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Introduction: Verbal auditory agnosia is rarely caused by mitochondrial encephalopathy,

lactic acidosis, and stroke-like episodes (MELAS) syndrome. Lactate acidosis, which is

the adverse effect of metformin, has proposed links to mitochondrial dysfunction and

may trigger clinical features of mitochondrial diseases.

Case Presentation: A 43-year-old right-handed man presented to our emergency

department with acute onset fever and headache accompanied by impaired hearing

comprehension. He could communicate well through handwritten notes but could not

understand what others were saying. He had been diagnosed as having diabetes mellitus

2 months prior to this event. Vildagliptin 100 mg/day and metformin 1,700 mg/day were

prescribed for glucose control. Laboratory tests revealed elevated lactate levels in serum

and cerebrospinal fluid of the patient. Brain MRI disclosed bilateral temporal lesions.

Acute encephalitis with temporal involved was initially diagnosed and acyclovir was given

empirically. However, follow-up MRI after acyclovir treatment revealed a progression

of prior lesions. Further mitochondrial genome analysis revealed a mitochondrial DNA

point mutation at position 3,243 (m.3243A > G) with 25% heteroplasmy, which is

compatible with MELAS. His clinical symptoms and serum lactate levels were improved

after discontinuing the metformin use.

Conclusions: To our knowledge, this is the first report of a patient having late-onset

MELAS syndrome that manifested as acute verbal auditory agnosia, which was

identified after the patient began using metformin. Metformin is known to inhibit

mitochondrial function and could trigger clinical features of MELAS syndrome. We

encourage clinicians to maintain a high level of awareness that diabetes mellitus

can be caused by mitochondrial disease and to exercise caution in the prescription

of metformin.

Keywords: MELAS, auditory agnosia, pure word deafness, metformin, case report
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INTRODUCTION

Verbal auditory agnosia is an auditory recognition impairment
specific to speech sounds. It is most commonly caused by
cerebrovascular accidents. On the other hand, mitochondrial
encephalopathy, lactic acidosis, and stroke-like episodes
(MELAS) syndrome are rarely the cause (1). Metformin is
widely used as a first-line antidiabetic drug. However, it is
associated with the rare side effect of lactic acidosis, which has
proposed links to mitochondrial dysfunction (2). Herein, we
reported a rare case of acute verbal auditory agnosia, which was
detected after metformin use, in an individual with late-onset
MELAS syndrome.

CASE PRESENTATION

A 43-year-old right-handed man presented to our emergency
department with acute onset fever and headache accompanied
by impaired hearing comprehension, auditory hallucination, and
mild paraphasia. No focal weakness or meningeal irritation signs
were noted. The functions of naming, speech fluency, writing,
and reading were preserved. He could communicate well with
his family through handwritten notes but could not understand
what others were saying. Although the patient experienced
auditory speech recognition problems, he could recognize and
distinguish music and environmental noises. According to his
medical history, he had been diagnosed as having diabetes
mellitus 2 months prior to this event. Vildagliptin 100 mg/day
andmetformin 1,700mg/day were prescribed for glucose control.

Laboratory analysis revealed elevated creatine phosphokinase
(CPK) (280 IU/L) and lactate (5.6 mmol/L) levels. The patient’s
leukocyte and C-reactive protein levels were within the normal
range. Brain CT revealed a hypodense lesion at the right
temporal lobe. Brain MRI revealed lesions at the bilateral
superior temporal gyrus and right inferior temporal gyrus, with
hyperintensity on a T2-weighted image, hypointensity on a T1-
weighted image without gadolinium enhancement, and restricted
diffusion on a diffusion-weighted image (Figures 1A–D). Pure-
tone audiometry revealed mild hearing impairment bilaterally
across all frequencies, which would not affect the performance of
activities of daily living. Finally, the brainstem auditory evoked
potential has shown a poor wave pattern.

Due to the presence of fever, headache, and verbal auditory
agnosia, as well as bitemporal lobe involvement on brain images,
acute viral encephalitis was suspected. Cerebrospinal fluid (CSF)
studies revealed a cell count of 2 cell/µL, a glucose concentration
of 88 mg/dL (serum 182 mg/dL), a protein concentration of
33 mg/dL, and elevated lactate (5.9 mmol/L). We empirically
prescribed a regimen of intravenous acyclovir for 14 days. On the
14th day, CSF studies were followed by acyclovir treatment which
revealed an increased lactate level (4.6 mmol/L). The patient’s
serum lactate level returned to being abnormally high (5.7
mmol/L). A follow-upMRI after the acyclovir treatment revealed

Abbreviations: MELAS, Mitochondrial encephalopathy, lactic acidosis, and

stroke-like episodes; CPK, Creatine phosphokinase; MRI, Magnetic resonance

imaging; CSF, Cerebrospinal fluid; SNHL, Sensorineural hearing loss.

a progression of prior lesions across the bilateral temporal lobes
(Figures 1E–H).

During this hospitalization, the patient complained of chronic
diarrhea since he started taking metformin during the previous
2 months. Because of this, we switched vildagliptin/metformin
to linagliptin under the suspicion that metformin had an adverse
effect. After metformin was ceased, a decrease in serum lactate
(2.4 mmol/L) and CPK (135 IU/L) levels was noted in the follow-
up data, and the patient’s condition gradually improved.

Based on our clinical findings, mitochondrial etiology
was considered. Magnetic resonance spectroscopy revealed an
apparent lactate peak (Figure 1I). Direct sequencing analysis
of the blood sample was performed by a polymerase chain
reaction to screen the mitochondrial MT-TL1 gene and revealed
a mitochondrial DNA point mutation at position 3243 (m.3243A
> G) with 25% heteroplasmy, which is compatible with MELAS
syndrome. No condition related to MELAS syndrome was
noted in the patient’s family history (Supplementary Figure 1).
We discharged him, and with no further metformin use,
the follow-up MRI 5 months later revealed a decreased
lesion volume (Supplementary Figure 2), with communication
function returning to baseline 7 months later.

DISCUSSION AND CONCLUSION

To our knowledge, this is the first report of a patient having
late-onset MELAS syndrome that manifested as acute verbal
auditory agnosia, which was identified after the patient began
using metformin.

Mitochondrial encephalopathy, lactic acidosis, and stroke-
like episodes syndrome have diverse clinical manifestations,
including myopathy, exercise intolerance, stroke-like episodes,
seizure, elevated serum lactate levels, sensorineural hearing loss
(SNHL), and diabetes mellitus (3). In more than 90% of cases, the
onset occurs before age 40 years, and typically, it occurs before
age 20 years (3, 4). Most auditory deficits detected in patients
with MELAS are peripheral SNHL. Cortical auditory symptoms
are seldom noted. Case reports have rarely described auditory
agnosia as a presentation of stroke-like episodes in patients with
MELAS syndrome (1, 5).

Auditory agnosia is a rare condition related to the impairment
of auditory perception and recognition, and affected patients
have relatively intact linguistic processing abilities, including
reading, writing, and speaking. Patients are aware of sounds
but have sound identification difficulties. The form of agnosia
specific to speech perception is called verbal auditory agnosia.
Typical lesions are usually located in the bilateral superior
temporal cortical regions, but approximately 30% of cases are
characterized by unilateral involvement and left lateralization
(6). A cerebrovascular accident is the most common cause.
When patients have temporal lobe lesions not confined to
the vascular territory, different etiologies should be considered,
including herpes simplex encephalitis and MELAS syndrome.
Similar to our presented case, Smith et al. (1) had reported
a patient with a stroke-like episode of acute auditory agnosia
at age 61 with a low level of heteroplasmy in a genetic blood

Frontiers in Neurology | www.frontiersin.org 2 March 2022 | Volume 13 | Article 8630477

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Lin et al. MELAS Uncovered by Metformin

FIGURE 1 | Initial and follow-up MRI after 14 days of acyclovir treatment. (A) initial ADC, (B) initial DWI, (C) initial T2 corona, (D) initial T2 FLAIR, (E) follow-up ADC,

(F) follow-up DWI, (G) follow-up T2 corona, (H) follow-up T2 FLAIR, and (I) follow-up MRS. ADC, Apparent diffusion coefficient; DWI, Diffusion-weighted image;

FLAIR, Fluid attenuated inversion recovery; MRS, Magnetic resonance spectroscopy.

test. However, their patient had more typical clinical findings
including chronic bilateral SNHL, underweight status, chronic
migraine, and maternal family history. Miceli et al. (5) had also

reported a young woman with MELAS who presented auditory
agnosia without previous hearing deficits. Although SNHL
was the mainly auditory symptom in patients with MELAS,
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cortical auditory disorders could be developed at any stage of
the disease.

Our patient was relatively healthy prior to this acute event.
We suspected MELAS syndrome due to the presence of
persistently elevated lactate levels in the blood and CSF. In
patients with MELAS syndrome, the inability of dysfunctional
mitochondria to produce sufficient adenosine triphosphate
results in inadequate glucose oxidization, thus causing pyruvate
to accumulate and then shunt pyruvate to lactate. Lactate
can either be oxidized by mitochondria or converted back
to glucose through gluconeogenesis. Metformin is known to
inhibit Complex I of the mitochondrial respiratory chain,
and this may decrease lactate removal in vivo and inhibit
mitochondrial oxidative phosphorylation in vitro (2). Because
of its propensity to cause lactic acidosis, a recent review
paper had suggested that metformin should be avoided in
individuals with MELAS syndrome (7). On the contrary, a recent
international consensus of experts considered that metformin
was a safe medicine in mitochondrial disease (8). In the
literature review, a couple of case reports had also raised
the concern at the causal effect of metformin on stroke-like
episodes in MELAS syndrome (9–11). Although the relationship
between metformin and the stroke-like episode still remains
speculative and uncertain, the metformin should be used
cautiously as long as the acid-base status in blood needs to be
regularly followed.

In conclusion, this patient with MELAS syndrome presented
with rarely observed features of verbal auditory agnosia, which
was initially misdiagnosed as herpes simplex encephalitis, and
might be uncovered after the use of metformin. In the context
of this patient’s experience, we encourage clinicians to maintain
a high level of awareness that diabetes mellitus can be caused by
mitochondrial disease and to exercise caution in the prescription
of metformin.
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Methylmalonic acidemia is a severe heterogeneous disorder of methylmalonate and

cobalamin (Cbl; vitamin B12) metabolism with poor prognosis. Around 90% of reported

patients with methylmalonic acidemia (MMA) are severe infantile early onset, while cases

with late-onset MMA have been rarely reported. Few reported late-onset MMA patients

presented with atypical clinical symptoms, therefore, often misdiagnosed if without family

history. Herein, we report a 29-year-old female who was admitted to our hospital due

to symptoms manifested as encephalitis. The brain MRI showed symmetrical bilateral

cerebellar lesions with Gd enhancement. Laboratory tests showed significantly elevated

levels of homocysteine and methylmalonic acid. A genetic analysis identified a novel

homozygous mutation (c.484G>A; p.Gly162 Arg) in the MMACHC gene. The patient

was diagnosed with MMA, and her symptoms improved dramatically with intramuscular

adenosine cobalamin treatment. In conclusion, for patients with symmetrical lesions in the

brain, the possibility of metabolic diseases should be considered, detailed medical and

family history should be collected, andmetabolic screening tests as well as gene tests are

necessary for correct diagnosis. The mutation diversity inMMACHC gene is an important

factor leading to the heterogeneity of clinical manifestations of patients with MMA.

Keywords: cobalamin C deficiency,MMACHC, c.484G>A,methylmalonic acidemia and homocysteinemia, bilateral

cerebellar lesions

INTRODUCTION

Methylmalonic acidemia is an autosomal recessive genetic organic acid hematic disease due
to methyl propylene acyl coenzyme A (MMCoA) mutase (methylmalonyl CoA mutase, MCM)
defect or synthesis error in its coenzyme adenosyl cobalamin (AdoCbl) (1), causing abnormal
accumulation of methylmalonic acid, propionic acid, and methyl citrate in the circulation,
which can lead to pancreatitis, kidney failure, as well as neurological symptoms such as mental
impairment, optic atrophy, and symptoms related to spinal cord and basal ganglia damage.
Two main forms of the disease have been identified, including isolated methylmalonic acidurias
and combined methylmalonic aciduria and homocystinuria. Isolated methylmalonic acidurias
is due to defects of MCM or methyl malonyl CoA mutase (MUT) coenzyme AdoCbl, while
combined methylmalonic aciduria and homocystinuria is characterized by elevated plasma
homocysteine and decreased levels of the coenzymes AdoCbl and methyl cobalamin (MeCbl) (1).
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Cobalamin C deficiency (CblC) type is most common among
all combined patients with methylmalonic aciduria and
homocystinuria. The disease is caused by mutations in the
MMACHC gene (OMIM ∗609831) located on chromosome
1p34.1. The altered function of MMACHC results in a
decreased intracellular production of adenosyl cobalamin
and MeCbl, cofactors for the methyl malonyl-CoA mutase
(EC 5.4.99.2) and methionine synthase (EC 1.16.1.8) enzymes.
The deficient activity of these enzymes causes an elevation
of methylmalonic acid and homocysteine and a decreased
production of methionine. Symptoms of patients with CblC
disease usually occur before 1 year old, while late-onset CblC
disease often occur after 4 years old. The clinical classification
of early-onset and late-onset CblC disease can correlate with
the genotype of patients (2). To date, not more than 100
cases of late-onset methylmalonic acidemia (MMA) have been
reported, with significant variations in clinical symptoms
(3, 4). It has been proposed that the clinical heterogeneity of
MMA is associated with the nature of different MMACHC
mutations and the polymorphisms of other genes associated with
cobalamin metabolism. Patients with late-onset MMA can be
acute or insidious and show sudden deterioration. The clinical
manifestations of late-onset patients are very heterogeneous
and may be misdiagnosed if without family history. A recent
study showed that the mean delay time from initial symptoms to
diagnosis was 32.1 months (5). Herein, we report a 29-year-old
female characterized by symmetrical bilateral cerebellar lesions,
however, mainly manifested with symptoms of encephalitis.
The patient was finally diagnosed with MMA, and her
symptoms were improved dramatically with intramuscular
hydroxocobalamin treatment.

CASE REPORT

A 29-year-old female was hospitalized due to abnormal mental
behavior for 10 days, mainly manifested as cognitive decline,
cannot recognize family members, and inaccurate answers to
questions. The patient had dizziness, headache, nausea, and
vomiting occasionally; however, no fever was present during the
disease course. The patient was diagnosed with hypothyroidism
1 year ago and was treated with oral levothyroxine sodium
at 50 µg/day. A neurological exam showed delirium and
increased muscle tone of limbs and ataxia. Meningeal signs
(neck rigidity, Kernig’s, Brudzinski’s signs, jolt accentuation,
and eyeball tenderness) were absent. All other neurological
examination results were otherwise normal. Upon admission,
based on the clinical symptoms, the possibility of encephalitis
was considered. Methylprednisolone sodium was given at the
dose of 1,000 mg/day for 3 days and penciclovir antiviral
therapy was given as well. However, on the 4th day of
admission, the patient began to show dysphoria at night,
manifested as shouting and uncontrollable. A neurological
examination showed increased muscle tone than before. The
patient’s brain MRI showed abnormal signals in the vermis
and in the bilateral cerebellar hemispheres (Figure 1), with low
signal on T1-weighted image (A), high signal on T2-weighted

image (B), and high signal on DWI sequence (C) with Gd
enhancement (D).

A laboratory test showed significantly elevated serum
homocysteine (Hcy) levels (178.41 µmol/L, normal range 0–15
µmol/L). Serum folic acid levels (16.2 ng/ml, normal range 3.1–
20.0 ng/ml) and serum vitamin B12 levels (248 pmol/l, normal
range 139–652 pmol/l) were within the normal range. A thyroid
function test showed increased levels of anti-thyroglobulin
antibodies (163.45 IU/ml, normal range 0–4.11 IU/ml) and anti-
thyroid peroxidase antibodies (>1,000.00 IU/ml, normal range
0–5.61 IU/ml); however, the thyroid hormone levels were within
the normal range. Serum virus infection tests showed increased
levels of herpes simplex virus (HSV) type I IgG antibodies (4.44
s/Co, normal range: <1.00), HSV type II IgG antibody (1.72
s/Co, normal range: <1.00), and Rubella virus IgG antibodies
(2.76 s/Co, normal range: <1.00). A CSF routine test showed
normal intracranial pressure (130 mmH2O, normal range: 80–
180 mmH2O), slightly increased levels of IgG (47.03 mg/L,
normal range 0–34.0 mg/L), the CSF cell count, and glucose
and protein levels were within the normal range. The serum and
CSF autoimmune encephalitis and paraneoplastic antibody panel
tests were all negative. The patient’s EEG and blood examination
results were normal. Inflammatory markers such as C-reactive
protein and procalcitonin levels were within the normal
range. All the other immune function–related tests including
antinuclear antibody; anti-deoxyribonuclease; complements;
rheumatoid factor; anticardiolipin antibodies; antiphospholipid
antibodies; lipoprotein A; factors II (prothrombin), VII, VIII,
IX, XI, and XII; protein C; protein S; and antithrombin levels
were normal.

Due to the symmetric lesions in the cerebellum showed by
the brain MRI and significantly elevated serum homocysteine
levels, metabolic disease was considered. Therefore, the blood
and urine samples were sent out to Jilin Kingmed for Clinical
Laboratory Co., Ltd. for a metabolic analysis. The results
from blood examination showed that the ratio of propionyl
carnitine and propionyl carnitine to acetylcholine increased,
indicating MMA or propionic acidemia. Urine examination
results showed increased methylmalonic acid (306.4 µmol/mmol
creatinine, normal range 0.0–4.0 µmol/mmol creatinine) and
methyl citrate (5.6 µmol/mmol creatinine, normal range 0.0–0.7
µmol/mmol creatinine) levels, indicating MMA (Figure 2); The
levels of 3-hydroxypropionic acid and acetone were also found
increased in the urea, indicating ketonuria. A genetic analysis
was performed with the permission of the patient’s parents and
showed mutation in MMACHC gene: c.484G>A/c.658_660del
(Figure 3). Therefore, MMA was diagnosed.

The patient was given adenosine cobalamin at 1.0 mg/day and
l-carnitine at 1 g/day intramuscularly, and vitamin B6 10 mg/day
and folic acid 15 ug/day were given orally as well. The patient’s
symptoms improved gradually, with decreased muscle tone and
better cognitive status. The levels of homocysteine in the serum
(from 178.41 to 35.42 umol/L) and the levels of methylmalonic
acid in the urine were significantly decreased than before (from
306.4 to 6.1 µmol/mmol); the patient was discharged from the
hospital on the 20th day of admission. After 2 months, the
patient’s cognitive ability had nearly returned to normal.
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FIGURE 1 | The patient’s brain MRI showed abnormal signals in the vermis and in the bilateral cerebellar hemispheres, with low signal on T1-weighted image (A), high

signal on T2-weighted image (B), and high signal on DWI sequence (C) with Gd enhancement (D).

DISCUSSION

We present a 29-year female patient, who manifested an acute

episode of cognitive impairment and psychiatric symptoms

with symmetrical lesions in the cerebellum. Encephalitis was

initially considered; glucocorticoids and antiviral therapy were

given. However, the symptoms of the patient progressively
deteriorated. Afterward, significantly increased levels of
Hcy and methylmalonic acid were found, and mutation in

MMACHC gene was detected; thus, late-onset CblC-type MMA
was diagnosed.

The patient presented with acute cognitive impairment,
psychiatric symptoms, and symmetrical abnormal signals in the
cerebellum. Psychiatric symptoms such as aggression, irritability,
and marked disturbance in sleep/wake cycles may occur in
patients with autoimmune encephalitis (6), Moreover, anti-
glutamic acid decarboxylase (anti-GAD)-associated bilateral
symmetrical cerebellar lesions in patients with autoimmune
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FIGURE 2 | GC-MS urinary organic acid profile. The arrow showed spectrum of elevated methylmalonic acid, which was 100 times higher than normal levels.

encephalitis have also been reported (7). Thus, autoimmune
encephalitis was initially considered and the patient was treated
with glucocorticoids and antiviral therapy while awaiting CSF
autoimmune antibody results. However, the patient’s symptom
deteriorated with the above treatment and CSF autoimmune
antibody results came back negative. Therefore, the diagnosis of
autoimmune encephalitis was excluded.

Most patients with MMA show varied symptoms in the
infancy period, including poor feeding, hypotonia, seizures,
coma, and death (8). The clinical features of late-onset CblC
MMA are rarely reported and are quite different from those
of early-onset ones (2). Cerebral white matter and basal
ganglia lesions were the most common reported in early-
onset patients, while cerebrum atrophy and white matter
lesions were frequently reported in the late-onset patients
(9). However, abnormal cerebellar signals were rarely reported
with only three cases reported so far. Sheng et al. (10)
reported a case of late-onset CblC MMA with subacute onset
ataxia for 6 weeks. The T2-weighted brain MRI showed
abnormally high signals in bilateral cerebellar hemispheres
and right basal ganglia. Chang et al. (9) reported a case of
late-onset CblC MMA with gait disturbance and psychiatric
symptoms for a year. In this case, the brain MRI at the age
of 15 showed altered signal from the dorsal portions of the

cerebellar hemispheres. Wang et al. (11) reported another late-
onset CblC MMA case with progressive cognitive impairment
of 1-month duration, gait instability, bilateral upper and
lower limb rigidity, urine incontinence, delirium, and auditory
hallucinations. Bilateral abnormality of cerebellum cortex was
found in diffusion-weighted imaging (DWI) and fluid attenuated
in version recovery (FLAIR) sequence. The brain MRI of
our patient upon admission also showed similar symmetrical
bilateral cerebellar lesions with Gd enhancement. However,
our patient mainly presented as cognitive impairment and
psychiatric symptoms. Her EEG showed mild abnormalities. The
abnormal mental behavior of the patient might be due to the
excitatory toxicity, oxidative stress, and inhibition of methylation
metabolism of Hcy (12). The characteristics of MMA cases
reported in the previous literature along with our case were
summarized in Table 1.

Methylmalonic acidemia is a metabolic disorder of vitamin
B12; the CblC-type affects the synthesis of adenosine cobalamin
and mecobalamin, which catalyzes the conversion of Hcy into
methionine, resulting in MMA with hyper Hcy-induced MMA
(12). Genetic analysis is the gold standard for the diagnosis
of MMA. The responsible gene has been confirmed to be
MMACHC gene located on chromosome 1P34.1, and more than
50 mutation types have been reported (2). The type of gene
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FIGURE 3 | Results of the MMACHC gene test. Gene mutation in c.484G>A and c.658_660del. c.484G>A (red arrows) was observed due to an amino acid change

in codon position 162, which is highly suspected to be a new genetic mutation.

mutation reported in patients with late-onset MMA includes
c.482G>A, c.347T>C, c.609G>A, c.394C>T, c.440G>C, etc.
(1). Themost commonmutation types in patients with CblC type
in China were c.609G>A and c.658_660delAAG, and c.609G>A
accounted for 55.4% of the total number of mutation types (15).
The pathogenic genes of our patient are c.658_660delAAG and
c.484G>A. The mutation of C. 658_660delAAG was common
in late-onset CblC disease (16); however, the pathogenicity
of c.484G>A has not been reported so far, and we highly
suspected that it is a new genetic mutation, which is speculated
to be related to the clinical heterogeneity of the patient. This
mutation was not found in the Human Genome Mutation
Database (HGMD). Several types of mutations were found
in codon 161, while our mutation causes an amino acid
change in codon position 162. An in silico evaluation of this
variation was done with the Mutation tester, Polyphen2, and

SIFT databases, and all judged this variation as disease causing.
The father of our patient was found to be heterozygous for
this mutation (c.484G>A; p.Gly162Arg). SIFT, PolyPhen2, and
Mutation Taster were used to predict the protein damage of the
mutation, and the results indicated that it was likely to be a
pathogenic protein.

The patient was treated with intramuscular injection of
vitamin B12 and oral administration of l-carnitine and folic acid.
Her laboratory, imaging results as well as clinical symptoms
significantly improved. The CblC type is mostly well-responsive
to vitamin B12; therefore, patients with CblC-type MMA
should be treated with vitamin B12 as soon as possible (17).
MMA is a treatable disease involving multisystem damage
caused by metabolic abnormality, whose clinical manifestations
overlap with other common diseases of the nervous system.
In clinical practice, the possibility of MMA should be
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TABLE 1 | The clinical presentations, treatments, and outcomes of cases with late-onset CblC deficiency.

Patient No.

[Reference]

Diagnose

age

Clinical symptoms MRI or EMG results Serum Hcy

levels (µM/L)

Gene mutations Outcome

1 (our

patient)

29 Cognitive decline, cannot

recognize family members,

inaccurate answers and often

non-sense

Symmetrical bilateral cerebellar

lesions with Gd enhancement

178.41 c.484G>A/c.658_660del Improved

2 (4) 11 Learning difficulties

Behavioral changes

Ataxia and myoclonic jerks

Dilation of subarachnoid

Space frontoparietally

225 – Improved

3 (13) 33 Insomnia, exaggerated

Expression

Mild diffuse atrophy of cerebral

cortex

65 c.482G>A/c.658_660del Improved

4 (14) 19 Posture change Hyperintensity in the cerebellum

and right basal ganglia, with

modest cerebrum atrophy

69.5 c.482G>A/c.445_446del Improved

5 (13) 29 Irritability, euphoria

Cognitive impairment

Mild diffuse atrophy of cerebral

cortex

115.3 c.482G>A/c.658_660del Improved

6 (10) 11 Clinical cognitive

Deficit, limb weakness

Peripheral nerve damage 103.3 c.609G>A –

7 (10) 18 Abnormal gait Mild peripheral nerve damage 61.4 c.609G>A/ c.482G>A –

considered for patients with older onset age and abnormally
increased Hcy levels. A screening of hematuria metabolism
and a gene testing at an early stage are of great value for
diagnosis (18).

In conclusion, for patients with symmetrical lesions in the
brain, the possibility of metabolic diseases should be considered,
detailed medical and family history should be collected, and
metabolic screening tests as well as gene tests are necessary for
correct diagnosis. The mutation diversity in MMACHC gene
is an important factor leading to the heterogeneity of clinical
manifestations of patients with MMA. We also emphasized the
importance of early recognition of CblC deficiency and early
treatment with hydroxocobalamin for a better prognosis of
the disease.
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The gene diagnosis of
neurofibromatosis type I with
headache as the main symptom:
A case report and review of the
literature
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1Department of Geriatrics, Xiangya Hospital, Central South University, Changsha, China,
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Neurofibromatosis type I (NF1) is an autosomal dominant disease. Some

NF1 patients experience atypical clinical manifestations, genetic testing is not

widely available, and the types of mutations vary; thus, they are prone to

misdiagnosis and missed diagnosis. Although headache is not included in the

diagnostic criteria for NF1, the incidence of headache in NF1 patients is not

low. We report an NF1 family in which the proband presented with prominent

headache and atypical clinical presentation, with limited skin pigmentation. We

identified a frameshift mutation (c.1541_1542del, p. Q514Rfs∗) in theNF1 gene

by whole-exome sequencing of this family, and the patients were diagnosed

with NF1. We hope to attract the attention of clinicians to these patients and

improve genetic testing as soon as possible to increase the diagnosis rate.

KEYWORDS

neurofibromatosis type I, headache, gene diagnosis, atypical manifestation, literature

review

Introduction

Neurofibromatosis type I (NF1) is an autosomal dominant condition with a

prevalence of ∼1/2,500–1/3,500 (1). According to the diagnostic criteria set by the

National Institutes of Health, NF1 has two or more of the following characteristics: six or

more café au lait patches, two or more neurofibromas, or one plexiform neurofibroma,

axillary or inguinal freckling, Lisch nodules, optic glioma, a first-degree relative

diagnosed with NF1, or a characteristic osseous lesion (2, 3). However, until genetic

testing results emerge, a significant number of patients exhibit atypical manifestations

[Such as headache (4), abdominal pain (5, 6), asthenia (7, 8), and shortness of breath (9)].

Although some skin manifestations may occur, they can be easily missed by clinicians.

Therefore, physicians must raise awareness regarding NF1 and be vigilant for its atypical

clinical symptoms.

Headache is the most common neurological symptom and is not specific. However, the

incidence of headache in NF1 patients was not low. In some surveys, the incidence

of headache in NF1 patients ranged from 25 to 30%, with an average of one in every

three to four patients (10). Here, we report an NF1 family in which the proband
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presented with headache as the prominent clinical presentation

and only some café au lait patches. The laboratory examination

results were unremarkable. Head magnetic resonance imaging

(MRI) revealed multiple abnormal signal foci in the bilateral

basal ganglia, thalamus, and pons. Whole-exome sequencing

(WES) and multiplex ligation-dependent probe amplification

(MLPA) identified a frameshift mutation (p. Q514Rfs∗).

Headache is not included in the diagnostic criteria for NF1

because it is not specific; however, we hope to improve clinicians’

understanding of such patients and conduct genetic testing to

confirm the disease as soon as possible.

Case description

A 13-year-old adolescent boy presented with the chief

complaint of recurrent headache for 1 month. One month

prior to the consult, the patient developed headache without

an obvious trigger, mainly concentrated in the left temporo-

occipital region, mild to moderate (2–4 points, total score of

10 points) (11), usually characterized by dull pain, accompanied

by vascular pulsation, and occasionally tingling, lasting from

several seconds to several minutes, and had four to five

attacks in the preceding month. There were no prodromal or

accompanying symptoms of aura, photophobia, phonophobia,

nausea, or change in level of consciousness. No dizziness or any

other neurological symptoms were noted. The patient had no

history of hypertension, migraines, sinusitis, or the use of drugs

that could cause headaches as an adverse effect. The patient was

transferred to our hospital due to headache of unknown cause.

Systemic examination revealed a light brown plaque

with clear boundaries of different sizes scattered on the

chest and abdomen, back, shoulder, and left upper arm, not

protruding from the skin surface, and with a diameter of

0.3–8.0 cm (Figure 1). The patient’s mother had similar skin

manifestations, but did not have headaches. The laboratory

examination results were unremarkable. We performed a

lumbar puncture and cerebrospinal fluid examination, which

showed no significant abnormalities. Both autoimmune

encephalopathy antibodies and central nervous system (CNS)

demyelinating antibodies were negative. MRI of the head

revealed multiple abnormal signal foci in the bilateral basal

ganglia, thalamus, and pons (Figure 2). Based on these

clinical and MRI findings, we suspected that the patient

had NF1.

DNA extraction for WES and MLPA for NF1 and NF2 genes

from the peripheral blood of the pedigree was performed after

obtaining written informed consent. After data filtering, we

identified a frameshift mutation (c.1541_1542del; p. Q514Rfs∗)

in the NF1 gene in the proband and his mother (Figure 3).

The same mutation was not detected in the proband’s father

(Figure 3). Based on the above clinical symptoms, MRI

FIGURE 1

Light brown plaques were seen on the chest and abdomen (A),

back (B), shoulder (C), and left upper arm (D).

findings, and genetic testing results, the patient was diagnosed

with NF1.

We then administered relevant symptomatic supportive

treatment to the patient. After 4 months of follow-up, the

frequency and severity of the patient’s headache had reduced

compared with those previously reported by the patient, and no

progression of NF1-related complications was found. We will

continue to follow-up the patient and adjust the treatment plan

according to changes in his condition.

Discussion

The patient had multiple skin café au lait spots and

pigmentation and had a family history of similar conditions, but

neither he nor his parents noticed these symptoms. Doctors at

local hospitals were also ignored. The patient was transferred

to our hospital with headache of unknown cause and was

eventually diagnosed with NF1 by genetic testing.

NF1 is a syndrome characterized by a series of clinical

symptoms caused by mutations in the NF1 gene, which can

affect multiple organ systems in the skin, nervous system,

skeleton, and eyes (12). Although international diagnostic

criteria for NF1 have been proposed, they do not include

all clinical manifestations of NF1. Therefore, clinicians should

not blindly comply with these diagnostic criteria to avoid

missing atypical cases before obtaining genetic testing results.

In addition to headaches, we have also summarized some

atypical clinical symptoms of NF1 reported in previous English-

language literature, which have not been included in the

diagnostic criteria, to help enhance the vigilance of clinicians

(Table 1).
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FIGURE 2

MRI showed multiple abnormal signal foci in bilateral basal ganglia, thalamus, and pons.

FIGURE 3

(A) Pedigree of the family a�ected with NF1. (B) Sequencing results of the NF1 mutation.

Headache is not uncommon in NF1 patients, but its

cause is unclear. NF1 patients with headache were mostly

caused by nonsense mutations, frame shift mutations

and splicing mutations in the NF1 gene, which can lead

to truncated protein and cause more serious clinical

manifestations (21–24). Some other studies have suggested

that the occurrence of headache in NF1 patients may be

related to imaging abnormalities (mostly bright hippocampi

and focal areas of signal intensity) (25). The lesions may

purportedly affect the brain structures involved in headache

pathophysiology, such as the brainstem and thalamus, and

abnormalities in these regions have been reported in the

scans of nine migraine patients (25, 26). We also observed

multiple abnormal signal foci in our patient’s thalamus. This

suggests that the patient’s headache might have been related

to these imaging abnormalities. However, in addition to

NF1, other CNS diseases, such as infection, autoimmune

encephalopathy, and CNS demyelination, may also lead

to similar imaging findings. Therefore, we performed

lumbar puncture and cerebrospinal fluid examination,
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TABLE 1 Atypical symptoms of NF1 cases reported in English clinical literature.

Patient

number

Atypical

symptoms

Age Sex Familial

history

NF1-related

features

References

1 Asthenia (case 1) 10 Male Father and brother Cafe-au-Lait spots Julien et al. (7)

2 Asthenia (case 2) 14 Male ND Cafe-au-Lait spots

Axillary freckles

Plexiform

neurofibromas

Lisch nodules

Carman et al. (13)

3 Abdominal pain

(case 1)

51 Female ND Cafe-au-Lait spots

Axillary freckles

Adedayo et al. (5)

4 Abdominal pain

(case 2)

49 Female ND ND Lydia et al. (6)

5 Shortness of breath

(case 1)

63 Female ND Cafe-au-Lait spots

Cutaneous neurofibromas

Paul et al. (9)

6 Shortness of breath

(case 2)

26 Female Father and brother Cafe-au-Lait spots

Cutaneous neurofibromas

Alptekin et al.

(14)

7 Neck and arm pain

(case 1)

24 Male ND Cafe-au-Lait spots

Intraspinal neurofibroma

Arvind et al. (15)

8 Neck and arm pain

(case 3)

40 Female ND Mutiple

neurofibromas

Arvind et al. (15)

9 Foot Pain 24 Male ND Axillary freckles

An

intraneural neurofibroma

Vasilis et al. (16)

10 Trigeminal pain 28 Female Mother Cafe-au-Lait spots

Axillary freckles

Cutaneous neurofibromas

Bianco et al. (17)

11 Overgrowth of left

leg

52 Female ND Cafe-au-Lait spots

Axillary freckles

Cutaneous

neurofibromas

Lisch nodules

Tripolszki et al.

(18)

12 Developmental

retardation

10 Female ND Cafe-au-Lait spots Havlovicova et al.

(19)

13 Epilepsy 10 Female ND Cafe-au-Lait spots

Axillary freckles

Cutaneous

neurofibromas

Lisch nodules

Mastrangelo et al.

(20)

ND, No data.

including assessments for autoimmune encephalopathy

antibodies and CNS demyelinating antibodies, all of

which yielded negative results. This suggests that the

patient’s imaging abnormalities were most likely due to

NF1 rather than other diseases. However, some studies

suggest that although NF1 patients have intracranial

structural changes or an increased frequency of cerebral

anomalies, this is not a causal relationship with headache

(27–29). Some patients also develop headache without

intracranial lesions. Therefore, further studies are needed to

investigate the pathophysiological mechanisms of headache in

NF1 patients.

NF1 is the result of mutations in the tumor suppressor gene

NF1 on chromosome 17q11.2, and more than 2,600 different

NF1 gene mutations have been found in the Human Gene

Mutation Database (30). NF1 mutations are diverse, including

missense/nonsense, splicing, microdeletion, microinsertion,

total deletion, total insertion, and complex rearrangement (12).

Therefore, gene detection should include WES and MLPA to

avoid omission. Consequently, NF1 patients are many times
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more likely to develop tumors that are most common in the

nervous system, such as optic gliomas, neurofibromas, and

malignant peripheral nerve sheath tumors (31). Tumors of

the skin and gastrointestinal tract are also common (32). This

may be an important reason why the lifespan of NF1 patients

is 15 years shorter than that of the general population (33).

Therefore, it is particularly important to conduct genetic testing

for patients with suspected NF1 as soon as possible. This is

conducive to the early detection, diagnosis, and treatment of

NF1 to improve prognosis. However, the clinical manifestations

and severity of NF1 vary widely between members of the same

family and between two individuals with the same mutation.

Previously, GIOVANNI reported a 29-year-old Italian woman

with giant elephantiasis (34). The mutation was consistent

with our reported case after genetic testing (c.1541_1542del;

p. Q514Rfs∗); thus, the patient was diagnosed with NF1 (35).

However, the severity and symptoms of the two diseases

are quite different. The female presented mainly with giant

elephantiasis of the right leg, which was histopathologically

identified as a lymphangioma, with multiple neurofibromas

and few café au lait patches. The patient did not exhibit

any symptoms of headache nor did he have relevant head

MRI findings similar to our case. The reasons for this large

difference in phenotypes are complex and may be related to

differences in race, environment, and lifestyle. This suggests

that, although genetic testing can play a role in the early

detection and diagnosis of NF1, clinicians still need to make

personalized treatment plans for patients according to their

different clinical manifestations.

The current treatments for NF1 mainly focus on

early detection, symptomatic treatment, and treatment of

complications (36). The patient had no typical symptoms or

complications other than cutaneous manifestations. Therefore,

in addition to the symptomatic treatment of headache, he will

also need long-term follow-up, timely detection, and treatment

of related complications.

Conclusion

In this article, we have reported the case of a 13-year-

old Chinese NF1 patient with prominent headache. WES and

MLPA revealed a frameshift mutation. We have also reviewed

the atypical clinical manifestations of NF1 patients reported

in English in the past to improve the alertness of clinicians

and to emphasize the importance of early genetic testing for

these patients.
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Mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes

(MELAS) and progressive external ophthalmoplegia (PEO) are established

phenotypes of mitochondrial disorders. They are maternally-inherited,

multisystem disorder that is characterized by variable clinical, biochemical,

and imaging features. We described the clinical and genetic features of a

Chinese patient with late-onset MELAS/PEO overlap syndrome, which has

rarely been reported. The patient was a 48-year-old woman who presented

with recurrent ischemic strokes associated with characteristic brain imaging

and bilateral ptosis. We assessed her clinical characteristics and performed

mutation analyses. The main manifestations of the patient were stroke-like

episodes and seizures. A laboratory examination revealed an increased level

of plasma lactic acid and a brain MRI showed multiple lesions in the cortex. A

muscle biopsy demonstrated ragged red fibers. Genetic analysis from amuscle

sample identified two mutations: TL1m.3243A>G and POLG c.3560C>T, with

mutation loads of 83 and 43%, respectively. This suggested that mitochondrial

disorders are associated with various clinical presentations and an overlap

between the syndromes andwhole exome sequencing is important, as patients

may carry multiple mutations.

KEYWORDS

MELAS, PEO, mutation, Chinese, gene

Introduction

Mitochondrial disorders are a heterogeneous group of disorders that may affect

multiple organ systems, displaying marked phenotypic and genetic heterogeneity.

Mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes (MELAS) is a

rare disorder with multi-system involvement. Stroke-like episodes are the core symptom
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of MELAS, which is manifested as sudden hemiplegia, aphasia,

psychiatric symptoms, and hemianopia/cortical blindness.

Characteristic brain MRI shows large, long T2 signals at the

junction of parietal, occipital, and temporal lobes (1). Most

MELAS patients develop stroke-like symptoms before the age of

40, whilst only 1 to 6% of patients develop symptoms after this

age, which is called late-onset MELAS (2). Other manifestations

ofMELAS include epilepsy, headache, cognitive decline, exercise

intolerance, diabetes, deafness, stature short, and hairiness.

Muscle biopsies have revealed characteristic ragged red fibers

(RRF). More than 80% of patients have TL1m.3243A>G

mutation in their mitochondrial DNA (mtDNA) (3). Progressive

external ophthalmoplegia (PEO) often overlaps with other

variable symptoms. The characteristic clinical presentations of

PEO are ptosis, external ophthalmoplegia, muscle weakness,

high-frequency sensorineural hearing loss, and dysphagia (4).

POLG is the most common gene causing PEO and is associated

with complex and severe phenotypes. Besides, a variety of

genes have been implicated in the development of PEO

(4). Here, we summarize the clinical, pathological, and gene

mutation characteristics of a double pathogenic mutation in a

Chinese patient.

Case presentation

A 48-year-old right-handed woman was admitted to our

hospital (August 2021) with complaints of right hemiparesis and

cognitive impairment without ptosis and dysarthric. She had

experienced recurrent stroke-like episodes. A brainMRI showed

a lesion in the left occipital lobe (Figures 1A–E) and she was

diagnosed with ischemic stroke but recovered without sequelae.

MMSE and MOCA could not be completed at the time of the

patient’s onset, and the patient’s MMSE score was 30 points and

MOCA score was 30 points before discharge. She was discharged

with outpatient follow-up in the stroke clinic.

Then, 4 months after her discharge, she was admitted to our

hospital due to the acute onset of disorientation, and behavioral

and speech disturbances. She denied any history of migraine-

type headaches, seizures, dementia, muscle weakness, vomiting,

hearing loss, and endocrinopathies. In her past medical history,

her birth, childhood development, and early adulthood were

normal. No neurological symptoms were observed in the

patient’s maternal relatives.

On examination, the patient was thin (45 kg) and of short

stature (155 cm). The patient’s vital signs were within the normal

range. She was afebrile and auscultation revealed normal heart

sounds and bilateral, equal air entry. Her abdomen was soft

and non-tender and bowel sounds were present. During the

neurological examination, the patient’s cognitive function, such

as numeracy, timing, and orientation, became impaired. She

demonstrated bilateral ptosis and her speech was dysarthric

(Supplementary Figure 1). Tone and power were normal in all

muscle groups. Romberg’s test was positive. Her gait was broad-

based and ataxic. Nerve conduction studies showed primarily

sensory peripheral neuropathy. There was no Babinski sign.

The patient’s plasma lactate level was 2.8 mmol/L (normal

range.5-2.2 mmol/L), whilst other measurements, such as

complete blood count, glycemia, creatinine phosphokinase, liver

and kidney function tests, electrolytes and thyroid function tests,

were all normal. A cerebrospinal fluid analysis showed a normal

cell count, protein, and glucose levels. An echocardiograph,

electromyograph, and chest CT scan were also normal. However,

a brain MRI revealed a large diffusion weighted water restriction

lesion in the right temporo-occipital lobe (Figures 1F–J). No

arterial occlusion was observed. A 1H-magnetic resonance

spectroscopy (MRS) revealed abnormal lactate concentrations

in the parietal lobe lesion (Figures 1K,L). A brain magnetic

resonance venography (MRV) was performed to exclude

cerebral vein thrombosis. The results of this were normal

(Figures 1M–O).

