficiency present with ataxia, dysarthria, dystonia, disturbance
of consciousness, seizures, and other nervous system dysfunction. Different
gene variant sites may lead to different clinical features and therapeutic effects.
Gene analysis is important for the diagnosis of TPK deficiency caused by TPK1
variants, and thiamine supplementation has been the mainstay of treatment for
TPK deficiency to date.

KEYWORDS

TPK1, TPK deficiency, thiamine pyrophosphokinase deficiency, outcome predictors,

literature review

1. Introduction

Thiamine (or vitamin B1) and its phosphorylate derivatives, thiamine monophosphate

(TMP), thiamine pyrophosphate diphosphate (TPP), and thiamine triphosphate (TTP),

are involved in energy metabolism and synthesis of nucleic acids, antioxidants, lipids, and

neurotransmitters (1, 2). Different derivatives and metabolic pathways of thiamine are

shown in Figure 1.

Four genes, SLC19A3 (OMIM#606152), SLC25A19 (OMIM#606521), SLC19A2 (OMIM

# 603941), and TPK1 (OMIM#614458), are associated with thiamine metabolic disorders.

Three of the genes SLC19A3, TPK1, and SLC25A19, are associated with acute

encephalopathy, basal ganglia disease, and lactic acid accumulation caused by brain

energy failure (3). Thiamine Metabolism Syndrome 5 (OMIM#614458) caused by TPK1

gene variants is a congenital thiamine metabolic disorder with a highly variable

phenotype. The human TPK1 gene (hTPK1) is located on 7q35 with a full-length cDNA

of 2,439 bp and encodes a protein composed of 243 amino acids. It contains nine exons

and encodes proteins starting from the second exon. Thiamine pyrophosphate kinase 1

encoded by the TPK1 gene plays an important role as a thiamine activator in cells. TPK

protein functions as a dimer, containing only one domain, and further enters

mitochondria to play a role in oxidative phosphorylation of pyro phosphorylating

thiamine into thiamine pyrophosphate (TPP) (4).TPP is an active form of thiamine and a

key cofactor of several enzymes that play major roles in energy metabolism (5, 6).
01 frontiersin.org270
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FIGURE 1

Thiamine metabolic pathway. Thiamine is absorbed in the small intestine and enters cells via two transporters (encoded by SLC19A2/SLC19A3), where it is
phosphorylated to thiamine pyrophosphate (TPP) by thiamine pyrophosphate kinase 1 (TPK1). TPP enters the mitochondria via the SLC25A19-encoded
carrier and acts as a cofactor of three different dehydrogenases to complete the energy metabolic pathway: (1) pyruvate dehydrogenase complex
(PDHC); (2) branched α-ketoate dehydrogenase (BCKDH); α -ketoglutarate dehydrogenase (α-KGDH).
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Compared with patients with SLC19A3 and SLC25A19, patients

with TPK1 variants presented with symptoms earlier, responded

differently to thiamine supplementation, and developed a more

severe phenotype with higher rates of morbidity and mortality

(7). According to previous reports, not all patients with TPK1

defects responded to thiamine therapy. The two previously

unreported TPK1 variants in this study elicited distinct responses

to thiamine supplementation, which may be related to their age

at onset, phenotype, and early start of high doses of parenteral

thiamine treatment. Here, we describe two cases of TPK

deficiency with completely different phenotypes and different

therapeutic effects. Additionally, through literature search and

analysis, 26 cases of previously reported patients were

retrospectively analyzed to improve our understanding of the

clinical and genetic features of the disease.
2. Patients and methods

2.1. Patient selection

In this study, two patients with TPK1 deficiency were recruited

from the Department of Neurology of Beijing Children’s Hospital.

Both of them had significant neurological symptoms and were

diagnosed by whole exon sequencing (WES).
2.2. Literature review

The keywords, “TPK1”, “TPK deficiency”, “thiamine

pyrophosphatase deficiency”, and “Thiamine pyrophosphatase

deficiency”, were used as search terms in Embase, PubMed database,
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CNKI database, and Wanfang Database for literature review. A total

of 209 articles were retrieved after removing duplicate items, which

were retrieved from the database built up to February 2022. After

excluding articles with incomplete cases, articles without genetic

diagnoses, and irrelevant articles, 17 articles comprising 26 cases

(5–20) were included (screening process is shown in Figure 2).