On the fourth day after admission, the patient had a

brief (30 s) right-side tonic head deviation during which she

remained unresponsive to verbal and painful stimuli. There

was no tongue biting or loss of urinary or bowel control. An

EEG showed the left posterior temporo-occipital region (T5 and

O1), with sharp and slow-wave discharges that spread to the

contralateral occipital region, in a background of diffuse slow

wave activity. Levetiracetam (1 g daily in divided doses) was

prescribed. The level of cognitive function had improved by

the 10th day after admission and the patient was discharged

on day 14 day, with Levetiracetam, L-carnitine, coenzyme-

Q 10, and multivitamins. After 2 months of follow-up, the

patient exhibited slow actions, but was well-oriented and had

no residual behavioral disturbance. No deficit was noted in

memory, language, visuospatial, or executive functions. No

further seizures had occurred and the patient was autonomous

in daily activities such as walking, dressing, and eating. The

patient did not report any side effects of the treatment.

Levetiracetam, L-Arginine, and Coenzime Q are prescribed for

long-term use.

A biopsy was performed on the quadriceps muscle. The

tissue was frozen and then cut into 7mm sections, which were

stained in accordance with standard histological and enzymatic

histochemical procedures. The staining included the use of

H&E, modified Gomori trichrome (MGT), periodic acidic Schiff

(PAS), oil red O (ORO), nicotinamide adenine dinucleotide

tetrazolium reductase (NADH-TR), succinate dehydrogenases

(SDH), cytochrome C oxidase (COX), COX/SDH double

staining, and non-specific esterase (NSE). The analysis showed

ragged red fibers (Figure 2A), and SDH-positive fibers and gave

a COX-negative result (Figure 2B).

For molecular diagnosis, total genomic DNA was isolated

from blood and muscle sample, respectively. Whole exome

sequencing (WES) was performed as described in previous

studies. Mitochondrial disorders associated with pathogenic
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FIGURE 1

Brain imaging. (A–E) Axial di�usion-weighted of brain MRI on Di�usion-Weighted Imaging shows water restriction in the left occipital lobes,

related to the first stroke-like episode, and (F–J) in the right temporal occipital lobe, related to the second stroke-like episode. (K,L) Brain

Magnetic Resonance Spectroscopy shows abnormal lactate metabolism, at 1.3 ppm. (M–O) Brain Magnetic Resonance Venography shows no

abnormality in the dural sinuses.

FIGURE 2

Biopsy specimen. (A) ragged red fibers (MGT staining); (B) COX-negative and SDH-positive fibers in blue (COX/SDH double staining) (bar =

20µm).

mutations were found in DNA from muscle samples,

but not from blood samples. Two pathogenic mutations:

TL1m.3243A>G and POLG c.3560C>T were identified in our

patient (Figures 3A,B). The mutations were heteroplasmic, with

mutant mtDNA/total mtDNA ratios of 83 and 43%, respectively.

The results of the WES were confirmed by Sanger sequencing.
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FIGURE 3

The gene mutations. (A,B) Sanger sequencing for m.3243A>G and c.3560C>T mutations.

Discussion

Mitochondrial encephalopathy, lactic acidosis, and stroke-

like episodes syndrome were first described as a unique

mitochondrial disorder in 1984 (5), with inheritance through

the maternal lineage. Although it usually occurs before the

age of 40, cases of adult-onset MELAS have been reported

(2, 3). Clinical symptoms, such as homonymous hemianopsia,

seizures, migraine headaches, stroke-like episodes, and an

altered mental status, are attributed to an impaired energy

supply in high energy demanding organs such as the brain

and muscle. Stroke-like episodes are the most common clinical

features (1–3) and MELAS should be considered in adult

patients with stroke-like episodes, without cerebrovascular risk

factors. These episodes may show a variety of neurological

symptoms, such as homonymous hemianopsia, altered mental

status, and seizures. In MELAS, most strokes happen in the

occipital lobe but tend not to have a vascular distribution. The

corresponding changes observed during brain imaging are very

helpful for the diagnosis of MELAS syndrome. In addition,

most muscle biopsies show RRF (1–3). The mutation hotspots

observed in MELAS syndrome are m.3243A>G, m.3271T>C

and m.13513G>A (5). The pathogenic mechanism of MELAS

has not been completely elucidated, but the main hypotheses

propose that these mutations interfere with protein synthesis in

the mitochondria, which results in a deficiency of respiratory

chain enzyme complexes I and IV and the reduction of

adenosine triphosphate (ATP).

Progressive external ophthalmoplegia mainly presents with

bilateral ptosis and ophthalmoparesis progressing in severity

over time. POLG is the most common gene associated

with PEO, both in autosomal dominant or recessive form.

POLG is located on chromosome 15q25 with 23 exons.

POLG mutation is associated with at least five major

phenotypes, including Alpers-Huttenlocher syndrome (AHS),

PEO with or without sensory ataxic neuropathy, dysarthria, and

ophthalmoplegia (SANDO), childhoodmyocerebrohepatopathy

spectrum (MCHS), myoclonic epilepsy myopathy sensory

ataxia (MEMSA), and the ataxia neuropathy spectrum (ANS).

Patients with POLG-associated encephalopathy have a distinct

phenotype and neuroimaging characterized by predominant

posterior ischemic lesions (4).

Our patient was diagnosed with MELAS/PEO overlap

syndrome by the typical clinical symptoms, the results of a

muscle biopsy, and the identification of the double pathogenic

mutations. MELAS patients have a high prevalence of epilepsy

(1–5) and our patient had focal paroxysmal activity in the stroke-

like lesion. The symptoms of our patient improved significantly

while on treatment and when oral Levetiracetam, L-arginine,

and coenzyme-Q 10 were discontinued. If epilepsy is involved,

pharmacological antiepileptic treatment should be routinely

prescribed to patients.

In summary, we reported a patient with late-onset

MELAS/PEO to overlap syndrome who harbored the

TL1m.3243A>G and POLG c.3560C>T. Mitochondrial

disorders are associated with various clinical presentations and

an overlap between the syndromes and WES is important for

the diagnosis and genetic counseling of mitochondrial disorders

patients other than the screening of mutation hotspots.

Oral L-arginine and coenzyme-Q 10 were effective for this

MELAS patient but their effectiveness should be validated by

multicenter, randomized, controlled trials to demonstrate safety

and efficacy.
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Case report: A variant of the
FIG4 gene with rapidly
progressive amyotrophic lateral
sclerosis
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Yong Chen1,2,3 and Dongsheng Fan1,2,3*

1Department of Neurology, Peking University Third Hospital, Beijing, China, 2Beijing Municipal Key

Laboratory of Biomarker and Translational Research in Neurodegenerative Diseases, Beijing, China,
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Heterozygous autosomal-dominant FIG4 mutations are associated with

amyotrophic lateral sclerosis (ALS). Here, we describe a variant of the FIG4

gene (c.350dupC, p.Asp118GlyfsTer9) in a patient with rapidly progressive ALS

that has not previously been reported in ALS or primary lateral sclerosis (PLS)

patients before. Our study provides further information on the genotypes and

phenotypes of patients with FIG4 mutations.

KEYWORDS

amyotrophic lateral sclerosis, FIG4, mutation, genetics, case report

Introduction

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disease that

selectively impairs the motor cortex, the motor neurons of the brainstem and the spinal

cord (1). Nearly 10% of ALS cases are classified as familial ALS (FALS), whereas the

remaining 90% of cases are considered sporadic ALS (SALS) (2). Factor-induced gene 4

(FIG4), also known as SAC3, encodes a phosphatase that regulates phosphatidylinositol

3,5-bisphosphate, a molecule critical for intracellular vesicle trafficking along the

endosomal-lysosomal pathway (3). Mutations of FIG4 lead to the development of

Charcot-Marie-Tooth disease type 4J (CMT-4J), ALS and primary lateral sclerosis (PLS)

(4). Until now, only a few clinical reports of patients with ALS with FIG4mutations exist

(5). We report the case of a 55-year-old Chinese patient with rapidly progressing ALS

possibly associated with a heterozygous FIG4mutation (c.350dupC, p.Asp118GlyfsTer9).

To date, this mutation has not been described in ALS patients.

Case report

A 55-year-old man without a personal or familial history of neuromuscular disease

started to experience progressive muscle weakness and atrophy in the upper and

lower limbs and then rapidly developed dysarthria and dysphagia. Due to respiratory

failure, the patient underwent tracheostomy only 10 months after symptom onset. He
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FIGURE 1

The pedigree of the a�ected family. The squares indicate males;

the circles indicate females; the black symbols indicate a�ected

individuals; the arrow indicates the proband; wt/wt indicates

homozygous wild-type.

FIGURE 2

Sanger verification results indicated that the patient and his

family members harbored the FIG4 mutation c.350dupC, as

indicated by the red arrow.

now communicates with the outside world mostly using

eye movement technology. The diagnostic delay was 4

months, and the follow-up examinations did not show any

cognitive impairment. Neurological examination revealed non-

ambulatory tetraparesis with hyperactive deep tendon reflexes,

tongue atrophy and positive Hoffman and Babinski signs.

Sensory and cerebellar functions were normal. According

to the El Escorial revised criteria (6), the diagnosis of

definite ALS was made. Brain and spinal cord magnetic

resonance imaging (MRI) were normal. Electromyography

(EMG) showed some fibrillation potentials and fasciculation

in the sternocleidomastoid, the first dorsal interosseous, the

rectus abdominis and the tibialis anterior muscles. The results

of routine blood analyses and tests for infections, cancer,

autoimmune diseases, vitamin deficiencies, and toxic/metabolic

diseases were all normal or negative. The findings of

cerebrospinal fluid tests were unremarkable.

The affected family pedigree is shown in Figure 1. The

patient’s parents, brothers, and his two sons are all living and

maintain good health, with no family history of neurological

diseases. His mother (I-2), one of his brothers (II-3) and

his two sons (III-1 and III-2) were healthy, and no positive

neurological signs were identified. While his father (I-1) and

his other brother (II-2) were clinically asymptomatic, physical

examinations showed some positive signs. At 81 years of

age, physical examination revealed that the patient’s father (I-

1) had grade V muscle strength; normal muscle tone; and

positive palmomental reflex, suck reflex and Babinski signs.

The father did not undergo an EMG test. At 50 years of age,

physical examination revealed that the patient’s brother (II-2)

had grade V muscle strength; normal muscle tone; hyperactive

deep tendon reflexes; and positive suck reflex and Hoffman,

Rossolimo and Babinski signs. The EMG results for brother

(II-2) were normal.

First, PMP22, SOD1, TARDBP, FUS, C9orf72, KIF5A, and

DCTN1 genetic screenings were performed, yielding negative

results. Whole-exome sequencing (WES) was then performed

on the patient. Data were analyzed aligned to the human

reference genome GRCh37 using Burrows–Wheeler Aligner

(BWA), Samtools and Picard, while variant calls were obtained

using GATK. Variants were filtered for an allele frequency of

<0.01 according to the following online databases: the Short

Genetic Variations Database (dbSNP) (https://www.ncbi.nlm.

nih.gov/snp), the 1000 Genomes Project (1000G) database

(http://www.1000genomes.org/), the Exome Aggregation

Consortium (ExAC) database (http://exac.broadinstitute.

org/), and gnomAD (http://gnomad.broadinstitute.org/).

Sanger validation identified a heterozygous mutation,

c.350dupC:p.Asp118GlyfsTer9, of FIG4 in this patient, his

father (I-1) and his brother (II-2) that was not present in his

other family members (Figure 2). No suspicious copy number

variations (CNVs) were identified in the individuals carrying

the FIG4 variant. This frameshift mutation, NM_014845: exon

4: c.350dupC: p.Asp118GlyfsTer9 (HGVS name), which has

not been previously recorded in gene mutation databases,

including gnomAD, ExAC, the China Metabolic Analytics

Project (ChinaMAP, www.mBiobank.com), and the online

Chinese Millionome Database (CMDB, https://db.cngb.org/

cmdb/), was identified as a novel mutation. We predicted

the impact of this variant on protein function through the

use of PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/),

MutationTaster software (http://www.mutationtaster.org)

and Combined Annotation Dependent Depletion (CADD,

https://cadd.gs.washington.edu/), but no results were obtained.

According to the American College of Medical Genetics and

Genomics (ACMG) standards and guidelines, the variant was

interpreted as likely pathogenic of ALS (PVS1, PM2) since it
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TABLE 1 Clinical phenotypes of frameshift variants and non-sense variants of the FIG4 gene identified in ALS patients.

References c.DNA Variant Exon Phenotype Sex Age of onset Disease duration (yr)

Chow et al. (7) c.67-1G>T p.R23fs*30 2 FALS Male 77 1.3

This study c.350dupC p.D118Gfs*9 4 SALS Male 55 0.83

Chow et al. (7) c.547C>T p.R183X 6 SALS Male 62 8.9

Osmanovic et al. (5) c.759delG p.F254Sfs*8 7 FALS Male 40 2.67+

Lamp et al. (12) Not available p.I345Yfs*17 (co-occurrence

of C9orf72 repeat expansions)

9 FALS Female 65 3

Chow et al. (7) c.1207C>T p.Q403X 11 SALS Female 60 25

Liu et al. (10) c.2158G>T p.E720X 19 SALS Male 62 11.5

+indicates that individuals are still alive.

FIGURE 3

Schematic graph of the FIG4 protein.

leads to a null allele and possibly a deleterious effect (PVS1)

and is not present in the control databases (gnomAD, ExAC, or

dbSNP) (PM2).

Discussion

Heterozygous autosomal-dominant FIG4 mutations have

been associated with ALS, specifically ALS11 (7). Most of

the studies on FIG4 variants and ALS found that the ALS

patients carrying FIG4 variants are more likely to progress

slowly. Some researchers found that the European ALS patients

carrying FIG4 variants were significantly upper motor neuron

(UMN) predominant, and the disease duration of these patients

was longer. These researchers proposed that if identified in

ALS patients, FIG4 variants may serve as markers for a

relatively good prognosis (5). Another Caucasian ALS patient

presented with slowly progressing motor neuron disease and

frontotemporal dementia (FTD), possibly associated with a

heterozygous FIG4 mutation (8). Some Chinese researchers

have also identified FIG4 variants in Chinese ALS patients.

Zhang et al. (9) identified two FIG4 missense variants

(c.658A>G p.Ile220Val and c.2063A>G p.Asp688Gly) of

uncertain significance in Chinese SALS patients without a long

disease duration. Recently, Chinese researchers Liu et al. (10)

used targeted next-generation sequencing to identify novel FIG4

variants (c.352G>T, p.Asp118Tyr and c.2158G>T, p.Glu720∗)

in two Chinese SALS patients. The patient carrying the FIG4

p.D118Y variant also presented with progressive ALS, with a

Revised Amyotrophic Lateral Sclerosis Functional Rating Scale

(ALSFRS-R) score decreasing by 0.4 per month, although this

patient still showed milder progression than our patient. One

Italian ALS patient with a FIG4 variant was reported to have a

disease onset at a very young age, with a rapid disease course,

but the patient also had relevant cognitive impairment (11).

We identified a novel c.350dupC, p.Asp118GlyfsTer9

mutation located in exon 4 of the FIG4 gene that is possibly

associated with ALS. This variant thus far has not been

described in patients with ALS, PLS, or CMT. Our patient

with ALS presented an atypical phenotype compared with

that of previously reported FIG4-variant-related cases. The

most distinguishing feature was the very rapid disease course

without cognitive impairment, reaching clinical endpoints only

10 months after symptom onset. Bertolin et al. (11) also reported

the case of a patient with rapidly progressive ALS, a 25-year-

old female carrying the FIG4 variants c.1667C>T p.T556I and

c.122T>C. p.I41T together; however, our patient carried only

one variant.

We summarize all frameshift variants and non-sense

variants of the FIG4 gene in ALS patients that have been reported

thus far in Table 1. Most of the disease durations of these

patients are not long, and some of them also carry other ALS

variants. We found that patients with variants that were closer

to the C-terminus had longer disease courses. The FIG4 protein

is composed of three domains, an interaction domain at the

N-terminus, a phosphatase domain in the central region, and

poly-Pro and poly-Ser domains at its C-terminus (13). In this

case, the patient carried the p.Asp118GlyfsTer9 variant, which

is near the N-terminal (as shown in Figure 3), is predicted to

produce a shortened protein without the phosphatase domain
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and also the catalytic domain, including the active center P-

loop. Therefore, the rapid progression of our patient is quite

distinctive. The first two very rapidly progressing variants

shown in Table 1 (p.R23fs∗30 and p.D118Gfs∗9) both result

in the loss of expression of FIG4 protein at the mRNA level,

which is important in intracellular vesicle trafficking along

the endosomal-lysosomal pathway. Further biological studies

investigating mutations in different domains of the FIG4 gene

are still needed.

The patient’s father and brother, who were clinically

asymptomatic, carried the c.350dupC mutation, and physical

examinations showed some positive signs. We make two

assumptions. First, we hypothesize that the variant may

be incompletely penetrant for the following reasons. Some

researchers have identified incomplete penetrance of a variant in

a European family with ALS, which includes an unaffected father

carrying a FIG4 frameshift variant, c.759delG, p.(F254Sfs∗8),

suggesting that FIG4 variants are not causative alone but that

rare variants in multiple genes may need to be carried for

individuals to show disease (5). This notion is corroborated

by the finding that at least 30 genes are implicated in ALS

pathogenesis, with a low percentage of ALS cases being

explained by variants in each of these genes (14). Therefore, we

speculate that our patient may also carry other ALS pathogenic

variants with a low mutation rate that caused his ALS, which

we did not detect, while his father and brother may not carry

these variants. Second, the patient’s father and brother may

have had PLS, which would mean that the same gene mutation

in a family manifested different diseases. Continual follow-

up of these two family members is needed, as well as further

functional verification.
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Introduction: TRIO and CNKSR2 have been demonstrated as the important

regulators of RAC1. TRIO is a guanine exchange factor (GEF) and promotes

RAC1 activity by accelerating the GDP to GTP exchange. CNKSR2 is a

sca�old and adaptor protein and helps to maintain Rac1 GTP/GDP levels

at a concentration conducive for dendritic spines formation. Dysregulated

RAC1 activity causes synaptic function defects leading to neurodevelopmental

disorders (NDDs), which manifest as intellectual disability, learning di�culties,

and language disorders.

Case presentation: Here, we reported two cases with TRIO variation from one

family and three cases with CNKSR2 variation from another family. The family

with TRIO variation carries a novel heterozygous frameshift variant c.3506delG

(p. Gly1169AlafsTer11), where a prenatal case and an apparently asymptomatic

carrier mother with only enlarged left lateral ventricles were firstly reported.

On the other hand, the CNKSR2 family carries a novel hemizygous non-sense

variant c.1282C>T (p. Arg428∗). Concurrently, we identified a novel phenotype

never reported in known pathogenic CNKSR2 variants, that hydrocephalus and

widening lateral ventricle in a 6-year-old male of this family. Furthermore, the

genotype–phenotype relationship for TRIO, CNKSR2, and RAC1 was explored

through a literature review.

Conclusion: The novel variants and unique clinical features of these two

pedigrees will help expand our understanding of the genetic and phenotypic

profile of TRIO- and CNKSR2-related diseases.

KEYWORDS

TRIO, CNKSR2, RAC1, case report, neurodevelopmental disorders

Introduction

The neurodevelopmental disorders (NDDs) encompass a wide range of diseases,

such as intellectual disability (ID), learning disorders, motor coordination disorders,

speech and language disorders, attention deficit hyperactivity disorder (ADHD), and

autism spectrum disorder, which are extremely heterogeneous. Overall, the prevalence

of NDDs ranges from 9 to 18% (1). Potential pathogenic variants have been identified
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in more than 1,500 genes involved in different

neurodevelopmental processes, such as cell proliferation,

neuron migration, synapse formation, and myelination (2).

Many NDDs result in a diffuse and variable presentation of

neurological symptoms. Phenotype-based cluster analysis

established gene–phenotype relationships and revealed

compromised molecular processes in specific NDDs subgroups

(3). For example, patients with pathogenic variations associated

with MAPK pathway typically present short stature, ectodermal

anomalies, and ID (4). Genes involved in mitochondrial

function are enriched in comorbidities such as epilepsy,

metabolic dysfunctions, and myopathy (5). Several human

NDDs are known to be caused by variations in Rho family

members. One of the most widely studied Rho GTPases is the

RAS-related C3 Botulinum Toxin Substrate 1 (RAC1) (6). RAC1

is an important regulator of synaptic function and plasticity

by regulating actin polymerization (3). Synaptic function and

plasticity play essential roles in cognitive processes, especially

in learning and memory formation. Autosomal dominant

intellectual developmental disorder-48 (OMIM: 602048) is

caused by heterozygous missense variations in the RAC1

gene. Its clinical features are global developmental delay and

moderate to severe ID (7). TRIO and CNKSR2 have been

demonstrated as the important regulators of RAC1 (8, 9).

TRIO is a guanine exchange factor (GEF) and acts as a key

regulator of GTPase RAC1 by accelerating the GDP to GTP

exchange. TRIO was firstly identified as a candidate gene

for ID in 2016 (10). TRIO-related intellectual developmental

disorders are inherited in an autosomal dominant manner and

consistently characterized by global developmental delay, speech

impairment, moderate to severe ID and learning disabilities, and

macro- or microcephaly. Other phenotypes include behavioral

problems and seizures (10–12). CNKSR2 is a scaffold and

adaptor protein, which localizes to the dendrites of hippocampal

neurons, and helps to maintain Rac1 GTP/GDP levels at a

concentration conducive for dendritic spines morphogenesis

(9). CNKSR2 is a causative gene of the Houge type of X-linked

syndromic intellectual developmental disorder. Most of the

affected men described in the literature exhibited a consistent

clinical phenotype of ID, developmental delay, language

deficits, and early onset epilepsy (13, 14). However, phenotypic

variability complicates the diagnosis of NDDs caused by

RAC1-regulating genes.

Here, we report the typical and atypical features of

five cases with TRIO or CNKSR2 variations detected via

whole exome sequencing (WES), respectively. Furthermore,

to strengthen our understanding of the phenotype and

genotype profile of RAC1-associated NDDs, we performed

a literature review of genotype–phenotype analysis for

TRIO, CNKSR2, and RAC1. All these results could

facilitate the diagnosis of diseases caused by impaired

RAC1 signaling.

Case presentation

TRIO variation family

Case 1 was the first pregnancy of non-consanguineous

parents. The family history was unremarkable. The mother

of this proband at 25 weeks of gestation was referred to

our hospital for evaluation of the abnormal fetal ultrasound.

Prenatal ultrasound showed a normal head circumference of

22.9 cm. However, the transverse cerebellar diameter was only

2.13 cm (equivalent to 20 weeks) (Figure 1A), and the right

and left cerebellar hemisphere diameter was 0.73 and 0.84 cm,

respectively (Table 1). In addition, the amniotic fluid index of

10.6 cm suggested polyhydramnios. Brain magnetic resonance

imaging (MRI) at 25 weeks showed delayed development of the

cerebral cortex such as smooth cerebral surface and a paucity of

cingulate sulcus and calcarine sulcus (equivalent to 20 weeks).

The transverse diameter of the cerebellum was 2.1 cm and the

base of the pons was shallow suggesting delayed development of

cerebellum and brainstem (equivalent to 20 weeks). The width of

the four ventricles was normal. The pregnancy was terminated at

26 weeks of gestation.

Skin samples of the fetus and whole blood samples of

the parents were collected after obtaining informed consent

from the parents. Chromosomal microarray analysis of the

fetus indicated a normal karyotype. The whole exomes of

proband were captured by using Agilent SureSelectXT Human

All Exon V6 (Agilent Technologies, Inc. Santa Clara, CA,

USA). High-throughput sequencing was performed by using

the Novoseq sequencer from Illumina (Illumina, Inc., San

Diego CA, USA). The obtained sequences were aligned to the

human genome GRCh37/hg19 reference sequence by BWA

(Burrows-Wheeler Aligner) software. A BAM (binary sequence

alignment map format) file was produced via Picard software.

GATK4 (Genome Analysis Toolkit) Realigner Target Creator

software and Haplotype Caller software were used to adjust

the sequence, extract variants, and generate VCF (Variant Call

Format) files. The Annovar software was used to filter and

annotate the variant.

A heterozygous frameshift variant c.3506delG (p.

Gly1169AlafsTer11) in TRIO (NM_007118.2) was screened out

viaWES. No other phenotype-related variants were discovered.

TRIO is a well-defined haplo-insufficient gene containing

57 exons. Transcripts produced by c.3506delG variant in

exon 21 were speculated to undergo non-sense-mediated

decay (NMD) resulting in loss of function (LOF) (PVS1) by

AutoPVS1 (http://autopvs1.genetics.bgi.com/) (15). So far,

this variant was neither found in ExAC nor 1000G (PM2-

supporting) and was classified as likely pathogenic according

to the ACMG guidelines. The variant was confirmed by

Sanger sequencing. The primer sequences for this variant were

forward 5′-TAAATGAGGTGCTCGGGGCT-3′ and reverse
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FIGURE 1

Phenotype and gene variation in TRIO cases. (A) Delayed development of cerebellar (equivalent to 20 weeks) of case 1 in 25 weeks of pregnancy

was detected by prenatal ultrasound. (B) TRIO c.3506delG variation in case 1 and case 2 were confirmed by Sanger sequencing. (C) Family

pedigree of TRIO variation cases. (D) Schematic representation of TRIO domains and LOF variations identified in a�ected individuals (blue:

macrocephaly; green: microcephaly; red: variant found by us).

5′-ACTCGCTTTCGACTTAGAGG-3′. Sanger sequencing

confirmed that the TRIO variation was inherited from the

asymptomatic mother (Case 2) (Figures 1B,C). The mother of

the proband had learning problems and dropped out of school

at 12 years old. She demonstrated normal language expression

and understanding during counseling. No recognizable facial

features were found. To further evaluate the pathogenicity of

c.3506delG in TRIO, the brain MRI of the mother (case 2)

was performed. Only a widened left lateral ventricle (1.64 cm)

was indicated (Supplementary Figure 1) (Table 1), and other

brain structures were normal (the symmetrical bilateral cerebral

hemispheres, the normal gray and white matter, no abnormal

focal signal, the normal cerebellum, brainstem, and pituitary

gland). LOF variants such as previously reported variants in

14 patients with detailed clinical evaluation and our variant

were presented in Figure 1D (blue: macrocephaly; green:

microcephaly; red: variant found by us) (10–12, 16).

CNKSR2 variation family

A 6-year and 7-month-old boy (case 3) is the first and only

child in his family. The family history was also undocumented.

The patient was born at term with cesarean section. He walked

without support at the age of 18 months. A neuropsychiatric

evaluation at 4 years showed obvious symptoms of autism such

as poor verbal and non-verbal communication, and cognitive

dysfunction. Macrocephaly progressed and brain CT showed

a small amount of subdural effusion in both foreheads at 4

years old (Table 1). At 6-year and 7-month-old, his weight was

21.4 kg (−1 SD∼median), height was 117 cm (about −1 SD)

and head circumference was 54 cm (>2 SD). He could not take

care of himself and does not have any expressive speech. The

intelligence assessment at the age of 6-year and 7-month-old

showed severe ID with an IQ of 40. Brain MRI identified severe

hydrocephalus and a widened bilateral ventricle (2.5 cm) and

third ventricle (1 cm) (Figures 2A,B). The parents denied any

history of epilepsy.

Copy number variation sequencing (CNV-seq) and trio-

WES were chosen to screen for causal variants. CNV-seq of

proband indicated a normal karyotype. The whole exomes were

captured by using BGI V4 chip and sequenced byMGISEQ-2000

(MGI Tech Co. Ltd.). The data were analyzed as described above.

A novel hemizygous non-sense variant c.1282C>T (p. Arg428∗)

in the X-linked CNKSR2 (NM_014927.3) was screened,

which was inherited from his unaffected carrier mother. The

variants were confirmed by Sanger sequencing. The primer

sequences were forward 5′-AAACCTTCCTTGTGAAGACC-3′

and reverse 5′CGCCTAAGTAACTCTCACA-3′ (Figures 2C,D).

CNKSR2 is a well-defined haplo-insufficient gene containing 22

exons. Transcripts produced by c.1282C>T variant in exon 11

was speculated to undergo NMD resulting in LOF (PVS1) by
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TABLE 1 Clinical phenotype and related gene variations identified in two families with neurological disorders.

Family Case Age Sex Phenotype Medical imaging Gene Variation

1 1 25w M The normal head circumference

(22.9 cm), shorter transverse cerebellar

diameter (2.13 cm), and

polyhydramnios (the maximal depth of

10.6 cm) were scanned by prenatal

ultrasound in 25 weeks of pregnancy.

Delayed development of cerebral

cortex (20 weeks), cerebellar and brain

stem (21 weeks) were detected by MRI

TRIO(NM_007118.2) c.3506delG (p.

Gly1169AlafsTer11)

2 19 y F Normal A widened left lateral ventricle

(1.64 cm) was detected by MRI

TRIO(NM_007118.2) c.3506delG (p.

Gly1169AlafsTer11)

2 3 6 y M Macrocephaly, delayed motor

developmental, autism,

cognitive dysfunction, absent

language, intellectual

disability

A severe hydrocephalus, and a widened

bilateral ventricle (2.5 cm) and third

ventricle (1 cm) were detected by MRI

CNKSR2(NM_014927.3) c.1282C>T (p. Arg428*)

4 30 y F Normal CNKSR2 (NM_014927.3) c.1282C>T (p. Arg428*)

5 4m F Delayed development Upper limit of lateral ventricle (1.0 cm)

was detected by prenatal ultrasound at

24 weeks of pregnancy. Abnormally

hyperintensity in the left

frontotemporal parietal lobe during

neonatal stage was detected by MRI

CNKSR2 (NM_014927.3) c.1282C>T (p. Arg428*)

w, weeks; y, years; m, months; F, female; M, male; MRI, magnetic resonance imaging.

AutoPVS1. The CNKSR2 c.1282C>T was inherited from the

unaffected mother with negative family history and phenotype

of proband was unspecific (PS2-moderate). To date, this variant

was neither found in ExAC nor 1000G (PM2-supporting) and it

was classified as pathogenic according to the ACMG guidelines.

Approximately, 2 years later, this family was admitted to

our hospital with the complaint of the widening lateral ventricle

of the second pregnancy at 24 weeks (1.00 cm) by prenatal

ultrasound (Supplementary Figure 2). Prenatal diagnosis of

c.1282C>T in CNKSR2 was recommended. However, they

decided to continue with their pregnancy without the prenatal

diagnosis, and subsequently gave birth to a female baby

at term with cesarean section. At birth, her weight was

3,500 g. Brain MRI showed abnormally hyperintensity in the

left frontotemporal parietal lobe. At 4 months old, physical

examination indicated global developmental delay (equivalent

to 1 month). Sanger sequencing confirmed the c.1282C>T

variant in this second child (Figure 2C).

To date, a total of 28 different variants have been reported

in 33 men. Interestingly, all variants were considered as

LOF, such as genomic deletions, non-sense variants, splice

site mutations, and small insertions or deletions (13, 17)

(Figure 2E) (red: non-sense variant found in this report). These

results suggest that LOF of CNKSR2 is the major molecular

pathogenic mechanism.

Genotypes–phenotypes analysis

Although phenotypic variability complicates the diagnosis of

NDDs caused by RAC1-regulating genes, there is a significant

clinical overlap in TRIO, CNKSR2, and RAC1. About 30 patients

with TRIO pathogenic variations, 33 male cases with CNKSR2

pathogenic variations and seven cases carryingRAC1 pathogenic

variations have been reported in the literature thus far (7, 10–12,

14, 16, 18).

TRIO is a multi-domain protein, comprising an N-terminal

SEC14 domain, several spectrin repeats, two Rho-guanine

exchange factor units (GEFD1 and GEFD2), and a C-terminal

serine/threonine kinase domain (16) (Figure 1D). Spectrin

repeats domain was known to bind different TRIO regulators to

inhibit TRIO-mediated RAC1 activation. While GEFD1 mainly

promotes RAC1 activity. Different RAC1 activity resulting from

different variations was strongly correlated to the head size

and the disease severity (Table 2) (11). TRIO variation cases
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FIGURE 2

Phenotype and gene variation in CNKSR2 cases. (A,B) A severe hydrocephalus, and a widened bilateral ventricle (2.5 cm) and third ventricle (1 cm)

were scanned by MRI. (C) CNKSR2 c.1282C>T variation in CNKSR2 family was confirmed by Sanger sequencing. (D) Family pedigree of CNKSR2

cases. (E) Non-sense variants, splice site mutations, and small insertions/deletions reported in literature (brick red and blue) and this report (red).

Hotspot 1: the upstream region of N-terminal PDZ domain; Hotspot 2: the downstream region of C-terminal PH domain; Hotspot 3: PH domain.

were classified into three groups based on the locations of the

variant (11). Group 1 and 2 carry pathogenic missense variants

in the hotspot spectrin repeat and GEFD1, respectively. The

LOF variants all fall into the third group. Variations in the first

group of TRIO variations reflecting increased RAC1 activity are

associated with severe ID and macrocephaly (Table 2). While

group 2 reflecting decreased RAC1 activity showed mild ID

andmicrocephaly (Table 2). Consistently, patients withmissense

variants in RAC1 resulting in reduced RAC1 activity showed

microcephaly (Table 2) (7). However, the clinical spectrum of

group 3 LOF variants in TRIO was less well-defined. LOF

variants in group 3 were shown in Figure 1D. Remarkably, LOF

variants were distributed along the TRIO sequence with most

cases presenting microcephaly (10, 12, 16) but two carrying

c.77C>A (p.Ser26∗) and c.7050del (p.Val2351Cysfs∗62) variant

with macrocephaly, respectively (11, 12) (Figure 1D, Table 2).

Two isoforms of CNKSR2, isoform 1 and isoform 3

have been identified in humans and their expressions were

only detected in the brain (19, 20). CNKSR2 isoform 1

consists of 1,034 amino acids and contains a sterile alpha

motif (SAM) domain, a conserved region in CNKSR

(CRIC) domain, a PSD-95/Dlg-A/ZO-1 (PDZ) domain,

a pleckstrin homology (PH) domain, and a C-terminal

PDZ binding motif (20). CNKSR2 isoform 3 is a truncated

form of isoform 1 consisting of 898 amino acids lacking

a C-terminal PDZ binding motif (19, 20). No pathogenic

LOF variation downstream of the 898th amino acid was

reported so far, which may be related with the presence

of unaffected isoform 3. Depending on the location, these

LOF variants cluster into three hotspots, such as upstream

region of the N-terminal PDZ domain (hotspot 1), the

downstream region of the C-terminal PH domain (hotspot 2)

and the PH domain (hotspot 3, blue) (Figure 2E). Phenotypic

differences such as the onset age of seizures, severity of

language impairment, and ADHD were not significant

between hotspot 1 and 2. However, severe language loss

and ADHD were observed at a lower frequency in hotspot

3 (Table 2).

Language impairment was a cardinal feature of TRIO,

CNKSR2, and RAC1 variation patients as compared to all

other NDDs subgroups, and a high frequency of minimal-to-no

speech was observed in TRIO group 1 and CNKSR2 variation

cases (Table 2). In addition, structural brain abnormalities

in RAC1 variation cases have frequently been observed,

while the seizure is the most common feature in CNKSR2

variation cases. The onset age of seizures in CNKSR2 and

RAC1 variation cases was in the first few months or years

of life. While in TRIO variation cases, the onset age of

seizures was later and only reported in TRIO groups 1

and 3 (Table 2).
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TABLE 2 The comparison of clinical manifestations among TRIO, CNKSR2, and RAC1 variation cases.

Phenotype TRIO

(group 1)

TRIO

(group 2)

TRIO

(group 3)

CNKSR2

(hotspot 1)

CNKSR2

(hotspot 2)

CNKSR2

(hotspot 3)

RAC1

ID 9/9 (severe) 7/7 (mild) 14 (ranging from severe

to mild)

5/5 9/9 4/4 7/7 (ranging from severe

to mild)

Seizures 3/9 0/7 2/5 5/5 (onset age: 2y–3y) 9/9 (onset age: 4d−4y) 3/4 (onset age: 2y) 3/5 (onset age: about

2m−2y)

Learning difficulties 2/9 (moderate) 7/9

(severe)

6/6 (moderate) 14 (ranging from severe

to mild)

5/5 9/9 4/4 7/7

Language defect 6/9

(minimal-to-no speech)

3/9 (mild)

2/7 (minimal-to-no

speech)

5/7 (mild)

4/12

(minimal-to-no speech)

7/12 (mild)

4/5 (minimal-to-no

speech)

1/5 (mild)

6/9

(minimal-to-no speech)

3/9 (mild)

2/4 (minimal-to-no

speech)

1/4 (mild)

1/4 (normal)

3/7

(minimal-to-no speech)

2/7 (mild)

OFC 9/9 (macrocephaly) 6/7 (microcephaly) 12/14 (microcephaly)

2/14 (macrocephaly)

Normal Normal 1/32 (microcephaly) 4/7 (microcephaly) 2/7

(macrocephaly)

ADHD 4/9 4/7 9/13 4/4 9/9 1/4 1/4

Abnormal brain MRI 1/9 0 0 1/5 0 0 6/6

ID, intellectual disability; OFC, occipital frontal circumferences; group 1: missense variations in spectrin repeats domain; group 2: missense variations in GEFD1 domain; group 3: loss of function variations; d, days; m, months; y, years; hotspot 1: the

upstream region of N-terminal PDZ domain; hotspot 2: the downstream region of C-terminal PH domain; hotspot 3: PH domain. ADHD, attention deficit hyperactivity disorder.
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Discussion and conclusion

In humans, phenotypes caused by TRIO variants are

variable, even within families with the same variant. They had

borderline to severe ID with development delay, learning

difficulties, variable speech delay, and abnormal head

circumference. The patients also had behavioral problems,

such as autistic-like features or ADHD.

Notably, the mother of case 1 presented with

learning problems in childhood, normal language

expression/comprehension, and enlarged left lateral ventricle

in adulthood, who was the first TRIO case with incomplete

penetrance. However, incomplete penetrance of TRIO cases

has not been reported previously. The first explanation for

incomplete penetrance could be maternal mosaicism. However,

we were unable to obtain other tissue samples to confirm

this hypothesis. A second explanation is that there may be

other genes that interact with TRIO, as well as environmental

modifiers that we have not considered for this TRIO family.

Although our analysis did not give an answer to the mechanism

of incomplete penetrance in this TRIO variation family, the

question of incomplete penetrance deserves further study and

new hypotheses.

Thus far, all reported cases with pathogenic TRIO variants

were children and adults. Case 1 in this report was the first

prenatal case and head circumference was within the normal

range, which has not been reported. Prenatal case 1 was found

with delayed development of the cerebral cortex, cerebellum,

and brain-stem. Consistently, the prenatal MRI phenotypes

such as cerebellar hypoplasia, shortened corpus callosum, and

prominent cisterna magna have been described in RAC1 cases

(7), which highlight the role of RAC1 signaling in fetal

brain development.

CNKSR2 variants exhibit delayed development, major ID,

speech and language delay, and early onset seizures. Case 3 in

our report also showed severe ID, absent language expression,

and psychomotor delay. However, he did not exhibit the onset

of seizures. All previously reported male patients exhibited the

early onset of seizures from neonatal stage to 4 years old with the

exception of one Chinese 6-year-old boy reported by Zhang (21).

Abnormal brain structures such as hypoplasia corpus callosum

and white matter lesion have been described previously (22,

23). Interestingly, hydrocephalus and widened bilateral ventricle

were firstly observed in our CNKSR2 case. Most of the carrier

mothers had normal phenotype or some exhibit with only mild

learning disability due to X-inactivation in women. The skewed

X inactivation rate could explain the different phenotypes of

two female carriers. Depending on the location, these LOF

variants cluster into three hotspots districts (Figure 2E, Table 2).

Notably, a lower frequency of severe language loss and ADHD

was observed in hotspot 3. The PH domain is known to stimulate

the MAPK pathway and both isoforms of CNKSR2 are localized

synaptically through the PH domain (24, 25). Zhang et al.

hypothesized that one possible reason for the relatively mild

symptoms observed in hotspot 3 might be that the slanted PH

domain of the truncated CNK2 protein has acquired a new

function (21). However, only four cases with variants in hotspot

3 have been reported and the underlying mechanism needs

further investigation.

Notably, both case 2 with TRIO variant and case 3

with CNKSR2 variant presented enlarged lateral ventricle. The

delicate balance of cerebrospinal fluid (CSF) circulation may be

disrupted in certain neurological diseases, which are associated

with hydrocephalus and enlarged lateral ventricle (26). The

actin cytoskeleton has been reported to regulate multi-ciliated

ependymal cells that line the ventricular walls and are important

for the flow of CSF through ciliary beating (27). Thus, disrupted

Rac1 signalingmight be associated with the ventricle phenotypes

in both families.

In conclusion, our findings expand the spectrum of

variants and phenotypes of TRIO- andCNKSR2-related diseases.

Phenotypes associated with gene mutations disrupting RAC1

activity overlap sufficiently, which makes this subgroup of

NDDs recognizable.
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SUPPLEMENTARY FIGURE 1

A widened left lateral ventricle in case 2 by MRI.

SUPPLEMENTARY FIGURE 2

A widened lateral ventricle in case 5 by prenatal ultrasound.
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Ataxia with oculomotor apraxia type 1 (AOA1) is a rare genetic disorder and

is inherited in an autosomal recessive manner. It is mainly characterized

by childhood-onset progressive cerebellar ataxia, with dysarthria and gait

disturbance being the two most common and typical manifestations.

Axonal sensorimotor peripheral neuropathy, dystonia, chorea, and cognitive

impairment are common associated symptoms, as are hypoalbuminemia

and hypercholesterolemia. Oculomotor apraxia (OMA)has been reported

to be a feature often, although not exclusively, associated with AOA1.

The Aprataxin gene, APTX, is ubiquitously expressed, and numerous APTX

mutations are associated with di�erent clinical phenotypes have been found.

In the present study, we enrolled a 14-year-old boy who developed ataxia

with staggering gait from the age of 4 years. Early-onset cerebellar ataxia,

peripheral axonal neuropathy, cognitive impairment and hypoalbuminemia,

hypercholesterolemia were presented in this patient, except for OMA. We

applied ataxia-related genes filtering strategies and whole-exome sequencing

(WES) to discover the genetic factors in a Chinese family. Sanger sequencing

was used in the co segregation analysis in the family members. A compound

heterozygous mutation in APTX gene (c.739C>T and c.501dupG) was

identified. This is the first description of a genetically confirmed patient of AOA1

in a Chinese family in addition to a novel mutation of c.501dupG in APTX.

KEYWORDS

ataxia with oculomotor apraxia type 1, oculomotor apraxia, APTX, novel mutation,

case report

Introduction

Autosomal recessive cerebellar ataxia (ARCA) is a complex, heterogeneous, and

disabling neurogenetic degenerative disease characterized by progressive damage to

the cerebellum and its associated conduction tracts (1). Early-onset AOA1 is a slowly

progressive cerebellar ataxia, which usually occurs in childhood, followed by oculomotor

dysfunction and peripheral axonal neuronal lesions (2). Patients will have symptoms of

disappearance of deep tendon reflexes, peripheral nervous system lesions 7–10 years
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after onset, limb atrophy, chorea, dystonia and other

phenomena, as are hypoalbuminemia and hypercholesterolemia

in the course of the disease. Some patients have cognitive

impairment, although intellect remains normal (3, 4). AOA1

is the most common ARCA in Japan (5), and is also found

in other countries (6, 7). OMA is a characteristic ocular

symptom, manifested as abnormal smooth eye tracking

saccade, disappearance or defect of voluntary eye movement

in the horizontal direction, and normal eye movement in

the vertical direction. Some patients have strabismus or

blinks are often seen (8), which is the prominent clinical

presentation in AOA1.However,the AOA1 patients with

absence of OMA were reportedly presented in 34.5%

cases (9), so these patients experience genuine OMA

remains questionable.

In this study, we report a childhood-onset AOA1 patient

who presented with progressive cerebellar ataxia, and peripheral

neuropathy, but no oculomotor apraxia. The patient underwent

clinical and molecular genetic testing, which WES identified

a compound heterozygous mutation of c.739C>T and

c.501dupG in APTX. This is the first report of the APTX

c.501dupG mutation. Sanger sequencing was used in the

cosegregation analysis in the family members. Our study

expanded the variant spectrum of the APTX gene and

contributed to genetic counseling and prenatal genetic

diagnosis of the family. Currently, there is no effective

treatment is available forAOA1 in general. Different forms

of rehabilitation remain supportive and symptomatic,

with the main objective of improving the quality of life

of patients.

Case report

We report a 14-year-old male patient who has experienced

progressive gait disturbance characterized by difficulty in

maintaining balance since the age of 4 years. He is the first

child of healthy, non-consanguineous Chinese parents with

no family history of gait disorders. The boy was referred to

have had normal development until 4 years of age, when

parents started noticing unsteady gait with frequent falling

down, cognitive, and speech worsening. At age 7 years

he presented ataxia increasing with effort, dysarthria, gait

disorders, slowness, learning difficulties, exercise intolerance

and fatigue needing to rest. The boy at the age of 10 years

was admitted for his first neurological examination, which

revealed markedly cerebellar syndrome with gait ataxia and

dysarthria attention, and mild cognitive and executive function

decline. Physical examination revealed pes cavus, but no

scoliosis or other musculoskeletal deformities. Deep tendon

reflexes of the lower extremities were disappeared and the

plantar response was flexor bilaterally. Light touch, pinprick,

and vibration sensation were absent, and the Romberg test

was positive. Neurological examination was characterized by

gait imbalance and absence of dystonia, chorea, tremor and

dyskinesia (Supplementary Video 1). His extraocular range of

motion was adequate in all directions, with no apparent

OMA on reflex saccade examination. The boy at the age of

14 was screened by a trained neurologist and were noted a

mild cognitive impairment. The clinical manifestations were

consistent with AOA1.

Biomedical tests for ceruloplasmin, serum immunoglobulin,

alpha-fetoprotein, ferritin, urethane lactate, pyruvate, liver

and kidney function, electrolytes, hemoglobin, vitamin E and

B12 were performed. No results were abnormal except for

hypoalbuminemia (30.5 g/L, normal range 40–55 g/L) and

mildly elevated cholesterol (6.1 mmol/L, normal range <5.2

mmol/L). Serum alpha-fetoprotein (AFP) level was normal.

The patient’s visual evoked potentials were abnormal in low-

amplitude responses on binocular andmonocular tests, although

it was not appreciated on history or physical examination. Nerve

conduction study showed reduced nerve conduction velocities

and low sensory and motor action potentials indicating

sensorimotor axonal polymorphic peripheral nerve damage.

The lower extremity muscles were biopsied, and histological

analysis showed that the size of muscle fibers varied slightly,

showing neurogenic pathological changes. Magnetic resonance

imaging (MRI) of the head showed atrophy of the cerebellum

with no involvement of the brainstem or cerebral cortex,

and low signal loss in the cerebellar dentate nucleus on

sensitivity-weighted imaging (SWI) (Figure 1). MRI scan was

evaluated by an experienced radiologist. Written informed

consent was obtained from the parents for publication and

accompanying images.

Given the tentative diagnosis of cerebellar ataxia, genetic

evaluations for spinocerebellar ataxia (SCA1, 2, 3, 6, 7, 8, 10,

12, 17, 36), dentatorubral-pallidoluysian atrophy (DRPLA), and

the autosomal recessive ataxias Friedreich’s ataxia (FRDA) were

performed and shown to be negative.

We then performed WES to identify the genetic lesions

responsible for the disease phenotype of the proband.

The main part of WES was provided by the Novogene

Bioinformatics Institute (Beijing, China). The exomes

were captured using Agilent SureSelect Human All Exon

V6 kits (Agilent Technologies, Sta Clara, CA, USA), and

high-throughput sequencing was performed using Illumina

HiSeq X-10 (Illumina, San Diego, CA, USA). The basic

bioinformatics analysis including Reads, Mapping, Variant

detection, Filtering, and Annotation were also endowed by

Novogene Bioinformatics Institute. The strategies of data

filtering refer to Figure 2. Sanger sequencing was applied to

validate the candidate variants identified in whole-exome

sequencing. Cosegregation analysis was conducted in all

family members of this study. The primers were as follows:

c.739C>T (forward: 5′-AAGTCAGGCAGAGAGGTGGA−3′,

reverse: 5′-CGTTACCATTGGCTGGTCTT−3′); c.501dupG
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FIGURE 1

Brain MRI. Axial T1-weighted (A) and sagittal T1-weighted (B) magnetic resonance images of the patient. Note the presence of pure cerebellar

atrophy and low cerebellar dentate nucleus signal, without involvement of the brain stem and cerebral cortex. Hyposignal in the dentate

nucleus can be seen on T1 (C), but is absent on susceptibility weighted imaging (SWI) (D).

(forward: 5′- CAAGGCAGAGGGGATATTCA−3′,reverse:

5′- GAGGCAGGAGAATCACTTCG−3′), and the sequences

of the polymerase chain reaction (PCR) products were

determined using the ABI 3100 Genetic Analyzer (ABI, Foster

City, CA).

After data filtering, a nonsense mutation in exon 7

(c.739C >T; p.Arg247∗) and a frameshift mutation in

exon 6 (c.501dupG; p.Ser168Glufs∗19) were identified by

using WES,and they were co-segregated with the affected

members (Figure 3). The patient’s father carried a single

heterozygous mutation (c.501dupG), and his mother carried a

single heterozygous mutation (c.739C>T). Mutation in APTX

c.501dupG, which has not been reported previously, located at

Chr9:32,986,011(Exon 6).

Currently, the patient has accepted medicine

(Idebenone20mg daily and CoQ10 30mg daily) and supportive

procedures including rehabilitation therapy, and speech

therapy. However, the boy experienced no significant clinical

improvement following the procedure.

Discussion

In this study, we applied WES to detect the underlying

genetic cause in a Chinese patient with AOA1. A new frameshift

mutation (c.501dupG/p.S168Efs) of APTX was identified. The

APTX gene, mapped to chromosome 9p13.3, encodes Aprataxin

nuclear protein, present in both the nucleoplasm and the

nucleolus. Aprataxin is a member of the histidine triad (HIT)

superfamily and includes three domains: a forkhead-associated

domain in the N-terminal region; a HIT domain, and a

C-terminal region containing a divergent zinc finger motif

(10). Aprataxin interacts with a variety of proteins involved

in the RNA-DNA damage response to protect the genome

from adenosyl ribosylation and mitochondrial transcriptional

regulation (11–13). Changes in the structure of the Aprataxin

protein affect DNA repair, resulting in the gradual accumulation

of unrepaired DNA strand breaks cellular dysfunction, especially

in the degeneration of Purkinjie and cerebellar granular cells,

which are responsible for cerebellar atrophy and ataxia in
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FIGURE 2

The strategies of gene date filtering.

AOA1 (14, 15). At present, at least 40 mutations of APTX

have been reported in patients according to Human Gene

Mutation Database (HDMG), mainly including nonsense, splice

site, missense, frameshift and deletion mutation (16, 17). The

phenotypes resulting from these mutations are observably

heterogeneous, mainly including progressive ataxia, OMA,

chorea, dystonia, and peripheral neuropathy, hypoalbuminemia,

hypercholesterolemia (4). The relationship between genotype

and early-onset ataxia and OMA is not completely clear.

Previous studies (5) proposed insertion, deletion, frameshift

mutation in APTX may cause a more severe phenotype

with childhood onset compared with phenotypes caused by

missense mutations with relatively late age at onset (9). Missense

mutations causing mild phenotypes are in or downstream of the

HVHLH motif in the HIT domain, while others are in the first

part of the HIT domain (18). The HIT domain shares residues

173–273 amino acid length of Aprataxin protein 7) and our

exome-sequencing analysis reports a compound heterozygous

mutation of c.739C>T(p.R247∗) and c.501dupG(p.S168Efs∗)

located in the HIT domain region, which is predicted to cause

truncated protein ranging from HIT to zinc finger domain.

Mosseso et al. (19)confirmed that an AOA1 patient with a

mutation c.739C>T of the APTX gene leading to the nonsense

variation R247X and to a truncated product with deletion of the

HIT and zinc-finger domains of the protein, but they failed to

elaborate on the patient’s clinical phenotype.We identified a new

mutation c.501dupG, resulting in a frameshift with a premature

stop, which is predicted to truncation of functional domains of

Aprataxin protein. The position of pathogenic mutants related

to theHIT domain could be one of the factors contributing to the

clinical phenotype in AOA1 and should be further evaluated in

future studies. Our patient had onset at age 4 years of progressive

gait ataxia, dysarthria and peripheral neuropathy, but had

normal ocular movements, so we highlight AOA1 should be

included in the differential diagnosis of early-onset ataxia even

in the absence of OMA. The small numbers of individuals with

identical APTX mutations, the great diversity in background

genotypes and the substantial phenotypic heterogeneity has

limited the ability to determine the impact of clinical outcomes.

Consequent more data and research are required to provide

further clues.

AOA1 typically manifests with early-onset cerebellar

ataxias predominate at onset, and often masked by severe

axonal sensorimotor neuropathy ultimately leading to

amyotrophy occurs in the majority of patients (3, 4).

The age of our patient at onset was 4 years old and a

slow progression that results in a spectrum of severity

from progressive gait instability, to patients becoming

wheelchair bound from the age of 12, which is consistent

with the age spectrum of AOA1. Hypoalbuminemia and
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FIGURE 3

Sanger sequencing of APTX exons. Sanger sequencing after PCR amplification revealed compound heterozygous mutations: the nonsense

mutation (c.739C>T, p.Arg247*) in exon 7, and a frameshift mutation (c.501dupG, p.Ser168Glufs*19) in exon 6. c.501dupG is novel, while

c.739C>T is a known pathogenic mutation.

hypercholesterolemia found in 83 and 75% of patients, are

the most important clues to AOA1 diagnosis (4). Normal

AFP levels distinguish it from ataxia telangiectasia (AT) and

AOA2 and to some extent in ARCA3 (1, 20). Movement

disorders were absent in our patient. Yokoseki et al. found

that chorea, dystonia, and myoclonus accounted for 40,

20, and 10% of movement disorders respectively. Different

mutations in APTX gene have different molecular mechanisms

as evidenced by the varying phenotypes resulting from

mutations affecting different domains of the same Apatataxin

protein, but the majority of these mechanisms remain to

be determined.

In our study, there was atrophy of the cerebellum with

no involvement of the brainstem or cerebral cortex in T1

sequences of magnetic resonance image. Magnetic resonance

(SWI) showed the absence of low signal in the cerebellar dentate

nucleus which is especially sensitive to iron and other metal

stores and can be used to assess changes in iron content in

different neurodegenerative diseases (21). The findings indicated

that SWIwas a sensitive technique for detection of cerebral clinic

anatomical correlations in AOA1 patients (22).Anatomical

experiments had provided evidence for dentate nucleus and

striatum as well as the subthalamic nucleus and cerebellar cortex

may be damaged (23). So the disappearance of low signal
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intensity in the dentate nucleus on SWI and the persistence of

T1 sequences (24) suggest that the underlying mechanism of

AOA is not only cerebellar atrophy, but also dentate atrophy,

especially changes in iron content in nucleoids.

There is no effective treatment and current treatment

strategies are based on rehabilitation therapies, including

special strength and balance training to increase stability

as well as compensatory strategies (25). In the next decade,

novel treatments might target in pathogenesis, including

mitochondrial dysfunction, impaired DNA repair, by

modulation of gene expression, stem cell transplantation,

gene transfer, or interventions in viral pathways (26).

Conclusion

In summary, the present study has confirmed a compound

heterozygous mutation of c.739C>T and c.501dupG in APTX

in a Chinese patient, in addition to a novel mutation of

c.501dupG. The patient presented with AOA1 phenotypes

including childhood progressive cerebellar ataxia, cognitive

impairment and peripheral neuropathy, but no oculomotor

apraxia. We highlight the genetic and phenotypic heterogeneity

of AOA1, such as the lack of typical OMA features. Our results

expand on the spectrum of APTX mutations and contribute to

the genetic diagnosis and counseling of families with AOA1.
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The subject was examined at the age of 10 years. The displayed

phenomenology consists of cerebellar ataxia, but no scoliosis or other

musculoskeletal deformities. Signs of chorea, arm dystonia and other

movements disorders have not observed. The subject walks with living

support and has, over time, become more dependent on the wheelchair.
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Case report: Huppke–Brendel
syndrome in an adult, mistaken
for and treated as Wilson disease
for 25 years
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Lisbeth Birk Møller 2, Mette Bendixen Thorup3,

Erik Hvid Danielsen4, Hendrik Vilstrup1, Peter Ott 1 and

Thomas Damgaard Sandahl 1

1Department of Hepatology and Gastroenterology, Aarhus University Hospital, ERN Rare Liver,

Aarhus, Denmark, 2Department of Genetics, Copenhagen University, Rigshospitalet, København,

Denmark, 3Department of Radiology and MR-center, Aarhus University Hospital, Aarhus, Denmark,
4Department of Neurology, Aarhus University Hospital, Aarhus, Denmark

Background: Huppke–Brendel (HB) syndrome is an autosomal recessive

disease caused by variants in the SLC33A1 gene. Since 2012, less than

ten patients have been reported, none survived year six. With neurologic

involvement and ceruloplasmin deficiency, it may mimic Wilson disease (WD).

Objectives and methods: We report the first adult patient with HB.

Results: The patient su�ered from moderate intellectual disability, partial

hearing loss, spastic ataxia, hypotonia, and unilateral tremor of parkinsonian

type. At age 29, she was diagnosed with WD based on neurology, elevated 24H

urinary copper, low ceruloplasmin, and pathological 65Cu test. Approximately

25 years later, genetic testing did not support WD or aceruloplasminemia. Full

genome sequencing revealed two likely pathogenic variants in SLC33A1which

combined with re-evaluation of neurologic symptoms and MRI suggested the

diagnosis of HB.

Conclusion: Adult patients with HB exist and may be confused with WD. Low

ceruloplasmin and the absence of ATP7B variants should raise suspicion.

KEYWORDS

Wilsondisease, copper, neurology, SLC33A1, rare disease, Huppke-Brendel syndrome,

case report

Introduction

Huppke–Brendel (HB) syndrome was first described in 2012 (1). Since less than ten

patients have been reported, all pediatric (2). Clinical presentation is characterized by

congenital cataracts, deafness, developmental delay, and death before the age of 6. MRI

shows hypomyelination, cerebral atrophy with wide subarachnoid spaces, and cerebellar

hypoplasia (1, 3).
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Huppke–Brendel syndrome is caused by pathogenic biallelic

variants in the SLC33A1 gene located on the long arm

of chromosome 3. The protein product is acetyl-coenzyme

A transporter 1 (AT-1), a highly conserved transmembrane

protein located in the endoplasmic reticulum (ER) (4). AT-1 is

involved in the acetylation of gangliosides and glycoproteins, by

transporting acetyl-CoA from cytosol to the ER lumen (5). AT-1

dysfunction alters protein modification, delays Golgi-to-plasma

protein trafficking, and increases in number of lysosomes (6).

Thus AT-1 dysfunction may affect many proteins and processes

due to its involvement in the secretory pathway (1, 7, 8).

One consequence of AT-1 dysfunction in HB is

ceruloplasmin deficiency with low plasma copper and severe

neurological phenotype. Biochemically, HB resembles other

copper metabolism disorders such as Wilson disease (WD),

Menkes disease, and aceruloplasminemia (1, 9).

Here, we present a Danish woman diagnosed in 1996 at age

29 with WD. In 2021, the diagnosis was revised, and HB was

identified after the detection of two pathogenic variants in the

SLC33A1 gene.

Case report

The patient was born in 1967 with developmental delays and

partial hearing loss. Most of her schooling was spent in special

education classes where she acquired rudimentary reading skills.

In her late teenage years, she was hospitalized with anorexia

nervosa and treated for depression.

1996–2017

In 1996, the patient, aged 29, was admitted to the hospital

with unilateral Parkinsonian tremor, spastically ataxic gait

disturbances, apraxia, hypotonia, and dysarthria. She was

described as mentally and intellectually inferior. Dysphagia was

not observed.

Clinical evaluation revealed immeasurably low serum-

ceruloplasmin (S-Cp) (<0.05 g/L; normal range 0.20–0.45 g/L)

and low serum-copper (S-Cu) (3, 12–23 µmol/L). 24H urinary

copper excretion (24H U-Cu) was moderately elevated (6.5,

0.1–1.3 µmol/24H). Liver function tests, iron, hemoglobin, and

ferritin were normal. Liver histology was normal as were copper

levels (7.9 mg/kg dry weight). Slit-lamp examination revealed

no Kayser–Fleischer rings. Genetic testing was unavailable.

According to the Sternlieb criteria valid in 1996, typical

neurological symptoms and very low ceruloplasmin were

sufficient to diagnose WD, elevated 24H U-Cu supported

the diagnosis (10). However, normal hepatic copper raised

uncertainty and it was decided to use the ultimate diagnostic

tool at time, assessment of plasma 65Cu after oral administration

(11). As typical for WD, the test was without the secondary

peak in plasma of labeled copper at 72 h seen in healthy

controls. Thus, the diagnosis of WD was accepted. Revised

diagnostic “Leipzig” criteria were published in 2003 (12) and did

not challenge the WD diagnosis. WD was still “highly likely”

with 2 points each for neurology, elevated 24H U-Cu, low

ceruloplasmin, and −1 for normal liver Cu, total 5 points. The

AASLD guideline in 2008 or that of EASL in 2012 (13, 14) did

not change that situation.

Zinc therapy was initiated for presumed WD.

Neuropsychiatric symptoms were treated with antiepileptic

and antipsychotic drugs. Until 2017, she remained stable albeit

psychologically vulnerable and without progression in her

neurological symptoms. She lived in her own home, with her

husband, but received help from healthcare workers and family

to assist in daily living.

2017

In 2017 at age 49, the patient developed severe dysphagia

over several months. She lost weight, her mobility decreased,

and she lost bladder and bowel control. She was hospitalized

for aspiration pneumonia and admitted to an intensive care

unit. Dysphagia was thought to be a progression of WD;

therefore, she was transferred to our facility for treatment

optimization. Penicillamine 600mg × 2 daily was added to

the treatment regimen. The 24H U-Cu excretion was normal

(0.57 µmol/24H; normal range 0.61–1.62) and increased to 3.79

µmol/24H on penicillamine. Since the symptoms could also be

caused by an overdose of her antipsychotic and/or antiepileptic

medication, these were reduced and discontinued, respectively.

Following the medication adjustments, the dysphagia and

mobility improved over 2 months.

2021

Lack of genetic testing and less characteristic neurology led

us to revisit the diagnosis. Liver function tests and standard

blood chemistry were normal. Like in 1996, both S-Cu (1.5

µmol/L; normal range: 7.9–23.6 µmol/L) and ceruloplasmin

(0.03, 0.15–0.45 g/L) were low. Exchangeable copper (CuEXC)

(0.81, 0.61–1.61 µmol/L) was normal and relative exchangeable

copper (REC) was elevated (54%, normal range: 3–9.7%)

as expected in well-treated WD, apparently confirming the

diagnosis (15, 16). However, the extensive genetic analysis

did not detect potentially pathogenic variants of neither the

ATP7B gene responsible for WD nor the CP gene responsible

for aceruloplasminemia.

Therefore, whole exome sequencing was performed [Twist

Human Core Exome Library Kit (TWIST Bioscience, USA) and

sequencing on the NovaSeq platform (Illumina, US)] to identify

variants in genes associated with WD or WD-like diseases. The
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FIGURE 1

Patient MRI from 2017. Patient MRI. Axial T2 weighed images showing global atrophy and unspecific T2 hyperintensities. Characteristic WD

changes to basal ganglia were not present.

patient proved heterozygote for two variants: c.817_819 del,

p.(Thr273del) and c.1331T>C, p.(Ile444Thr) in the SLC33A1

gene (NM004733.4). None of these variants have been reported

as pathogenic. In the gnomAD database containing more than

125,000 healthy individuals, only the c.817_819del variant is

described in 3 alleles (in heterozygous form) (https://gnomad.

broadinstitute.org/). The variant c.1331T>C, p.(Ile444Thr) has

not been described previously. The variant, c.817_819del leads

to a single amino acid deletion. Both amino acids are very

evolutionary conserved and in silico both variants are predicted

to be pathogenic (CADD scores 20.3 and 26.8, respectively).

Following ACMG classification, we classify both variants as

variants of uncertain significance. No clinical information is

available on the patient’s now deceased parents; the patient has

no siblings or children.

BrainMRI scans from 2017were revisited. No signal changes

related to the basal ganglia and brainstem were found as would

be expected in WD. Only small unspecific T2-hyperintensities
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TABLE 1 Overview of Huppke–Brendel (HB) syndrome and other copper-related diseases.

Wilson disease HB Aceruloplasminemia Menkes disease

Gene ATP7B SLC33A1 CP gene ATP7A

Autosomal Autosomal Autosomal X-linked

Protein ATP7B AT-1 Ceruloplasmin ATP7A

Presentation 5–40 Y typically (3-80 Y has been

reported)

Pediatric 0-6 Y 20 – 60 Y Y

Adult? Adult form

Neurology Tremor, dystonia, dysarthria,

Dysphagia Psychiatry Hepatic

involvement.

Developmental delay, intellectual

disability, hypotonia, nystagmus,

bilateral congenital cataract,

deafness.

Dystonia, tremor,

chorea, psychiatric,

midlife dementia, retinal

degeneration.

Pediatric, hypopigmented brittle hair,

seizures, stunted growth, failure to

thrive, dystonia, and intellectual

disability.

Adult

Distal motor neuropathy.

Typical MRI Panda sign in midbrain,

tegmentum and pons.

Global hypoplasia,

hypomyelination and wide

subarachnoid space.

T2* and T2 FSE

hypointensity in the

dentate nuclei, thalamus,

and basal ganglia.

Hypomyelination, global atrophy,

ventriculomegaly, and tortuosity of the

cerebral vasculature.

T2* hyperintensity of putamina

and deep gray nuclei including

basal ganglia.

Ceruloplasmin Low to normal Absent to Low Absent Low

Normal in infants

S-Cu Low to normal Absent to Low Absent Low

Hepatic Cu Elevated Normal Normal Low

65Cu test Abnormal Abnormal Abnormal Abnormal

Normalize after i.v. Cu

CuEXC Normal to high Normal Normal Likely low

REC High High High Likely normal

were seen in the frontal lobes. Further, global atrophy including

cerebellar atrophy was indicated by an ectatic ventricular system

and sulcal widening (Figure 1).

Based on these findings, the most likely diagnosis was HB in

a phenotypically less severe form compared to previous pediatric

cases in the literature. Table 1 presents an overview of expected

findings in HB, compared to other copper metabolic diseases.

In support, the neurology included features such as intellectual

disability and spastic ataxia that has been described in HB and

has less characteristic of WD. Low S-Cp and S-Cu would be

expected also in HB. So far, exchangeable copper assessment

has not been examined in HB, but elevated REC could be

explained by free cobber being normal and ceruloplasmin being

extremely low.Without the ability to produce ceruloplasmin, the
65Cu test would miss the secondary 72H peak in both HB and

WD. Therefore, the patient’s neurological deterioration in 2017

was likely caused by large doses of neuroleptics rather than a

WDmanifestation.

No treatment of HB has been described. The patient has

tolerated zinc therapy for 26 years without symptoms of copper

deficiency and lived longer than any other patient with HB.

On presentation in 1996, 24H U-Cu was moderately elevated.

On this background, we decided to slowly taper the chelation

therapy under close monitoring of symptoms and copper status.

Discussion

We present a 53-year-old woman with a phenotypically

milder form of HB who was mistaken for WD for 25 years.

The suspicion of milder HB was raised when genetic

analysis did not support the diagnosis of WD (ATP7B) or

aceruloplasminemia (CP gene). Whole genome sequencing

detected two variants of uncertain significance in the SLC33A1

gene indicative of HB. These variants were predicted to cause

dysfunction of AT-1 potentially affecting the synthesis of a

number of proteins, including the absence of ceruloplasmin.

The previous pediatric cases of HB also showed low

ceruloplasmin, low P-Copper, and normal hepatic copper

content (1, 3). Since nearly all copper is complexed
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within ceruloplasmin, low S-Cu is expected in HB because

ceruloplasmin is low (2). Since ATP7B function is normal in

HB, biliary excretion is maintained which explains normal

hepatic copper (2). During the 65Cu test, 65Cu first disappears

from plasma and then reappears after 72 h due to the formation

of ceruloplasmin. The second peak is absent in WD but

also in other conditions with low ceruloplasmin such as

aceruloplasminemia and HB. Exchangeable or “free” copper,

CuEXC, was normal, while the ratio of free vs. total copper,

REC, was elevated because total copper was low (15). That

would also be the case in WD.

In contrast to our patient, normal 24HU-Cu was reported in

pediatric cases, but U-Cu quantification is uncertain in children

(1, 3).

Disturbed copper metabolism may not be of

pathophysiologic importance in HB. The AT-1 transporter

is expressed in many tissues including brain and spinal cord

and affects the function of a number of proteins (17). This may

explain the neuropsychiatric symptoms in our patient who

showed similarities with previously reported childhood cases

(e.g., developmental delay, hearing loss, and ataxia). This case

does not fully meet the previous reports of HB as she has no

congenital cataract and survived into adulthood. MRI findings

were inconclusive. Without pediatric MRI, it is impossible to

determine whether the global atrophy seen in this case was

acquired in adulthood; however, it may have been congenital

in which case it would be described as hypoplasia. The wide

subarachnoid spacing is a result of either hypoplasia or atrophy.

Hypomyelination is primarily a term used in pediatrics and

may refer to late myelination. While this subject did not show

congenital hypomyelination nor acquired demyelination,

late myelination would not be expected to be visible in the

adult brain.

The previously reported homozygous and compound

homozygous variants leading to exon skipping and/or

premature termination of translation or alternatively

mislocalization of the SLC33A1 protein variant might be

very destructive for the protein product (1, 18). While these

were associated with neurologic disease in childhood, a

publication reported that missense mutation in SLC33A1 (p.

S113R) leads to dominantly inherited spastic paraplegia (19).

The presently identified variants: an in-frame deletion of a

single amino acid combined with and a missense variant in the

SLC33A1 gene, might be less destructive for the protein and

explain this milder clinical presentation of the HB. Thus, the

present case serves to expand the phenotypic spectrum for the

sparse number of patients with SLC33A1 variants (1, 3, 19).

Because of the original WD diagnosis, the patient received

zinc therapy for many years. Whether this affected her disease

course is unclear, but she developed no signs of copper

deficiency. Her life-threatening deterioration in 2017 was likely

caused by an overdose of antipsychotics.

This case serves to expand the clinical picture of HB and

highlights how adult HB may easily be mistaken for WD as well

as the need for more specific diagnostic tools. Furthermore, this

case serves as a reminder that patients may fulfill the Leipzig

criteria without having WD. Thus, these patients may be found

in the populations treated for WD. The newly described 64Cu

PET/CT method may be useful for secure diagnosis but remains

experimental and was not performed on this patient (20).
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Autonomic dysfunction as the
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case report and review of the
literature
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Menglu Zhou1, Zhouyao Hu1,2, Qiusi Cai1,2, Xulin Weng1,2,

Xiaodong Lu1* and Bin Wu1*

1Department of Neurology, The A�liated Hospital of Hangzhou Normal University, Hangzhou,

China, 2School of Clinical Medicine, Hangzhou Normal University, Hangzhou, China, 3Translational

Medicine Center, The A�liated Hospital of Hangzhou Normal University, Hangzhou, China

Spinocerebellar ataxia type 3 (SCA3), as themost frequent autosomal dominant

ataxia worldwide, is characterized by progressive cerebellar ataxia, dysarthria

and extrapyramidal signs. Additionally, autonomic dysfunction, as a common

clinical symptom, present in the later stage of SCA3. Here, we report a 44-

year-old male patient with early feature of autonomic dysfunction includes

hyperhidrosis and sexual dysfunction, followed by mild ataxia symptoms. The

Unified Multiple System Atrophy Rating Scale (UMSARS) indicated significant

dysautonomia during autonomic function testing. Combination of early and

autonomic abnormalities and ataxia would be more characteristic of the

cerebellar type of multiple system atrophy (MSA-C), the patient’s positive

family history and identification of an ATXN3 gene mutation supported SCA3

diagnosis. To best of our knowledge, the feature as the initial presentation

in SCA3 has not been described. Our study demonstrated that autonomic

dysfunction may have occurred during the early stages of SCA3 disease.

KEYWORDS

spinocerebellar ataxia type 3, early stage, initial presentation, sexual dysfunction,

autonomic dysfunction

Introduction

Spinocerebellar ataxia type 3 (SCA3), also known asMachado–Joseph disease (MJD),

is the most common autosomal dominant hereditary spinocerebellar disease. It was

caused by an abnormal CAG repeat expansion at exon 10 of ATXN3 gene (1). Clinical

features of MJD are heterogeneous. The characteristic manifestations such as progressive

cerebellar ataxia, dysarthria, saccade slowing, and peripheral neuropathy have been

observed, non-characteristic features, such as sleep disorders, cognitive, and psychiatric

disturbances have also been observed (2).
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Autonomic abnormalities are well recognized in Parkinson’s

disease (PD) and MSA-C, and often found in the early stage

of disease (3). The autonomic dysfunction was a common

symptom in SCA3 type and was reported in different racial

groups (4). Compared with motor symptoms in SCA3 patients,

autonomic dysfunction often presented in a later stage of disease

(4). Among various manifestations of autonomic dysfunctions,

voiding problems and thermoregulatory disturbance were the

most prevalent in SCA3 patients with dysautonomia (5). Here,

we present clinical and genetic findings of a Chinese patient

who sought treatment for isolated autonomic failure in the

early stage of disease and later developed ataxia and genetically

proven SCA3.

Case presentation

The patient was a 44-year-old male who suffered from

hyperhidrosis, heat intolerance and sexual dysfunction since

the age of 37. Over the next year, he developed difficulty

emptying his bladder and erectile failure without any motor

features. The patient complained of these symptoms and sought

medical advice from the department of urology. He was treated

with anti-sexual dysfunction therapy, found to be ineffective

during the brief trial period. At the age of 39, he developed

gait problems and had difficulty in running. He noticed that

his father and older brother had similar gait symptoms. In

addition, his older brother suffered from the severely ataxia

symptoms and suicided at the age of 25. He was seen in our

clinic for the first time 3 years later, with a 3-years history

of progressive ataxia symptoms. Neurological examinations

revealed that both limbs had MRC grade 5 muscle strength. All

four extremities had increased muscle tone, but deep tendon

reflexes remained intact. The sensation was normal. Babinski’s

signs were negative bilaterally. In the coordination examination,

he presented mild cerebellar ataxia of limb and trunk. Bilateral

finger-nose, rotation tests, and heel-knee-tibia tests were mild

awkward. Romberg sign could be checked for ability to stand. He

scored 22/100 for the International Cooperative Ataxia Rating

Scale (ICARS), the total score of Scale for the Assessment and

Rating of Ataxia (SARA) was 7.5/40. In the autonomic function

study, autonomic symptoms were evaluated using the Unified

Multiple System Atrophy Rating Scale (UMSARS) and Scales for

Outcomes in Parkinson’s Disease - Autonomic (SCOPA-AUT),

the total score of UMSARS and SCOPA-AUT (Parts I + II)

were 11/69 and 15/104, respectively. The affective and cognitive

components of SCA3 were evaluated using the Hamilton

Anxiety Scale (HAMA), 24-item Hamilton Rating Scale for

Depression (HAMD-24) and Mini-Mental State Examination

(MMSE). The total score of HAMA, HAMD-24 and MMSE

were 13/56, 6/83, and 28/30, respectively.Serum tests were

normal. Brain magnetic resonance imaging (MRI) revealed

prominent cerebellar atrophy (Figure 1). Genetic testing showed

FIGURE 1

(A) Pedigree of the patient’s family. (B) Neuroimaging features of

the patients. (1–2) patient’s MRI revealed prominent cerebellar

atrophy (arrow).

14/71 CAG repeats in ATXN3 gene. After follow-up for 16

months later, he developed early satiety, blurred vision and

nocturia. A neurological examination presented mild limbs and

trunk ataxia. The total scores of ICARS, SARA, UMSARS and

SCOPA-AUT (Parts I + II) were 24/100, 4.5/40, 15/69, and

18/104, respectively.

Up to now, the publications about autonomic dysfunction

and SCA3 were all small sample researches, the results about

the frequency of dysautonomia cannot be considered definitive.

Here, we summarized the clinical factors and autonomic

dysfunction from individual reports (Table 1) (5–15). In the

prior studies orthostatic dizziness and urinary disturbance were

common autonomic features, followed by sweating disorder and

cold intolerance (Figure 2).

Discussion

SCA3 is a hereditary and clinically heterogeneous disease

characterized by characteristic limb ataxia and various dystonia

combinations, oculomotor disturbance, sleep disorder, and

autonomic dysfunction. And gait disturbance is a common

symptom in SCA3 patients, usually presented in the early

stage of disease. Additionally, other atypical features developed

following the onset of ataxia.

In this study, we report a SCA3 patient with initial symptoms

of severely autonomic dysfunction, followed by mild unsteady

gait. UMSARS and SCOPA-AUT were used to monitor the

patient, indicating obvious autonomic dysfunctions. According

to the patient, his cousin had prominent limb ataxia problems,

whereas preserved autonomic function. Our results further
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Hirayama et al.

(6)

66 – Japan 30.7± 12.4 – 13.2± 8.0 – – 10 21 2 4 – 0 4 – –

Schöls et al. (7) 42 19/23 Germany 37.5± 9.9 – 10.1± 6.1 74.0± 3.5 – – – – – – – – – – – –

Watanabe et al.

(8)

20 7/13 Japan 35.4± 11.0 – 11.4± 5.4 72.2± 3.1 – – 11 – – – – – – –

Kazuta et al. (9) 19 6/13 Japan – 55.7± 10.9 13.8± 5.5 – – 5 – – – – – – – – – –

Yeh et al. (5) 15 4/11 China 29.9± 10.3 40.2± 13.2 10.3± 6.9 76.3± 3.9 7 2 8 2 – 1 2 1 8 – 5 5

Asahina et al. (10) 10 4/6 Japan – 55± 16 11.5± 8.5 65.9± 6.2 – 1 4 – 2 – – – – –

França et al. (11) 50 30/20 Portugal/

Brazil

35.5(3–55) 46.5 (10–73) 11.2(2–46) 72 (65–81) – 2 32 23 27 8 15 4 24 24 8 –

Yamanaka et al.

(12)

15 7/8 Japan – 48.9± 15.1 11.5± 7.7 68.6± 5.5 4 – – – 4 – 6 – 5 – –

Takazaki et al.

(13)

40 17/23 Brazil – 46.3± 12.5 8.9± 5.2 67± 5 26 10 – – – – – – – 18 – –

Moro et al. (14) 28 11/17 Brazil 36.4± 7.8 49.7± 9.7 13.5± 7.3 70 (67–75) – 10 9 11 1 – 8 0 14 11 7 1

Jang et al. (15) 26 – – – – – – – – 2 – – – – – – –

AAO, age at onset; M, male; F, female; (–): not available.
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FIGURE 2

Autonomic dysfunctions of SCA3. For each clinical manifestation of autonomic dysfunction, the proportion of patients is indicated.

confirm the clinical heterogeneity in SCA3. Additional factors,

such as environmental or gene modifiers may be associated with

variable phenotypes of SCA3.

In the early stage of disease, our patient complained of

isolated prominent erectile failure and hyperhidrosis lacking-

ataxia, which prompted him to seek medical treatment from an

unrelated department. Additionally, the combination of early

severe dysautonomia and limb ataxia is generally typical of

MSA-C (4). The clinical features of SCAs with early autonomic

dysfunction can be easily confused with MSA-C in the absence

of clear family history. Typical family history was present in

our patient, and genetic analysis revealed the repeats CAG

expansion of ATXN3, supporting SCA3 diagnosis. Interestingly,

a patient with clinical features consistent with MSA-C and a

SCA3 mutation but pathologically confirmed MSA-C had been

described, implying that abnormal ATXN3 gene expansion may

be a risk factor for the development of MSA-C (16). This

might explain the occurrence of MSA-like clinical features such

as dysautonomia in SCA3 patients. Until now no association

between MSA and CAG repeat sizes in ATXN3 were observed in

a study of 200 subjects with a clinical diagnosis of MSA, possibly

due to sample size (17). As a result, additional studies with larger

sample sizes might help to fully explain the association between

pathological MSA features and SCA3 mutation.

The specific mechanism of sexual dysfunction in SCA3 is

debated. Onuf ’s nucleus and intermediolateral (IML) column,

both contain neurons for autonomic function, and play a crucial

role in erection. Onuf ’s nucleus involvement has been found in

PD and MSA patients (18), while IML nuclear involvement is

common in MSA (19). As demonstrated in animal model, many

neuronal populations of the CNS are involved in the supraspinal

control of micturition, defecation and sexual functions (20).

We reasoned that the patient’s bladder and erectile dysfunction

may be partly influenced by CNS lesions, although a coexisting

peripheral neuropathy might contribute to dysautonomia in our

patient. Unfortunately, he refused to undergo EMG studies.

Recently, a study about MSA found that patients with low

pyramidal scores are more likely to have erectile dysfunction

(21). The association between ataxia symptoms and autonomic

dysfunction in SCA3 requires future exploration.

Our results indicate that sexual dysfunction may be the

initial symptom in SCA3, but may often misdiagnosed, so

clinicians should attention to the differential diagnosis in

daily clinical practice. Autonomic dysfunction as well as limb

ataxia would seriously affect patient’s quality of life and

emotions, clinicians should focuse on the non-characteristic

features as well as characteristic features. The treatment

requires a multidisciplinary approach, to maximize function

and reduce complications, and this is of prime importance for

SCA3 patients.

Conclusion

In summary, we described a SCA3 patient who developed

severe dysautonomia at an early age and was later diagnosed

with mild ataxia. Our case demonstrates that the clinical

spectrum of SCA3 may be broader than previously believed,

encompassing the presence of severe and disabling autonomic

dysfunction since the early stage of disease.
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Guangzhou, China

The clinical features of the PCDH19 gene mutation include febrile epilepsy

ranging from mild to severe, with or without intellectual disability, cognitive

impairment, and psych-behavioral disorders, but there has been little research

on males with the mosaic mutation of PCDH19. This study reported a novel,

de novo, and mosaic PCDH19 nonsense mutation (NM_001184880: c.840C

> A, p. Tyr280∗) from a Chinese male in early middle childhood by trio

whole-exome sequence (Trio-WES) and confirmed by Sanger sequence. The

proportion of the mosaic mutation (c.840C > A, p. Tyr280∗) in PCDH19 was

27.9% in, buccal mucosal cells, 48.3% in exfoliated cells in the urine, and

50.6% in peripheral blood of proband. He had the first onset of seizures

in toddlerhood with febrile epilepsy, mild impaired cognitive psychological,

and behavioral abnormalities. The electroencephalography (EEG) exhibited

sharp waves and sharp slow complex waves in the bilateral parietal, occipital,

and posterior temporal regions during the interictal period. Pinpoint white

matter lesions in the periventricular white matter and slightly bulging bilateral

ventricles appeared on cranial magnetic resonance imaging (MRI). With

Depakine and Keppra he gained good control over his epilepsy. This study

might expand the genotypes and broaden the spectrums.

KEYWORDS

PCDH19, febrile seizures, mosaicism, case report, exome sequence

Introduction

With the wide application of next-generation sequence (NGS) technology, the

etiology of epilepsy is gradually associated with multiple genes. Protocadherin 19

(PCDH19) is one of the most common genetic causes of epilepsy (1). Interestingly,

PCDH19-caused X-linked developmental and epileptic encephalopathy 9 (OMIM:

300088), characterized by unusual epilepsy with or without fever sensitivity, with

or without cognitive impairment, and psychoneurological disorder, is common to

most females with heterozygous variation and males restricted with mosaic mutation,

but not hemizygous males (2). The pathogenesis of this unique disorder could

be partially explained by a cellular interference mechanism between mutant-type

neural cells and normal neural cells in the developing brain (3). Several studies in
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the PCDH19 show that the severity of encephalopathy is

related to the onset time of epilepsy, the proportion of

mosaicism, and the types of mutation (such as missense and

truncating mutations) and the domains affected by mutations

(4–7). To date, more than 270 pathogenic variants have been

reported in PCDH19 according to Human Gene Mutation

Database (HGMD). However, most research has focused on the

affected females with the PCDH19-related disorder, but males

with pathogenic PCDH19 variation have rarely been reported.

Here, we report a novel mosaic PCDH19 nonsense mutation

(NM_001184880: c.840C > A, p. Tyr280∗) in a Chinese 6

year old boy with febrile epilepsy and mild impaired cognitive

psychological, and behavioral abnormalities. He gained long-

term control (>12 months) of his epilepsy on anti-epileptic

drugs, includingDepakine and Keppra. This studymight expand

the genotypes and broaden the spectrums.

Case presentation

The proband was a 6 year old boy. He was the first child

of his parents who were both healthy and not consanguineous.