Including the two cases reported in this study, we have shown the

phenotype, genotype, clinical information, and treatment of 28

patients in the Supplementary Material.
2.3. Statistical analyses

All patients reported in the literatures were classified into Leigh

group and non-Leigh group based on whether they had bilateral

symmetric basal ganglia or cerebellar lesions on brain MRI. All

patients treated with thiamine were divided into effective group

(obvious improvement and certain improvement) and ineffective

group (no improvement and death) according to their

therapeutic efficacy.

Continuous variables were summarized with standard

descriptive measures, including means, standard deviation,

median, and interquartile ranges, whereas categorical variables

were summarized using frequencies and percentages. For

continuous variables, differences among comparison groups were

estimated using the student t-test for normally distributed

variables and the Wilcoxon rank-sum test for variables that were

not normally distributed. Differences in categorical variables were

assessed using the Chi-square test or the Fisher’s Exact test. A

p-value of <0.05 was considered significant. All statistical

analyses were performed using IBM SPSS Statistics 22 software

(IBM Corp., Armonk, NY).
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FIGURE 2

Literature screening flow chart. Sixteen articles were finally included in the analysis. Considering the two cases reported in this paper, twenty-eight
patients with TPK1 gene defect were included in this study.
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3. Results

3.1. Patients

3.1.1. Case 1
A 1-year and 8 months old boy first presented with unsteady

gait and dysarthria of a week’s duration. Before the onset, the

patient had a fever of 39°C, rashes, and a convulsive seizure.

Afterwards, unsteady gait and dysarthria, appeared and

progressively worsened. The patient had no other infectious

symptoms, such as cough, vomiting, and diarrhea. He had no

hearing loss, intellectual disability, or other symptoms. He was

the second child of a nonconsanguineous family and

uneventfully delivered naturally at full term. His birth weight

was 3 kg, and he had a suspicious history of intrauterine

hypoxia at birth. Developmental milestones were normal before

onset.

Physical examination showed unsteady walking and sitting,

wide-based gait, dystonia, and dysarthria. Other cranial nerve

examinations were unremarkable. Bilateral tendon reflexes were

symmetrical; muscle strength and tone were normal; and

pyramidal signs and meningeal irritation signs were negative.

Blood lactic acid, blood ammonia, and homocysteine levels

were normal. Urine screening showed mild keto-dicarboxylic acid

urine with slightly higher levels of several organic acids. Blood

screening showed no obvious abnormalities. Brain MRI showed
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symmetrical patchy long T2 signals in the cerebellar dentate

nucleus, bilateral basal ganglia, and thalamus (Figure 3A). Gesell

Developmental Assessment was performed, and cognitive area

and personal-social area were normal. The patient had a mild

developmental delay in the adaptation area, gross motor area,

and fine motor area. A mitochondrial genetic test revealed a

negative finding.

Leigh Syndrome was diagnosed and treated with cocktail

therapy (thiamine 100 mg/day, riboflavin 100 mg/day, vitamin C

50 mg/day, vitamin E 100 mg/day, and coenzyme Q10 90 mg/

day). After 2 months of treatment, his symptoms improved and

he was followed up in the outpatient department for a long

period. After 1 year of treatment, multiple abnormal signals

previously observed in the brain MRI had reduced (Figure 3B).

At the age of 4 years, symptoms recurred with ataxia, dysarthria,

and inability to walk unaided after discontinuation of the

drug. The symptoms gradually resolved after repeating the

drug regimen (thiamine 100–200 mg/day oral treatment). Whole

exon sequencing (WES) was performed after the parents agreed

and signed informed consent. Compound heterozygous

variants of TPK1 in the patient (NM_022445.3), c.513delG

(p.Arg171Ser fs*3) and c.382C>T (p.Leu128Phe), were identified

(Figures 4A,B). The WES results supported the diagnosis of

TPK1-associated Leigh syndrome. Oral treatment with a large

dose of thiamine (10 mg/kg·day) was continued with the

discontinuation of other medications.
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FIGURE 3

(A) In patient 1, at the onset of the disease (1 year and 8 months old), the cerebral MRI showed symmetrical patchy long T2 signals in the cerebellar dentate
nucleus, bilateral basal ganglia, and thalamus. (B) In patient 1, the signal of long T2 in the brain improved gradually after vitamin B1 treatment for 1 year.
The long patchy T2 signals were significantly attenuated on T2WI (a,e), T2-FLAIR (b,c), and DWI (c,g) sequences.