His birth history and perinatal history were not special. He

was born by spontaneous delivery with a 3.1 kg birth weight.

There was no positive family history of epilepsy. The febrile

generalized tonic-clonic seizures were present in his 14 month

old triggered by mycoplasmal pneumonia for the first time. The

seizures lasted approximately 2min and remitted spontaneously,

with seizures occurring 5 times in 15 h. The analysis of

electroencephalography (EEG) exhibited that sharp waves and

sharp slow complex waves in the bilateral parietal, occipital,

and posterior temporal regions were distributed locally with

normal background during the interictal period (see Figure 1A).

By cranial magnetic resonance imaging (MRI), punctate white

matter lesions appeared with slightly long T1 and T2 signals,

and slightly high signals on fluid-attenuated inversion recovery

(FLAIR) in the periventricular white matter and slightly

plump bilateral ventricles (see Figures 1B–D). Mycoplasma

pneumonia antibodies IgM was positive with high titers.

The other examinations were not found abnormal including

the routine blood test, coagulative function evaluation, liver,

and renal function, autoimmune antibodies, blood ammonia,

plasma amino acids, plasma acylcarnitine, urine analysis of

gas chromatography-mass spectrometry (GC–MS), routine

examination, and biochemical detection of cerebrospinal fluid

(CSF) acquired by lumbar puncture. Phenobarbital, midazolam,

and Keppra were initially used for the boy, but epilepsy

remained poorly controlled by this treatment. After Depakine

and methylprednisolone were subsequently added, his seizure

was gradually controlled.

During hospitalization for the first seizure, in the absence

of a molecular diagnosis, the boy was diagnosed with viral

encephalitis epilepsy by a neurologist. Therefore, after discharge,

he continued to receive methylprednisolone to improve and

reduce inflammation in the central nervous system. In addition,

he insisted on using sodium valproate, levetiracetam (LEV), and

oxiracetam to control and prevent seizures. Seizures were not

observed for approximately 3 years and 10 months.

After a 42month seizure-free period, at the age of 5 years and

2months, he developed a second generalized tonic-atonic febrile

seizure after a fall, which lasted about 5–10min and resolved

spontaneously. The seizures recurred after 1 h and lasted about

10min. Seizures were well controlled by oral Depakine, Keppra,

and other supportive care after admission. Epileptic seizures

were not observed in him for 21 months till the last follow-up.

Similar to previous results, the EEG revealed local sharp waves

and sharp slow waves in the right parietal and middle temporal

areas and the MRI was identical to the previous test the first

time. There were no abnormal findings in other examinations,

such as quantitative detection of EB virus DNA, cytomegalovirus

DNA, enterovirus and herpes simplex virus, auditory evoked

potential, visual evoked potential, and transcranial Doppler

ultrasound (TCD).

Developmentally, he could raise his head at 4months, sit and

roll at 7 months, and walk at 12 months. After suffering from

first febrile seizures, he had remarkable developmental delay

and progressive motor disturbances. Subsequently, the onset of

seizures for the second time, he could not walk or talk within

a week. The WPPSI-IV (Wechsler Preschool and Primary Scale

of Intelligence) showed that his full-scale intellectual quotient

(FSIQ) was 79 at his age of five. He had a verbal comprehension

index (VCI) of 79 and a normal evaluation of social-life ability.

The proband and his parents received a trio-WES (whole-

exome sequence) and copy number variants (CNVs) analysis

by detecting DNA extracted from peripheral blood. The

CNVs analysis was negative. However, trio-WES identified a

novel pathogenic mosaic nonsense mutation of the PCDH19,

NM_001184880: c.840C > A, p. Tyr280∗, affecting the exon 1

involved extracellular domain of the PCDH19. This mutation

was predicted to be pathogenic (PVS1 + PS2 + PM2). The

heterozygous variant was confirmed by the Sanger sequence (see

Figure 2). This variant was de novo and absent in his parents.

The proportion of mosaicism was 53 and 50.6% according to

WES and Sanger sequence results, respectively. Interestingly,

the proportion of mosaic mutation (c.840C > A, p. Tyr280∗)

in PCDH19 was 27.9% in, buccal mucosal cells and 48.3% in

exfoliated cells in urine, respectively.

Materials and methods

This study was approved by the ethics committee of

Guangzhou Women and Children’s Medical Center. The trio

WES (whole exome sequence) was conducted with 200X

average coverage after informed consent. The patient was

diagnosed with epilepsy by reference to the International

League Against Epilepsy definition. Clinical information of the

patient was recorded including medical history, family history,
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FIGURE 1

Electroencephalography (EEG) and Cranial magnetic resonance imaging (MRI) result of proband with mosaic mutation in PCDH19 gene

(c.840C>A, p. Tyr280*). (A) The analysis of electroencephalography (EEG) exhibited that sharp waves and sharp slow complex waves in the

bilateral parietal, occipital, and posterior temporal regions were distributed locally with normal background during the interictal period. (B–D)

Punctate white matter lesions appeared with slightly long T1 and T2 signals, as well as slightly high signal on FLAIR in the periventricular white

matter and slightly plump bilateral ventricles.

mental growth and development, electroencephalography

(EEG), magnetic resonance imaging (MRI), hospitalization

data and drug use et. al. The pathogenicity of the variant was

classified according to standards and guidelines of the American

College of Medical Genetics and Genomics. DNA libraries

were prepared using a NEXTflexTM Rapid DNA Sequencing

Kit (5144-02) according to the manufacturer’s protocol. Exome

sequencing was enriched in the DNA sample by using Agilent

SureSelect human exome capture probes (V6, Life Technologies,

USA) according to the manufacturer’s protocol. The whole

exome sequence was performed by utilizing Hiseq XTen

(Illumina, Inc., San Diego, CA, USA) for pair-end 150-bp

reads. Trimmomatic was used to remove adapter contaminated

reads and low-quality for raw reads filtering. Clean reads were

aligned to the human reference genome (NCBI GRCh37/hg19)

with the BWA mem algorithm. BAM files were conducted

for SNP analysis, duplication marking, indel realignment, and

recalibration using SAMtools and GATK. The minor allele

frequencies (MAFs) of all known variants were annotated

according to dbSNP, the 1,000 Genome Project, ExAC, EVS,

gnomAD, and our in-house database. Databases such as OMIM,

ClinVar, and Human Gene Mutation Database were used to

determine mutation harmfulness and pathogenicity where

appropriate. The biological effects analysis of candidate variant

genes was determined by using programs SIFT, MutationTaster,

PolyPhen2, PROVEAN, CADD, Human Splicing Finder,

MaxEntScan, and NNSplice. The variants suspected to be of

clinical significance were confirmed by Sanger sequencing

methods. The ratios of mosaic mutation in the peripheral

blood, exfoliated cells in the urine, and buccal mucosal cells

were calculated by Bioedit software by analyzing the Sanger

sequencing results.

Discussion

PCDH19-associated epilepsy was the second most common

cause of epilepsy. To date, there have been over 270 variants
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FIGURE 2

The novel de novo mosaic mutation in PCDH19 gene in proband confirmed by Sanger sequence. The variant was identified in proband but

absent in parents. The proportion of mosaic mutation (c.840C>A, p. Tyr280*) in PCDH19 gene was 27.9% in, buccal mucosal cells, 48.3% in

exfoliated cells in urine and 42.4% in peripheral blood of proband.

of PCDH19 in females. The phenotypes were considered in

previous studies to be restricted to women with the PCDH19

heterozygous mutation. However, there have been few reports

of male epileptic patients with mosaic PCDH19mutations. This

study reported a mosaic, de novo, and nonsense mutation in

exon 1 of PCDH19 (c.840C > A, p.Tyr280∗) in a 6 year old boy

with febrile epilepsy.

Although there was no genotype and phenotype correlation

from a 271 meta-analysis study in 2018 (4), Shibata et al.

(5) found truncating variants from extracellular domain 5

(EC5) to cytoplasmic domain showed later seizures and less

intellectual disability, compared with missense variants and

truncating variants from EC1 to EC4. The PCDH19 belongs to

the δ2-protocadherin subclass of the cadherin superfamily and

is located on the X chromosome (Xq22.1), which encodes a

total of six exons (8). The first exon encodes the extracellular,

transmembrane domains, and a small portion of the C-terminal

region. The left C-terminal region is coded by exon 2–6 (9).

Exon 1 is unusually large and long, as well as contains the most

numbers of pathogenic variants among all exons in PCDH19

(4, 10). Furthermore, there were more pathogenic variants per

base (5% per base) in exon 1 of the PCDH19 (4). It suggested

that variation in extracellular regions was poorly tolerated. The

position of the nonsense mutation in our case was at exon 1 of

the PCDH19 (c.840C > A, p. Tyr280∗). The same location of

the mosaic de novo variant (c.840C > G, p. Tyr280∗) has been

previously reported in a male (6). Interestingly, there were many

parallels in phenotypes between the report and our case. The

case with a similar variation in PCDH19 had generalized clonic

epilepsy accompanied by fever sensitivity at the tenth month

after birth. He also had a cognitive disorder, psychological, and

behavioral abnormalities. A previous study suggested that there

were milder phenotypes in cases with a missense mutation in

the extracellular cadherin (EC) domain 5 (5). But in our case,

theoretically, the truncation variant of PCDH19 should have

resulted in a severe phenotype, but in this case there is mild

epilepsy, no developmental delay, and psychiatric disorders. We

speculated that this is more related to the late age of onset

and the low proportion of oral mosaic mutations, which might

reflect the proportion of abnormal neurons. Further studies are

Frontiers inNeurology 04 frontiersin.org

64

https://doi.org/10.3389/fneur.2022.992781
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Chen et al. 10.3389/fneur.2022.992781

needed such as how the PCDH19 mutations are involved in

febrile epilepsy, what the differences in pathogenesis are among

various types of variation and what the factors are that lead to

incomplete penetrance.

The first onset time of seizures was negatively correlated

with the poor prognosis of epilepsy. In this study, our case, who

developed epilepsy for the first time at 14 months postpartum,

presented with mild cognitive impairment and psychological

and behavioral abnormalities. In addition, he gained long-

term control (>12 months) of epilepsy on anti-epileptic drugs,

including Depakin and Keppra. A meta-analysis including 271

cases with the PCDH19 variants demonstrated seizures that

onset≤12 months was significantly associated (p = 4.127 × 10–

7) with more severe intellectual disability, compared with onset

>12 months (4). The first year after birth was an important

period when the metabolism was increased in the frontal cortex

and the brain developed rapidly (11, 12). They speculated

that the early onset of seizures within the first year might

disrupt neural development and lead to cognitive dysfunction.

However, a recent study of genotype and phenotype of PCDH19

demonstrated that the late-onset seizures accompanied by

milder intellectual disability occurred in patients with truncating

variants located on extracellular cadherin (EC) domain 5 to

the cytoplasmic domain compared with those of patients with

other variants (5). The earlier seizures onset time accompanied

by more severe cognitive impairment and psychological and

behavioral abnormalities likely reflected a manifestation of more

severe cellular signal interference. Early onset and severe cellular

signal interference may be mutually influenced, resulting in the

presence of a severe phenotype.

The proportion of PCDH19 mosaic variation in males

seemed to be associated with seizure severity. There was a

striking sorting through adhesion specificity in a combinatorial

manner between cells expressing wild-type (WT) PCDH19 and

null PCDH19 in the developing cortex (13). This might be

explained that homophilic trans (cell–cell) interactions were

preferred for all δ-protocadherins family (14). Heterozygous

mutation of PCDH19 in mice revealed that a mismatch between

PCDH19 and N-cadherin (Ncad) impairs Ncad-dependent β-

catenin signaling andmossy fiber presynaptic development (15).

Theoretically, the phenotype tended to be worse when the ratio

of PCDH19 mutation and normal cells was close to 50%. In the

previously reported cases, epilepsy and developmental disorders

were mild in most cases when the mutation mosaicism rate in

peripheral blood was high or low (6, 7). However, it appeared

that the mosaic ratio in dermal fibroblasts better reflected the

severity of the disorder than in peripheral blood cells. The

patient in our study presented a mild to moderate phenotype

with mosaic ratios of 27.9% in buccal mucosal cells, 48.3% in

exfoliated cells in urine, and 50.6% in peripheral blood of the

proband. There have been several asymptomatic male cases with

mosaic mutation of PCDH19 detected from peripheral blood

cell (16, 17), in particular, one of them revealed approximately

the same ratio (50:50) between the PCDH19 variant allele and

the wild-type allele, but this variant was not identified in skin

fibroblasts. Conversely, a male patient showed severe epilepsy

with a normal PCDH19 allele in 53% of the fibroblasts despite

no PCDH19 mutation signal in peripheral blood lymphocytes

(7). It seemed that the mosaic proportion of dermal fibroblasts

resembled one of the nerve cells because the two originate from

the ectoderm of the embryo, which could serve as a marker for

predicting the severity and prognosis of PCDH19 in epilepsy.

The boy in our study was treated at the first onset with

prednisone and antiseizure drugs to improve neural function

and control seizures, respectively. The low steroid can be

associated with severe PCDH19-related encephalopathy.

Interestingly, there were multiple defects in peripheral

steroidogenesis in female patients with PCDH19 mutations,

but restoration of adrenal steroidogenesis was beneficial

for the increase in postpubertal PCDH19 febrile epilepsy

(18). Furthermore, corticosteroids could suppress the seizure

clusters immediately in PCDH19 female epilepsy (19). The

potential pharmacological mechanism of steroids in PCDH19

encephalopathy had two facets, (1) The steroid ameliorated

the blood-brain barrier (BBB) vulnerability resulting from

the PCDH19 variation (19). (2) As an antiepileptic agent,

the neurosteroids could enhance both tonic and phasic γ-

aminobutyric acid receptor A (GABAA) dependent inhibitory

currents (18). Additionally, in this case we observed the

long-term control (>12 months) of epilepsy by anti-epileptic

drugs, including Depakin and Keppra. We speculated that there

were two reasons, including the late onset time of seizures and

the potent efficacy of valproate and levetiracetam, which had

antiepileptic response rates of 61 and 57%, respectively, after 12

months of use (20, 21). In short, this study provided evidence for

PCDH19-related epilepsy therapy and confirmed the utility of

steroids and valproate and levetiracetam in controlling seizures

caused by the mosaic PCDH19mutation.

Conclusion

This study reported a novel, de novo, mosaic and a nonsense

mutation (c.840C > A, pTyr280∗) in a 6 year old boy with

febrile epilepsy, expanding the genotypes and broadening the

spectrum. This study emphasized that the PCDH19 mosaic

variation should not be overlooked in males with seizures. The

whole-exome sequence should be initiated for patients who

are characterized by febrile seizures, cognitive impairment, and

neuropsychiatric disorders.
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report of three novel individuals
and review of 51 cases

Sarah Alsubhi1, Bradley Osterman1, Nicolas Chrestian2,

François Dubeau3, Daniela Buhas4,5 and Myriam Srour1,3,6*

1Division of Pediatric Neurology, Department of Pediatrics, McGill University, Montreal, QC, Canada,
2Department of Pediatric Neurology, Pediatric Neuromuscular Disorder, Centre Mère Enfant Soleil,

Laval University, Quebec City, QC, Canada, 3Department of Neurology and Neurosurgery McGill
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PLPHP (pyridoxal-phosphate homeostasis protein) deficiency is caused by

biallelic pathogenic variants in PLPBP and is a rare cause of pyridoxine-

responsive disorders. We describe three French-Canadian individuals with

PLPHP deficiency, including one with unusual paroxysmal episodes lacking

EEG correlation with a suspicious movement disorder, rarely reported in

B6RDs. In addition, we review the clinical features and treatment responses of

all 51 previously published individuals with PLPHP deficiency. Our case series

underlines the importance of considering PLPBP mutations in individuals with

partially B6-responsive seizures and highlights the presence of a founder e�ect

in the French-Canadian population.

KEYWORDS

PLPBP, PROSC, pyridoxine, B6, PLPHP, seizures, status epilepticus, B6RDs

Introduction

Vitamin B6-responsive disorders (B6RDs) are a heterogeneous group of autosomal

recessive conditions characterized by neonatal-onset seizures that are resistant to anti-

seizure medications (ASMs) but uniquely responsive to pyridoxine (vitamin B6) or its

active form, pyridoxal-5’-phosphate (PLP). PLP is essential for normal brain function,

given its role as a cofactor inmore than 160 enzymatic reactions, including those involved

in glucose, lipid, and amino acid metabolism and neurotransmitter synthesis (1).

The most common B6RD is pyridoxine-dependent epilepsy-ALDH7A1, caused by

biallelic pathogenic variants in ALDH7A1, which encodes for the alpha-aminoadipic

semialdehyde dehydrogenase, antiquitin (2). PLP deficiency may result from dysfunction

of several other genes, either through PLP inactivation or disruption of vitamin

B6 metabolism (1, 3–5) (Supplementary Figures 1A,B and Supplementary Table 1 for
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PLP synthesis pathways and summary of main B6RDs).

PLPBP (previously PROSC) encodes for Pyridoxal-Phosphate

Homeostasis Protein (PLPHP), which is involved in the

homeostatic regulation of free PLP levels (6, 7).

We describe three French-Canadian individuals with

PLPHP deficiency and review the clinical features and treatment

responses of all 51 previously published cases (1, 6–16).

Our report underlines the importance of considering PLPBP

mutations in individuals with partially B6-responsive seizures

and highlights the presence of a founder effect in the French-

Canadian population. In addition, we describe the unusual

presentation of paroxysmal events lacking EEG correlation with

a suspicious movement disorder, rarely reported in B6RDs.

Case descriptions

Subject 1

This 37-year-old man was born to non-consanguineous

French-Canadian parents from the Saguenay-Lac-Saint-

Jean region of Quebec. Family and perinatal histories are

unremarkable. He presented at the age of 2 weeks with frequent

clusters of brief flexion spasms lasting between 15minutes to

2 hours, associated with apnea and worsening lethargy. An EEG

revealed background slowing and active multifocal epileptic

abnormalities. The events were considered epileptic and were

unresponsive to nitrazepam, phenytoin, and prednisolone.

Administration of intravenous (IV) pyridoxine resulted in the

cessation of the spasms and EEG normalization.

The patient was diagnosed with presumed pyridoxine-

dependent epilepsy (PDE) and was prescribed pyridoxine

supplementation combined with multiple ASMs throughout his

life. He continued to have paroxysmal events 1–3 times per

month that were considered epileptic. These were relatively

stereotyped, lasting 1 to 2min, and consisted of facial grimacing,

tonic posturing of the upper arms, eye blinking with or without

staring, hand automatisms, and hyperkinetic movement. He

experienced several episodes of exacerbation during which

the events occurred in clusters, lasting 15–18 hours and

requiring hospitalization. These exacerbations were associated

with nausea and vomiting and were usually triggered by

fatigue and stress. EEGs performed during these events were

always normal.

The patient gained early developmental milestones

appropriately, though he was clumsy and had mild gait

unsteadiness. He has average intelligence and earned a college

diploma. He now works as a library technician. Neurological

examinations consistently documented nystagmus, dysarthria,

truncal titubation, dysmetria, tremors, and difficulty performing

tandem gait.

In terms of investigations, markers for ALDH7A1-related

PDE, serum pipecolic acid, and urine for α-aminoadipic

semialdehyde (α-AASA) were measured repeatedly and were

consistently normal. Molecular sequencing of ALDH7A1

was normal. Metabolic investigations were unremarkable

aside from persistent high plasma glycine and low arginine

levels. Chromosomal microarray and multiple brain MRIs

were normal.

At 35 years, the patient took 1,200 mg/day of pyridoxine

combined with valproic acid, carbamazepine, clonazepam,

and levetiracetam. Because of the incomplete response to

pyridoxine, normal EEGs, uncertainty in diagnosis, and concern

of acquiring a neuropathy associated with high dose pyridoxine

treatment (2), pyridoxine was gradually weaned off over 2

years. One month after complete pyridoxine cessation, the

patient’s clinical status rapidly deteriorated. He developed

episodes of paroxysmal dizziness, vomiting, and nausea,

occurring eight times daily. He lost 40 lb over 3 weeks.

His regular paroxysmal episodes increased to over 50 per

day, prompting hospitalization and treatment as probable

status epilepticus. There was no response to IV ASMs. Video

EEG captured multiple clinical events with no electrographic

correlation (Supplementary Video 1). No interictal epileptiform

abnormality was observed. Administration of IV pyridoxine

resulted in a dramatic decrease in the number of events on

the 1st day and resolution of the motor and gastrointestinal

manifestations on subsequent days. Our patient regained his

usual clinical status on pyridoxine 200mg twice a day.

An epilepsy gene panel (GeneDx) comprising over 1,500

genes, including those involved in B6 metabolism, was

performed on the patient and his unaffected parents. Our

patient carries two rare compound heterozygous variants in

PLPBP (MIM∗ 604436, NM_007198.3, c.370_373delGACA [p.

Asp124LysfsX2] and c.704 T>G [p.Val235Gly]). The c.704

T>G [p.Val235Gly] missense variant is very rare (mean allele

frequency (MAF)= 0.0001309 in gnomAD database), predicted

disease-causing by multiple in silico tools [Mutationtaster, SIFT,

and Provean (17–19) and reported in ClinVar in one patient with

early onset PDE (VCV000802398.1)]. The truncating frameshift

variant, c.370_373delGACA [p.Asp124LysfsX2] is also rare

(MAF = 0.00007185 in gnomAD) and has been previously

reported as disease-causing in a homozygous state in eight

individuals, five of whom are of French-Canadian origin (1, 8,

15). We interpreted these two variants as pathogenic. Given

the reported improvement with folinic acid supplementation

in some patients with PLPHP deficiency, folinic acid was

prescribed to our patient without clear clinical benefit.

Subject 2

This 19-year-old man was born to non-consanguienous

parents from the Saguenay-Lac-Saint-Jean region of Quebec

by repeat C-section following an uneventful pregnancy.
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Birthweight was 4.2 kg (+1 SD); length, 50 cm (0 SD); and head

circumference, 37.5 cm (+2 SD).

He developed seizures, excessive irritability, desaturations,

and metabolic lactic acidosis on the 1st day of his life. The

interictal EEG on day 1 was normal. Seizures were refractory

to ASMs but ceased after administration of a single dose of

pyridoxine 50mg IV on day 13 of life. Metabolic investigations

revealed high plasma and CSF glycine, with a normal CSF

glycine/plasma ratio. Brain MRI revealed delayed myelination,

diffuse gyral simplification, enlargement of the pericerebral

spaces, periventricular cystic lesions in the left anterior frontal

horn, and abnormal high T2 and low T1 signal abnormalities in

bilateral putamina. He was diagnosed with probable B6RDs and

discharged on pyridoxine and ASMs.

The patient’s seizures were never fully controlled, and his

ASMs were frequently adjusted. Seizures consist of generalized

stiffness and multifocal clonic movements lasting 3–4min

and occurring every 2–8 weeks. Weaning of pyridoxine was

attempted at age 2.5 years, leading to a seizure exacerbation

requiring hospitalization and re-introduction of pyridoxine. The

patient was hospitalized twice (ages 4 and 6 years) for status

epilepticus with noticeable pre-ictal vomiting and constipation.

Early in life, the patient had significant gastroesophageal

reflux treated with medication. His development is globally

delayed. He sat with support at 2 years, stood with support at

2.5 years, but never walked. He is wheelchair-bound, non-verbal,

and has a severe intellectual disability.

Physical examinations documented microcephaly (-2.1SD),

axial hypotonia, and appendicular paratonia. Non-purposeful

hand movements and dystonic posturing for the upper limbs

were noted on multiple visits.

MRI brain imaging (at 3.5 and 4.5 years) showed progressive

cerebral atrophy with enlargement of ventricles and extra-axial

CSF, corpus callosum thinning, and non-specific bilateral patchy

high T2/FLAIR signal abnormalities in the periventricular and

deep white matter (Figures 1A–D). The periventricular cystic

lesions noted in the neonatal period were no longer visible on

follow-up imaging.

Genetic tests were normal, including karyotype,

chromosomal microarray, sequencing of ALDH7A1, PNPO,

and mitochondrial DNA sequencing. Targeted testing of the

frameshift pathogenic variant c.370-373del (p.Asp124Lysfs∗2)

in PLPBP identified in his similarly affected brother, subject

3, confirmed its presence in a homozygous state. PLP (100mg

three times a day) was added to his regimen of pyridoxine

(100mg twice daily), levetiracetam, and clonazepam. This did

not result in any clear change in the frequency of seizures, but

these are now briefer.

Although parents have noticed no significant change

in cognitive function since the start of PLP, seizures have

become briefer and slightly less frequent, from once every 2–

8 weeks to once every 2 months. At age 17, EEG showed

active multifocal epileptic abnormality with left posterior

temporoparietal predominance.

Subject 3

He is the younger brother of subject two and is currently 16

years old. The antenatal course was uneventful. The patient was

born at 40 weeks of gestation by repeated C-sections. APGAR

scores were average. His birthweight was 3.68 kg (+0.5SD), and

his head circumference was 36.5 cm (+1.5SD).

He experienced seizures in the 1st hour of life, described

as tonic rigidity with gaze fixation, clonic jerking of the limbs,

and apnea. He also had metabolic lactic acidosis. CSF lactate

was elevated. Seizures ceased after treatment with diazepam,

phenobarbital, and pyridoxine. Initial EEG showed burst

suppression. However, the background improved the following

week, showing multifocal epileptic abnormalities. Brain MRI

at the age of 2 days showed diffuse hypomyelination. Seizures

recurred on the day of life 10, and the B6 dose was readjusted. He

was discharged at age 2 weeks on pyridoxine and clonazepam.

The patient’s seizures have only been partially controlled,

occurring every 1–2 weeks with increased frequency during

illness and sleep deprivation. They are characterized by gaze

fixation, and impaired awareness, with or without progression

to bilateral tonic-clonic movements. During the 1st year of life,

the EEG background was normal. However, more recent testing

has revealed a diffuse disturbance of cerebral activity in the form

of a poor anterior-posterior gradient and posterior dominant

rhythm for age. An active focal epileptic abnormality was noted

in the left parietal region. Pyridoxine was always combined with

ASMs. The dose was gradually increased from 50mg twice daily

to 100mg twice daily.

The patient is non-verbal and has a severe intellectual

disability. He walked at the age of 2 years and remains

ambulatory. He is followed by psychiatry for hyperactivity and

behavioral issues. He was also treated for gastroesophageal reflux

until the age of 8 years.

A brain MRI at 2.5 years showed decreased myelination

and non-specific hyper-T2/FLAIR signal abnormalities in the

periventricular white matter regions, posteriorly extending to

the U-fibers. The CSF spaces and ventricles were enlarged,

suggesting poor cerebral growth (Figures 1E–H).

Karyotype, chromosomal microarray, and mitochondrial

DNA gene sequencing were normal. Single gene sequencing

for the PLPBP gene revealed a homozygous pathogenic variant

(NM_007198.3:c.370-373del, p.Asp124Lysfs∗2). This variant

was also identified in subject 1.

Following his molecular diagnosis, he was also prescribed

PLP 100mg three times a day. No significant change in cognition

or seizure frequency has been noted following the introduction

of PLP, although seizure duration has slightly decreased.
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FIGURE 1

Brain imaging of subjects with PLPHP deficiency. MRI of subjects 2 (A–D) and 3 (E,F) at 4.5 and 2.5 years. (A,E) Sagittal T1 demonstrates thin

corpus callosum. (B,F) Axial views show a patchy bilateral increase in T2 and (C,D,G,H) FLAIR signal in the deep white matter around the

ventricles at bilateral frontal and bilateral peritrigonal regions. Both subjects have cerebral atrophy, most noted in subject 2, with a prominence

of CSF spaces, particularly over frontal and sylvian regions bilaterally.

Literature review

We performed a literature review of all previously published

cases of PLPHP deficiency by searching for the terms “PROSC,”

“PLPBP,” and “PLPHP” in PubMed. In total, 12 articles were

identified describing 51 individuals with PLPHP deficiency (1,

6–16). We also obtained updated clinical information of the

patients previously reported by Maitou et al. (8). We reviewed

the clinical and biochemical features and treatment responses of

all cases, including our three patients (a total of 54 individuals

with PLPHP deficiency). These are summarized in Table 1.

Initial presenting features and response to B6
supplementation

Seizures were the initial symptom in almost all individuals

(96%, 52/54). Seizures presented in the neonatal period (<28

days) in 91% (49/52). The oldest age at the presentation was

3 months. Abnormal intrauterine movements were reported in

17% (9/54). Initial EEGs were variable, but burst suppression

was the most frequent finding (39%, 21/54). At presentation,

patients had variable and multiple seizure types, which included

myoclonic (23%, 13/52), bilateral tonic-clonic, tonic (15%,

9/52), epileptic spasms (15%, 8/52), clonic (8%, 5/52), and

subtle seizures (10%, 5/52). Autonomic features (such as

hypertension, tachycardia, vomiting, and abdominal distention)

were frequently associated with seizures. A pyridoxine or PLP

trial was documented in 91% (49/54) and resulted in initial

seizure cessation or improvement in all patients.

Elevated serum and/or CSF lactate, with or without acidosis,

was frequently documented at presentation in individuals with

PLPHP deficiency (39%, 21/54), with peak concentrations

ranging between 4.2 and 21 mmol/l (normal <2.5 mmol/l).

In most patients, lactate levels normalized in subsequent days.

However, a subset (13%, 7/54) have a neonatal mitochondrial

encephalopathy-like presentation, characterized by persistent

metabolic lactic acidosis and epileptic encephalopathy.

Suspicion of an underlying mitochondrial disorder often

delays B6 trial and diagnosis of the B6RDs, leading to delayed

or lack of appropriate treatment. Of the seven reported

individuals with a neonatal mitochondrial encephalopathy-

like presentation, five died early in life (2 weeks-16 months)

(1, 8): two died in the neonatal period without receiving a

B6 trial, and three died following B6 treatment withdrawal.

High glycine in CSF and/or plasma was reported in 24%

(13/54) of individuals. Two died before a pyridoxine/PLP

trial was considered a mitochondrial disorder, or non-ketotic

hyperglycinemia was suspected. Thus, lactic acidosis and

hyperglycinemia may represent important diagnostic pitfalls in

PLPHP deficiency.
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TABLE 1 Summary of clinical features in individuals with PLPBP pathogenic variants.

This

report

Darin

et al.

(6)

Plecko

et al.

(16)

Kernohan

et al.

(15)

Initiative

et al.

(14)

Shiraku

et al.

(13)

Johnstone

et al.

(1)

Jensen

et al.

(7)

Johansen

et al.

(12)

Koul

et al.

(11)

Heath

et al.

(10)

Ahmed

et al.

(9)

Maitou

et al. (8)

Total (%)

Number of patients 3 7 4 1 1 4 12 2 1 12 1 1 5 54

Deceased (age at death) 0/3 1/7

(4m)

0/4 1/1 (2m) 0/1 0/4 2/12 (2w,

8w)

1/2 (7w) 0/1 0/12 0/1 0/1 3/5 (2w,

1m, 16m)

8/54 (15)

Suspected fetal seizures 1/3 3/7 0/4 0/1 0/1 1/ 4 2/12 0/2 0/2 2/12 0/1 0/1 0/5 9/54 (17)

Symptoms at initial

presentation

Seizures 3/3 7/7 4/4 1/1 NR 4/4 11/12 2/2 1/1 12/12 1/1 1/1 5/5 52/54 (96)

Neonatal onset (<28 d) 3/3 6/7 4/4 1/1 NR 2/4 11/12 2/2 1/1 12/12 1/1 1/1 5/5 49/54 (91)

Infantile onset (28 d- to 2 y) 0/3 1/7 0/4 0/1 NR 2/4 0/12 0/2 0/1 0/12 0/1 0/1 0/5 3/54 (6)

Movement disorder 0/3 0/7 0/4 0/1 NR 0/4 1/12 0/2 0/1 0/12 0/1 0/1 0/5 1/54 (2)

GI symptoms 0/3 3/7 0/4 NR NR 0/4 0/12 2/2 0/1 0/12 0/1 0/1 0/5 5/54 (9)

Burst suppression on EEG 1/3 5/7 1/ 4 NR NR 1/ 4 5/11 0/2 1/1 2/12 1/1 0/1 4/5 21/54 (39)

Initial response to B6/PLP

treatment

B6 and/or PLP trial attempted 3/3 7/7 4/4 NR NR 4/4 10/12 1/2 1/1 12/12 1/1 1/1 5/5 49/54 (91)

B6 trial 3/3 7/7 4/4 - - 3/4 9a/10 1/1 1/1 12/12 1/1 1/1 2/5 44/49 (90)

Complete resolution of

seizures

3/3 7/7 3/4 - - 1/3 7/9 1/1 1/1 12/12 0/1 1/1 0/2 36/44 (82)

Partial improvement 0/3 0/7 0/4 - - 1/3 0/9 0/1 0/1 0/12 1/1 0/1 2/2 4/44 (9)

No effect 0/3 0/7 1/4 - - 1/3 2/9 0/1 0/1 0/12 0/1 0/1 0/2 4/44 (9)

PLP trial 0/3 0/7 0/4 - - 1/4 2a/10 0/2 0/1 0/12 0/1 0/1 3/5 6/49 (12)

Complete resolution of

seizures

- - - - - 1/1 2/2 - - - - - 0/3 3/6 (50)

Partial improvement - - - - - 0/1 0/2 - - - - - 0/3 0/6 (0)

No effect - - - - - 0/1 0/2 - - - - - 3/3 3/6 (50)

Maintenance therapy and

response

Seizure-free 0/3 2/6 3/4 NR NR 3/4 8/10 0/1 1/1 11/12 1/1 1/1 1/2 31/45 (69)

B6 only (# sz-free) 0/3 1/6 (1b) 3/4 (2) NR NR 1/4 (1) 5/10 (3b) 0/1 0/1 1/12 (1)c 0/1 0/1 0/2 11/45 (24);

sz-free: 8/45

(18)

(Continued)
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TABLE 1 (Continued)

This

report

Darin

et al.

(6)

Plecko

et al.

(16)

Kernohan

et al.

(15)

E.G.I

et al.

(14)

Shiraku

et al.

(13)

Johnstone

et al.

(1)

Jensen

et al.

(7)

Johansen

et al.

(12)

Koul

et al.

(11)

Heath

et al.

(10)

Ahmed

et al.

(9)

Maitou

et al. (8)

Total (%)

B6+/−ASM (# sz-free) 1/3 1/6 (1b) 1/4 (1) NR NR 2/4 (1b) 2/10 (2b) 0/1 1/1 (1) 11/12d

(10)

0/1 0/1 0/2 19/45 (42)

sz-free: 16/45

(36)

PLP+ ASM (# sz-free) 0/3 4/6 0/4 NR NR 1/4 (1) 1/10 (1) 1/1 0/1 0/12 1/1 (1) 1/1 (1b) 1/2 10/45 (22);

sz-free: 4/45

(9)

PLP+ B6 alone (# sz-free) 0/3 0/6 0/4 NR NR 0/4 1/10 (1) 0/1 0/1 0/12 0/1 0/1 1/2 (1) 2/45 (4);

sz-free: 2/45

(4)

PLP+ B6+ASM (# sz-free) 2/3 0/6 0/4 NR NR 0/4 0/10 0/1 0/1 0/12 0/1 0/1 0/2 2/45 (4);

sz-free: 0/45

(0)

PLP+ Folinic acid (# sz-free) 0/3 0/6 0/4 NR NR 0/4 1/10 (1b) 0/1 0/1 0/12 0/1 0/1 0/2 1/45 (2):

sz-free: 1/45

(2)

Switch from B6 to PLP

(+/−ASM)

Complete sz resolution

Partial improvement

No effect

0/3

-

-

-

4/6

0/4

4/4

0/4

0/4

-

-

-

NR

-

-

-

NR

-

-

-

0/2

-

-

-

2/7

1/2

0/2

1/2

1/1

0/1

1/1

0/1

0/1

-

-

-

0/12

-

-

-

1/1

1/1

0/1

0/1

1/1

1/1

0/1

0/1

0/1

-

-

-

9/39 (24)

3/9 (33)

5/9 (56)

1/9 (11)

GDD, ID or ASD 2/3 6/6 3/4 NR NR 4/4 7/10 1/ 1 1/1 2/12 0/1 1/1 3/3 30/46 (65)

Movement disorder 2/3 0/7 0/4 0/1 0/1 1/4 1/12 0/2 0/1 0/12 0/1 0/1 0/5 4/54 (7)

Microcephaly 2/3 6/7 0/4 NR NR 3/4 2/12 2/2 0/1 NR 1/1 1/1 3/5 20/54 (37)

Brain MRI

Abnormal

Normal

Not available

2/3

1/3 -

4/7

3/7

-

0/4

4/4

-

NR

NR

1/1

NR

NR

1/1

3/4

1/4

-

7/12

4/12

1/12

2/2

0/2

-

0/1

1/1

-

1/12

2/12

9/12

1/1

0/1

-

1/1

0/1

-

5/5

0/5

-

26/42 (62)

16/42 (38)

12/54 (22)

Biomarkers

Lactic acidosis (CSF or

plasma)

2/3 4/7 0/4 NR NR 0/ 4 6/12 2/2 0/1 NR 1/1 1/1 5/5 21/54 (39)

↑plasma glycine, threonine,

or serine

Other CSF abnormalitiese

3/3

2/3

1/7

2/7

1/ 4

1/ 4

NR

NR

NR

NR

1/ 4

1/ 4

3/12

3/12

2/2

1/ 2

0/1

0/1

NR

NR

1/1

1/1

1/1

1/1

0/5

0/5

13/54 (24)

12/54 (22)

GI, Gastrointestinal; ID, Intellectual disability; PLP, Pyridoxal-5’- phosphate; m, month; PLP, Pyridoxal-5’- phosphate; sz, Seizure; w, week; a , One patient received a trial of both B6 and PLP; b , Seizure free except breakthrough seizures during febrile

illness; c , the patient became seizure-free after addition of folinic acid; d , Unclear whether patients were on ASMs in addition to pyridoxine; e , CSF abnormalities aside from high lactate is ↑ glycine, ↑L-DOPA, ↑3-methyltyrosine, or ↑threonine and Low

HVA (Homovanillic acid).
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Clinical evolution

Despite a dramatic early response to B6/PLP, almost all

patients (74%, 34/46) had incomplete seizure control, even with

the concomitant use of ASMs. Pyridoxine or PLP withdrawal

was attempted in 33% (17/49) and worsened clinical status.

In 9 patients, pyridoxine treatment was switched to PLP and

resulted in seizure resolution in 3, improved seizure control in

5, and no response in 1, suggesting that a trial with PLP should

be attempted in patients with poor or incomplete response to

pyridoxine. Interestingly, adding folinic acid to two patients who

failed the pyridoxine and PLP trial resulted in prompt seizure

cessation (1, 11). The majority of patients who responded to

pyridoxine and/or PLP required combined treatment with ASMs

(73%, 33/45).

Developmental delay was present in 65% (26/46) of patients,

intellectual disability in 27% (7/26), and autism in 23% (6/26).

Microcephaly was noted in 37% (20/54, congenital in 4, acquired

in 16), cerebellar signs (such as incoordination, dysarthria, and

balance instability) in 32% (6/19), and hypotonia in 32% (6/19).

Gastrointestinal dysfunction has been reported in 15%

(8/54) of patients with PLPHP deficiency, with symptoms that

include abdominal distension, vomiting, feeding intolerance,

constipation, hematemesis, and gastroesophageal reflux.

Imaging findings

Brain MRI was abnormal in 62% (26/42) and was

characterized by the variable presence of white matter signal

changes (55%, 23/42), underdeveloped gyri and shallow sulci

(43%, 18/42), periventricular or temporal cysts (31%, 13/42) and

thin corpus callosum (12%, 5/42).

Discussion

PLPHP deficiency is a rare but significant cause of B6

responsive seizures. In this report, we describe three patients

with biallelic pathogenic variants in PLPBP presenting with

neonatal-onset seizures that were partially responsive to B6

supplementation, including one individual who had paroxysmal

episodes with no clear EEG correlate. In addition, we

reviewed the clinical and biochemical features and the response

to treatment of 51 additional individuals with molecularly

confirmed PLPHP deficiency.

Our three patients presented in the neonatal period with

B6-responsive seizures. Following an initial cessation after B6

supplementation, our patients continued to experience seizures

despite treatment with B6 and additional ASMs. Incomplete

response to B6 was observed in approximately 3/4 of the

reported cases. The addition of PLP or folinic acid to B6 therapy

resulted in seizure cessation or improved seizure control in a

subset of patients, thereby suggesting that all individuals with

seizures that are partially responsive to B6 would benefit from a

trial of PLP and folinic acid supplementation.

The possibility of a B6-responsive movement disorder is

strongly considered in our subject 1, though epileptic seizures

lacking EEG correlation cannot be fully excluded. The absence

of any change in the EEG background, despite over 50 events

per day on telemetry during the patient’s admission, is extremely

unusual and inconsistent with epilepsy. Movement disorders

have rarely been described in association with PLPHP deficiency.

Johnstone et al. (1) reported a clinical course similar to subject 1:

a 2-month-old child with severe movement disorder consisting

of opisthotonos and oculogyric crises, which were resolved

with treatment with PLP and pyridoxine. The infant never

developed any seizures. Shiraku et al. (13) described a 9-month-

old child with a presumed status epilepticus in the context of

gastroenteritis who developed dystonia, orobuccal dyskinesias,

and eye flickering.

Interestingly, subject 1 had significant gastrointestinal

symptoms with B6 withdrawal, and subjects 1 and 2 had nausea

and vomiting associated with their ictal events. Autonomic

and gastrointestinal symptoms have been frequently described

in patients with PLPHP deficiency (Table 1 and literature

review). Their pathophysiology is unclear but is possibly

related to a disturbance in monoamines neurotransmitters

synthesis secondary to the disrupted PLP-dependent activity

of Aromatic L-amino acid decarboxylase (AADC), a key

enzyme in dopamine and serotonin synthesis (6, 20, 21)

(Supplementary Figure 1C).

The previously reported pathogenic variants in PLPBP

include protein-truncating (non-sense, n = 2; frameshift,

n = 3 and splice site, n = 2) and missense (n = 16)

variants, which have a presumed loss of function mechanism

of action (Supplementary Table 2). A clear genotype-phenotype

correlation is not readily apparent. The three individuals we

describe in this report are of French-Canadian ancestry, from the

Saguenay-Lac-Saint-Jean region of Quebec, and carry the same

frameshift variant [c.370_373delGACA [p.Asp124LysfsX2] in

a homozygous or compound heterozygous state. This variant

has been previously described in a homozygous state in five

other French-Canadians, and one individual of Cree ancestry.

It represents a founder mutation based on haplotype analysis

(8). The eight individuals homozygous for this variant are at

the severe end of the clinical spectrum with poor outcomes: six

presented with a neonatal mitochondrial encephalopathy-like

phenotype, and five died early in life (2 weeks to 16 months).

Both subjects 2 and 3 have post-natal microcephaly, severe

intellectual disability, and are non-verbal. In contrast, subject

one was compound heterozygous for the truncating recurrent

variant and a missense [c.704 T>G [p.Val235Gly] variant had a

favorable cognitive outcome with average intelligence and brain

imaging, suggesting that the missense variant is hypomorphic.

In summary, this report and literature review underline the

importance of considering PLPHP deficiency in individuals with
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seizures partially responsive to B6, especially in neonates with

drug-resistant seizures and mitochondrial encephalopathy-like

presentation. Prompt treatment with a B6-vitamin results in

dramatic early seizure improvement, though incomplete seizure

control is seen in most patients. The addition of PLP or folinic

acid to B6 therapy may be of benefit. Movement disorders,

though rare, can be a manifestation of PLPHP deficiency.

Finally, there is an important founder effect in the French-

Canadian population, with a recurrent truncating pathogenic

variant in PLPBP associated with a severe clinical phenotype and

poor outcomes.
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SUPPLEMENTARY VIDEO 1

Paroxysmal events in Subject 1. Multiple events were recorded during

two di�erent hospitalizations. The semiology of the events was relatively

stereotyped and consisted of dystonic facial grimacing, posturing of the

upper arms, eye blinking, hand automatisms, and hyperkinetic behavior

without a clear loss of contact. Scalp EEG recording did not reveal any

associated ictal abnormalities during these events nor any change in the

background despite over 50 events per day, which was inconsistent with

epilepsy. Furthermore, interictal EEG was normal. These events were

considered epileptic for a long time; however, in light of these

recordings, a movement disorder related to the patient’s PLPHP

deficiency is suspected.
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metachromatic leukodystrophy

Bing-lei Wang1, Fen-lei Lu1, Yu-chen Sun2* and

Hui-juan Wang1*

1Department of Neurology, The Second Hospital of Hebei Medical University, Shijiazhuang, China,
2Department of Neurosurgery, The Second Hospital of Hebei Medical University, Shijiazhuang, China

Metachromatic Leukodystrophy (MLD) is a rare autosomal recessive disease,

which is caused by mutations in the arylsulfatase A (ARSA) gene. The ARSA

gene is located on chromosome 22q13, containing eight exons. According

to the age of onset, MLD can be divided into late infantile type, juvenile

type, and adult type. Adult MLD has an insidious onset after the age of

16 years. Additionally, intellectual as well as behavioral changes, such as

memory deficits or emotional instability, are commonly the first presenting

symptoms. There is a study that reported an adult-onset MLD manifested

cognitive impairment progressively due to compound heterozygousmutations

of NM_000487: c.[185_186dupCA], p.(Asp63GlnfsTer18), and NM_000487:

c.[154G>T], p.(Gly172Cys), rs74315271 in the ARSA gene, finding that the

c.[154G>T], p.(Gly172Cys) is a novel missense mutation. Brain magnetic

resonance imaging (MRI) revealed symmetrical demyelination of white matter.

The activity of ARSA enzymatic in leukocytes decreased. Nerve conduction

studies displayed that evidence of polyneuropathy was superimposed upon

di�use, uniform demyelinating, and sensorimotor polyneuropathy. Family

genes revealed that each family member carried one of two heterozygous

mutant genes. She has been discharged and is currently being followed up.

This study found a compound heterozygous mutation in the ARSA gene

associated with MLD and identified a novel missense mutation NM_000487:

c.[154G>T], p.(Gly172Cys), rs74315271. This will provide a critical clue for

prenatal diagnosis of the o�spring in this family, and expand the mutation

spectrum of MLD-related ARSA.

KEYWORDS

metachromatic leukodystrophy (MLD), autosomal recessive inherited, arylsulfatase A

(ARSA), compound heterozygous mutations, case report
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Introduction

Metachromatic Leukodystrophy (MLD) is an autosomal

recessive inherited disease caused by the deficiency of enzyme

arylsulfatase A (ARSA), which can convert cerebroside sulfatide,

a major component of myelin, into cerebroside (1). It is

estimated that the overall incidence of autosomal recessive MLD

is 1:40,000–1:1,00,000 (2). The decrease or complete absence of

ARSA activity leads to the storage of sulfatide in neurons and

glial cells, causing neurodegeneration and demyelination in the

central nervous systems (CNS) and peripheral nervous systems

(PNS) (3). ARSA, the pathogenic gene of MLD, is located on

chromosome 22q13 with eight exons and is transcribed into

three kinds of mRNA with a total length of 3.2 kb (4). To date,

∼279 MLD-relevant unique mutations have been identified in

the ARSA gene (https://databases.lovd.nl/shared/genes/ARSA).

In a few patients, MLD is caused by a deficiency of activator

protein saposin B (5). According to the age at onset, MLD can

be divided into late infantile type, juvenile type, and adult type

(6). The clinical manifestation of late infantile MLD begins at 30

months old. This type is considered to be the most severe, which

is characterized by a lack of or little residual ARSA activity and

entails rapid neurodegeneration. Patients with infantile MLD

show delayed psychomotor development, which is characterized

by impairment of speech, gross, and fine motor development.

Peripheral neuropathy is also observed, which is associated with

decreased motor and sensory nerve conduction. The juvenile

type, with an onset between 3 and 16 years old is further

subdivided into the early juvenile and late juvenile depending

on whether the onset is before or after 6 years old. In the

juvenile type, cognitive impairment and behavioral variation are

frequently observed, followed by the deterioration of central and

peripheral motility and epilepsy. Adult MLD has an insidious

onset after the age of 16 years. Intellectual and behavioral

changes, such as memory deficits or emotional instability, are

usually the first presenting symptoms (7). It is the least common

of the three major clinical variants and is often mistakenly

diagnosed as early-onset dementia (8) or schizophrenia (9, 10).

This paper reported a rare case of adult-onset MLD, which

was caused by compound heterozygous mutations in the ARSA

gene, and identified a novel missense mutation. This paper

presented the following case in accordance with the CARE

reporting checklist.

Case presentation

A 42-year-old woman suffered from progressive memory

loss in the first half of the year before our evaluation. She

gave birth at full term via normal vaginal delivery without

distress and dysmorphic features and grew normally. Half a

year ago, she began to lose her memory, being unable to recall

what just happened, and progressively aggravated. There was

no known antecedent brain injury, and her medical history

was not obvious. Her father died of liver cancer, and her sister

who suffered from unexplained dementia finally died at the age

of 40 years. She had two children, a boy and a girl, both of

whom were in good health. Neurological examination displayed

remarkable symptoms in reaction dullness and memory loss, as

well as horizontal nystagmus. The motor system examination

revealed that her muscle strength was normal (Grade 5) and

her movements were coordinated. The results of the sense

system examination were normal. Tendon reflexes of upper and

lower extremities markedly decreased without lateralization. She

graduated from junior high school with a score of 8 on the

Montreal Cognitive Assessment (MoCA) and 15 on the Mini-

Mental State Examination (MMSE). She was diagnosed with

moderate cognitive impairment. Adult-onset, chronic progress,

and high-level brain function were affected, mainly manifested

as cognitive impairment. Moreover, the peripheral nerve

might be involved according to the examination of weakened

tendon reflexes. Neuroradiologically, brain magnetic resonance

imaging (MRI) scans demonstrated diffuse and symmetrical

abnormal signals in the cerebral white matter, especially around

the top of the lateral ventricle (Figure 1). The activity of

ARSA measured in white blood cells was 14.13 nmol/17h/mg,

which was significantly lower than the normal value (>58

nmol/17h/mg). Nerve conduction studies showed that the

evidence of polyneuropathy was superimposed upon diffuse,

uniform demyelinating, and sensorimotor polyneuropathy.

Electromyography (EMG) was remarkable for fibrillations and

positive waves were limited to the right musculi abductor

pollicis brevis. Genetic analysis indicated that there were two

heterozygous mutations in the exon region of the ARSA gene:

(1) NM_000487: c.[185_186dupCA], p.(Asp63GlnfsTer18). A

duplication of CA nucleotides located in exon 1 at c.185_186

resulted in a frameshift mutation (Figure 2). (2) NM_000487:

c.[154G>T], p.(Gly172Cys), rs74315271. A missense mutation

of ARSA in exon 3 resulted in guanine being changed into

thymine at nucleotide 154 (Figure 2), and amino acid Gly

being replaced by Cys (Figures 3A,B). C.[185_186dupCA],

p.(Asp63GlnfsTer18) was previously reported as a pathogenic

mutation in the ARSA gene associated with MLD, but

c.[154G>T], p.(Gly172Cys) was a novel mutation, which has

not been reported in exome analysis. To predict whether

this novel mutation is deleterious or not, the function

of protein was predicted. Rare Exome Variant Ensemble

Learner (REVEL), Polymorphism Phenotyping v2 (PolyPhen-

2), MutationTaster, and Genomic Evolutionary Rate Profiling+

(GERP+) all indicated that the mutation was deleterious. She

was eventually diagnosed with adult-onset MLD. Family genetic

analysis revealed that her mother and son were identified

to carry the heterozygous mutation of c.[185_186dupCA],

p.(Asp63GlnfsTer18), and her daughter was the carrier of

the heterozygous mutation of c.[154G>T], p.(Gly172Cys)

(Figure 2). Unfortunately, this study could not collect blood
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FIGURE 1

Brain MRI demonstrated di�use, symmetrical abnormal signal in the bilateral cerebral white matter, which was low signal in T1WI (A), high signal

in FLAIR (B), and high signal in T2WI (C).

FIGURE 2

DNA sequencing. The patient (II-2) had compound heterozygous mutations of c.[185_186dupCA], p.(Asp63GlnfsTer18) and c.[154G>T],

p.(Gly172Cys) in the ARSA gene. Her mother (I-2) and son (III-2) had the heterozygous mutation of c.[185_186dupCA], p.(Asp63GlnfsTer18). Her

daughter (III-1) had the heterozygous mutation of c.154G>T, p.(Gly172Cys).

samples from her father and sister due to the fact that they had

passed away. The mode of inheritance of MLD is autosomal

recessive, and a genetic family tree (Figure 3C) had been made.

The patient was discharged soon after admission. At present, the

patient is currently under follow-up.

All procedures performed in research involving human

subjects were in accordance with the Helsinki Declaration

(revised in 2013), and this study was approved by the Ethics

Committee of the Second Hospital of Hebei Medical University

(Approval Letter No. 2022-P024).
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FIGURE 3

(A,B) Prediction of the three-dimensional structure of the

protein. (A) The wild type of p.(Gly172Cys). (B) The mutated type

of p.(Gly172Cys). The arrow indicates the mutation site. (C)

Genetic family tree. A square represents a male, and a circle

represents a female. A shaded symbol shows the proband, and a

line across the symbol shows the deceased individual. A dot

within the symbol represents carrier status for mutation

c.[185_186dupCA], p.(Asp63GlnfsTer18). A triangle within the

symbol represents carrier status for mutation c.[154G>T],

p.(Gly172Cys).

Discussion

Metachromatic Leukodystrophy is a kind of autosomal

recessive inherited lysosomal disorder due to the deficiency

of the ARSA enzyme, which is also the most frequently

encountered by Chinese patients (11). MLD is usually classified

into late infantile type, juvenile type, and adult type according

to the age of onset. Adult MLD is the less severe and the least

common type of this disease, which is mainly characterized by

gradual impairment of cognitive function, emotional instability,

and behavioral/psychiatric disturbances. MLD can be quite

heterogeneous in nature in regard to causative mutations in the

ARSA gene (12). The ranges of the age of onset and rate of

disease progression are broad, which depend on the residual

ARSA enzymatic activity (13). In general, the process of adult

form MLD is slower than that of juvenile and late infantile

forms (14). Slow disease progression in the relatively stable and

regressive period is a typical feature of adult MLD. The diagnosis

of MLD is based on MRI (Symmetrical demyelination of

white matter), biochemical (decreased ARSA enzymatic activity

in leukocytes), and genetic test of the ARSA gene (15–17).

The patient was characterized by adult onset and the chronic

progression of worsening cognitive function. It is speculated that

this may be related to the gradual decrease of residual ARSA

enzymatic activity, and delay in the process of glucosinolates

accumulation. According to the age of onset, combined with

clinical manifestation, MRI, laboratory examination, nerve

conduction, and gene detection, she can be diagnosed as

adult MLD.

In MLD, the deficiency of ARSA results in sulfatide

accumulation in the myelin-producing cells (oligodendrocytes

in CNS and Schwann cells in PNS). With the progressive

accumulation of sulfatide in cells, the lysosomal-endosomal

system becomes dysfunctional, and other secondary pathogenic

cascades occur, ultimately resulting in cell apoptosis (18). It

causes progressive demyelination in both CNS and PNS, which

correlates with the major clinical manifestations of MLD (19).

However, as the disease progresses, the symptoms of peripheral

neuropathy are gradually masked by the development of spastic

tetraparesis and other manifestations of CNS dysfunction.

Other PNS symptoms include neurogenic bladder dysfunction,

neuropathic pain, and severe foot deformities (20). Therefore,

in MLD, the researchers should also be aware of the damage

to the PNS as well. The patient had typical brain MRI findings

(Symmetrical demyelination of white matter) and a significant

slowdown of motor and sensory conduction, which indicated

demyelination both in CNS and PNS.

ARSA gene mutation could cause the deficiency of ARSA,

which leads to the development of MLD. It is known that

missense, nonsense, and frameshift mutations within the ARSA

gene can cause MLD (21). Two mutations, namely c.[459

+1G > A] and c.[1277C > T], occur more frequently in the

European population with over 200 mutations reported in MLD

patients (22). The c.[459 +1G > A] is frequently found in late

infantile patients, and the missense variants c.[1277C > T] and

c.[542 T > G] are usually found in association with an adult

or juvenile phenotype (23). The number of samples has been

reported to be small, the hot spots have not yet been obtained

in China. (24) In addition to pathogenic mutations, an ARSA

pseudo deficiency (Pd) allele, such as c.[1049A > G], leads to

lower ARSA activity, which results in a partial mistargeting of

the enzymes (25). The ARSA-Pd allele provides sufficient ARSA

activity to prevent the manifestation of MLD symptoms, even in

a homozygous state, or in a compound heterozygous state with

an MLD allele. Through Sanger sequencing of the ARSA gene, a

compound heterozygous mutation can be found, including one

reported mutation (11) NM_000487: c.[185_186dupCA],

p.(Asp63GlnfsTer18) in exon 1 and a novel mutation

NM_000487: c.[154G>T], p.(Gly172Cys), rs74315271.).

The mutation of c.[185_186dupCA], p.(Asp63GlnfsTer18), a

duplication of CA nucleotides located in exon 1 of c.185_186,

leads to a frameshift mutation, causing the amino acid change

from Asp to Gln of the first mutation, and then produce a

premature termination code. It means that the translated

product might have the first 62 amino acids normal, and the

subsequent amino acids are aberrantly extended until meeting

the poly-adenylation signal. This was an abnormal translation

elongation mutation. The mutation was identified as pathogenic

according to the American College of Medical Genetics and
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Genomics (ACMG). It can be also found that the mutation of

the patient was inherited from her mother, while her son was

the carrier and her daughter was not. Another heterozygous

mutation is c.[514G>T] in exon 3, which is a novel missense

mutation, resulting in Gly to Cys substitution p.(Gly172Cys).

The mutation was identified with uncertain significance

according to the ACMG. Prediction of protein function using

REVEL, PolyPhen-2, MutationTaster, and GERP+ indicated

that the mutation was deleterious. In addition, this study

identified that her daughter carried this heterozygous mutation.

It was reasonable to assume that the mutation of the patient was

inherited from her father, even though her father had passed

away. Different from the previous report (11), it is found that

her family members who carried one of the two heterozygous

mutations did not suffer from such kind of disease. Further

research is needed.

According to the aforementioned results of family genetic

analysis, there are two heterozygous mutations in this patient’s

ARSA gene, one mutation is inherited from her mother, and

the other one is speculated to be from her father. These two

mutant genes are in the trans position, forming a compound

heterozygous mutation.

As MLD is caused by defective ARSA, most therapeutic

approaches have tried to correct this biochemical defect,

such as enzyme replacement therapy (ERT), bone marrow

transplantation (BMT), and gene therapy (GT). Unfortunately,

all these treatments could not prevent the progression and

improve the prognosis due to the poor permeability of the blood-

brain barrier (BBB), which restricts the access of therapeutic

compounds during systemic administration and results in the

low effectiveness of many therapeutic approaches (26, 27). At

present, the treatment of MLD worldwide is still symptomatic

and nonspecific. Although this patient has received symptomatic

treatment, there is no significant improvement in cognitive

function. Therefore, it is particularly urgent to study the

treatment methods.

In conclusion, this paper reported a case of a Chinese adult

female diagnosed with MLD due to a compound heterozygous

mutation in the ARSA gene: one known frameshift mutation

NM_000487: c.[185_186dupCA], p.(Asp63GlnfsTer18) and

one novel missense mutation NM_000487: c.[154G>T],

p.(Gly172Cys), rs74315271. Moreover, it can be also found that

each family member carries one of the two heterozygous genes

except for her dead father and sister. This will provide a critical

clue for the prenatal diagnosis of the offspring of this family.

This study provided broader insight into critical mutations of

ARSA in the Chinese population for MLD diagnosis.
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Pakistan, 6Human Genetics, Genome Institute of Singapore, A∗STAR, Singapore, Singapore, 7Lee
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RhoGTPase regulators play a key role in the development of the nervous

system, and their dysfunction can result in brain malformation and associated

disorders. Several guanine nucleotide exchange factors (GEF) have been

linked to neurodevelopmental disorders. In line with this, ARHGEF17 has

been recently linked as a risk gene to intracranial aneurysms. Here we

report siblings of a consanguineous Pakistani family with biallelic variants

in the ARHGEF17 gene associated with a neurodevelopmental disorder

with intellectual disability, speech delay and motor dysfunction but not

aneurysms. Cranial MRI performed in one patient revealed generalized brain

atrophy with an enlarged ventricular system, thin corpus callosum and

microcephaly. Whole exome sequencing followed by Sanger sequencing in

two of the a�ected individuals revealed a homozygous missense variant

(g.11:73021307, c.1624C>T (NM_014786.4), p.R542W) in the ARHGEF17 gene.

This variant is in a highly conserved DCLK1 phosphorylation consensus

site (I/L/V/F/M]RRXX[pS/pT][I/L/M/V/F) of the protein. Our report expands

the phenotypic spectrum of ARHGEF17 variants from increased intracranial

aneurysm risk to neurodevelopmental disease and thereby add ARHGEF17 to

the list of GEF genes involved in neurodevelopmental disorders.

KEYWORDS

ARHGEF17, neurodevelopmental disorder, microcephaly, motor dysfunction,

missense mutation
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Introduction

Neurodevelopmental disorders encompass a broad range of

symptoms such as developmental delay, intellectual disability

(ID), motor disorders, attention deficit and autism spectrum

disorders (1). Such disorders can be caused by a disruption of

the array of spatially and temporally regulated gene products

that orchestrate nervous system development (2, 3). An

important group of proteins known to contribute to pre- and

postnatal brain development are the regulators of Rho family of

GTPases (4).

Guanine nucleotide exchange factors (GEFs) stimulate the

exchange of GDP for GTP and when bound to GTP the small

GTPases bind various effectors to influence processes such as

cell cycle progression, cell survival, cytoskeleton organization,

and vesicular and nuclear transport (5). Several GEFs have

been reported to regulate these processes during brain

development, and biallelic variants in Rho guanine nucleotide

exchange factor (ARHGEF) genes have been associated with

human neurodevelopmental disorders: midbrain-hindbrain

malformation (ARHGEF2) (6), nonsyndromic intellectual

disability (ARHGEF6) (7), epileptic encephalopathy (ARHGEF9)

(8), peripheral demyelinating neuropathy (ARHGEF10) (9).

Recently, ARHGEF17 has been reported as a risk gene for

intracranial aneurysms (IA) (10). Here we report siblings of

a consanguineous Pakistani family with biallelic variants in

the ARHGEF17 gene associated with a neurodevelopmental

disorder with intellectual disability, speech delay and motor

dysfunction but not aneurysms.

ARHGEF17 is a member of the RhoGEF (Rho GTPase GEF)

of the diffuse B-cell lymphoma (Dbl) family (11). Members

of this large protein family regulate the GDP-GTP cycling

of specific proteins through a catalytic Dbl homology (DH)

domain and have a regulatory pleckstrin homology (PH) domain

that binds to phosphatidylinositol lipids (12). In addition,

ARHGEF17 contains a WD40 domain that is important for

protein-protein interactions and an actin binding domain

(ABD) that binds to actin thereby controlling intracellular

localization and its activity. Thus, distinct domains and

sequences of ARHGEF17 exert autoregulation of its activity

in a spatio-temporal manner and control cellular processes

implicated during brain development (13, 14).

In this study, we report novel biallelic ARHGEF17

variants and expand the phenotypic spectrum of ARHGEF17

variants from increased intracranial aneurysm risk to

neurodevelopmental disease.

Subjects and methods

The human study was approved by the ethics committee of

the Institute of Biomedical and genetic Engineering, Islamabad.

The written informed consent was obtained for the molecular

genetic analysis, the publication of clinical data, photos, and

magnetic resonance images (MRI) from the index family. Blood

samples were drawn from seven individuals from the affected

family that included three affected (III.2, III.3, and III.4) and four

unaffected (II.5, II.6, III.1 and III.5) individuals. Medical history

but no clinical data were available from III.4 and III.6.

Genotyping

Genomic DNA was extracted using standard methods and

samples were genotyped on the Illumina OmniExpress 24v1-

0-A BeadChip array. We confirmed the reported familial

relationships among genotyped samples using PLINK identity

by descent (IBD) analysis (–genome) (15, 16). We then

scanned the data for homozygous segments (>1Mb) which are

shared among affected individuals but not for the unaffected

individuals. Homozygosity mapping was conducted using

PLINK v1.07 using the default settings (15).

Whole exome sequencing

Targeted enrichment was performed on 1 µg of genomic

DNA from two affected individuals (III.2 and III.3) using the

Nimblegen SeqCap EZ Exome v3 kit and barcoded with four

other samples for multiplexed 2× 101 bp sequencing on a single

lane of the Illumina HiSeq 2000 System. Each individual was

sequenced to a mean coverage of 84.3–91.2 reads per target

base, with 98% of the target exome covered by 10 or more

reads. Reads were mapped using BWA v1.7. Variants were

called using the GATK v2 Unified Genotyper following the

recommended guidelines by GATK “Best practices for variant

calling v3” (17). We used the following primer sequences for

the confirmation of the identified ARHGEF17 variant through

Sanger sequencing: 5’-AGGCACCTCTAGGGCATTG-3’ and 5’-

ACATCCCCTGCCCAGTC-3’.

Homozygosity mapping

Homozygous segments of >1Mb in length accounted for

8.8–15.8% of the genome in all three affected individuals and

their two non-affected siblings, confirming that these individuals

are the offspring of a consanguineous union. We identified

three large segments that were homozygous only in affected

individuals (Chr4q11-q13.3 LOD 2.7, Chr11q13.4-q13.5 LOD

2.7 and Chr15q14-q21.2 LOD 2.7).

Genetic analysis

For confirmation of causal mutation, we performed whole

exome sequencing analysis in two affected siblings (III.2
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and III.3) to identify a set of homozygous mutations that

are shared between the two siblings within the homozygous

segment. A total of 38,237 variants were found in these two

individuals, out of which 26,042 were coding and 13,145 were

nonsynonymous, frameshift or splice site variants in well-

annotated transcripts. Of these, 902 were rare, either absent

or present in <1% of all populations in HapMap, 1000

genomes populations (17) and the NHLBI exome variant server

(EVS) databases (URL: http://evs.gs.washington.edu/EVS/). Of

these, 12 variants were homozygous in both affected siblings

and six resided within the shared homozygous intervals on

chromosomes 4, 11 and 15. Only two were predicted to be

damaging: one in ARHGEF17 [Chr11:73021307, hg19/GRCh37,

c.1624 C>T (NM_014786.4)] and one in Kinase insert domain

receptor (KDR) [Chr4:55955592, hg19/GRCh37, c.3352 C>T

(NM_002253.4)]. While both mutations were present in

gnomAD South Asians, the KDR variant (allele frequency of

0.24%) is present at higher frequencies than the ARHGEF17

variant (allele frequency of 0.0098%). KDR has been shown

to play an essential role in the regulation of angiogenesis,

vascular development, vascular permeability, and embryonic

hematopoiesis and heterozygous variants in KDR has been

linked to Hemangioma (MIM# 602089). Since members of the

ARHGEF family have been associated to neurodevelopmental

disorders, we consider ARHGEF17 as a strong candidate for the

phenotype observed in our index patients.

Results

Clinical presentation

We report four individuals of a consanguineous family of

Pakistani descent with a neurodevelopmental disorder. Two

affected individuals (III.2, III.3) were available for assessment.

Two further individuals were reported to have been affected by a

similar developmental disease but were deceased due to a tetanus

infection (III.4) and severe head injury (III.6) at ages 20 and 7

years, respectively, and were not available for evaluation.

Proband 1 (P1, III.2) was a 24-year-old male born

at term without complications with normal body weight

and length (Figures 1A,B, Table 1). He had developmental

delay, and later moderate-to-severe intellectual disability and

a speech disorder was diagnosed. He began to speak at

3.5 years of age but could not communicate properly. He

could understand only simple commands. He was able to

walk at the age of 1 year. No dysmorphism or cranial

nerve paralysis were noted on clinical examination. He had

hypotonia. No head circumference data was available at birth.

At the age of 12 years, the proband experienced frequent

falls and gradually lost the ability to walk. He could not

lift his extremities and became restricted to his bed. He

was able to swallow food but could not eat or drink

without any support. No gastrostomy was performed. P1 had

progressive loss of muscle strength with muscle weakness

and wasting, but no joint contractures. Tendon reflexes were

brisk, no pathological reflexes were present. There were no

coordination problems, and no tremor. Pes equinus was

noted. He lost the ability to communicate at the age of

12 years. No visual or hearing impairments were noted.

Echocardiogram did not show any abnormality, particularly

no sign of cardiomyopathy. Microcephaly was observed with

an occipitofrontal head circumference (OFC) of 53.3 cm [<

3rd centile, < −2 standard deviations (SD)] at the age of 22

years. Postnatal OFC values were not available. MRI findings

revealed generalized brain atrophy, accentuated at the temporal

lobes, with incomplete opercularization, enlarged ventricular

system and thinned corpus callosum (consequence of the

parenchymal atrophy), chronic ischemic changes periventricular

white matter surrounding occipital horns, and thickened skull

bone (Figure 1C).

Proband 2 (P2, III.3) was a 22-year-old male born at term

with normal birth weight and length (Figures 1A,B, Table 1).

He had developmental delay, and later moderate-to-severe

intellectual disability and a speech disorder were diagnosed. He

began to speak at 3.5 years of age but could not communicate

properly. He was able to walk by 1 year of age. Clinical

examination showed no dysmorphism or cranial nerve paralysis.

Similar to his brother, frequent falls started at the age of 12

years, he developed progressive loss of muscle strength with

muscle weakness and wasting. He could not lift his extremities

and lost the ability to walk, and became wheelchair bound. He

was able to swallow food but could not eat or drink without any

support. No gastrostomy was performed. He became wheelchair

bound. He could not communicate at the age of diagnosis.

No visual or hearing impairments were noted. Echocardiogram

did not show any abnormality, particularly no signs of

cardiomyopathy. No microcephaly was observed (55.9 cm,−0.5

SD). No MRI was performed. He died at the age of 24 years

due to unknown cause in an episode of a febrile illness and

abdominal pain.

Genetic findings

Through whole exome sequencing, we identified the

homozygous exchange of a single base C to T in exon 1

of the ARHGEF17 gene (Chr 11:73021307, hg19/GRCh37,

c.1624C>T, NM_014786.4; p.R542W, NP_055601.2) in

two affected siblings (III.2 and III.3) (Figure 1D) and

confirmed the mutation by Sanger sequencing (Figure 1E).

The identified variant lies in a protein region highly conserved

across species (Figure 1F). The variant is disease-causative

in nature, as predicted by Mutation Taster and SIFT

(https://www.mutationtaster.org/, http://genetics.bwh.harvard.

edu/pph2/, https://sift.bii.a-star.edu.sg).
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FIGURE 1

Phenotype and genotype of index patients with ARHGEF17 mutation (A) Pedigree of index family indicating a�ected patients (III.2, III.3). (B)

Photomicrographs of III.2 and III.3. (C) MRI images of III.2 revealed general atrophy/hypoplasia of the brain parenchyma, enlarged ventricular

system (thin arrows) and thin, but complete corpus callosum (arrow heads), chronic ischemic changes periventricular white matter surrounding

occipital horns, moderate cerebral atrophy and thickened scull bone (thick arrows). (D) Schematic representation of ARHGEF17 cDNA with 21

exons and the wild-type ARHGEF17 protein with the identified variants of our index family (black) and previously reported homozygous variants

(gray). A homozygous exchange of a single base C to T in exon 1 of the ARHGEF17 (c.1624C>T (NM_014786.4), p.R542W (NP_055601.2) was

identified and confirmed through Sanger sequencing. (E) Electropherogram traces depicting the exchange of C to T at position 1624 of the

ARHGEF17 gene. (F) The site of mutation is located in DCLK1 consensus site [LRRAKSF (green)] of ARHGEF17 and it is highly conserved across

species.

Discussion

Here we describe the novel biallelic variant c.1624C>T

in the ARHGEF17 gene (NM_014786.4) to be associated

with a neurodevelopmental disorder with intellectual

disability, speech disorder and progressive motor dysfunction.

ARHGEF17 is highly expressed in the brain throughout

development but not in skeletal muscle according to the

EMBL-EBI expression atlas (https://www.ebi.ac.uk/gxa/home;

ensg00000110237) (11). Given this expression pattern of

ARHGEF17, muscle weakness and wasting in light of brisk

reflexes observed in index patients may result from a central

nervous system effect rather than a neuropathy or myopathy.

Unfortunately, no electrophysiology or muscle biopsy data

was available to further discriminate the cause of progressive

motor dysfunction.
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TABLE 1 Clinical phenotype of index patients with biallelic ARHGEF17

variant c.1624C>T (NM_014786.4).

III.2 III.3

Gender Male Male

Age at diagnosis (years) 12 12

Age at last diagnosis (years) 24 22

Age at death (years) Alive 24

Pregnancy No complications No complications

Delivery No complications No complications

Birth at gestational age

(weeks)

38 38

Birth weight Normal Normal

Birth length Normal Normal

Head circumference (-2 SD, 53.3 cm) (-0.5 SD, 55.9 cm)

Microcephaly Yes, primary No

Developmental delay Yes Yes

Speech delay Yes Yes

Intellectual disability Moderate-severe

(understands

simple commands)

Moderate-severe

Visual impairment No No

Gross Motor Functional

Classification Scale (GMFCS)

GMFCS level 5 GMFCS level 5

Muscle strength Reduced paraplegia

of lower limbs

(progressive falling

at 12 y/o)

Reduced paraplegia

of lower limbs

(progressive falling

at 12 y/o)

Muscle trophic Atrophic Atrophic

Orthopedic Pes equinus -

Echocardiography Normal Normal

A previous report had identified five variants in the

ARHGEF17 gene in individuals with intracranial aneurysms

(IA) and classified the gene as a genetic risk factor for IA

(10). All the reported variants affected the C-terminus and

mapped to the known functional DH, PH and WD40 domains

(Figure 1D). Morpholino-based knockdown of Arhgef17 in

zebrafish (Danio rerio) led to intracranial hemorrhage and

erythrocyte extravasation, further supporting the conclusion

that ARHGEF17 mutations are a risk factor for IA (10). The

current identified variant of the index patients resides in the

N-terminus and results in an amino acid change of arginine

to tryptophan at position 542. This results in the disruption

of a DCLK1 (doublecortin-like kinase 1) phosphorylation

consensus motif I/L/V/F/M]RRXX[pS/pT][I/L/M/V/F.

Sequence alignment showed that the DCLK1 consensus site

in ARHGEF17, LRRAKSF, is highly conserved across species,

including H. sapiens, P. troglodytes, M. mulatta, C. lupus, B.

taurus, M. musculus, R. norvegicus, and G. gallus. Intriguingly,

the N-terminus of ARHGEF17 is present neither in Danio

rerio nor Xenopus tropicalis, suggesting that the additional

functions were acquired by the N-terminus during evolution.

DCLK1 is a protein very similar to doublecortin (DCX) that

has been implicated in neural development including cortical

malformation in humans (lissencephaly, subcortical laminal

heterotopia) (18, 19). DCLK1 plays an important role in

controlling mitosis and spindle organization as well as in

neuronal cell fate (19) and suggests a mechanism by which

the novel ARHGEF17 variant described here could result in a

neurodevelopmental disorder. In line with this, a heterozygous

variant in the DCLK1 gene has been reported in an individual

with abnormalities in the musculoskeletal and nervous system

in the DECIPHER database (https://www.deciphergenomics.

org/gene/DCLK1/ddd-research-variant-overlap).

Considering the severity of the phenotype in the

index patients during development and with age and the

indirect cause of death of three patients might suggests that

ARHGEF17 is implicated in neurodevelopmental as well as in

neurodegenerative disorder. ARHGEF17 has been linked to

intracranial aneurysm which is in line with its higher expression

levels in blood vessels and maintenance of the integrity of

blood vessels (11). In support of this, studies have shown the

importance of vascular functions during early stages of brain

development and cognitive functioning throughout adulthood

(20–22). Vascular dysfunctions have been associated to various

neurodevelopmental (autism spectrum disorders, microcephaly,

schizophrenia) and neurodegenerative disorders (Alzheimer’s

disease, Parkinson’s disease, multiple sclerosis) (20–22).

In conclusion, we have identified a new variant in

ARHGEF17 in individuals with a neurodevelopmental disorder.

Identification of additional families and functional experiments

are necessary to delineate the role of ARHGEF17 in brain

and musculoskeletal development. Our report expands the

phenotypic spectrum of ARHGEF17-associated human

disorders and adds ARHGEF17 to the list of GEF genes linked

to neurodevelopmental diseases.
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Introduction: Primary central nervous system lymphoma (PCNSL) is infrequent

and represents 3. 1% of primary brain tumors. And the lesions that are

restricted to the ventricular system, particularly the third ventricle, are even

rarer. There are few pieces of literature or case reports to date. We report

a case of PCNSL with partial hypointense on di�usion-weighted imaging

(DWI) located in the lateral and third ventricles. Then we reviewed almost all

case reports of ventricular PCNSLs in the last 20 years, discuss the imaging

presentation, other ventricular tumors with similar imaging findings, and

primary treatment measures.

Case presentation: A 78-year-old man presented with memory loss and

poor responsiveness for one week without obvious precipitating factors.

Magnetic resonance imaging (MRI) showed lesions in the third ventricle and

left lateral ventricles, which were slightly hypointense on T1-weighted imaging

(T1WI), and isointense to slightly hypointense on T2-weighted imaging (T2WI).

On DWI, the left lateral ventricular lesion was hyperintense, while the third

ventricular lesion was hypointense. After the surgical procedure, the pathology

and immunohistochemistry revealed di�use large B-cell lymphoma (DLBCL).

Conclusions: Ventricular PCNSL is quite rare, and may be confused with

other tumors in the same position. However, PCNSL di�ers from other central

nervous system tumors in that it is primarily treated with chemotherapy and/or

radiation therapy. So, it is important to recognize PCNSL and di�erentiate it

from other tumors, considering its implications for management planning.

KEYWORDS

primary central nervous system lymphoma, third ventricle, di�usion weighted

imaging, T2 blackout e�ect, case report, ventricular PCNSL
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Introduction

Primary central nervous system lymphoma (PCNSL)

is an extra-nodal variant of non-Hodgkin lymphoma with

disease limited to the brain, spinal cord, leptomeninges,

or eyes, without evidence of systemic involvement (1). It

represents 3.1% of primary brain tumors. Most PCNSLs

are diffuse large B-cell lymphomas with different biological

behavior, management, and prognosis compared with systemic

diffuse large B-cell lymphomas (DLBCL) (2). PCNSLs

differ between immunocompromised (those with acquired

immunodeficiency syndromes) and immunocompetent

patients. In the immunocompetent population with

PCNSL, lesions are usually solitary and located in the brain

parenchyma (3).

The vast majority of PCNSLs are supratentorial, but they

may arise from other areas of the central nervous system

(CNS), including the brainstem, cerebellum, leptomeninges, and

rarely the spinal cord or structures of the eye. It is extremely

rare that the lesions are confined to the ventricular system,

especially the third ventricle. To date, the related clinical and

imaging findings regarding the ventricular PCNSL are confined

to single case reports and short series (Supplementary Table 1)

(1, 4–13). Here, we report a case of PCNSL located in the

third ventricle, the body, and the posterior horn of the

lateral ventricle.

Case presentation

A 78-year-old man was hospitalized to our hospital for a

week owing to memory loss and poor responsiveness without

obvious precipitating factors. Since the onset, he was in

poor appetite and spirit, and occasionally unstable gait. The

patient denied headache, dizziness, nausea, or vomiting, but

he responded with intermittent headaches in the hospital.

He had no ataxia, dystonia, speech disorder, and abnormal

immunocompetence. There was also no history of cognitive

decline, personality changes, seizures, radiation exposure,

systemic infection, or other autoimmune diseases. His family

history was unremarkable. Neurological examination did not

show focal neurological signs. The patient was diagnosed with

prostate cancer 3 years ago and got symptomatic treatment. On

further evaluation, a routine blood investigation including HIV

was done which was nonreactive.

The brain computed tomography (CT) disclosed three

solid masses with slight hyper-attenuation, non-calcification,

and non-cystic components. The biggest one was located in

the third ventricle and the others were located in the body

and posterior horn of the left lateral ventricle (Figure 1),

MRI showed multifocal solid lesions in the same regions.

They were slightly hypointense on T1WI and isointense

to slightly hypointense on T2WI and T2WI dark-fluid

FIGURE 1

Non-contrast computed tomography (CT) shows that the

masses with slight hyper-attenuation were in the third ventricle

(the tumor size: 22mm × 22mm × 15mm, CT value: 47HU)

(arrow), in the body (not shown) and posterior horn (arrowhead)

of the left lateral ventricle.

images. While on diffusion-weighted imaging (DWI), the

third ventricular lesion was hypointense, and the lateral

ventricular lesion was slightly hyperintense, both of them

with low apparent diffusion coefficient (ADC) values, all

suggesting diffusion restricted. Post-enhanced, the ventricular

lesions were significantly enhanced. Furthermore, parenchyma

around the third ventricle displayed swelling and hyperintense

on T2WI. It did not cause ventricular expansion and

hydrocephalus above the lesions (Figures 2A–F). He was

diagnosed with intraventricular malignancy and based on his

history of prostate cancer, the possibility of metastasis was

considered clinically.

In order to determine the nature of the lesion and ensure

smooth cerebrospinal fluid circulation in the third ventricle, the

patient underwent a subtotal resection of the third ventricle

tumor by transcallosal approach. Analysis of a frozen section

was consistent with uncertain PCNSL. Immunohistochemistry

revealed the tumor cells were positive for CD10, CD20, Bcl-

6, MUM-1, C-MYC(10%), Bcl-2(90%), and Ki-67(80%), and

negative for CD3, CD30, cyclin D1, ALK, and EBER in situ

hybridization (Figure 3). The P53 was wild-type. Thus, the final

diagnosis of the third ventricular tumor was DLBCL with a

germinal center subtype. Postoperatively, the patient was in

a shallow coma, and in poor overall condition. On day 17,

he became critically unwell due to respiratory and circulatory

failure and arrhythmia. But the families gave up continued

resuscitation and requested to be discharged.

Frontiers inNeurology 02 frontiersin.org

90

https://doi.org/10.3389/fneur.2022.923206
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Li and Xiong 10.3389/fneur.2022.923206

FIGURE 2

Brain magnetic resonance imaging (MRI). (A–C) Axial T1-weighted imaging (T1WI) (A) shows that the masses with slight hypointensity are in the

third ventricle (arrow) and the posterior horn of the left lateral ventricle. Both of them are significantly enhanced on axial (B) and sagittal (C)

T1WI with contrast. (D–F) T2-weighted imaging (T2WI) (D) shows the isointense to slightly hypointense masses (arrows), the swollen and

hyperintense parenchyma around the third ventricle (arrowheads). Di�usion-weighted imaging (DWI) (E) shows a hypointense mass in the third

ventricle (arrow) and a slightly hyperintense mass in the lateral ventricle (arrowhead), both of them with low apparent di�usion coe�cient (ADC)

value (ADC value: 0.425 ×103mm
2/s, 0.628 ×103mm

2/s) (F, arrow), all suggesting di�usion restricted.

FIGURE 3

Immunohistochemistry of the third ventricular lesion reveals: CD10 (+), CD20 (+), MUM-1 (+), Bcl-2 (+, 90%), Bcl-6 (+), C-myc (+, 10%), Ki-67

(+, 80%), ALK (–), CD3 (–), CD30 (–), cyclin D1 (–), EBER (–), and P53 (wild-type expression).

Discussion

Primary central nervous system lymphoma (PCNSL)

commonly presents within the brain parenchyma in superficial

(subpial) or deep-seated (subependymal location) (13). Most

PCNSL involving ventricles are mass lesions originating from

the ventricular borders protruding into the internal CSF spaces

(12). PCNSL with a pure intraventricular location is rare.

Depending on the site of involvement, the patient may present

with a large variety of generalized symptoms, such as headache,

vomiting, lethargy, memory deterioration, and confusion, as

well as lateralizing symptoms such as hemiparesis (6, 14). We

reviewed almost all case reports of ventricular PCNSLs in the last

20 years and summarized information on MRI signal, location,

and pathological subtype of the cases (Supplementary Table 1).

These cases include 18 DLBCLs, 4 high-grade B-cell lymphomas,
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4 Burkitt’s lymphoma, 2 small lymphocytic lymphomas, and

3 no subtypes provided. DLBCLs constitute the majority

of them.

In a series of these ventricular PCNSLs involving various

locations, most were T1WI hypointense or isointense, T2WI

hypointense or hyperintense, almost all were enhancing. The

imaging manifestations are consistent with those of brain

parenchyma PCNSL. Except for one case (1) (small lymphocytic

lymphoma), all the others (including the current case) were

suggestive of restricted diffusion, since the majority of PCNSLs

with highly cellular nature. In all cases, only we reported

the DWI hypointense of the third ventricle lesion, although

the DWI signal intensity reported in part of the cases was

not mentioned. It indicates that the DWI signal of this

case is particular. We consider that the T2 blackout (TBO)

effect may be used to explain the hypointense both on DWI

and ADC. TBO, as the opposite of T2 shines through, is

a less described effect that reflects the T2 shortening due

to paramagnetic substances on DWI. Because DWI primarily

is a T2-weighted sequence, T2 changes in tissue may have

an influence on DWI (15–17). Exactly, our lesion in the

third ventricle is extremely low intensity on T2WI. We

speculated that the explanation for T2 hypointense was that

the tumor tissue cells had a higher nucleo-plasma ratio than

other PCNSLs.