FIGURE 4

(A,B) Patient 1 had the c.513delG + c.382C>T complex heterozygous variant. The father carried the TPK1 gene c.382C>T heterozygous variant, and the
mother carried the TPK1 gene c. 513delG heterozygous variant.
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The patient was followed up regularly annually. In the past 2

years, due to the COVID-19 pandemic, in-person follow-up was

replaced by online video consultations. At the age of 6 years and

7 months, he discontinued against medical advice for 1 month,

leading to a recurrence of the symptoms of walking instability

and dysarthria. The symptoms disappeared after 2–3 days of

remedication (200 mg/day). At the last follow-up, the patient was

9 years and 2 months old. He took thiamine regularly and had a

normal life without ataxia and other symptoms.
3.1.2. Case 2
An 8 months old male infant first reported to the hospital with

developmental delay after birth and convulsions from the age of

1 month. The patient had no definite infectious history before

the onset. At the age of 1 month old, seizures were tonic

seizures, which lasted about 1–2 min, and occurred 4–5 times per

month. At the age of 4 months, seizures became spasms, which

were 30–40 clusters per event, and occurred once or twice per

week. Developmental milestones were delayed after birth. He

could not recognize and move towards the direction of sound

and objects, raise his head, turn over, or sit. He was the second
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child of his parents, had a healthy sister, and his mother had an

abortion. Family and birth histories were normal.

Physical examination revealed a microcephaly, inability to

chase sound and objects, occasional nystagmus, and dystonia

with hands clenched and thumbs adducted, presence of

symmetrical bilateral patellar tendon reflexes, negative meningeal

irritation sign, limb muscle power of 4, and hypertonia.

Metabolic analysis of blood showed a lactate level of 3.8 mmol/L

and high level of pyruvate (0.2 mmol/L). Organic acid in urine

analysis showed significantly increased levels of urine 2-ketoglutarate

and several organic acids. The activity of mitochondrial respiratory

chain enzyme complexes was normal. At the age of 5 months, a

muscle biopsy was performed and muscle pathology showed slight

pathological changes. These changes included presence of

hypertrophic, atrophic, and necrotic myofibers; increased poisoning

of fat droplets in myofibers, and increased number of MHC-1-

positive muscle fibers. The electroencephalogram showed an atypical

hypsarrhythmia, and tonic seizures and clusters of spasms were

observed. Brain MRI showed abnormal signals in the head of the

caudate nuclei, lenticular nuclei, and dentate nuclei of the cerebellar

hemisphere (Figure 5). WES was performed after the parents agreed

and signed informed consent. Compound heterozygous variants of
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FIGURE 5

Brain MRI of case 2 at the beginning of the disease. Presence of roughly symmetrical abnormal signal foci in the head of the caudate nuclei, lenticular
nuclei, and dentate nuclei of the cerebellar hemisphere.
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TPK1, (NM_022445.3) c. 263G>A (p.Cys88Tyr) and c.465_467delAAT

(p. Leu156del), were identified.

Several antiepileptic drugs, such as topiramate, levetiracetam,

and vigabatrin, were used to control the seizures but were less

effective. The patient underwent concurrent cocktail therapy,

including oral administration of thiamine (15–20 mg/kg·day),

L-carnitine, biotin, coenzyme Q10, vitamin C, and vitamin E. At

the age of 10 months, the patient underwent another brain MRI,

which showed that the initial lesion had disappeared, the brain

had atrophied, and the ventricles had enlarged. At the age of

1 year, although receiving daily doses of thiamine 100 mg

intramuscularly and 100 mg orally, the patient could not chase

sound and objects and raised his head unstably. More than 10

episodes of seizures were observed per day.

At the age of 1 year and 1-month-old, the patient was fed with

a ketogenic diet (ratio 3:1), which reduced frequency of seizures.

However, the treatment was discontinued at the age of 1 year

and 7 months due to intolerance to the ketogenic diet. The

patient died of encephalopathy and respiratory failure at the age

of 2 years and 3 months.
4. Literature review

4.1. Demography

The 28 patients included twelve (42.86%) males, fourteen (50%)

females, and two (7.14%) unknown genders. Among them, nine

(32.14%) patients had consanguineous parents. In terms of country
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and area distribution, thirteen (46.43%) patients were from China,

five (14.29%) patients were from Europe (two cases from Germany,

one case from Finland, and one case from Switzerland), three

(10.71%) patients from the United States, two (7.14%) patients from

Iraq, and one (3.57%) patient from India. The nationalities of five

(17.86%) patients were unknown (Figures 6A,B).
4.2. Symptoms and signs

For these patients, the onset of disease wasmostly during infancy

(11 cases, 39.29%), early childhood (11 cases, 39.29%), early school

age (5 cases, 17.85%), and unknown (1 case, 3.57%). Twenty

(71.43%) cases were preceded by an infection or trauma. The

clinical phenotypes of the 28 patients are shown in Figure 6C. The

most common clinical manifestations were dystonia (20/28,

71.43%), ataxia (14/28, 50%), encephalopathy (14/28, 50%),

seizure (10/28, 35.71%), and developmental delay (8/28, 28.57%).

The most common signs included hypotonia (6/28, 21.43%) and

nystagmus (3/28, 10.71%). Other symptoms and signs observed in

few patients were rigidity (2/28, 7.14%), quadriparesis (2/28,

7.14%), optic atrophy (2/28, 7.14%), deafness (2/28, 7.14%),

intention tremor (2/28, 7.14%), microcephaly (2/28, 7.14%), facial

palsy (1/28, 3.57%), and ophthalmoplegia (1/28, 3.57%).

According to age of onset, patients were divided into an

infantile-onset group and non-infantile onset group (as shown in

Figure 6D). Among all phenotypes, developmental delay and

hypotonia were more common in patients with infantile onset,

and the differences were statistically significant (p < 0.05).
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FIGURE 6

(A,B) Gender distribution and ethnic origin of all published cases of TPK1 gene defect. (C) The clinical phenotypes of twenty-eight patients. The most
common clinical manifestations included dystonia, ataxia, encephalopathy, seizure, and developmental delay. The most common signs included
hypotonia and nystagmus. (D) Phenotypic differences between infantile-onset and non-infantile-onset patients. Among all phenotypes,
developmental delay and hypotonia were more common in patients with infantile-onset (Fisher’s Exact Test, p < 0.05). (E) Differences in clinical
features between patients with Leigh syndrome and non-Leigh syndrome. The onset age of patients with Leigh syndrome was more distributed in the
infantile onset group (Fisher’s Exact Test, p= 0.01). Elevated blood lactate level was more common in the non-Leigh syndrome group (Fisher’s Exact
Test, p < 0.05). (F) Thiamine supplementation in patients with TPK1 gene variants and related outcomes. Among the twenty-eight patients, twenty-two
patients received thiamine supplementation (20–750 mg/day), eleven patients had significant improvement in clinical symptoms, two patients had
partial improvement, and nine patients had no significant improvement [one of these nine patients (case 2 of this study) died].
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4.3. Lab examination and neuroimaging

Blood lactic acid tests performed in 26 cases revealed elevations

in sixteen (16/26, 61.53%) cases (reference range: 0.5–1.7 mmol/L),

and lactic acidosis during the course of the disease in two cases.

Only two (2/14, 14.29%) patients had elevated levels of

cerebrospinal fluid (reference range: 1.0–2.8 mmol/L). The levels

of thiamine pyrophosphate (TPP) in blood and muscle were

measured in some patients. Muscular concentrations of TPP were
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decreased in all five patients (5/5, 100%), and TPP

concentrations in blood were decreased in eight patients (8/12,

66.67%). Organic acid in urine analysis was performed in

nineteen patients; eleven patients (11/19, 57.89%) showed

elevated urine 2-KGA levels, and six patients (6/19, 31.58%) had

normal levels of urine 2-KGA. Pyruvate levels were measured in

eight patients, that were elevated in six patients (75%). The skin/

muscle respiratory chain complex activity was measured in nine

patients (P2, P3, P5–P10, P16), which revealed slightly decreased
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FIGURE 7

Twenty-two patients receiving thiamine treatment were divided into effective treatment group and ineffective treatment group, and the clinical
characteristics of the two groups were compared. Ataxia onset was more common in the effective treatment group (84.62% VS 11.11%, Fisher’s exact
test, p < 0.005), whereas seizures were more common in the ineffective treatment group (4/9, 44.44%). The cerebellum (9/13, 69.23%) was more
likely to be involved in the brain MRI in the effective treatment group.
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(3/9, 33.33%) or normal activity (6/9, 66.67%). We observed a

slight decrease in complex V enzyme activity in P2 muscles;

complex I, complex II, complex III, and complex I + III in P3

muscles; and complex III in P5 muscles.