The imaging findings may be often confused with other

more common lesions with the same localization when PCNSL

is located in the ventricle. A colloid cyst is the most common

benign tumor of the third ventricle and accounts for 0.5–

1.5% of all primary brain tumors (18). But the colloid cyst

on MRI is generally seen as a heterogeneous lesion on

T1WI and T2WI. Haddad et al. (7) reported a case of the

third ventricular PCNSL mimicking a colloid cyst. Central

neurocytoma occurs mainly in young adults. It is situated in

the ventricle frequently and may lead to hydrocephalus (19).

The tumor usually has a heterogeneous cystic-solid appearance

with possible calcification, and always shows unrestricted

diffusion in MRI. Meningioma of the ventricle is extremely

uncommon and is most commonly found in the lateral

ventricles. Radiological features overlap with the common signs

of ordinary meningioma. Meningioma is hyperdense with or

without calcification on CT, iso-hypointense on T1WI and

T2WI, and avid postcontrast enhancement (9, 20). Occasionally,

meningioma restricts diffusion, but it is rarely multifocal.

Chordoid glioma is a rare central nervous system neoplasm,

typically arising from the anterior wall or roof of the third

ventricle (21). It is a round or ovoid mass with isointense

on T1WI, slightly hyperintense on T2WI, and homogeneous

enhancement. Cystic changes and necrosis may be present, but

calcification is uncommon (22). As to ventricular ependymoma,

58% of them originate in the fourth ventricle, and 42% in

the lateral or third ventricle. Ependymoma is usually iso- to

hyper-attenuation, partially calcifiedmass on non-enhanced CT.

On MRI, restricted diffusion is uncommon, the mass appears

isointense on T1WI and iso-hyperintense on T2WI, which is a

typical heterogeneous signal due to calcification, hemorrhage,

and cystic components (23, 24).

There are several features seen on multimodality imaging

that help to limit the differential diagnosis to ventricular

PCNSLs (10), including multifocality, CT hyper-attenuation,

MRI avid postcontrast enhancement, and restricted diffusion.

Ball et al. (10) hypothesized that ventricular PCNSL may

represent an atypical manifestation of PCNSL that is

important to recognize, similar to MALT lymphomas of

the dura, lymphomatosis cerebri, and intravascular large

B-cell lymphoma (IVLBCL). Determination of whether these

represent a pathologically distinct subtype is limited by the

small number of reported cases. Thus, our report is significant

because it demonstrates and complements another possible

DWI signal of ventricular PCNSL.

For PCNSL, the most important role of imaging is directing

clinicians to perform a stereotactic biopsy or obtain CSF for

a histologic diagnosis and avoid futile attempts at resection

(9, 25). In the case reports that mentioned treatment, some

patients received gross total or subtotal resection before or

after diagnosis, and most of them received radiotherapy

or chemotherapy with different regimens after diagnosis.

Researches show that radical surgical excision of PCNSL is

not warranted, and even partial tumor resection appears to

be a negative prognostic factor (2, 14, 26). But another study

(2) has suggested surgical intervention may be required when

PCNSL leads to increased intracranial pressure, impending

herniation, or other neurosurgical emergencies. Our case with

subtotal resection is to relieve the intracranial pressure and keep

the cerebrospinal fluid circulating well, although the patient’s

postoperative condition was unsatisfactory in the end. PCNSL

is sensitive to both chemotherapy and radiotherapy, and it

is better to combine two kinds of treatments according to

some studies (2, 9). When PCNSL is suspected, biopsy and

chemotherapy/radiotherapy should be mostly suggested in the

diagnosis and treatment process (11).

Conclusion

The ventricular PCNSL is extremely rare and has a similar

imaging presentation to other ventricular lesions. Recognition

of these unique presentations of PCNSL may help to distinguish

such cases from other intraventricular tumors. And it is

important for the radiologist to consider PCNSL in the

differential diagnosis because the primary treatment is different.
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Krabbe disease (KD), also known as globoid cell leukodystrophy, is

a rare autosomal recessive condition caused by mutations in the

galactocerebrosidase (GALC) gene. KD is more common in infants and

young children than in adults. We reported the case of an adult-onset KD

presenting with progressive myoclonic epilepsy (PME) and cortical lesions

mimicking mitochondrial encephalomyopathy, lactic acidosis, and stroke-like

episodes (MELAS) syndrome. The whole-exome sequencing (WES) identified a

pathogenic homozygous missense mutation of the GALC gene. Parents of the

patient were heterozygous for the mutation. The clinical, electrophysiological,

and radiological data of the patient were retrospectively analyzed. The patient

was a 24-year-old woman presenting with generalized seizures, progressive

cognitive decline, psychiatric symptoms, gait ataxia, and action-induced

myoclonus. The brain magnetic resonance imaging (MRI) revealed a right

occipital cortical ribbon sign without any other damage. This single case

expands the clinical phenotypes of adult-onset KD.

KEYWORDS

adult-onset Krabbe disease, brain MRI, GALC gene, MELAS syndrome, progressive

myoclonic epilepsy

Introduction

Krabbe disease (KD) is an autosomal recessive condition initially reported by the

Danish neuropathologist Knud Krabbe (1). It is now classified as a sphingolipidosis,

a lipid storage disorder caused by the deficiency of an enzyme that is required for

the catabolism of lipids that contain ceramide. Mutations in the galactocerebrosidase

(GALC) gene on chromosome 14q31 cause a deficiency of an enzyme called

galactosylceramidase, resulting in an abnormal and toxic accumulation of psychosine

in oligodendrocytes. The clinical hallmarks of KD include the demyelination and gliosis
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FIGURE 1

An interictal electroencephalogram (EEG). The EEG showed generalized slowing waves (20–40 µV) and theta waves (6–7 Hz).

of multinuclear macrophages (globoid cells) in the white matter.

The most common form of KD usually begins before the age of

1 year. Initial signs and symptoms typically include irritability,

feeding difficulties, developmental delay, and seizures. Brain

magnetic resonance imaging (MRI) is characterized by aberrant

signals in the basal ganglia, cerebellum, corpus callosum, and

demyelination of the white matter in posterior regions. Due to

the severity of the condition, infants with KD rarely survive

beyond the age of 2 years. Less commonly, KD begins in

childhood, adolescence, or adulthood (2). Individuals with late-

onset KD may survive many years after the condition begins

and are identified by progressive spastic paraplegia and gait

abnormalities. In the late-onset KD, brain MRI abnormalities

implicated the bilateral pyramidal tracts, the posterior ventricle,

parietal-occipital white matter, and the corpus callosum (3).

In this study, we described a Chinese patient with

adult-onset KD and a homozygous missense mutation in

the GALC gene, characterized by progressive myoclonic

epilepsy and an asymmetric occipital cortical ribbon sign. The

patient was previously misdiagnosed as having mitochondrial

encephalomyopathy, lactic acidosis, and stroke-like episodes

(MELAS) syndrome. This case report describes new clinical and

radiological manifestations of adult-onset KD.

Case presentation

In August 2019, a 22-year-old Chinese woman born from

consanguineous parents (cousins) developed generalized tonic-

clonic seizures (GTCS). There was no family history of relevant

disorders. In early life, her physical and intellectual growth

was unremarkable. The GTCS was treated at the local hospital.

At home, the patient discontinued several anti-seizure drugs,

such as valproate, clonazepam, and oxcarbazepine. The patient’s

family noticed limited responsiveness to external stimuli, with

decreased production and fluidity of speech. The patient’s

behaviors became childlike with no apparent reason. The

patient started to exhibit action- or posture-induced myoclonus

involving the trunk and extremities, particularly the legs. She

experienced difficulty in walking and intolerance to physical

exercise. In January 2020, she complained several episodes of

GTCS. The frequency of seizures decreased when she started

taking levetiracetam and lamotrigine. To determine the epileptic

cause, she was referred to our hospital in October 2021.

At the time of admission, the physical examination showed

horizontal nystagmus, mild dysarthria, gait ataxia, hypotonia

and hyperreflexia in all limbs, bilateral pyramidal signs, and

pes cavus. The finger-to-nose and rapid alternating movement
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FIGURE 2

Brain magnetic resonance imaging (MRI). Axial di�usion-weighted imaging (DWI), T1-weighted, and susceptibility-weighted imaging (SWI)

sequences (1, 2, and 6) revealed no other abnormalities. Axial T2-weighted and fluid attenuated inversion recovery (FLAIR) sequences (3 and 5)

showed a right occipital cortical hyperintense signal. Sagittal T2-weighted scan (4) showed global brain atrophy and ventricular enlargement

with occipital cortical hyperintense signal.

tests were abnormal. Her head and limbs showed shaking-like

involuntary movements while walking or standing. Orientation

in space and time was normal but attention, calculation, and

comprehension were impaired. She did not cooperate during the

sensory testing.

Laboratory tests and cerebrospinal fluid evaluation

were normal, including the screening for autoimmune

encephalitis and paraneoplastic syndromes-related antibodies.

On ultrasound examination, there was no visceromegaly

or evident masses. The optical coherence tomography

fundus images were normal. The reduced motor nerve

conduction velocity, compound muscle action potential

amplitude of median nerves, and the sensory conduction

velocity of peroneal and sural nerves suggested the presence

of a demyelinating peripheral neuropathy. The interictal

electroencephalogram (EEG) showed severe generalized

slowing waves (Figure 1). Brain MRI exhibited a right

occipital cortical ribbon sign on T2-weighted and fluid-

attenuated inversion recovery (FLAIR) sequences, with global

brain atrophy and ventricular enlargement. Diffusion-

weighted imaging (DWI) and susceptibility-weighted

imaging (SWI) sequences revealed no other abnormalities

(Figure 2).

There were other manifestations of psychiatric, cognitive,

or movement disorders. Although antibodies were negative for

autoimmune encephalitis, we used high-dose glucocorticoid

therapy (500 mg/day for 5 days). The treatment, however,

was ineffective. Meanwhile, we diagnosed a progressive

myoclonic epilepsy (PME). Based on clinical presentations

and MRI findings, we suspected probable MELAS syndrome

or atypical autosomal-recessive cerebellar ataxia (ARCA). The

whole-exome sequencing (WES) analysis identified pathogenic

homozygous missense mutations of the GALC gene, c.1901T>C

(p.Leu634Ser). The Sanger sequencing confirmed that these

mutations were inherited from her parents (Figure 3). Then, we

diagnosed an adult-onset KD. SerumGALC enzyme activity was

found to be ∼3.3 nmol/17 h/mg protein (normal range > 12.7

nmol/17 h/mg protein), providing additional support for the

clinical diagnosis. There are currently no approved treatments

for KD. Adult-onset KD might benefit from hematopoietic stem

cell transplantation, as described in a single case report (4). The

family refused the treatment due to the high risk of failure.
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FIGURE 3

Pedigree of the family with Krabbe disease (A) and genetic evaluation of GALC (B). The pedigree chart shows that the patient’s father (I-1) and

mother (I-2) were cousins. The proband (II-1) is indicated by a black arrow. The genetic evaluation showed that the c.1901T>C (p.Leu634Ser)

mutation of the proband was inherited from her parents.

FIGURE 4

An ictal EEG. The EEG showed left-sided abnormalities with numerous delta waves, including slow waves mixed with sharp waves, spikes, and

wave discharges.
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FIGURE 5

Brain magnetic resonance imaging. Axial DWI, T2-weighted and FLAIR sequences (1, 3, 5, and 6) showed damage in the left cerebral hemisphere

covering the frontal, temporal, and occipital lobes. Axial T1-weighted sequences (2) revealed hypointense signal in corresponding areas.

Coronal FLAIR MRI (4) revealed high signal changes in the hippocampal area and the left temporal cortex.

FIGURE 6

Brain magnetic resonance spectroscopy (MRS) showed an increased peak of choline, a decreased peak of N-acetylaspartate, and an inverted

peak of lipid-lactate around bilateral basal ganglia.

A few months later, the patient experienced new GTCS

with a general deterioration of neurological function, such

as persistent confusion, cataphasia, and insomnia. Her family

reported a transient gaze paresis of the right side, with

involuntary twitch-like movements affecting her right upper

limb and mouth. The EEG findings showed numerous irregular

left-sided delta waves mixed with a large number of sharp waves,

spikes, and wave discharges (Figure 4). Brain MRI showed a
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damage to the left cerebral hemisphere (Figure 5). Magnetic

resonance spectroscopy (MRS) found an increased peak of

choline, a decreased peak of N-acetylaspartate and an inverted

peak of lipid-lactate in bilateral basal ganglia (Figure 6). She was

treated with levetiracetam (1,500 mg/day) and lamotrigine (200

mg/day). She gradually returned to consciousness, the frequency

of abnormal involuntary movements decreased.

Discussion

We described an adult case of KD with atypical clinical

and neuroimaging characteristics. We reported for the first

time an adult-onset KD presenting PME, a rare epileptic

syndrome most commonly inherited in a recessive manner.

PME usually appears in late childhood or adolescence with

myoclonus, multiple seizure types, cerebellar symptoms, and

a progressive degeneration of neurological function (5). The

most common causes of PME are lysosomal storage disorders

(e.g., neuronal ceroid-lipofuscinoses, Gaucher disease, and

sialidosis), mitochondrial disorders (e.g., myoclonic epilepsy

with ragged red fibers), spinocerebellar ataxia, Lafora disease,

and Unverricht-Lundborg disease (6). Delays in diagnosis are

common due to the lack of disease awareness, non-specific

clinical presentation, and limited access to diagnostic testing

resources in some areas. Our case was early misdiagnosed

as an autoimmune encephalitis and incorrectly treated with

glucocorticoids. When epilepsy or autoimmune encephalitis is

suspected but patients do not respond well to immunotherapies

or show no radiological improvements, there is a possibility

of misdiagnosis. Only four provinces and cities in China

have implemented newborn screening for lysosomal storage

disorders. In addition, the test of enzyme is very common in

pediatric departments, while it tends to be ignored in adult

neurology, which may lead to the underestimation of the

late-onset KD prevalence. Therefore, more attention should

be directed to adult-onset genetic disorders, especially when

common causes have been excluded.

In neurological disorders, an imaging examination is an

essential component in the differential diagnosis. In our patient,

the MRI findings lead to diagnostic pitfalls. The main imaging

feature of KD is leukoencephalopathy, but our patient revealed

no widespread supra- or infratentorial white matter signals. The

corticospinal tracts, regarded as themost frequent areas involved

in adult-onset KD, were not damaged. On initial inspection, the

occipital lobe showed a unilateral cortical ribbon sign. When

combined with clinical symptoms, the cortical ribbon sign is

highly suggestive of mitochondrial disorders. When the cortical

ribbon sign is present, multiple autoimmune or metabolic

encephalitis, or sporadic Creutzfeldt-Jakob disease should be

considered in the differential diagnosis. MELAS syndrome is

a relatively common mitochondrial disorder characterized by

stroke-like episodes involving the cerebral cortex and diagnosed

by genetic testing. We detected no mutations in mitochondrial

or nuclear DNA, but we found a homozygous missense variant

carrying a c.1901T>C (p.Leu634Ser) mutation in the GALC

gene. So far, more than 300 mutations of the GALC gene have

been found in patients with KD. The identified pathogenic

variant indicated that thymidine at the 1901st position of the

coding region of GALC changed to a methylated cytosine,

leading to an amino acid substitution (leucine to serine, the

634th amino acid). Her parents were phenotypically normal

with a heterozygous GALC gene missense variant. According to

the GnomAD database, the frequency of this variant is 0.006

in the East Asian population. This variant was predicted to

be “probably damaging” by PolyPhen-2 and “deleterious” by

the Sorting Intolerant from Tolerant (SIFT). Previous research

demonstrated that this missense mutation inhibited protein

synthesis in vitro. Of interest, all patients carrying this variant

were associated with a late-onset and mild form of KD. They all

were Asian people, particularly from Japan (7), China (8), and

Korea (Table 1). Unlike previous reported cases with a relatively

benign phenotype, our patient was associated with a more rapid

course and worse outcomes (9).

The GALC gene dysfunction lowers the activity of the GALC

enzyme, which catalyzes the hydrolysis of galactose from several

glycosphingolipids (10). Psychosine, a substrate of the GALC

enzyme, is a biomarker for infant KD. In the late-onset KD, the

diagnosis is supported by a low activity of the GALC enzyme

(0–5% of normal activity) in leukocytes. The age of onset and

severity of lysosomal storage disorders are often related to the

activities of enzymes involved in the disease, with individuals

with some enzymatic activity having a higher age of occurrence.

In KD, the loss of enzymatic activity does not always predict

the development of the disease (11). We found a relatively low

activity of the GALC enzyme (about 25.98% of normal activity)

in leukocytes, suggesting that KD patients with the p.Leu634Ser

mutation may exhibit a broader range of GALC activities. The

severity of phenotypemay not be necessarily represented by very

low enzymatic activity. It is possible that different activities of

the GALC enzyme coexist between peripheral blood and the

central nervous system. The activity measured in leukocytes

may not accurately reflect the activity necessary to maintain an

appropriate myelination in neural tissues.

Bascou et al. suggested that vision loss could be the first

indicator of late-onset KD due to a p.Leu634Ser variant (12).

Our patient was able to see and count fingers but the visual

acuity was not tested because of cognitive impairment. The

loss of GALC activity can cause oligodendrocyte toxicity,

demyelination, and poor remyelination in the brain and

peripheral nerves (13). Electrophysiological findings and high

arches in the feet supported the presence of a peripheral

neuropathy. Previously, a restricted diffusion on DWI suggested

an acute aggravation of KD in a few individuals (9). In

our patient, we found a limited high signal on DWI in the

interictal stage and a high signal in the acute period. DWI

appears to be useful in assessing disease progression in people

with KD.
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TABLE 1 The clinical and radiological characteristics of Krabbe disease (KD) patients with p.L634S (also known was L618S) mutation previously reported.

References Patient

no.

Sex/age at

onset

Origin Phenotype Family history Genotype Clinical symptoms Brain MRI

Furuya et al.

(14)

1 N/20y Japanese Adult None p.[L618S]; [IVS6+

5G-A]

Slowly progressive spastic

paraplegia

T2WI showed high signal in the white matter and

pyramidal tracts

Satoh et al.

(15)

2 F/38y Japanese Adult None p.[L618S]; [L618S] Slowly progressive spastic

paraparesis and diminished

vibration sense

T2WI showed symmetric high signal in the

bilateral frontoparietal white matter

Xu et al. (16) 3 N/8m Japanese Late-

infantile

None p.[P302A]; [L618S] N N

Hossain et al.

(17)

4 N/11m Japanese Late-

infantile

None c.[1719dupT];

p.[L618S]

N N

5 N/14m Japanese Late-

infantile

None c.[1719dupT];

p.[L618S]

N N

6 N/2y Japanese Late-

infantile

None p.[L618S]; [?] N N

7 N/3y Japanese Late-

infantile

None c.[P302A];

p.[L618S]

N N

8 N/14y Japanese Juvenile None p.[L618S]; [?] N N

9 N/35y Japanese Adult None p.[L618S]; [G646A] N N

10 N/56y Japanese Adult None p.[L618S]; [?] N N

Orsini et al.

(18)

11 M/6m American Early-

infantile

N p.[L618S]; [L618S] N N

12 F/13m American Late-

infantile

N p.[R38W]; [L618S] N N

Yoshimura

et al. (7)

13 F/11m Japanese Late-

infantile

None c.635_646

delinsCTC;

[p.L618S]

Developmental regression

and spastic quadriplegia

Predominant corticospinal tract involvement

Lim et al. (19) 14 M/12y Korean Juvenile None p.[K563*]; [L634S] Slowly progressive spastic

paraplegia

T2WI and FLAIR showed high signal in the

precentral motor cortex, corona radiata, posterior

limb of the internal capsule, cerebral peduncle of

the bilateral pyramidal tracts and optic radiation

Zhang et al. (9) 15 M/20y Chinese Adult None p.[L634S]; [L634X] Acute hemiplegia selective pyramidal tract involvement with

restricted water diffusion on DWI

(Continued)
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TABLE 1 (Continued)

References Patient

no.

Sex/age at

onset

Origin Phenotype Family history Genotype Clinical symptoms Brain MRI

16 M/>20y Chinese Adult None p.[L634S]; [L634S] None Hyperintensities of the bilateral pyramidal tracts at

the centrum semiovale level and visual radiations

Bascou et al.

(20)

17 N/2y American Late-

infantile

N p.[L634S];

[Arg127Cys]

Abnormal gait characterized

by poor balance, ataxia, a wide

base, and decreased trunk

rotation

Increased T2 signal in the periventricular white

matter

Zhao et al. (8) 18 F/10m Chinese Late-

infantile

N p.[F350V]; [L634S] Motor regression, language

development delay, hearing

and vision impairment

N

19 M/<2y Chinese Late-

infantile

N p.[R129X]; [L634S] Motor regression N

20 M/8y Chinese Juvenile N p.[L634S]; [?] Walking and vision

impairment

N

21 M/<5y Chinese Juvenile N p.[P318L]; [L634S] Left limb movement disorder N

22 F/20y Chinese Adult N p.[L634S]; [?] Psychomotor regression,

aphasia

N

Irahara-

Miyana et al.

(21)

23 N/>6m Japanese Late-

infantile

N p.[L634S]; [?] N N

Zhang et al.

(22)

24 F/25y Chinese Adult None p.[L634S]; [I250T] Slowly progressive gait

disturbance and mild to

moderate mental retardation

Corticospinal tract and parieto-occipital white

matter involvement

25 F/14y Chinese Juvenile None p.[L634S]; [L95fs] Impairment of visual acuity

and Slowly progressive gait

disturbance

Corticospinal tract and parieto-occipital white

matter involvement

Zhou et al.

(23)

26 F/22y Chinese Adult Consanguineous p.[L634S]; [L634S] Generalized convulsions and

cognitive decline

Brain atrophy, no abnormal signals

Xie et al. (24) 27 M/12 Chinese Juvenile N p.[L634S]; [Q441X] Shuffling gait, spastic

paraplegia, and ataxia

No visible abnormality

28 M/26 Chinese Adult N p.[L634S]; [V681M] Spastic paraplegia No visible abnormality

Meng et al.

(25)

29 M/40y Chinese Adult None p.[L634S]; [Y335X] Paralytic paraplegia Demyelination of parts of the white matter

(Continued)
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We reported the case of a single patient with adult-onset KD,

PME, and a cortical ribbon sign. At the beginning, the clinical

and neuroimaging characteristics were strongly suggestive of

MELAS syndrome. This study could help extending genetic

and clinical aspects of adult-onset KD. We acknowledge that

our study investigated only a single individual. Skin or muscle

samples, if available, could better inform the specificities of

adult-onset KD.

Data availability statement

The datasets presented in this article are not readily available

because of ethical and privacy restrictions. Requests to access the

datasets should be directed to the corresponding author/s.

Ethics statement

The Medical Research Ethics Committee of the Affiliated

Hospital of the Neurology Institute of Anhui University of

Chinese Medicine provided the formal approval to this study.

The patient and her family provided a written informed consent

for the publication of this case report.

Author contributions

YW and S-yW wrote the manuscript with input from

all authors. All authors contributed to data acquisition and

analysis. All authors contributed to the article and approved the

submitted version.

Acknowledgments

We thank the patient and her family for placing their trust in

us. We also acknowledge TopEdit LLC for linguistic editing and

proofreading during the preparation of this manuscript.

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.

Frontiers inNeurology 09 frontiersin.org

103

https://doi.org/10.3389/fneur.2022.1010150
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Wang et al. 10.3389/fneur.2022.1010150

References

1. Compston A. From the archives. Brain. (2013) 136:2649–
51. doi: 10.1093/brain/awt232

2. Komatsuzaki S, ZielonkaM,MountfordWK, Kölker S, HoffmannGF, Garbade
SF, et al. Clinical characteristics of 248 patients with Krabbe disease: quantitative
natural history modeling based on published cases. Genet Med. (2019) 21:2208–
15. doi: 10.1038/s41436-019-0480-7

3. Cousyn L, Law-Ye B, Pyatigorskaya N, Debs R, Froissart R, Piraud M, et al.
Brain MRI features and scoring of leukodystrophy in adult-onset Krabbe disease.
Neurology. (2019) 93:e647–52. doi: 10.1212/WNL.0000000000007943

4. Laule C, Vavasour IM, Shahinfard E, Mädler B, Zhang J, Li DK, et al.
Hematopoietic stem cell transplantation in late-onset krabbe disease: no evidence
of worsening demyelination and axonal loss 4 years post-allograft. J Neuroimag.
(2018) 28:252–5. doi: 10.1111/jon.12502

5. Genton P, Striano P, Minassian BA. The history of progressive myoclonus
epilepsies. Epileptic Disorders. (2016) 18:3–10. doi: 10.1684/epd.2016.0834

6. Kravljanac R, Vucetic Tadic B, Djordjevic M, Lalic T, Kravljanac D, Cerovic I.
The improvement in diagnosis and epilepsy managing in children with progressive
myoclonus epilepsy during the last decade—a tertiary center experience in cohort
of 51 patients. Epilepsy Behav. (2020) 113:107456. doi: 10.1016/j.yebeh.2020.107456

7. Yoshimura A, Kibe T, Irahara K, Sakai N, Yokochi K. Predominant
corticospinal tract involvement in a late infant with Krabbe disease. Jpn Clin Med.
(2016) 7:JCM.S40470. doi: 10.4137/JCM.S40470

8. Zhao S, Zhan X,Wang Y, Ye J, Han L, QiuW, et al. Large-scale study of clinical
and biochemical characteristics of Chinese patients diagnosed with Krabbe disease.
Clin Genet. (2018) 93:248–54. doi: 10.1111/cge.13071

9. Zhang T, Yan C, Ji K, Lin P, Chi L, Zhao X, et al. Adult-onset Krabbe
disease in two generations of a Chinese family. Ann Transl Med. (2018) 6:174–
174. doi: 10.21037/atm.2018.04.30

10. Bradbury AM, Bongarzone ER, Sands MS. Krabbe disease: new hope for an
old disease. Neurosci Lett. (2021) 752:135841. doi: 10.1016/j.neulet.2021.135841

11. Jalal K, Carter R, Yan L, Barczykowski A, Duffner PK. Does
galactocerebrosidase activity predict Krabbe phenotype? Pediatr Neurol. (2012)
47:324–9. doi: 10.1016/j.pediatrneurol.2012.07.003

12. Bascou NA, Beltran-Quintero ML, Escolar ML. Pathogenic variants in GALC
gene correlate with late onset krabbe disease and vision loss: case series and review
of literature. Front Neurol. (2020) 11:563724. doi: 10.3389/fneur.2020.563724

13. Tagliapietra M, Crescenzo F, Castellotti B, Gellera C, Polo D, Cavallaro
T, et al. Peripheral nerve enlargement on nerve ultrasound parallels
neuropathological changes in adult-onset Krabbe disease. Muscle Nerve. (2021)
63:E33–5. doi: 10.1002/mus.27175

14. Furuya H, Kukita YJ, Nagano S, Sakai Y, Yamashita Y, Fukuyama H,
et al. Adult onset globoid cell leukodystrophy (Krabbe disease): analysis of
galactosylceramidase cDNA from four Japanese patients. Hum Genet. (1997)
100:450–6. doi: 10.1007/s004390050532

15. Satoh JI, Tokumoto H, Kurohara K, Yukitake M, Matsui M, Kuroda
Y, et al. Adult-onset Krabbe disease with homozygous T1853C mutation in
the galactocerebrosidase gene. Unusual MRI findings of corticospinal tract
demyelination. Neurology. (1997) 49:1392–9. doi: 10.1212/WNL.49.5.1392

16. Xu C, Sakai N, Taniike M, Inui K, Ozono K. Six novel mutations
detected in the GALC gene in 17 Japanese patients with Krabbe disease,
and new genotype–phenotype correlation. J Hum Genet. (2006) 51:548–
54. doi: 10.1007/s10038-006-0396-3

17. Hossain MA, Otomo T, Saito S, Ohno K, Sakuraba H, Hamada Y, et al. Late-
onset Krabbe disease is predominant in Japan and its mutant precursor protein
undergoes more effective processing than the infantile-onset form. Gene. (2014)
534:144–54. doi: 10.1016/j.gene.2013.11.003

18. Orsini JJ, Kay DM, Saavedra-Matiz CA, Wenger DA, Duffner PK, Erbe RW,
et al. Newborn screening for Krabbe disease in New York State: the first eight years’
experience. Genet Med. (2016) 18:239–48. doi: 10.1038/gim.2015.211

19. Lim SM, Choi BO, Oh SI, Choi WJ, Oh KW, Nahm M, et al.
Patient fibroblasts-derived induced neurons demonstrate autonomous
neuronal defects in adult-onset Krabbe disease. Oncotarget. (2016)
7:74496–509. doi: 10.18632/oncotarget.12812

20. Bascou N, DeRenzo A, Poe MD, Escolar ML, A. prospective natural history
study of Krabbe disease in a patient cohort with onset between 6 months and 3
years of life. Orphanet J Rare Dis. (2018) 13:126. doi: 10.1186/s13023-018-0872-9

21. Irahara-Miyana K, Enokizono T, Ozono K, Sakai N. Exonic deletions in
GALC are frequent in Japanese globoid-cell leukodystrophy patients.HumGenome
Var. (2018) 5:28. doi: 10.1038/s41439-018-0027-5

22. Zhang C, Liu Z, Dong H. Two Cases of Female Chinese Adult-Onset Krabbe
Disease with One Novel Mutation and a Review of Literature. J Mol Neurosci.
(2021) 71:1185–92. doi: 10.1007/s12031-020-01742-1

23. Xia Z, Wenwen Y, Xianfeng Y, Panpan H, Xiaoqun Z, Zhongwu S. Adult-
onset Krabbe disease due to a homozygous GALC mutation without abnormal
signals on an MRI in a consanguineous family: a case report. Mol Genet Genomic
Med. (2020) 8:e1407. doi: 10.1002/mgg3.1407

24. Xie JJ Ni W, Wei Q, Ma H, Bai G, Shen Y, et al. New clinical characteristics
and novel pathogenic variants of patients with hereditary leukodystrophies. CNS
Neurosci Ther. (2020) 26:567–75. doi: 10.1111/cns.13284

25. Meng X, Li Y, Lian Y, Li Y, Du L, Xie N, et al. A new compound
heterozygous mutation in adult-onset Krabbe disease. Int J Neurosci. (2020)
130:1267–71. doi: 10.1080/00207454.2020.1731504

26. Zhang T, Yan C, Liu Y, Cao L, Ji K, Li D, et al. Late-Onset
Leukodystrophy Mimicking Hereditary Spastic Paraplegia without Diffuse
Leukodystrophy on Neuroimaging. Neuropsychiatr Dis Treat. (2021) 17:1451–
8. doi: 10.2147/NDT.S296424

27. He Z, Pang X, Bai J, Wang H, Feng F, Du R, et al. A novel GALC gene
mutation associated with adult-onset Krabbe disease: a case report. Neurocase.
(2022) 4:1–6. doi: 10.1080/13554794.2022.2083518

Frontiers inNeurology 10 frontiersin.org

104

https://doi.org/10.3389/fneur.2022.1010150
https://doi.org/10.1093/brain/awt232
https://doi.org/10.1038/s41436-019-0480-7
https://doi.org/10.1212/WNL.0000000000007943
https://doi.org/10.1111/jon.12502
https://doi.org/10.1684/epd.2016.0834
https://doi.org/10.1016/j.yebeh.2020.107456
https://doi.org/10.4137/JCM.S40470
https://doi.org/10.1111/cge.13071
https://doi.org/10.21037/atm.2018.04.30
https://doi.org/10.1016/j.neulet.2021.135841
https://doi.org/10.1016/j.pediatrneurol.2012.07.003
https://doi.org/10.3389/fneur.2020.563724
https://doi.org/10.1002/mus.27175
https://doi.org/10.1007/s004390050532
https://doi.org/10.1212/WNL.49.5.1392
https://doi.org/10.1007/s10038-006-0396-3
https://doi.org/10.1016/j.gene.2013.11.003
https://doi.org/10.1038/gim.2015.211
https://doi.org/10.18632/oncotarget.12812
https://doi.org/10.1186/s13023-018-0872-9
https://doi.org/10.1038/s41439-018-0027-5
https://doi.org/10.1007/s12031-020-01742-1
https://doi.org/10.1002/mgg3.1407
https://doi.org/10.1111/cns.13284
https://doi.org/10.1080/00207454.2020.1731504
https://doi.org/10.2147/NDT.S296424
https://doi.org/10.1080/13554794.2022.2083518
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


TYPE Case Report

PUBLISHED 08 November 2022

DOI 10.3389/fneur.2022.1008937

OPEN ACCESS

EDITED BY

Huifang Shang,

Sichuan University, China

REVIEWED BY

Mahmoud Koko,

University of Tübingen, Germany

Tracey Anne Willis,

Robert Jones and Agnes Hunt

Orthopaedic Hospital NHS Trust,

United Kingdom

Daniele Ghezzi,

University of Milan, Italy

*CORRESPONDENCE

Margarita Sharova

sharova@med-gen.ru

SPECIALTY SECTION

This article was submitted to

Neurogenetics,

a section of the journal

Frontiers in Neurology

RECEIVED 01 August 2022

ACCEPTED 06 October 2022

PUBLISHED 08 November 2022

CITATION

Sharova M, Skoblov M, Dadali E,

Demina N, Shchagina O, Konovalov F,

Ampleeva M, Sharkova I and Kutsev S

(2022) Case report: Unusual episodic

myopathy in a patient with novel

homozygous deletion of first coding

exon of MICU1 gene.

Front. Neurol. 13:1008937.

doi: 10.3389/fneur.2022.1008937

COPYRIGHT

© 2022 Sharova, Skoblov, Dadali,

Demina, Shchagina, Konovalov,

Ampleeva, Sharkova and Kutsev. 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.

Case report: Unusual episodic
myopathy in a patient with novel
homozygous deletion of first
coding exon of MICU1 gene

Margarita Sharova1*, Mikhail Skoblov1, Elena Dadali1,

Nina Demina1, Olga Shchagina1, Fedor Konovalov2,

Maria Ampleeva2, Inna Sharkova1 and Sergey Kutsev1

1Research Centre for Medical Genetics, Moscow, Russia, 2Independent Clinical Bioinformatics

Laboratory, Moscow, Russia

We present a patient with unusual episodes of muscular weakness due to

homozygous deletion of exon 2 in the MICU1 gene. Forty-three patients

from 33 families were previously described with homozygous and compound

heterozygous, predominantly loss of function (LoF) variants in the MICU1

gene that lead to autosomal recessive myopathy with extrapyramidal signs.

Most described patients developed muscle weakness and elevated CK levels,

and half of the patients had progressive extrapyramidal signs and learning

disabilities. Our patient had a few severe acute episodes of muscle weakness

with minimal myopathy features between episodes and a strongly elevated

Creatinine Kinase (CK). Whole exome sequencing (WES) was performed and

the homozygous deletion of exon 2 was suspected. To validate the diagnosis,

we performed an RNA analysis of all family members. To investigate the

possible impact of this deletion on the phenotype, we predicted a new Kozak

sequence in exon 4 that could lead to the formation of a truncated MICU1

protein that could partly interact with MCU protein in a mitochondrial Ca2+

complex. We suspect that this unusual phenotype of the proband with MICU1-

related myopathy could be explained by the presence of the truncated but

partly functional protein. This work helps to define the clinical polymorphism

of MICU1 deficiency better.

KEYWORDS

MICU1, myopathy with extrapyramidal signs, RNA analysis, molecular mechanism of

inherited disease, mitochondrial Ca2+ complex

Introduction

Myopathy with extrapyramidal signs (OMIM #615673) is a rare autosomal recessive

disease due to a pathogenic variant in the MICU1 gene with a frequency lower

than 1/1000000.

The MICU1 protein is a key regulator of the mitochondrial Ca2+ uptake complex.

MICU1 protein interacts with mitochondrial Ca2+ uniporter MCU, which transports

elevated cytosolic Ca2+ into themitochondrial matrix and prevents excessmitochondrial
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Ca2+ uptake (1–4). Also, it was shown that differences in

mitochondrial membrane potential or altered endoplasmic

reticulum Ca2+ content could be the cause of increased velocity

of Ca2+ uptake. Chronic activation of the MCU channel and

subsequent elevation of Ca2+ in the mitochondrial matrix

might lead to moderate mitochondrial stress, as reflected by the

fragmented mitochondria phenotype (5).

To date, there are 13 pathogenic variants in theMICU1 gene

described in the HGMD (Human Gene Mutation Database). A

clinical description is available for 34 patients with 8 different

variants in the MICU1 gene based on the HGMD database

(Table 1). For the other 9 patients, there is only information

about the variant type and limited clinical information available.

Most patients demonstrated motor and speech delay, learning

disabilities, elevated CK and liver transaminases, muscular

hypotonia, muscular weakness, and progressive extrapyramidal

signs (5–10). The age of onset of muscular weakness ranged from

11months (5) to 44 years (8). The age of onset of extrapyramidal

symptoms such as chorea, tremor, and dystonia ranged from

2 (5) to 40 years (6). Patients with a classical clinical picture

of disease were described with loss of function nonsense or

canonical splicing site variants in homozygous or compound

heterozygous states.Wherein, there is only one family which had

an unusual presentation of the disease. The authors described

acute attacks of muscular aches, fatigue, and lethargy after

physical activity in two cousins with homozygous deletion of the

5′UTR region and the first exon ofMICU1 (10).

Here we present a patient with an unusual presentation of

MICU1-associated myopathy without extrapyramidal signs due

to homozygous deletion of exon 2.

Materials and methods

Subjects

The proband, a 3.5-year-old boy, and his parents underwent

neurological examination and genetic investigation at the

Research Centre for Medical Genetics, Moscow. Written

informed consent was obtained from the family. The study was

performed in accordance with the Declaration of Helsinki and

approved by the Institutional Review Board of the Research

Centre for Medical Genetics., Russia.

Genetic analysis

Long deletions and duplications in SGCA, SGCB, SGCG,

SGCD, and FKRP genes were analyzed using the commercially

available kit SALSAMLPA P116 SGC probemix (MRC-Holland,

The Netherlands) according to the original protocols. Data were

analyzed with the original Coffalyser V8 software.

Deletion/duplication search in all 79 exons of the

DMD gene was performed by the MLPA method using

commercially available kits (MLPA SALSA P034 and P035

DMD probemix, MRC-Holland, The Netherlands), according

to the manufacturer’s recommendations. The reaction products

were detected by fragmental analysis using an ABI Prism 3130

instrument (Applied Biosystems). Data analysis was carried out

using Coffalyser.NetTM software.

Whole exome sequencing of proband DNA sample from

peripheral blood was performed in-house (Genomed Ltd.) on

Illumina NextSeq 500 instrument in 2 × 151 bp two paired-

end modes to an average depth of 108.4×. The libraries were

prepared and enriched using Illumina Nextera Rapid Capture

Exome Kit v1.2; after read alignment, the corresponding target

region list was used for sequencing depth calculation. The raw

sequencing data had been processed with a custom pipeline

based on popular open-source bioinformatics tools BWA,

Samtools, and Vcftools, as well as in-house Perl scripts, using

hg19 assembly as a reference sequence. Variant annotations

were added by SnpEff/SnpSift software using public databases

(dbSNP, ExAC, ClinVar, dbNSFP). Variants with a frequency

greater than 0.01% were filtered out. All known pathogenic and

LoF variants in the genes were analyzed first, followed by an

analysis of splicing, missense, and synonymous variants. CNV

analysis was performed using DELLY and Manta CNVnators.

The cDNA and protein positions in MICU1 corresponded to

transcript NM_001195518.2.

RNA analysis of MICU1

Validation of the deletion and segregation analysis was

performed using RT-PCR analysis. Total RNA was isolated

frommononuclear cells with the standard Trizol-based method.

cDNA was prepared with the ImPromII RT System (Promega)

according to the manufacturer’s recommendations. PCR was

performed using primers specific for exons 1 and 4 of the

MICU1 gene:MICU1_f1 (5’-GCTGCTGGAGCTCGTGTTT-3’)

and MICU1_r1 (5’-CCAGGCTCACTGATGACTTT-3’). PCR

fragments were sequenced by Sanger sequencing on an

ABI3130xl sequencer (Life Technologies) using the BigDye

Terminator v1.1 Cycle Sequencing Kit.