Brain MRIs were performed in 26 patients at the acute stage.

Five patients had normal cerebral MRI findings, whereas twenty-

one patients (80.77%) had abnormal brain MRI findings, which

mainly involved the bilateral basal ganglia (50%), thalamus

(23.08%), and especially cerebellum (50%). In few cases, the

brainstem, corpus callosum, and spinal cord were involved. A

diagnosis of Leigh syndrome was made in nineteen cases

(73.08%). Brain MRI findings in seven cases (26.92%) showed that

original lesions improved or disappeared after thiamine treatment.

According to the presentation of cerebral MRI, 26 children

with acute state MRIs were divided into the Leigh syndrome

group (19/26, 73.08%) and the non-Leigh syndrome group (7/26,

26.92%). As shown in Figure 6E, the onset age of patients with

Leigh syndrome was highly distributed during infancy (p = 0.01).

No significant differences in symptoms and signs were observed
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between the Leigh syndrome group and the non-Leigh syndrome

group. Elevated blood lactate was more common in the non-

Leigh syndrome group (p < 0.05).
4.4. Treatment and outcome

As shown in Figure 6F, twenty-two patients received thiamine

supplementation (20–750 mg/day), five patients did not receive

thiamine supplementation, and one patient did not mention

treatment and prognosis. Among patients who received thiamine

supplementation, eleven (11/22, 50%) patients had significant

improvement in clinical symptoms, two (2/22, 9.09%) patients

had partial improvement, nine (9/22, 4.91%) patients had no

significant improvement, in which one patient (1/22, 4.55%)

died. All five patients who did not receive thiamine

supplementation died. The survival rate was higher in the

thiamine-treated group (21/22, 95.5%) than in the thiamine-

untreated group (0/6, 0.0%) (p < 0.01). Among the six dead
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FIGURE 8

Structure of all reported TPK1 gene variant loci. Red font represents the newly discovered variants in this study, all located in the seventh exon. The
variants present in ≥3 cases have been highlighted. Effective therapeutic variants have been underlined in blue. Therapy-effective variants are
underlined in blue. The sites of variants that did not respond to treatment are underlined in red.
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patients, two patients had unknown causes, one patient died of

viral infection at 3.5 years old, and three other patients with

clinically severe recurrent encephalopathy and refractory epilepsy

died of metabolic crisis, respiratory failure, and multi-organ

failures. The mean age at death was 4.72 years, and the median

age was 2.96 years (0.5–11 years).

Twenty-two patients who received thiamine treatment were

divided into the effective group (thirteen cases with significant

clinical improvement or partial improvement) and the ineffective

group (nine cases with clinical failure or death) (Figure 7). No

difference in age of onset was observed between the two groups

(1.64 ± 1.18 vs. 1.94 ± 1.83, t-test: t = –0.470, p > 0.1). The

maximum reported age of survival was 40 years old. In terms of

clinical symptoms, ataxia onset was more common in the effective

group (84.62% vs. 11.11%, p < 0.005), whereas seizures were more

common in the ineffective group (4/9, 44.44%). Although the basal

ganglia involvement rate in the ineffective group (7/9, 77.78%) was

higher than that in the effective group (6/13, 46.15%), no

difference was observed (p > 0.05). The rate of increase in blood

lactic acid level in the two groups was more than 60%; however,

no significant difference was observed. Additionally, no significant

difference in the proportion of patients with Leigh syndrome was

observed between the effective group and ineffective group.
4.5. Genetic findings

The distribution of all discovered TPK1 variants of the gene,

including the four variants in this study, is shown in Figure 8.