Results

Clinical findings

The patient was followed up from the age of 2.5–3.5 in our

center and was referred for the first time with elevated plasma

CK level and three acute episodes of muscular weakness. He

was born at 40 weeks of gestation from a second pregnancy

in a healthy non-consanguineous family with no family history
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TABLE 1 Clinical characteristics of previously described patients.
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Musa F1 9 p.Q185X homo yes yes yes yes yes yes no yes yes no yes no n/a n/a n/a n/a no

Musa F2 2 p.Q185X homo yes yes yes no yes yes yes yes no yes no no n/a no n/a yes no

Musa F3 10 p.Q185X homo yes yes yes yes yes yes no no yes no no no n/a n/a n/a n/a no

Musa F4 11 p.Q185X homo no yes yes yes n/a yes no no no no no no n/a n/a n/a n/a no

Musa F5.1 23 p.Q185X homo n/a yes yes yes yes yes no no no yes yes yes n/a yes n/a no no

Musa F5.2 21 p.Q185X homo n/a yes yes yes yes yes no no no yes yes yes n/a yes n/a no no

Musa F5.3 21 p.Q185X homo n/a yes yes yes yes yes no no no yes yes yes n/a yes n/a no no

Musa F6 2 p.Q185X homo yes yes yes n/a yes yes n/a no no no no no n/a n/a n/a n/a no

Musa F7 4 p.Q185X;

Ex9-10del

compound

hetero

no yes n/a n/a yes yes yes yes yes no no no n/a n/a n/a n/a no

Musa F8.1 6 p.Q185X homo no yes n/a yes yes yes yes yes yes no no no n/a n/a n/a n/a no

Musa F8.1 14 p.Q185X homo no yes n/a yes yes yes yes yes yes no no no n/a n/a n/a n/a no

Musa F9 10 p.Q185X homo no yes yes yes yes yes no no no no no no n/a yes n/a n/a no

Musa F10 3 p.Q185X homo yes yes yes yes yes yes 5175 n/a yes yes yes no no n/a n/a n/a n/a no

Mojbafan F1 10 c.1295del homo n/a no yes n/a yes yes n/a n/a n/a yes n/a yes n/a n/a n/a n/a no

Bitarafan 44 p.R129X homo no no no yes yes yes yes n/a yes yes n/a n/a yes no no no no

Logan F1 1y 6m c.1078-1G>C homo no yes no yes n/a yes 400 n/a n/a no yes n/a n/a no n/a yes no no

Logan F2.1 1y 10m c.1078-1G>C homo no yes no yes n/a yes 2500 n/a n/a no yes n/a n/a no n/a no n/a no

Logan F2.2 1y 6m c.1078-1G>C homo no yes no no n/a yes 2800 n/a n/a no no n/a n/a no n/a no n/a no

Logan F3.1 1y 6m c.1078-1G>C homo no yes yes yes n/a yes 1300 n/a n/a yes yes n/a n/a no n/a yes n/a no

Logan F3.2 2 c.1078-1G>C homo no yes no yes n/a n/a n/a n/a yes yes n/a n/a no n/a no n/a no

Logan F4 5 c.1078-1G>C homo yes yes yes yes n/a yes 8000 n/a n/a yes yes n/a n/a no n/a no yes no
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Logan F5 3 c.1078-1G>C homo no yes yes yes n/a yes

12500

n/a n/a no yes n/a n/a no n/a no no no

Logan F6 3 c.1078-1G>C homo no yes yes yes n/a yes 4800 n/a n/a yes yes n/a n/a no n/a yes no no

Logan F7 2 c.1078-1G>C homo yes yes no yes n/a yes 4200 n/a n/a no yes n/a n/a no n/a yes n/a no

Logan F8.1 3 c.1078-1G>C homo yes yes yes yes n/a yes 8000 n/a n/a no yes n/a n/a yes n/a no no no

Logan F8.2 2 c.1078-1G>C homo no yes yes yes n/a yes 1600 n/a n/a no yes n/a n/a no n/a yes yes no

Logan F9.1 2y 4m c.741+ 1G>A homo yes no no yes n/a yes 9000 n/a n/a yes yes n/a n/a yes n/a no yes no

Logan F9.2 11m c.741+ 1G>A homo no yes no yes n/a yes 4000 n/a n/a yes yes n/a n/a yes n/a no no no

Logan F10.1 8 c.741+ 1G>A homo no no no yes n/a yes 8900 n/a n/a no yes n/a n/a no n/a no n/a no

Logan F10.2 6 c.741+ 1G>A homo no yes yes yes n/a yes 5000 n/a n/a no yes n/a n/a no n/a no n/a no

Wilton 3 c.161+

1G>A; c.386G

> C

compound

hetero

no yes no yes no yes 2755 yes n/a n/a yes n/a n/a yes yes no yes no

Lewis-Smith

F1.1

5 5′UTR-Ex1del homo no no no no no yes 2067 no no no yes no no no no no no yes

Lewis-Smith

F1.2

6m 5′UTR-Ex1del homo no yes no yes no yes 2000 no yes yes no no no no no no no yes

Roos 3 p.Q185X homo no yes yes yes n/a yes yes n/a n/a no n/a n/a yes n/a no n/a no

This case 1 y. 2m. Ex2del homo no no no no yes yes yes yes yes no no yes no no no no yes

N/a, not available information in the text. F1, F2 etc – different families. F5.1, F5.2 etc – different patients in one family.
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of inherited diseases. Delivery was normal: APGAR 8/9. Birth

weight: 3360 g, length: 52 cm. The proband successfully reached

early motor milestones but started to walk unsupported at

16 months.

The first episode of muscular weakness appeared at 14

months when he woke up. The family described the episode

as mild muscular hypotonia. It was hard to get into a sitting

position by himself and sit independently without support. The

condition normalized in an hour.

The second episode occurred at 2 years and 2 months

and was described as severe diffuse muscle weakness with no

ability to sit or stand by himself followed by vomiting. The

patient was admitted to the neurological department for further

examination. An elevated CK level 4732–4068 U/L (<300 U/L),

elevated ALT 86–102,7 U/L (<50 U/L), AST 109–181,9 U/L

(<50 U/L), and LDH 515–586 U/L (72–182 U/L) were indicated

during the examination in 2 weeks in the hospital. There were

no specific changes on brain MRI or EEG or NCS.

The third episode occurred one month later and was

described as severe diffusemuscle weakness. He lost the ability to

hold his head, to sit without support, to stand up unsupported,

and kept his eyes open. The boy was referred to the neurology

department with suspected myasthenia. The neostigmine test

had no effect. CK level was 2900 U/L. The surface EMG detected

the mean amplitude of MUPs in lower limbs at 300 (µV), with

velocity in n. tibialis 43 m/s with no decrement. Needle EMG

was not performed. The motor skills were completely restored

in 1.5 days.

During the clinical examination at 2 years 8 months, the

boy had normal height, head, and chest circumferences. He was

shy, but he tried to fulfill the proposed requests and had no

learning difficulties or speech delay. There was slight weakness

of the facial muscles, dyslalia, and elements of dysarthria. The

gait was clumsy, with elements of waddling hips. He could

jump but didn’t fully lift his feet off the floor, the calf muscles

were a little increased in volume and thickened. There was a

lumbar hyperlordosis and signs of winged scapula were detected.

While getting up he used support on his knee. Tendon reflexes

were reduced, and symmetrical. There were no signs of ataxia

or extrapyramidal. He had no special brain MRI features. He

underwent the last neurological examination at 3.5 years and

there were no additional clinical symptoms found.

Molecular findings

First, Duchenne/Becker muscular dystrophy was suspected

due to late unsupported walking, muscle weakness, elevated CK

level, and light calf muscle hypertrophy. So, a targeted analysis

of the DMD gene was performed. No deletions or duplications

were found. Also, there were no CNVs detected in the targeted

analysis of SGCA, SGCB, SGCG, SGCD, and FKRP genes for

other frequent limb-girdle muscular dystrophies. Then, we

performed a WES, and no plausible known pathogenic or other

LoF SNVs in genes responsible for neuromuscular disorders

were identified. But the analysis of exon coverage suspected

possible homozygous deletion of exon 2 with unknown borders

g. (?_74326370)-(74326571_?) in theMICU1 gene.

TheMICU1 exon 2 is flanked by two large introns (about 60

and 4 kbp respectively with lots of repeats. So, it was impossible

to validate the deletion with standard Sanger sequencing.

Whole genome sequencing (WGS) or long-range PCR could

be validation methods. But we decided to make it with an

RNA analysis due to high MICU1 gene expression in blood

cells. To validate the deletion in the proband’s sample and

investigate its segregation through the family we amplified

the locus containing exon 1 to exon 4 on the cDNA level

with further Sanger sequencing. The 1Ex2 deletion in the

homozygous state was confirmed in the patient’s sample and

found in the heterozygous state in his mother’s and father’s

samples (Figure 1). Exon 2 is the first coding exon in theMICU1

and the variant c.1_161del has to lead to a complete absence

of translation (p.Met1?) from the start codon that it has to be

pathogenic according to ACMG/AMP guidelines (PVS1, PM2).

Discussion

Myopathies are a very heterogeneous group of diseases that

often require multigene testing, such as WES. The efficiency

of WES in childhood neurological conditions is about 20–53%

according to the specificity of populations (11, 12).

In our case, we performedWES after a few targeted analyses

for a patient with acute episodes of severe muscular weakness,

elevated CK level, and mild myopathic features between the

episodes. The homozygous 1Ex2 in the MICU1 gene was

suspected. The validation of such variants suspected by WES

is difficult predominantly because of its size. The confirmation

could be complicated by large introns or multiple intronic

repeats. So, frequently WGS is the only way to find the exact

borders of the CNV. Identification of exact coordinates is

extremely important for preimplantation genetic diagnosis. But

if we only need to confirm the presence of the deletion, then we

can use an RNA analysis, which we did.

We successfully validated the deletion on a cDNA level in the

homozygous state in the patient’s sample and the heterozygous

state in the mother’s and father’s samples. 1Ex2 led to a loss of

the start codon in theMICU1 gene and the protein does not have

to translate from the affected allele, confirming the fact that the

deletion is an LoF variant.

Also, it was interesting to detect a homozygous deletion in

the non-consanguineous family according to the information

from the family. We additionally investigated the places of birth

of the proband’s parents and did not find a similarity. It was

hard to investigate older generations because of the lack of
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FIGURE 1

Pedigree of the family with genotypes (A). Electropherograms of resulted products (B). Scheme of exonic structure of WT transcript and

transcript with the deletion of exon 2 (1Ex2) (C). Confirmation of WT and transcript 1Ex2 on Sanger sequences (D).

FIGURE 2

Scheme of exonic structure of WT MICU1 gene presents in the middle. Domain structure is shown in greys. Original ATG codon and predicted

ATG codon shown with arrows and green boxes.

information in the family due to the huge impact of migration

through the country.

LoF variants in the homozygous state led to the phenotype

ofMICU1 progressive myopathy with extrapyramidal signs. The

most common symptoms were motor delay (29/33), learning

disabilities (28/31), elevated CK level (32/33), extrapyramidal

signs (23/34), speech delay (19/31), muscle weakness (14/31),

and elevated liver transaminases (14/17). Nine out of 30 had

short stature, 7 out of 15 patients described muscular hypotonia,

7 out of 16 described an abnormal gait, 6 out of 20 had ataxia,

and 5 out of 20 had microcephaly.

However, the natural history of the disease of our patient

was different from previously reported ones (Table 1). To

explain the unusual clinical picture, we suggested investigating

the 1Ex2 impact on molecular pathogenesis. Using the in-

silico ≪ATGpr≫ prediction algorithm we found a new

Kozak sequence on the cDNA with the 1Ex2 (13). A new

downstream ATG codon (chr10:74311096) showed a higher

score, compared to the wild type one, and was placed in

exon 4. Also, the translation from this alternative ATG

codon is inframe with the major ORF of the MICU1 gene.

We supposed that 1Ex2 transcript could produce a new

truncated protein p.Glu2_Met112del (Figure 2), but it was not

functionally validated. Also, it was shown that MICU1 protein

with a deletion of amino acids 61 to 130 could partially

interact with the MCU channel, and the remaining EF1 and

EF2 domains were necessary for the regulation of MCU-

mediated Ca2+ uptake (14). So, p.Glu2_Met112del could be

partly functional. Themitochondrial dysfunction was previously

described for Duchenne muscular dystrophy (15) or RYR1-

associated myopathies (16). Also, the highly variable clinical

picture is distinctive for ion channelopathy (17, 18).

There is only one similar description of two cousins with

acute episodes of the disease due to homozygous deletion

of the 5’UTR region and non-coding exon 1 in the MICU1.

Unfortunately, the authors described an absence of the MICU1

protein according to immunoblot assay, so the mechanism of

the unusual clinical picture, in that case, could be different.

A girl from the family had acute attacks of muscular fatigue

and lethargy after minimum exercise from 5 years old. At 13
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years she developed muscle aches after minimal walks. Her

cousin described similar acute episodes in early childhood. At 12

years he developed migraine and vomiting episodes. Our patient

also had acute episodes of muscular weakness with vomiting

and mild myopathic features between the episodes, but he had

no migraine or muscular aches after walks yet (10). Also, it

is possible that the proband will develop these symptoms in

the future.

Conclusion

In conclusion, we demonstrate the ease and simplicity of

using RNA analysis to confirmCNV, suspected byWES. Also, we

present a case with the unusual presentation of MICU1-related

myopathy due to homozygous 1Ex2 of the MICU1 gene. We

suggest that the main cause underlying the phenotype is the

deletion of exons 2 leading to truncatedMICU1 protein that still

could interact with theMCU channel and regulates Ca2+ uptake

into mitochondria.

We believe that this case could expand the spectrum of

clinical phenotypes forMICU1-related myopathy.
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Case report: Alexander’s disease
with “head drop” as the main
symptom and literature review

Yujun Yuan, Qiong Wu†, Liang Huo, Hua Wang* and

Xueyan Liu*

Department of Pediatrics, Shengjing Hospital of China Medical University, Shenyang, China

Alexander’s disease (AxD) is a rare autosomal dominant hereditary disorder

that is caused by the mutations in the GFAP gene, which encodes the glial

fibrillary acidic protein (GFAP). This neurogenerative disease has many clinical

manifestations, and the onset of disease spans a wide range of ages, from

newborns to children, adults, and even the elderly. An overaccumulation of

the expression of GFAP has a close causal relationship with the pathogenesis

of Alexander’s disease. Usually, the disease has severe morbidity and high

mortality, and can be divided into three distinct subgroups that are based on

the age of clinical presentation: infantile (0–2 years), juvenile (2–13 years),

and adult (>13 years). Children often present with epilepsy, macrocephaly,

and psychomotor retardation, while adolescents and adults mainly present

with muscle weakness, spasticity, and bulbar symptoms. Atonic seizures are

a type of epilepsy that often appears in the Lennox–Gastaut syndrome

and myoclonic–astatic epilepsy in early childhood; however, the prognosis

is often poor. Atonic episodes are characterized by a sudden or frequent

reduction in muscle tone that can be local (such as head, neck, or limb) or

generalized. Here, we report a 4-year-old girl whose main symptoms were

intermittent head drop movements, which could break the frontal frame and

even bleed in severe conditions. A video-encephalography (VEEG) showed that

the nodding movements were atonic seizures. A head magnetic resonance

imaging (MRI) revealed abnormal signals in the bilateral paraventricular and

bilateral subfrontal cortex. The gene detection analyses indicated that the

GFAP gene exon 1c.262 C>T was caused by a heterozygous mutation, as

both her parents were of the wild-type. The girl had no other abnormal

manifestations except atonic seizures. She could communicate normally and

go to kindergarten. After an oral administration of sodium valproate, therewere

no atonic attacks. Although epilepsy is a common symptom of Alexander’s

disease, atonic seizures have not been reported to date. Therefore, we report

a case of Alexander’s disease with atonic seizures as the main symptom and

provide a review of the literature.
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Introduction

W. Stewart Alexander first described Alexander’s

disease (AxD) in 1949 as a neurological disorder leading

to leukodystrophy that primarily affects the white matter of

the central nervous system (CNS). Alexander’s disease is a

progressive genetic disorder that primarily affects the astrocytes

(1). The main pathological mechanism of Alexander’s disease

includes changes in GFAP gene expression that lead to the

formation of Rosenthal fibers, which are composed of the glial

fibrillary acidic protein (GFAP), heat shock protein 27 (HSP27),

and alpha B-crystallin. Concurrently, GFAP overexpression

or its abnormal degradation causes serious damage (2, 3).

The proliferation of glial precursors and the dysfunction of

astrocytes induce other abnormalities in the neurons and

other glial cells (4). The astrocytes play an important role in

the nervous system. They are involved in maintaining the

homeostasis of extracellular fluids, ions, and neurotransmitters,

providing energy for neurons, regulating local microcirculation,

establishing and maintaining the blood–brain barrier, and

maintaining the myelin sheath. The astrocytes interact with

other nerves and are involved in some basic brain functions

such as sleep, breathing, circadian rhythm, and memory (5, 6).

Dysfunctional astrocytes are involved in hyperexcitability,

neurotoxicity, and epilepsy (7). Yoshida et al. (8) found that

100% of infants, 87.5% of adolescents, and 6.3% of adults had

seizures (8). The occurrence of epilepsy in an Alexander’s disease

is closely related to changes in the functions of astrocytes. These

changes in the functions of astrocytes in Alexander’s disease

effect interactions between astrocytes and other CNS cells which

may lead to excitotoxic damage and seizures (9). Downregulated

Kir4.1 channel protein expression, altered gap junctions,

and impaired glutamate uptake and metabolism have been

observed in astrocytes using epileptic models (10). Epilepsy is a

common clinical manifestation of Alexander’s disease, and cases

presenting with infantile spasms or partial status epilepticus

have been reported (11, 12), yet no case with atonia as the main

presentation has been reported. Atonic and tonic seizures are

common in severe epilepsy during childhood, such as early

infantile epileptic encephalopathy (EIEE), Lennox–Gastaut

syndrome, and Doose syndrome. Furthermore, one study has

found that 73% of patients presenting atonia with focal lesions

had frontal lobe lesions (13).

Prust et al. (14) classified Alexander’s disease as types

I and II. The prognosis of type I is poor, and the main

clinical manifestations of type I include epileptic seizures,

encephalopathy, macrocephaly, paroxysmal deterioration,

developmental disorder, developmental delay, and typical

changes observed using magnetic resonance imaging (MRI)

that occur in the bilateral frontal area. The main clinical

manifestations of type II include brainstem symptoms, usually

without neurocognitive or developmental disorders. The most

common MRI findings are posterior fossa damage. However,

as the symptoms develop over time, the classification of

Alexander’s disease also changes (14, 15).

Here, we present a case with “head drop” as the main

manifestation. The brain MRI showed bilateral paraventricular–

bilateral subfrontal cortex abnormal signals. Genetic testing

confirmed the diagnosis of Alexander’s disease. The epilepsy of

the patient was well controlled after taking sodium valproate.

Case description

A 4-year-old girl was admitted to our department (Shengjing

Hospital affiliated to China Medical University, Department of

Pediatric Neurology, Shenyang, China) with an “intermittent

head drop” for 5 months as the chief complaint. The

main clinical manifestations were: a sudden head downward

movement one to three times a day and often after waking

up in the morning. Two weeks before admission, the above

symptom aggravated to 5–6 times in a day. The patient had

a history of convulsions at the age of 1 year and seven

months. The clinical manifestations were a sudden loss of

consciousness, being unresponsive after calling, eyes turning

up, limbs collapsing, and no cyanosis. The episode lasted

∼10min without fever. The child was the second born of a

non-consanguineous marriage with a normal birth history. She

exhibited normal physical growth and neurologic developmental

milestones. The head circumference measured at birth was

33 cm (15th percentile), the height was 51 cm (50th percentile),

and the weight was 3.025 kg (50th percentile). Now (5 years old),

the head circumference measured is 49 cm (15th percentile),

the height is 112 cm (50th percentile), and the weight is 20.5 kg

(75th percentile). The examination of the nervous system after

admission showed clear consciousness, fluent answers, sensitive

pupils to light reflex, no nystagmus, tongue in the center,

no tongue muscle tremor, limb muscle tone normal, muscle

strength grade 5, motor coordination, neck strength (–), and

Babinski sign (–). Furthermore, the finger–nose, rotational

exercise, heel–knee–tibial, and Romberg tests for imbalance

were normal. No abnormal positive neurological signs were

observed. The biochemical examination showed no significant

abnormality, and the brain MRI+DWI (diffusion-weighted

imaging) showed bilateral paraventricular–bilateral subfrontal

cortex abnormal signals (Figure 1). A seven-hour video-

encephalography (VEEG) after admission (Figure 2) showed a

slow background, numerous abnormal epileptiform discharges

during the awake and sleep stages, slow waves that increased,

and atonic seizures that were monitored twice. The clinical

manifestation of atonic seizures was the head drop movement.

Therefore, the girl was administered 5ml of sodium valproate

orally twice daily. After 3 days, the child had no seizures

and was discharged. Genetic testing was performed during

the hospital stay (at the age of 4), and 20 days later, the

genetic testing results showed that GFAP gene exon 1 c.262
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FIGURE 1

Brain magnetic resonance imaging (MRI): (A) Bilateral subfrontal cortex and (B) bilateral paraventricular abnormal signals, as displayed by the

arrow.

C>T, and that the pathogenic mutations could lead to the

88th amino acid change from arginine to cysteine (Figure 3).

The patients presented a heterozygous mutation; both parents

were of the wild-type, with no history of convulsions or a

definite disease. The sister of the patient is currently healthy

and attending primary school. The patient was eventually

diagnosed with Alexander’s disease. A classification as type

I or type II at present is not possible because the only

symptom is epilepsy (unlike type I), and no brainstem symptoms

or motor abnormalities (unlike type II) were observed. If

clinical symptoms emerge over time, a better classification may

be possible.

We asked the patient to perform regular liver and kidney

function tests, undergo blood routine examination, and monitor

the blood drug concentration of sodium valproate, so as

to adjust the antiepileptic medication based on professional

indications. The family was asked to watch for other seizures

and behavior and any other cognitive changes. After discharge,

the patient had two VEEGs, one was performed 53 days

after discharge, which showed: (1) Asynchronous or rhythmic

discharge of 3–4Hz slow waves in the bilateral anterior head.

(2) Asynchronously slow wave or sharp slow wave discharged

in the bilateral frontal, central, parietal, and midline areas. The

second VEEG was performed seven months after discharge

(at the age of 5)and only showed a few 3Hz slow waves

during sleep, yet the background was a bit slow (Figure 4). No

convulsions were recorded since taking sodium valproate, and

no adverse reactions occurred during the treatment. The patient

communicates normally. To date, the patient has presented

no obvious abnormality or backwardness in psychomotor

and cognition.

Discussion

Alexander’s disease, a rare autosomal dominant

leukodystrophy disorder, is characterized by a progressive

central demyelination injury, Rosenthal fibrous accumulation,

and leukodystrophy changes due to shifts in GFAP caused by

the mutations in GFAP gene (16). GFAP is an intermediate silk

protein that emerged early during vertebrate evolution (17), and

the inner filament is an important component of the cytoplasm

cytoskeleton that performs many diverse functions such as

a structural support, a scaffold for enzymes and organelles,

and also to help in mechanical sensing in the extracellular

environment (18). GFAP is generally expressed at low levels in

the cerebrospinal fluid (CSF) and blood, but when the central

nervous system is damaged or affected by any disease, the level

of GFAP increases accordingly, especially after traumatic events,

stroke, subarachnoid hemorrhage, or neuromyelitis optica

(19, 20). Therefore, since the time it was discovered, GFAP has

been used as a biomarker for astrocytes (21).

The glial fibrillary acidic protein has a central rod domain

and a head (N-terminal) and a tail (C-terminal) domain. The

central rod domain consists of four non-helical domains(1A,

1B, 2A, and 2B). The intermediate filaments and domains 1A

and 2B make a difference in forming dimers, tetramers, and

protofibrils in the GFAP (22). Different variants of GFAP lead

to different forms of Alexander’s disease. Most GFAP mutations

reported are de novomutations with a penetrance close to 100%

(23, 24). Approximately 290 AxD-related mutations result in

∼100 different amino acid changes, most of which are point

mutations. However, there are other forms of mutations, such

as insertion and deletion. A homozygous mutation of the GFAP
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FIGURE 2

Seven-hour (7-h) video-encephalography (VEEG) on admission. (A) Background activity slowed down, mainly with theta (θ) wave. (B) The left

frontal pole, frontal, central, midfrontal line, and central region of the spike-slow wave discharged. (C) Multiply spike-slow wave;

multispike-slow wave; the slow wave is covered with spine and spikes, cluster or rhythmic discharge in both hemispheres. (D) Atonic seizures.

The transient electrical rest appeared 20–40ms in electromyography (EMG) after electroencephalogram (EEG) synchronous spike-slow wave

burst. The clinical manifestations are head droop. X5: left upper limb; X6: left upper limb; X7: ECG; SEN: 20 uV; HF: 70; TC: 0.3; the red arrow is

the electric rest.

gene was reported in Taiwan (25). Missense mutations can occur

anywhere in the GFAP structure, but it is more common to find

these mutations in the rod-shaped and tail domains. An analysis

of the 215 patients diagnosed with Alexander’s disease showed

that the incidence rate in exons 1, 3, 4, 5, 6, 7, and 8 is 45.5%,

3.3%, 27.2%, 1.8%, 16%, <1%, and 7.5%, respectively, with

coli1A as the most common domain (14). The hottest mutation

spots are p.R79, p.R88, p.R239, and p.R416. R79 and R239 were

the most common early-onset types of AxD; however, patients

with R88 and R416 did not present a significant genotype–

phenotype correlation (14, 23). Astrocytes differentiated from

patients carrying R88C by displaying changes in intracellular

vesicle transport, calcium dynamics, and adenosine triphosphate

(ATP) release (26). Our patient had a mutation at R88 of

GFAP, a pathogenic mutation that could lead to the 88th amino

acid change from arginine to cysteine. However, the same

gene mutation could lead to different clinical manifestations,

including the early- and late-onset AxD caused by the R88C

mutation (23, 27). Zardadi et al. (28) reported a patient with

R88 whose main clinical presentation was area postrema-like

syndrome, and the symptoms improved with administration of

prednisolone. This patient also had generalized atonic seizures in

the early stages. Furthermore, a patient with an R88C mutation

with microcephaly was reported in India. Several novel variants

have recently been reported, including c.778A > C in exon 4

(29); c1289G>A, c.1290C >A (30); c.726_728dupAGG in exon

4 (31); and c.382 G>A (32).

A common symptom of Alexander’s disease is epilepsy,

especially in type I AxD. Pathogenesis of epilepsy in Alexander’s

disease is very complex, and at present, there is no clear

explanation to offer on the complexity of epileptic symptoms

in a patient. However, epilepsy may be caused by the

astrocyte extracellular ion concentration, neurotransmitter

changes (especially glutamate), energy metabolism, activation

of stress responses, and functional impairment of the gap

junction in an astrocyte network (33). The reports of epilepsy in

Alexander’s disease include tonic–clonic seizures (27), infantile

spasms (11), and persistent epilepsy (12, 34). However, the

case of atonic seizures as the main manifestation has not

been reported. In the International League Against Epilepsy

(ILAE) classification, “atonic seizures” are described as sudden

reductions in muscle tone, which can be sporadic with drooping

of the head, jaw, and limbs or even falling to the ground due

to the loss of muscle tone (35). The loss of tension takes place

in a local muscle group or is generalized. Patients often suffer

severe trauma due to episodes of atonia (36, 37), which are often

associated with early childhood severe epileptic encephalopathy

or epilepsy syndromes, such as myoclonic–atonic seizures and
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FIGURE 3

Gene testing results. Location of the chromosome: Chr17:42992593. Gene mutation in c.262 (exon1) C>T was observed, due to the 88th amino

acid change from arginine to cysteine. RS: 61622935. No variant was found in the parent.

FIGURE 4

Results of two video-encephalographies (VEEGs) performed 35 days after discharge (A–C) and 7 months after discharge (D,E). (A) The 8–9Hz

medium amplitude α wave rhythm in the bilateral occipital area. (B) The 3–4Hz slow waves in the bilateral anterior head are asynchronous or

rhythmic discharge. (C) Slow wave or sharp slow wave discharged in the bilateral frontal, central, parietal, and midline areas asynchronously. (D)

The 6–7Hz medium amplitude θ wave rhythm in the bilateral occipital area. (E) The 3–4Hz slow waves discharge in sleep, and the bilateral

anterior head is predominant. X5, Left upper limb; X6, left upper limb; X7, ECG; SEN,10 uV in A, D, E and 15 uV in B, C; HF, 70; TC, 0.3.

Lennox–Gastaut syndrome. Besides, they are often associated

with other types of seizures, such as atypical absence, myoclonic

seizures, complex partial seizures, tonic seizures (38, 39),

and acute epileptic encephalopathy changes. In addition to

frequent seizures, children show decreased alertness, reduced

social interaction, lethargy, language difficulties, and ataxia (40,
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41). Sodium valproate is the first choice for treating various

comprehensive and undefined types of epilepsy. At present,

there is no first-line drug for atonic seizures. Alternative drugs

include sodium valproate, lamotrigine, and topiramate (42,

43). A ketogenic diet also has a good controlling effect on

drop attacks (44). In recent years, some new drugs, such as

clobazam and cannabidiol (CBD), have been tried to treat

refractory epilepsy. Highly purified CBD has been approved

for the treatment of seizures associated with Dravet syndrome,

Lennox–Gastaut syndrome, and tuberous sclerosis complex

(45). Studies have shown that patients with Doose syndrome

had a 58.6% reduction in seizure frequency at week 12 after the

administration of high-purity cannabidiol (45, 46). Clobazam

can be used as an add-on therapy for treatment of atonic epilepsy

or some refractory epilepsy (47–49). It was even recommended

as the first-line therapy for treatment of myoclonic–atonic

seizures (50). In addition to medical treatment, some surgical

treatments significantly improve refractory atonic seizures, such

as corpus callosotomy (CC) and vagus nerve stimulation (VNS),

both CC and VNS being well tolerated for the treatment of

refractory atonic seizures (50–52).

Episodes of atonia and tonus are associated with frontal

lobes containing primary motor cortices and negative motor

areas. Baraldi et al. (13) found focal lesions in 39% of patients

with falls, 73% of which were frontal lobe lesions, and the

presumed epileptic region was also usually located in the

frontal lobe (43%). Stimulating the cerebral cortex can trigger

a response from the corresponding muscles. The motor regions

associated with inhibitory responses are widely distributed in the

lateral and mesial frontal cortex, known as primary or auxiliary

negative motor regions (53). Based on the movement disorder

seizures outlined by Noachtar and Luders (35), atonic seizures

are a subset of akinetic epilepsy because there are no positive

seizure-like seizures other than the loss of tension. In 2006,

Rubboli et al. (54) described clinically insignificant twitching or

loss of muscle tone in the opposite deltoid when stimulating

the supplementary motor area with a 1Hz single electric pulse.

Similarly, Ikeda et al. (55) also found that contralateral inhibitory

motor responses would occur when a part of the primary

sensorimotor cortex was stimulated. Electroclinical studies also

demonstrated that the epileptogenic region of atonic seizures

is located in the premotor region, rostral, or adjacent primary

motor cortex (56). In the case presented here, the patient

also had a frontal lobe lesion, and VEEG showed a significant

abnormal discharge in the frontal region.

Atonic epilepsy should be differentiated from Todd’s palsy

due to focal epilepsy (57). However, atonia and negative

myoclonus can have the same symptoms, but the latter has been

considered a temporary atonic seizure. Since fall attacks can be

positive manifestations of atonic and tonic seizures, it is difficult

to distinguish atonic seizures from tonic seizures without the aid

of EEG and EMG (58, 59). Atonic seizures are also distinguished

from akinetic seizures, characterized by a sudden stop of

speech and movement and inability to move, speak, or follow

commands, even when the patient remains conscious and wake.

After the seizure, patients can recall what others had asked them

during the seizure and describe their state during the seizure.

When the seizure ends, they return to their previous activities

without language or cognitive changes (60, 61).

Diagnosing Alexander’s disease is confirmed by genetic

testing; however, some patients cannot achieve a perfect genetic

testing. Clinicians can assist in the diagnosis by its specific

clinical manifestations and specific MRI changes. MRI criteria

for diagnosing Alexander’s disease were drafted in 2001 and

included five main areas (62). Alexander’s disease has many

atypical variations in brain MRI, which may not completely

meet the standard of typical MRI, even when changes are

observed. This variation or atypia is more common in patients

with a later onset and slower course of the disease (63). Special

changes in MRI must be identified with other genetic metabolic

diseases, such as Adrenoleukodystrophy, Canavan’s disease,

Metachromatic leukodystrophy, Pelizaeus–Merzbacher disease,

and Tay–Sachs disease (1, 12).

The GFAP overexpression plays an important role in the

pathogenesis of AxD. Intracellular GFAP mutations of up

to 20% can trigger the disease (64). Thus, inhibiting the

expression of GFAP helps to alleviate the disease. Bachetti

et al. (65) demonstrated that ceftriaxone can reduce the

intracytoplasmal aggregation of mutated GFAP in Alexander’s

disease cell models, eliminate the expression of mutated

GFAP, regulate the proteasome system, reduce the activation

of NF-kappa B (NF-kB), and downregulate the expression

of GFAP levels. Meanwhile, Sechi et al. (66) reported that

ataxia and dysarthria in an adult patient were relieved after

cephalosporin was administered. Hagemann et al. (4) reported

that antisense oligonucleotides (ASOs) serve as an excellent

source to suppress GFAP expression. He demonstrated that

injecting antisense oligonucleotides (ASOs) with the help of

single bolus intracerebroventricular injections into a mouse

model showed significant inhibitory effects on GFAP expression.

Changing the entire course of Alexander’s disease, they showed

that almost all GFAP and Rosenthal fibers were eliminated

after treatment of the Alexander mouse model. In addition, the

antidepressant clomipramine can inhibit the GFAP expression

in vitro and using animal models (67, 68). However, long-term

use of these drugs can increase the risk of seizures, especially

if there is a history of nerve damage (69), decreasing the

potential widespread use of the drug in patients, especially

in type I AxD. Bachetti et al. (70) demonstrated for the

first time that carbamazepine and phenytoin could inhibit

the expression and folding of pathological GFAP cells, thus

leading to the reduced formation of mutant GFAP aggregates.

Therefore, carbamazepine and phenytoin sodium may have

potential therapeutic effects on AxD, especially in patients

with partial epilepsy of AxD. Combined with our case, the

epilepsy type was atonia, which is a generalized seizure and
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there are numerous generalized and focal discharges during

the interictal phase. According to our clinical experience,

we prescribed the oral delivery of the broad-spectrum

antiepileptic sodium valproate drug. The patient’s symptoms

were significantly relieved after the medication, and VEEG

significantly improved.

Conclusion

Epilepsy is a common symptom of Alexander’s disease;

however, it is rare to come across patients presenting with atonic

seizures as the main symptoms. At this point of time, it is

absolutely necessary to enhance the spread of awareness about

Alexander’s disease, especially epilepsy, and representative head

MRI changes in the same patient at the same time should also

consider some special diseases, such as hereditary, metabolic,

or rare diseases. In this study, genetic testing has played a

phenomenal role by confirming Alexander’s disease and it has

now become important to help us in diagnosing diseases.

Additionally, there is no fundamental effective drug treatment

for Alexander’s disease, which warrants our attention.
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Case report: A unusual case of
delayed propionic acidemia
complicated with subdural
hematoma

Zongzhi Jiang†, Yuxin Fu†, Xiaojing Wei, Ziyi Wang and

Xuefan Yu*

Department of Neurology and Neuroscience Center, The First Hospital of Jilin University,

Changchun, China

Background: Propionic acidemia (PA) is an inherited autosomal recessive

metabolic disorder that is classified as early-onset or late-onset, depending on

the onset time of clinical symptoms. It clinically manifests as numerous lesions

in the brain, pancreas, liver, and muscle. Muscle biopsies show myopathic

changes, which help to distinguish late-onset propionic acidemia from other

metabolic diseases involving muscles.

Case presentation: A 19-year-old Chinese girl was admitted to the hospital

because of poor eating and fatigue. Head magnetic resonance imaging

suggested metabolic diseases, and we administered symptomatic support

treatment. Her symptoms gradually worsened, and she began to show

convulsions and disturbances of consciousness. Muscle pathology showed

myopathy-like changes. The presence of organic acids in the blood and

urine suggested PA. Genetic analyses identified two compound heterozygous

mutations in the patient’s PCCB gene, confirming the diagnosis of delayed PA.

Conclusions: The muscle pathological examination of late-onset PA provides

valuable information that is helpful for distinguishing delayed-onset PA from

metabolic diseases. In the absence of a history of trauma, subdural hematoma

may be a very rare complication of late-onset PA and can be regarded as a

poor prognostic sign; therefore, it is suggested to perform head computed

tomography as part of the routine neurological evaluation of PA patients.

KEYWORDS

muscular pathology, late-onset, propionic acidemia, clinical exome sequencing,

subdural hematoma

1. Introduction

Propionic acidemia (PA) is an inherited autosomal recessive disease caused by the

body accumulating propionic acid and its metabolites due to a deficiency in propionyl-

CoA carboxylase (PCC) activity (1). PCC is a dodecameric mitochondrial enzyme that

is composed of α and β subunits, which are encoded by genes PCCA and PCCB,

respectively (2).
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The clinical manifestations of the disease are complex and

lack specificity. PA can be divided into early-onset and late-

onset types, depending on the time that clinical symptoms

manifest. The Apgar score of patients with early-onset PA

is generally normal at birth and often changes within 3

months after birth (3). Delayed PA can occur from the

age of 1 year to adulthood. Due to the different degrees

of enzyme defects, the clinical manifestations of patients

are heterogeneous (4). One method for investigating the

pathogenesis of propionemia is through the accumulation of

metabolites in the mitochondria, which results in mitochondrial

dysfunction and leads to a series of neurological and

muscle changes. Therefore, the pathological characteristics of

myopathy caused by PA are similar to those of metabolic

myopathy, which are characterized mainly by different sizes of

muscle fibers, scattered distributions of vacuoles and cracks,

and uneven enzyme activity in the cytoplasm. The ragged

red fiber (RRF) and strong subdural hematoma (SDH)-

reactive blood vessels (SSV) phenomena are evident in some

patients (5).

We report a patient with PA screened by tandem

mass spectrometry and urine gas chromatography–mass

spectrometry. Two PCCB gene mutations were identified

by clinical exome sequencing (CES), confirming a diagnosis

of delayed PA. We also provide details on relatively rare

pathological features of muscle tissue in PA.

2. Case presentation

A 19-year-old Chinese girl was admitted to our hospital

because of poor eating, vomiting, and fatigue. She is the only

child in the family, has normal growth and development, and

is mainly vegetarian on weekdays. She denied smoking,

drinking, food and drug poisoning, external injuries,

and related family history. Examination of liver function

showed elevated blood ammonia (108 µmol/L, normal

range: 6–35 µmol/L). Brain magnetic resonance imaging

(MRI) indicated symmetrical abnormal signals in bilateral

basal ganglia, suggesting metabolic disease (Figure 1).

Muscle pathological examination revealed myopathy-like

changes (Figure 2) that anti-oxidative treatment, a restricted

protein diet, and supplementation of coenzyme therapy did

not improve.

The patient’s clinical symptoms worsened 5 days after onset,

including intermittent gibberish; convulsions began to appear

that lasted for 1–2min each time. The patient showed upper-

limb flexion, lower-limb straightening, eye rolling, confusion,

dyspnea, fever, and body temperature up to 40◦C. She

was treated with emergency endotracheal intubation and

then transferred to the Neuroscience Intensive Care Unit.

Neurological examination found that the patient was in a state

of sedation, and her bilateral pupils were of equal diameter

(about 3.0mm in size) and sensitive to direct and indirect light.

She had normal muscle tension in the extremities, positive

bilateral pathological signs, no tendon reflex, was negative for

a Kernig sign, and had no abnormal muscle tone. Gas analysis

of the patient’s blood indicated a pH of 7.440, carbon dioxide

partial pressure of 28 mmHg, and oxygen partial pressure of

104.9 mmHg (4.39 mmol/L, normal range: 0.1–1.0 mmol/L).

Blood analysis showed elevated white blood cells (17.24 x 109/L,

normal range: 3.5–9.5 x 109/L), and elevated hypersensitive

C-reactive protein (64.21 mg/L, normal range: 0–3.5 mg/L).

A blood culture tested positive for Staphylococci, suggesting

sepsis. The level of propionyl carnitine was 48.95µM (normal

range: 0.30–5.00µM), and the ratio of propionyl carnitine

to acetyl carnitine was 4.07 (normal range: 0.02–0.20). Urine

organic acid analysis showed that 3-hydroxy propionic acid was

24.7 mol/mol creatinine (normal range: 0–4.0); methylmalonic

acid was not detected in urine samples. EEG showed sharp–

slow-wave and slow-wave activity in the left parietal–occipital

region of high to extremely high amplitude. Head computed

tomography (CT) showed symmetrical low densities and

changes on the left side of the tentorial cerebellum (Figure 1),

suggesting an SDH. Muscle pathological examination showed

myopathy-like changes (Figure 2). The levels of ceruloplasmin,

anticardiolipin antibody, serum amylase, serum lipase, 24-

h free cortisol, tumor markers, infection markers, and renal

function were not significantly abnormal. The biochemistry of

cerebrospinal fluid from a lumbar puncture was in the normal

range, the etiological test was negative, and the autoimmune

encephalitis antibody in serum and cerebrospinal fluid were

negative; thus, infectious diseases of the central nervous system

were excluded. Based on these results, a diagnosis of PA

was established.

Based on previous treatment, the patient was administered

dehydration to reduce intracranial pressure and received

targeted anti-infective and anti-epileptic treatments. The

convulsions and fever symptoms were alleviated for a time; the

hazy state of consciousness did not improve. The timeline of

the aggravation and detailed treatment of symptoms is shown

in Figure 1. After continuing symptomatic support treatment

for 20 days, the patient did not respond to the treatment

and their state of consciousness did not improve significantly.

The family members asked that the patient to be discharged

from the hospital and transferred to a specialist hospital for

further treatment.

3. Clinical exome sequencing

Peripheral venous blood samples (3mL) were collected

from the patient and her parents. A sample of muscle

tissue about 1.0 cm long and 0.5 cm wide was taken from

the patient. A genomic DNA extraction kit (TIANGEN,

China) was used to extract DNA from the blood samples,
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FIGURE 1

Neuroimages (A–G) and skeletal muscle biopsy (H–K) of this patient. (A) Craniocerebral CT showed high-density signal on the left side of the

tentorial cerebellum, indicating subdural hematoma. Patchy abnormal signals are seen on the left tentorium of the cerebellum. (B) High intensity

in T1 scan. (C) Slightly high intensity on T2 scan. (D) Significantly - high intensity on FLAIR scan). Symmetrical patchy abnormal signals could be

found in bilateral lentiform nucleus, caudate nucleus head, and ventrolateral nucleus. (E) Low signal intensity in T1 scans. (F) Slight-higher signal

intensity in T2 scans. (G) Obvious-high signal intensity in FLAIR scans. (H) HE findings of the skeletal muscle biopsy (right biceps muscle)

revealed that the diameter of muscle fibers varied greatly; Atrophic muscle fibers were scattered in round and small circles together with large

number of necrotic and regenerated muscle fibers (black arrow; 40× magnification). (I) NADH staining revealed uneven enzyme activity in some

muscle fibers and dense staining around the muscle fibers (black arrow, 40× magnification). (J) SDH staining revealed SSV and several black

arrow (black arrow; 40× magnification). (K) COX staining revealed negative-stained muscle fibers (black arrow; 40× magnification). HE,

Hematoxylin-eosin; NADH, Nicotinamide adenine dinucleotide; CT, Computed tomography; FLAIR, Fluid attenuated inversion recovery.

and a mitochondrial DNA extraction kit (TIANGEN,

China) was used to obtain mitochondrial DNA from the

muscle tissue. The quantity/quality of the nuclear DNA and

mitochondrial DNA were evaluated using a ONE DROP OD-

1000 spectrophotometer (Black Horse Medical Instruments Co.,

LTD, China) and agarose gel electrophoresis. The DNA samples

were delivered to Beijing Zhiyin Oriental Medical Inspection

Co., Ltd for CES analysis. Two compound heterozygous

mutations were detected by Sanger sequencing. No variation

sites with high pathogenicity were found in the mitochondrial

DNA sequencing analysis.

The results of CES showed that: (1) the mutations in the

PCCB gene, c.838 (exon 8) and c.839 (exon 8), were frameshift

mutations, which are expected to cause a coding disorder of

the PCCB protein at the position-280 isoleucine. In addition,

it terminates translation after the coding of 11 amino acids,

forming a truncated protein, resulting in the loss of the protein

function. (2) This was a missense mutation, which leads to the

transformation of codon 228 of the PCCB gene from proline

to isoleucine. According to the American College of Medical

Genetics and Genomics (ACMG) criteria and guidelines for

explaining sequence variation, the frequencies of these two

mutations in all normal-population databases are <0.0005,

and both are compound heterozygous mutations. The results

of Sanger sequencing confirmed that the mutations M1 and

M2 were inherited from the mother and father, respectively

(Figure 2). These results confirm that the patient’s healthy

parents are heterozygous carriers. The mutation in the PCCB

gene can lead to autosomal recessive hereditary PA.