Twenty-two gene variants of the TPK1 gene were found, and

most of them were located in exon 7, followed by exon 3 and

exon 2. Among the 22 gene variants, 15 missense variants, three

splicing variants, three frameshift variants, and one fragment

deletion variant were identified.
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Of the twenty-eight patients, three had frameshift mutations

confirmed by WES, and two of them received thiamine therapy,

all of which were effective. There were twenty-five cases of non-

frameshift mutation, of which sixteen were treated with thiamine

and nine were effective (p > 0.05).

Among the twelve patients who underwent thiamine treatment,

four patients had the c. 382C>T (P. Lys128Phe) variant and two

patients had the C. 501 + 4A > T (p. Val119_Pro167del) variants

(underlined in blue in Figure 6). Among the eight patients who

did not respond to treatment, two and three patients had

c.263G>A (p. Cys88Tyr) and C. 119T>C (p. lys40Pro),

respectively (underlined in red in Figure 8). Patients who died

had exon 3, 4, 6, or 7; and no aggregation of death cases was

found in a specific exon or variant site.
5. Discussion

Herein, we report two cases of THMD5 with different clinical

manifestations and different responses to thiamine treatment of

TPK1 variants. One patient presented with ataxia, and thiamine

replacement therapy could achieve significant clinical efficacy.

The other patient had refractory epilepsy, and thiamine

combined with antiepileptic therapy had a poor prognosis.
5.1. The phenotype

Up to now, twenty-six patients from thirteen families, five of

which are consanguineous, had been reported before the

publication of this manuscript. The mean onset age of thiamine

pyrophosphokinase deficiency caused by TPK1 variants is 1.85

years. The cases of TPK1 variants are most likely to occur in

infants, but the mean time of diagnosis is approximately 5 years.
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Compared with other mitochondrial diseases, TPK1 variants has

various clinical phenotypes without specific clinical

characteristics. In addition to the main symptoms, such as ataxia,

encephalopathy, and dystonia, it can be combined with feeding

intolerance and developmental delay or regression. Children with

infantile onset of the disease are more likely to have

developmental problems, whereas others are more likely to show

ataxia. No significant difference in the age of onset of epilepsy

and epileptic encephalopathy were observed.

Elevated lactate levels in the blood and cerebrospinal fluid were

generally considered to be auxiliary diagnostic methods. A total of

61.5% of patients with TPK deficiency had elevated blood lactate

level and only 21.4% of patients had elevated cerebrospinal fluid

lactate level. Therefore, elevated blood/cerebrospinal fluid lactate

seems not to be a specific biomarker of TPK1 variants. In the

patients who underwent the TPP concentration test, the blood/

muscle TPP concentration decreased. Therefore, the decline in TPP

concentration can be used as a specific biomarker for TPK defects,

but it cannot be routinely tested in clinical practice due to the high

level of requirements needed to establish for detection facilities.

Organic acid in urine analysis revealed that urine 2-KGA level was

elevated in more than half of the patients, which has certain

suggestive significance for diagnosis. Since TPK defect affect

pyruvate thiamine metabolism by leading to a lack of key enzyme

cofactors, it can show a decrease in pyruvate level and PDC activity.

However, the TPP does not affect the mitochondrial OXPHOS

respiratory chain protein expression and activity, resulting in

normal respiratory chain complex enzymes (10). This finding is

consistent with findings from previously reported cases with high

blood pyruvate level but normal respiratory chain enzyme activity.

A noteworthy finding was the presence of cerebellar involvement

as the main imaging feature of the presence of TPK1 variants. Based

on imaging characteristics, patients were grouped into Leigh

syndrome group and non-Leigh syndrome group. Patients in the

Leigh syndrome group had a younger onset age and less elevated

level of lactate in blood than the non-Leigh syndrome group. These

findings are not often mentioned in previous literature. Whether

this phenomenon is related to the difference in specific gene

variation sites needs further detailed study.

TPK deficiency due to TPK1 variants is a treatable disease.

Some patients had mild clinical manifestations, especially those

with ataxia. Thiamine supplementation immediately after early

diagnosis or suspected diagnosis showed significant improvement

or even normalization of clinical symptoms. However, failure to

receive timely thiamine treatment can lead to irreversible brain

damage and catastrophic consequences. In this study, death was

recorded only among patients who were untreated. The only

patient who received thiamine treatment but still had death as

clinical outcome was the patient in case 2 in this study. This

child had an early onset age and presented with severe epilepsy

and encephalopathy clinically, but thiamine supplement therapy

had no significant effect. Late treatment with a ketogenic diet

was not well tolerated. TPK deficiency requires early recognition

as one of the few treatable mitochondrial diseases. Suspected

mitochondrial diseases, especially thiamine metabolic deficiencies,

should be treated early with a thiamine cocktail in combination
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with other multivitamins. Thiamine should be dosed after genetic

confirmation, but no standards for the recommended dose of

thiamine are currently available. Most medical institutions use

thiamine 100–400 mg/day (or 10 mg/kg/day). Larger long-term

studies are needed to determine the appropriate dose of thiamine

supplementation during and between onset. Additionally, Mayr

et al. (8) proposed direct supplementation of TPP as the

synthesis defect of TPP, which is a key component of the

pathogenicity of TPK1 variant. However, the effectiveness and

safety of TPP have yet to be confirmed.
5.2. The genotype

In this study, two new variants of the TPK1 gene were

reported; c. 513delG (p. Arg171SerFS *4) and c.465_467delAAT

(p. Leu156del) were both frame-shift variants, which resulted in

changes in the amino acid triad coding frame, thus affecting the

structure and function of the coding protein. The ACMG ratings of

the two variants were both potentially pathogenic. This site has

never been reported by previous studies. Two cases of c. 382C>T (p.

Leu128Phe) have been reported as a pair of twins who showed

paroxysmal ataxia (c. 382C>T homozygous variant). L128F is a

variant on a highly conserved residual, and L128 is located in mice’s

α/β domain of TPK crystal structure. It is related to the formation of

TPK dimer and may destroy the function of the enzyme (21).

Few studies on the pathogenesis of TPK1 variant have been

reported. Banka et al. (9) reported that the enzyme activities of S160l

and D222H mutants were lower than that of wild-type TPK1, but

Huang et al. (13) found that the enzyme activity of most mutants

was significantly reduced by testing the enzyme activity of various

TPK1 mutants, whereas the activities of S160l and W202G mutants

were significantly higher than that of the wild-type. Furthermore,

isothermal titration calorimetry was used to determine whether the

variant affected the affinity of TPK1 to thiamine. The affinity of

S160l to thiamine was significantly reduced, and no bond between

the W202G mutant and thiamine was detected. The decrease in

bonds of S160l and W202G to TPP, a thiamine structurally similar

product, increased enzyme activity. Additionally, Huang et al. (13)

measured the melting temperatures (Tm) of the wild-type and

mutant TPK1 by differential scanning calmetry and found that the

protein stabilities of four mutants (S160l, W202G, N219S, and

D222H) were significantly lower than that of the wild-type. They

suggest that the TPK1 variant can alter thiamine metabolism by

altering TPK1 enzyme activity, reducing the affinity of TPK1 for

thiamine, or reducing the stability of TPK1 protein (13). However,

no cytological or animal studies have provided further evidence.
5.3. The relationship between phenotype
and genotype

In the conclusion of a report on the prognosis of 22 thiamine-

treated patients, no difference in onset age was observed between

the effective treatment and ineffective treatment groups. More

cases of ataxia was observed in the effective group, and brain
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MRI showed more cerebellar involvement. The variants,

c. 382C>T (p. Lys128Phe) (17, 22) and c. 501 + 4A > T (P.

Val119_Pro167del) (23, 24), were discovered more in the

effective treatment group. c.263G > A (p. Cys88Tyr) (14) and

C.119T > C (p. Lys40Pro) (8, 12) were more common in the

ineffective treatment group. This finding is consistent with the

finding of a difference in the therapeutic effect of the two cases

in our study. Currently, few cases have been reported and

variant sites are scattered, and no obvious correlation between

genotype and clinical phenotype has been found. The specific

mechanism needs to be further studied.
6. Conclusion

The clinical manifestations of THMD5 are highly variable.

Therefore, the early diagnosis of TPK deficiency is a huge

challenge. The clinical manifestations are acute onset

encephalopathy or ataxia and unexplained seizures, especially

with Leigh syndrome starting in infancy. Active and well-

developed WES facilitates early molecular diagnosis. Meanwhile,

for THMD5, a rare neurodegenerative disease, early

supplementation with thiamine has a great effect on prognosis.
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