4. Discussion

PCC is located in the mitochondria and can catalyze the

conversion of propionyl-CoA to methylmalonyl-CoA. Mutation

of PCCA or PCCB can lead to the loss of PCC activity, cause

the accumulation of propionyl-CoA in the body, and produce a

high concentration of intermediate metabolites (e.g., propionic

acid, 3-hydroxypropionic acid, and methyl citrate) by activating
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FIGURE 2

The progress of disease and the timeslot for the medical intervention. The patient got worsen on the 5th day during the hospitalization and then

recovered slightly. Dark arrows represented the drug treatment. On the 10th day, the clinical exon sequencing (CES) showed one heterozygous

missense mutation and one heterozygous frameshift mutation were detected by CES. M1, missense mutation; C.683C > T: P. Pro228Leu. M2,

frameshift mutation; C.838–839insC: P. Leu280fsTer11. The results of Sanger sequencing revealed that the M1 mutations was inherited from her

father, and M2 mutations from her mother. The patient was discharged on the 20th day without improving significantly.

an accessory pathway. This causes circulatory, neurological,

endocrine, and other systems to also be impaired (3, 5).

The clinical manifestations of this patient during the course

of the disease were a series of neurological symptoms that

may be the acute manifestations of delayed PA, including

gibberish, convulsions, and disturbance of consciousness.

Although the neuropathophysiology of PA is not fully

understood, studies have found that excessive accumulation

of some metabolites exceeds the neurotoxicity caused by

physiological concentrations (e.g., propionic acid, glycine, and

blood ammonia) and long-term fat decomposition disorders,

leading to over-reliance on the carbohydrate energy supply

(6). As a result, the lack of neuronal energy storage and

oxidative damage can have acute or chronic effects on energy

metabolism. Glial cell expression and the brain’s physical

structure among neurons can be impaired synchronously.

Therefore, neurological impairment is more common in patients

with late-onset PA than in patients with early-onset PA.

In addition to assessing nervous system symptoms,

evaluating neuroimaging changes are also important for the

diagnosis of delayed PA (7). The common neuroimaging

features of delayed PA are symmetrical basal ganglia lesions,

especially lesions of the globus pallidus, different degrees of

cistern, sulcus widening, delayed myelination, dysplasia of the

corpus callosum, and supratentorial white matter edema (8). In

this case, MRI resulted in partial findings; the imaging features

were patchy abnormal signals in the bilateral basal ganglia. The

involvement site in this patient was consistent with a common

injury site of late-onset PA. Although the specific pathogenesis

is not clear, a reasonable explanation is that the level of energy

metabolism in areas such as basal ganglia and cerebral foot is

higher; therefore, it is more vulnerable to damage than other

regions (9).

The accumulation of organic acids and hyperammonemia

aggravate neuronal damage through neurotoxicity. In addition

to the common neuroimaging changes, there are also other

special imaging findings. For example, Velasco-Sánchez et al.

reported a PA patient with cerebellar hemorrhage (10). Head

CT of this patient showed an SDH on the left tentorium of the

cerebellum, but there was no history of trauma, which is very

rare in patients with delayed PA. There are two main reasons to

be considered for this. (1) Vascular endothelial cell injury: the

loss of PCC activity leads to the accumulation of propionyl-CoA

in the mitochondria, decreasing mitochondrial ATP production

and increasing mitochondrial Ca2+ consumption, which leads

to the activation of cell-membrane Ca2+-exchange proteins and

an intracellular calcium overload; this promotes the activation of

phospholipases, proteases, and nucleases, resulting in vascular
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endothelial cell injury and shedding, ultimately resulting in

increased vascular wall permeability and the formation of

an SDH. (2) Vascular endothelial cell contraction due to

the accumulation of high concentrations of organic acids in

patients’ cells stimulates an inflammatory reaction, leading

to the recruitment of histamine, bradykinin, leukotriene, and

other inflammatory media, and infiltration. Endothelial cell

contraction would also result in increased vascular permeability.

We suggest that relying only on the abnormal changes

evident on MRI and CT is not sufficient to distinguish PA from

other metabolic diseases, especially Leigh syndrome. Therefore,

muscle pathological examination should be performed to detect

the presence of other metabolic diseases. In muscle pathology,

Leigh syndrome usually shows different sizes of muscle fibers,

in which lipid deposition is common, atrophic muscle fibers

are mostly type II, atypical RRFs can be seen, and loss of

COX enzyme activity is evident in some patients’ muscle

fibers and blood vessel walls (11). In contrast, the muscle

pathology in mitochondrial encephalomyopathy with lactic

acidosis and stroke-like seizure syndrome (MELAS) tends to

show a scattered distribution of RRFs and strong SSVs (12).

In our case, great variation in the muscle fiber diameter was

observed, and a large number of necrotic and regenerated

muscle fibers were evident. RRF was not found in GT staining.

NADH staining showed that some of the enzyme activities

were uneven. SSV was evident on SDH staining. Several COX-

negative muscle fibers were made visible by COX staining.

Several necrotic muscle fibers were positive for acid staining.

Staining for NADH, COX, and SDH showed that the enzyme

activity in some muscle fibers was uneven, indicating that

the mitochondrial inner membrane respiratory chain function

was abnormal. Combined with previous studies, this suggested

that a decrease in PCC activity caused an accumulation of

propionyl CoA in the mitochondria (13). This would inhibit

the electron transfer function of complex IV cytochrome C

oxidase in the mitochondrial inner membrane and interrupt the

electron transfer process of the mitochondrial respiratory chain

(14). Abnormal oxidative phosphorylation involves skeletal

muscle, making the pathological characteristics of muscle in PA

similar to that of metabolic myopathy. This suggests that PA

involving skeletal muscle should be classified into the category of

metabolic myopathy. The pathological features of delayed-onset

PA in muscles are reported rarely in the literature. Therefore,

our case provides valuable information about the pathological

features of muscles in PA.

In conclusion, our unusual case provides valuable

information on the pathological muscle features of PA,

having implications for future diagnoses and treatments.

Because muscle pathological examination of delayed PA is very

rare, this case provides valuable information on the pathological

features of PA muscles. It is clear that, in the absence of a history

of trauma, SDH may be a rare complication of delayed PA. To

prevent the disease from aggravating due to cerebrovascular

complications, it is advisable to perform a head CT examination

as part of the routine neurological evaluation of PA patients.

Early detection is very important for starting physiotherapy

and nutritional diet intervention as soon as possible; these can

reduce the disturbance of growth and development caused by a

metabolically decompensated environment.
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Case report: Two unique
nonsense mutations in
HTRA1-related cerebral small
vessel disease in a Chinese
population and literature review

Weijie Chen, Yuanyuan Wang, Shengwen Huang, Xiaoli Yang,

Liwei Shen and Danhong Wu*

Department of Neurology, Shanghai Fifth People’s Hospital, Fudan University, Shanghai, China

Background: Homozygous or compound heterozygous mutations in the

high-temperature requirement A serine protease 1 gene (HTRA1) elicits

cerebral autosomal recessive arteriopathy with subcortical infarcts and white

matter lesions (CARASIL). The relationship between some heterozygous

mutations, most of which are missense ones, and the occurrence of cerebral

small vessel diseases (CSVD) has been reported. Recently, heterozygous

HTRA1 nonsense mutations have been recognized to be pathogenic.

Case presentation: We described two Chinese patients diagnosed with

HTRA1-CSVD accompanied by heterozygous nonsense mutations. Their first

clinical manifestations were symptoms due to ischemic stroke, and brain

Magnetic Resonance Imaging (MRI) showed di�use white matter lesions

(WMLs) and microbleeds in both of them. Genetic sequencing revealed

two novel heterozygous nonsense mutations: c.1096G>T (p.E366X) and

c.151G>T (p.E51X).

Conclusion: This case report expands the clinical, radiographic, and genetic

spectrum of HTRA1-CSVD. Attention should be paid to young patients with

ischemic stroke as the first clinical manifestation. Genetic screening for such

sporadic CSVD is recommended, even if the symptoms are atypical.

KEYWORDS

HTRA1, cerebral small vessel disease, nonsense, ischemic stroke, heterozygous

mutations

Introduction

Cerebral small vessel diseases (CSVD) are a series of clinical, imaging, and

pathological syndromes that affect small arteries, arterioles, venules, and capillaries

within the brain. It increases the risk of acute cerebrovascular events and mainly

manifests in cognitive dysfunction (1). Cerebral autosomal recessive arteriopathy with

subcortical infarcts and white matter lesions (CARASIL) is a monogenic CSVD,

determined by mutations in the high-temperature requirement A serine protease 1 gene

(HTRA1) which is located on chromosome 10 (10q26) and encodes the high-temperature

requirement serine protease.
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HTRA1 mutations include heterozygous, homozygous,

and compound heterozygous ones. There are two possible

phenotypes related to HTRA1 mutations: classic CARASIL

(OMIM 600142) and CADASIL2 which is also known as

HTRA1-CSVD (OMIM 616779) (2). Classic CARASIL is

caused by homozygous or compound heterozygous mutations

inherited in an autosomal recessive manner. HTRA1-CSVD is

caused by heterozygous mutations inherited in an autosomal

dominant pattern (3). Both of them are clinically characterized

by progressive gait impairment, acute ischemic stroke at

a young age, and cognitive decline, often accompanied by

extra-neurological symptoms, such as alopecia and lumbago

associated with spondylosis deformans. Compared to classic

CARASIL, HTRA1-CSVD is generally milder with a lower

incidence of extra-neurological symptoms, such as alopecia

and lumbago, and neurological symptoms present later (4).

Neuroimaging features (severe leukoencephalopathy, lacunar

infarctions, and microbleeds) are seen in both classic CARASIL

and HTRA1-CSVD, but the latter tends to have milder

changes (5).

Studies have reported that different mutation sites or types

can lead to loss of or decrease in activities of the HTRA1 serine

protease through differentmechanisms (6–8). The pathogenicity

of heterozygous pathogenic missense variants mainly results

from a significant decrease in the activities of the protease and

a dominant-negative effect on the trimer (6, 7). However, the

underlying molecular mechanism of heterozygous mutations is

not fully understood.

Recent studies have found that nonsense mutations are also

pathogenic. Thus, there are 11 heterozygous nonsensemutations

according to the ClinVar database, but clinical features and

the possible correlation between genotypes and phenotypes

of HTRA1-CSVD are barely understood. In this case report,

we presented two patients with ischemic stroke at a young

age, which was related to novel nonsense mutations. Ischemic

stroke was the first clinical manifestation, and brain MRI of

these patients showed typical white matter lesions (WMLs)

and microbleeds. Genetic sequencing revealed two novel

heterozygous nonsense mutations of c.1096G>T (p.E366X) and

c.151G>T (p.E51X), supporting HTRA1-CSVD. Our findings

provide further insights into the relationship between genotypes

and phenotypes.

Materials and methods

Case 1

A 44-year-old man presented to our department due to

weakness of the left upper limb over the past 4 days. He

had no prevailing risk factors for cerebral infarction such as

hypertension, diabetes mellitus, atrial fibrillation, or smoking.

He denied anymemory loss, dysarthria, or loss of consciousness.

He had no history of alopecia or lumbago. None of his family

members had relevant health problems or hereditary diseases.

Neuropsychological tests showed no signs of cognitive

impairment. His blood indicators, cervical vascular ultrasound,

and dynamic electrocardiogram showed no significant

abnormalities. Brain MRI showed an acute infarct in the right

basal ganglia on DWI images (Figure 1A), diffuse WMLs,

Fazekas scale score 2, bilateral lacunar lesions in regions close to

the lateral ventricle on T2W/FLAIR, and chronic microbleeds

in the deep white matter on SWI images.

During the follow-up, this patient was admitted to the

hospital because of recurrent ischemic stroke despite antiplatelet

therapy with no complaint about cognitive impairment. Brain

MRI showed acute infarct in the region next to the left lateral

ventricle on DWI (Figure 1B), diffuse WMLs and chronic

microbleeds were the same as previously reported.

Prompted by the unusual clinical phenotype and

neuroimaging findings, a hereditary form of CSVD was

suspected (Figures 1C–E). Whole-exome sequencing identified

a novel heterozygous HTRA1 nonsense mutation (NM_002775:

C.1096G>T; p.E366X) (Figure 1F). The variant had not been

previously reported in the scientific literature or the HGMD

and was not found in reference population databases such as

gnomAD, ExAC, or 1000 Genome Project. The Mutation-Taster

score was 1. The proband’s parents had passed away, and neither

the proband’s brother nor his son showed abnormality in the

proband’s mutation site upon gene testing. Based on the clinical

manifestations of this patient and gene sequencing results,

which are concordant with each other, this variant has been

proposed to be pathogenic.

Case 2

A 53-year-old man presented to our department due to

dysarthria and weakness of the left limb for 17 hours. He had no

past medical history and vascular risk factors. The patient could

not perform some simple tasks in daily life and lost his previous

interests at the age of 49. He did not have migraine, alopecia, or

lumbago, which are characteristic features of monogenic CSVD.

His family history was unremarkable and his family members

were all healthy.

On neurological examination, the patient showed a

pronounced slow response to cognitive tests. The Mini-Mental

State Examination (MMSE) score was 24 and the Montreal

Cognitive Assessment (MoCA) score was 17. His cerebral

vessels showed no significant abnormalities on cerebrovascular

examination. Brain MRI showed acute infarct of the left

corona radiata on DWI images, diffuse WMLs and brain

atrophy, Fazekas scale score 3 on T2W/FLAIR images, chronic

microbleeds in the lobar regions, and deep white matter on

SWI images.
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FIGURE 1

Brain axial images of the first HTRA1-CSVD patient. A DWI image showing an acute infarct in the right basal ganglia (A), and the second acute

infarct in the region next to the left lateral ventricle (B), axial T2-weighted (C), and FLAIR axial images (D) showing di�use WMLs, Fazekas scale

(Continued)
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FIGURE 1 (Continued)

score 2, lacunar lesions in bilateral regions next to the lateral ventricle, and an SWI image (E) showing chronic microbleeds in the deep white

matter. (F) Validation of a heterozygous G to T mutation at position 1,096 (NM_002775: c.1096G>T) in exon 6 of the HTRA1 gene, resulting in a

stop codon at 366 (p.E366X). FLAIR, fluid attenuated inversion recovery; MRI, magnetic resonance imaging; DWI, di�usion-weighted imaging;

SWI, susceptibility-weighted imaging.

Given the presentation of early-onset progressive dementia,

ischemic stroke at a young age, and brain MRI demonstrating

extensive WMLs and brain atrophy (Figures 2A–E),

whole-exome sequencing was performed. Whole-exome

sequencing identified a novel heterozygous nonsense mutation

(NM_002775: c.151G>T; p.E51X) (Figure 2F). This variant has

not been previously reported in the scientific literature or the

HGMD and was not found in reference population databases,

such as gnomAD, ExAC, or 1000 Genome Project, and the

Mutation-Taster score was 1. This variant has been classified as

pathogenic according to the ACMG pathogenicity rating.

Discussion

In the present study, we reported two HTRA1-CSVD

patients with ischemic stroke at a young age, with two unique

nonsense mutations: c.1096G >T (p.E366X) and c.151G>T

(p.E51X). To date, only 11 heterozygous nonsense mutation

sites have been reported. Coste et al. (9) have found that the

heterozygous HTRA1 stop codon variants are not restricted to

a specific domain but are present throughout the gene. The

present p.E366X and p.E51X mutations may lead to nonsense-

mediated mRNA decay (NMD) or truncation of the protein in

front of the functional protease domain. These conditions may

result in the loss of protein functions. Coste et al. (9) have found

that heterozygous HTRA1 stop codon variants are dominant

with an age-dependent and incomplete clinical penetrance in the

analysis of 3,336 patients with CSVDwithout known pathogenic

mutations. We hypothesize that this might be the reason why

familymembers of the patients in our study did not have relevant

health problems. Therefore, careful follow-up was warranted for

their relatives.

The clinical and radiographic spectra of these two patients

were similar to those in other studies. Compared with classic

CARASIL, heterozygous HTRA1 pathogenic variants may have

a lower incidence of extra-neurological symptoms and manifest

neurological symptoms later (4). Onodera et al. have found

that acute ischemic stroke usually occurs after 40 years, which

is consistent with the results of the patients in our study. In

addition, ischemic stroke was the first clinical manifestation in

our study. Coste et al. have drawn a similar conclusion when

conducting clinical and imaging analyses of 11 symptomatic

carriers of nonsense mutations. Stroke or transient ischemic

attack (TIA) is the first clinical manifestation in seven probands

(64%) (9). Therefore, ischemic stroke is the essential clinical

manifestation of CSVD. Patients with ischemic stroke at a young

age need particular attention due to the high likelihood of being

a carrier of HTRA1 mutations. Neither of the two patients in

our study had apparent symptoms of alopecia or lumbago, which

was consistent with previous findings, in which HTRA1-CSVD

had a lower incidence of extra-neurological symptoms than

classic CARASIL (10).

Radiologic hallmarks of CARASIL include high-signal-

intensity lesions in the periventricular and deep white matter

and multiple lacunar infarcts in the basal ganglia and the

thalamus, but the superficial white matter is generally spared

(11). Whittaker et al. (12) have also reported that microbleeds

are mostly found in the deep white matter of the brain in

patients with heterozygous HTRA1 mutations. Our findings are

consistent with the results of the above studies, in that both of

these patients had diffuseWMLs and chronic microbleeds in the

deep white matter and lacunar infarcts in the basal ganglia and

the corona radiata.

Pathogenic mechanisms of HTRA1-CSVD are gaining

popularity in recent years. Different types of mutations may

lead to discrete protease activities. Heterozygous missense

mutations take a dominant-negative effect on the activities of

the protease. Nozaki et al. have demonstrated that heterozygous

mutations may fail to form stable trimers and interrupt the

HTRA1 activation cascade, resulting in a dominant-negative

effect on the wild-type protease (7). Lee et al. (4) have

further confirmed that the core feature of HTRA1-CSVD may

be the disturbance of activities of the protease. However,

the detailed molecular mechanisms of heterozygous nonsense

mutations are not fully understood. A study proposed that

heterozygous nonsense or frameshift variants were pathogenic

through a haploinsufficiency mechanism which resulted in

the degradation of the mutated mRNA at the location of

these variants (9). Further studies are needed to elucidate the

pathogenic mechanisms.

Conclusion

We reported two novel heterozygous nonsense mutations

which expand the mutation spectrum of HTRA1. The age-

dependent and incomplete clinical penetrance of nonsense

mutations of HTRA1 increase the difficulty of gene detection;

therefore, a larger number of clinical samples and a longer
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FIGURE 2

Brain axial images of the second patient. A DWI image showing an acute infarct in the left corona radiata (A), axial T2-weighted (B) and FLAIR

axial images (C, D) showing di�use WMLs and brain atrophy, Fazekas scale score 3, and an SWI image showing chronic microbleeds in lobar

regions and the deep white matter (E). (F) Validation of a heterozygous G to T mutation at position 151 (NM_002775: c.151G>T) in exon 1 of the

HTRA1 gene, resulting in a stop codon at 51 (p.E51X).
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follow-up are necessary to screen these patients. Meanwhile,

attention should be paid to young patients with ischemic stroke

as their first clinical manifestation. Genetic screening for such

sporadic small vascular disease is recommended, even if the

symptoms are atypical.
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A novel variant of
COL6A3c.6817-2(IVS27)A>G
causing Bethlem myopathy: A case
report
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Xiaoyan Chen1* and Yue Wang1*

1Department of Neurology, The Second A�liated Hospital (Xinqiao Hospital), Army Medical University (Third

Military Medical University), Chongqing, China, 2Department of Medical Genetics, College of Basic Medical

Science, Army Medical University (Third Military Medical University), Chongqing, China

Bethlem myopathy (BM) is a disease that is caused by mutations in the collagen

VI genes. It is a mildly progressive disease characterized by proximal muscle

weakness and contracture of the fingers, the wrist, the elbow, and the ankle. BM

is an autosomal dominant inheritance that is mainly caused by dominant COL6A1,

COL6A2, or COL6A3 mutations. However, a few cases of collagen VI mutations

with bilateral facial weakness and Beevor’s sign have also been reported. This study

presents a 50-year-old female patient with symptoms of facial weakness beginning

in childhood and with the slow progression of the disease with age. At the age

of 30 years, the patient presented with asymmetrical proximal muscle weakness,

and the neurological examination revealed bilateral facial weakness and a positive

Beevor’s sign. Phosphocreatine kinase was slightly elevated with electromyography

showing myopathic changes and magnetic resonance imaging (MRI) of the lower

limb muscles showing the muscle MRI associated with collagen VI (COL6)-related

myopathy (COL6-RM). The whole-genome sequencing technology identified the

heterozygous mutation c.6817-2(IVS27)A>G in the COL6A3 gene, which was in itself

a novel mutation. The present study reports yet another case of BM, which is caused

by the recessive COL6A3 intron variation, widening the clinical spectrum and genetic

heterogeneity of BM.

KEYWORDS

Bethlemmyopathy, COL6A3, muscular dystrophy, muscle MRI, COL6-RD

Introduction

Bethlem myopathy (BM) was reported first by Bethlem and Wijngaarden (1). The

onset of symptoms of BM usually occurs in early childhood, but occasionally in

adulthood. The main symptoms of a patient with BM are the weakness of the

proximal muscles and contracture of the fingers, the wrist, the elbow, and the ankle.

Nevertheless, the presentation of BM is quite variable, and either contractures or

muscular weakness may be absent (2). Its benign and slowly progressive course may

lead to misdiagnosis. Recent studies showed magnetic resonance imaging (MRI) to

be a supportive tool to diagnose collagen VI-related myopathies. Fu found that the

“sandwich” sign in the vastus lateralis (VL) and the “target” sign in the rectus

femoris (RF) were common in patients with collagen VI-related myopathies and were
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specific to these conditions (3). These MRI changes showed a positive

predictive value of 69% for BM (4).

Herein, this study describes a 50-year-old female patient

presenting with a slow progression of muscle symptoms,

including proximal limb and facial weakness, since childhood.

Finally, the diagnoses of BM in the patient in this study were

confirmed genetically.

Case presentation

The patient was a 50-year-old woman. She had no family history

relevant to muscle weakness and was not from a consanguineous

marriage. At the age of 5 years, she was unable to blow up

balloons and gradually appeared to be unable to whistle or puff

her cheeks. She had normal mental growth, and the progression of

her disease became slower. At the age of 30 years, she presented

with asymmetrical proximal muscle weakness in the lower limbs

and milder asymmetrical proximal muscle weakness in the upper

limbs, as well as mild weakness in the waist. The progression

of muscle weakness was slow. She was unable to climb stairs,

jump, run, and rise from the floor, but she had no difficulty in

breathing. Her cardiovascular and respiratory examinations were

normal. The bilateral eyelash sign was positive, and the right

nasolabial fold was shallower than the left one. She was unable to

grimace and puff her cheeks (Figures 1A, B). Mental function and

other cranial nerve function tests showed normal values. Muscle

weakness in the limbs was asymmetrical (Medical Research Council

(MRC). Grades 4/5 proximally and 5/5 distally, and bilateral hip

extensors 2/5) without limb muscle atrophy. Beevor’s sign was

FIGURE 1

Photographs and lower limb muscle magnetic resonance imaging (MRI). (A, B) Photographs of the proband. Weakness of the eye and lip muscles. (C) The

bilateral posterior thigh groups were markedly enlarged (star), especially of the lateral femoral muscle edges and central preservation (arrow). (D)

Significant enlargement of the medial head of the gastrocnemius (arrow ↑) and the anterior tibial muscles in both lower legs.

positive. Her sensations were normal, and muscle stretch reflexes

were not elicited.

Laboratory studies revealed a slightly elevated serum creatine

kinase (CK) value of 291.5 international units per liter (IU/L;

26–174 IU/L). Respiratory parameters and cardiac evaluation

[echocardiogram (echo) and electrocardiogram (ECG)] were

unremarkable. Electromyography (EMG) showed myopathic

changes, and nerve conduction was normal. The lower limb muscle

MRI showed that the bilateral posterior thigh groups were markedly

fattened, especially of the lateral femoral muscle edges and central

preservation. A significant enlargement of the medial head of

the gastrocnemius and anterior tibial muscles was observed in

both lower legs (Figures 1C, D). Muscular pathological findings

showed that the right tibial premuscle muscle fibers were clearly

unequal in size, some of the muscle fibers were more clearly

atrophied, some of the muscle fibers were mildly hypertrophied, a

few muscle fiber nuclei were internally displaced, individual muscle

clefts and nuclei aggregation were seen, muscle fiber degeneration

and necrosis were not visible, and collagen VI immunostaining

revealed a normal staining pattern (not shown; Figures 2A–C).

Molecular studies, using the whole-genome sequencing technology,

identified the heterozygous mutation c.6817-2(IVS27)A>G in

the COL6A3 gene (Figures 2D–F). Sanger sequencing confirmed

that the mutation was not detected in her mother or her son.

Coenzyme Q10, inosine tablets, and vitamin E were administered to

the patient. During hospitalization, rehabilitation doctors gave her

rehabilitation training. After discharge, the patient was instructed

to avoid strenuous exercise but to continue appropriate stretching,

strength training, and muscle massage. Despite nerve nutrition and

rehabilitation physiotherapy, there was no significant improvement

in the patient’s condition.
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FIGURE 2

Muscle biopsy (bar = 100µm) and genotype results. (A) Hematoxylin and eosin (H&E) staining: the skeletal muscle tissue of the right anterior tibial muscle

exhibited a slight myogenic damage. (B) Dysferlin staining: the myofiber membrane and cytoplasm were positive. (C) α-Sarcoglycan staining: the muscle

fiber membrane was positive, with a uniform and continuous expression. (D–F) Sequencing of the COL6A3 gene in the patient (D), patient’s mother (E),

and patient’s son (F). The variation c.6817-2(IVS27)A>G is present only in the patient.

Discussion

Collagen VI is a ubiquitous extracellular matrix protein that

forms a microfibrous network. It is closely related to BM, Ullrich

congenital muscular dystrophy (UCMD), and autosomal recessive

myosclerosis myopathy. It is also closely associated with the basement

membrane in the muscle, the cartilage, the periosteum, the ligaments,

the cornea, the skin, the tendon, and the bone (5). Collagen VI

consists of three different peptide chains: α1, α2, and α3. Each

peptide chain has a triple helical (TH) region containing a single

cysteine residue, with the defining Gly-X-Y amino acid sequence

flanked by extensive N- and C-terminal globular domains that have

subdomains with homology to the type A domains of the von

Willebrand factor (6). The α3 (VI) chain has three additional C-

terminal domains, a unique region (C3), a fibronectin type III repeat

(C4), and a Kunitz-type protease inhibitor motif (C5), which can be

cleaved extracellularly. The TH region folds in a zipper-like fashion

from the C- to N-terminus to form a triple helix monomer and

then assembles further into a tetramer. These tetramers are secreted

into the extracellular matrix, where they assemble in an end-to-end

fashion to form a microfiber network. The deficiency of collagen

VI leads to an increase in apoptosis and oxidative stress, a decrease

in autophagy, and an impairment of muscle regeneration (7). The

genetics of collagen VI-related dystrophies (COL6-RD) is complex.

COL6-RD is a disease entity that is caused by both dominant and

recessive mutations in the three collagen VI-related genes, COL6A1,

COL6A2, and COL6A3 (8). Patients with COL6-RD show a unique

pattern of muscle involvement in MRI, which is an inward (outside-

in) progression [starting from the fascia planes and progressing

into the vastus lateralis (VL), the lateral gastrocnemius (LG), and

central shadowing in the rectus femoris (RF)] of the fiber-fat material

based on T1-weighted images. This inward progression of fiber-

fat conversion causes the formation of a lipid-rich structural ring

around the muscle whose thickness increases with an increasing

severity of disease, and the muscle tissue is replaced by the fiber-fat

material as the disease advances (9). The most common mutation in

collagen VI myopathy affects the conserved Gly-X-Y motif in the TH

domain (10).
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The α3 chain is encoded by the COL6A3 gene and plays

a determinant role in the monomer assembly. Mutations in the

COL6A3 gene have been associated with UCMD and BM. Biallelic

variants in COL6A3 have recently been suggested to be the cause

of an early-onset isolated dystonia syndrome (DYT27) (11). Due

to remarkable heterogeneity of the COL6 genes at the clinical and

molecular levels, it is difficult to explain the clinical symptoms of the

COL6A3 variants. The COL6A3 c.7447A>Gvariant in a homozygous

state can lead to a mild Bethlem myopathy and/or the limb-

girdle muscular dystrophy (LGMD) phenotype without respiratory

involvement; however, a compound heterozygous mutation exhibits

phenotypes ranging from a mild phenotype to an intermediate

phenotype and a severe Ullrich-like phenotype (10). It has been

reported that, in patients with other mutations in a compound

heterozygous state, the phenotype severity depends entirely on the

second mutation (10).

The present study reported a 50-year-old woman who had

proximal limb weakness, bilateral facial weakness, and a positive

Beevor’s sign. Her CK was mildly elevated, and an electromyographic

study revealed myopathic changes. The present study considered

first facioscapulohumeral muscular dystrophy (FSHD), an inherited

muscle disease that is characterized by progressive atrophy and

weakness of the facial, shoulder limb-girdle, abdominal, and anterior

leg muscles. FSHD has a tendency toward atypical findings, so

it may be confused with other neuromuscular diseases. Muscle

biopsy of FSHD most often shows non-specific chronic myopathic

changes (12). Muscle MRI is a reliable tool to differentiate FSHD

from other muscular dystrophies. Patients with FSHD exhibit a

widespread involvement of the lower limb muscles, particularly

the hamstring and the posterior calf muscles (13). However, in

this patient, the bilateral posterior thigh groups were markedly

enlarged, especially of the lateral femoral muscle edges and central

preservation. Significant enlargement of the medial head of the

gastrocnemius and anterior tibial muscles in both the lower legs

was associated with COL6-RD-like muscles on MRI (4). Ultimately,

the next-generation whole-genome sequencing revealed an intronic

mutation in COL6A3, c.6817-2(IVS27)A>G. The heterozygous

c.6817-2(IVS27)A>G mutation in the splice site of intron 27

led to exon skipping. The mutation was not present either in

the unaffected mother or in the son, thereby indicating that it

was a novel mutation that was present only in the patient. This

mutation has also not been recorded in the Single Nucleotide

Polymorphism Database (dsSNP) database, the Exome Aggregation

Consortium (EXAC) database, or the 1,000 Genomes Project (1

KGP) database. According to the American College of Medical

Genetics and Genomics (ACMG) standards and guidelines, the

variant was classified as a likely pathogenic variant [very strong

evidence of the pathogenicity criterion (PVS1)+absent from controls

(PM2)]. Because the patient’s father has died, the patient refused

to undergo Southern blotting or molecular combing and her

sisters also refused to undergo the whole-genome sequencing;

therefore, it was impossible to identify cosegregation with the

phenotype within the family. Five patients mentioned in the

report by Lee et al. (8) showed bilateral facial weakness, and all

but one patient did show limb weakness. Therefore, the patient

was diagnosed with probable BM (OMIM: 158810) based on her

medical history, clinical examinations, muscle MRI, and genetic

test results.

Conclusion

In conclusion, the present study describes a patient carrying

a heterozygous COL6A3 c.6817-2(IVS27)A>G pathogenic splicing

variant. The patient presented, since childhood, with facial weakness

associated with proximal muscles, and the muscle MRI showed

COL6-RM. Further analysis of molecular and genetic studies would

help to elucidate whether this variant is of the disease-causing type.

The muscle immunohistochemical marking for the COL6 protein is

variable (14) and cannot be used as the basis for excluding the disease,

while muscle MRI and genetic test are helpful in diagnosis. Currently,

there are no pharmacological disease-modifying treatments for

collagen VI-congenital muscular dystrophy (COL6-CMD). Genetic

counseling and prenatal diagnosis are particularly important.
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Primary familial brain calcification (PFBC) is a disorder in which pathologic calcification
of the basal ganglia, cerebellum, or other brain regions with bilateral symmetry
occurs. Common clinical symptoms include dysarthria, cerebellar symptoms, motor
deficits, and cognitive impairment. Genetic factors are an important cause of
the disease; however autosomal recessive (AR) inheritance is rare. In 2018, the
myogenesis-regulated glycosidase (MYORG) gene was the first to be associated with
AR-PFBC. The present case is a 24-year-old woman with AR-PFBC that presented
with migraine at the age of 16 years. Symmetrical patchy calcifications were seen
in the bilateral cerebellopontine nuclei, thalamus, basal ganglia, and radiocoronal
area on computed tomography and magnetic resonance imaging. AR-PFBC with
migraine as the main clinical symptom is rare. Whole-exome sequencing revealed
a compound heterozygous mutation in the MYORG gene, one of which has not been
previously reported. Our case highlights the pathogenic profile of the MYORG gene,
and demonstrates the need for exclusion of calcium deposits in the brain for migraine
patients with AR inheritance.

KEYWORDS

primary familial brain calcification, novel MYORG mutation, migraine, case report, literature
review

Introduction

Primary familial brain calcification (PFBC, OMIM #213600) is a disorder in which the main
pathological finding is calcification of the basal ganglia, cerebellum, or other brain regions with
bilateral symmetry (1–3). Genetic components is an important cause of PFBC, which can exhibit
both autosomal dominant (AD) and autosomal recessive (AR) inheritance. Autosomal recessive-
primary familial brain calcification (AR-PFBC) generally has a higher clinical penetrance
and a more severe pattern of calcifications compared to autosomal dominant-primary
familial brain calcification (AD-PFBC) (1, 3, 4). The genes involved in AD-PFBC include
SLC20A2 (NM_001257180.2), PDGFB (NM_002608.4), PDGFRB (NM_001355016.2), and XPR1
(NM_001135669.2), which are associated with calcium and phosphorus metabolism and the
blood-brain barrier (5–7). Instead, genes involved in AR-PFBC includeMYORG (NM_020702.5)
and JAM2 (NM_001270407.2). The myogenesis-regulated glycosidase (MYORG) gene was first
identified in 2018 (8). The typical indications of AR-PFBC are chronic progressive motor
impairment, cognitive impairment, dysarthria, and cerebellar symptoms, whereas migraine
presentation is rare (8–10). Here we report the case of a 24-year-old woman with AR-PFBC
and migraine onset at the age of 16 years harboring MYORG compound heterozygous variants,
one of which has not been previously reported.
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FIGURE 1

(A) Brain magnetic resonance imaging (MRI) and computed tomography (CT) for the proband (II.2) reveal bilateral calcification in the basal ganglia,
thalamus, cerebellum, and pons. CT of the proband’s brother (II.1) reveals bilateral calcification in the basal ganglia, thalamus, and cerebellum. The
calcification sites showed a high degree of similarity between the patients. (B) The genetic pedigree for this case. (C) MYORG gene sequencing of the
family members of this case. FM, family; AAO, age at onset; WT, wild type.

Case presentation

A 24-year-old Chinese woman was admitted to our outpatient
clinic with migraine headache, reportedly experienced for 8 years.
She first developed recurrent episodes of headache at the age
of 16, associated with no apparent trigger. These symptoms
occurred one to two times a year, lasted for 1–2 days at a
time, and resolved spontaneously. The profession of the patient

was a middle school art teacher, and her academic performance
during her school period had remained good, with no history
of psychological illness or psychiatric disorders. The patient
was born to non-consanguineous parents, and her physical
examination showed no abnormality except for minor knee and bicep
brisk reflexes.
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The patient’s endocrine examination showed normal serum
allosteric parathyroid hormone, calcium, and phosphorus levels.
Moreover, the results of the Foaming experimental and right heart
contrast echocardiography were normal. Computed tomography
(CT) and magnetic resonance imaging revealed symmetrical patchy
calcifications in the bilateral cerebellopontine nuclei, thalamus,
basal ganglia, and radiocoronal areas (Figure 1). The patient had
a Montreal Cognitive Assessment score of 26 (delayed memory
minus 4 points did not meet the diagnostic criteria for cognitive
dysfunction), and a Mini-Mental State Examination score of 28. The
patient also had a migraine-specific Quality of Life Questionnaire
score of 21, and a Headache Impact Test-6 score of 51. We
administered Oxiracetam and nicergoline for neurotrophic treatment
and improvement of cerebrovascular circulation, and the patient
reported symptom improvement. The patient’s brother had also
undergone CT examination at another hospital due to occasional
headache, which revealed multiple symmetrical calcifications in the
bilateral basal ganglia, dorsal thalamus, cerebellar hemispheres, and
vermis. The calcification sites and morphology of both siblings
exhibited a high degree of similarity (Figure 1).

We then performed whole-exome sequencing on the patient,
identifying that the proband had potential compound heterozygous
variants in the MYORG gene, including two heterozygous variants,
namely c.348_c.349insCTGGCCTTCCGC (p.116_117insLAFR) and
c.580G>T (p.Q194∗) that were confirmed by Sanger sequencing
(Figure 1). The insertion c.348_c.349insCTGGCCTTCCGC variant
is a known pathogenic mutation (8). However, the loss-of-function
c.580G > T MYORG gene variant has not been reported in
ClinVar, and no publication has reported this mutation so far
(1–3, 8, 11). Both variants were predicted to be damaging by
multiple in silico prediction tools, including SIFT, Polyphen2,
CADD, and MutationTaster. Additionally, the novel mutant
(c.580G > T) is not listed in the 1,000 Genomes, NHLBI GO
Exome Sequencing Project, and Exome Aggregation Consortium
databases. According to the American College of Medical Genetics
guidelines, the non-sense c.580G > T mutant is considered
“potentially pathogenic: PVS1-Strong + PM2,” whereas the
insertional c.348_c.349insCTGGCCTTCCGC mutant is considered
“possibly pathogenic: PM3-Strong + PM4.” With consent, we
also performed whole-exome sequencing on the patient’s parents
and brother. We found that the father carried only the non-sense
c.580G > T variant, while the mother carried only the insertion
c.348_c.349insCTGGCCTTCCGC variant. The brother carried both
variants identified in the proband. Collectively, this information
confirmed the two variants as the compound heterozygous variants
in the MYORG gene, and as pathogenic MYORG variants associated
with PFBC.

Discussion

Autosomal recessive-primary familial cerebral calcification (AR-
PFBC) is caused by mutations in the MYORG gene, and has an age
of onset between 38 and 53 years (1). The typical indications of
AR-PFBC and of the MYORG variant are: verbal deficits, chronic
progressive motor deficits, ataxia, cognitive deficits, and psychiatric
symptoms (8, 10, 12). Among them, verbal impairment is often the
first symptom of PFBC due to a MYORG variant (12, 13), while

cognitive impairment is usually milder in AR-PFBC than in AD-
PFBC and does not lead to major neurocognitive impairment (8, 14).
Migraine as the main symptom is rare in AR-PFBC, with only
one similar case having been reported in a 12-year-old Turkish girl
with AR-PFBC (10). Cognitive deficits and depression have been
documented as the main non-motor symptoms and signs of PFBC;
instead headache is less common, and is observed in∼8% of cases (1).

Here, we report the case of a 24-year-old female whose symptoms
began at the age of 16 years. The patient reported experiencing
migraines over the last 8 years, together with some other cognitive
symptoms but without motor symptoms. The patient had a Montreal
Cognitive Assessment score of 26 with delayed memory affecting
the score the most, although this did not meet pathological criteria.
However, further tracking of cognitive capacity is warranted.

We also reviewed the existing literature related to PFBC patients
with MYORG variants (Table 1). By analyzing this information, we
found that patients with dysphagia, verbal impairment, cognitive
impairment, and dyskinesia as primary symptoms were mainly
middle-aged and elderly (14–18). Conversely, patients with headache
as the main clinical symptom are generally younger (10, 19).
Therefore, we hypothesize that earlier age of onset is associated
with increased risk of headache and migraine, and that other
corresponding symptoms may then develop with age.

The patient’s cranial CT and MRI revealed symmetrical patches of
calcified foci in the bilateral cerebellar dentate nuclei, thalamus, basal
ganglia, and radiocoronal area, which are typical of PFBC. However,
the degree of cerebral calcification in the patient was relatively
mild, which may be related to age, disease duration, and mutational
pattern. According to previous reports, following onset, the degree
of brain calcification in PFBC with MYORG gene variants gradually
becomes more severe with time (4, 16, 20). Endocrine analysis
found normal levels of serum allotropic parathyroid hormone,
calcium, and phosphorus. This is also an important point of
differentiation between the MYORG mutant type of PFBC and AD-
PFBC, which involves genes such as PIT2 (also known as SLC20A2)
and XPR1 that are associated with parathyroid regulation of calcium
and phosphorus metabolism. Consequently, AD-PFBC is often
accompanied by hypoparathyroidism or pseudohypoparathyroidism
and intracellular deposition of calcium and phosphorus (5, 7).

Whole-exome gene sequencing revealed compound
heterozygous mutations on the MYORG gene: namely, a non-
sense mutation c.580G > T (p.Q194∗), and an insertional mutation
c.348_c.349insCTGGCC TTCCGC (p.116_117ins LAFR). Both
mutations are located in the C-terminal tubulin site of MYORG
(8, 13). We summarized the variants in previous reports (Table 1),
including compound heterozygous and homozygous mutations,
and identified that the distribution of MYORG mutations is mainly
segregated in the C-terminal luminal fragment of the MYORG
protein, which is related to its glycosidase domain (Figure 2). In
addition, we found that 9/42 of the mutations we summarized
were loss-of-function (LOF) mutations, whereas 27/42 were
missense mutations (Figure 2A). MYORG is specifically expressed in
astrocytes, and may regulate protein glycosylation in the endoplasmic
reticulum of brain astrocytes (8, 13, 15). Inactivation of the MYORG
glycosidase function may lead to abnormal protein glycosylation
and metabolism, which may lay the foundation for the formation of
brain calcification (8). Additionally, astrocytes are a key component
of the neurovascular unit. Mutations in MYORG may cause damage
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TABLE 1 Review of the previous literature related to AR-PFBC patients with MYORG mutations in comparison to the patients presented in the current report.

Patient
number

Sex Age Age at
onset

Clinical
symptoms

Cranial CT and
cranial MRI

Mutations References

1 Female 12 years NA New-onset dizziness,
headache, and precocious
puberty

Calcification in the
lentiform nuclei, bilateral
cerebellar white matter,
and subcortical white
matter in the frontal and
parietal regions.

Homozygous mutation: c.856G >

A (p.G286S)
(10)

2 Male 52 years 44 years Recurrent left limb
weakness for more than 1
year and exacerbation for
2 days, and headache for 8
years

Cranial CT showed
extensive and symmetric
calcifications involving the
bilateral centrum
semiovale, corona radiata,
paraventricular, basal
ganglia, thalami, vermis
cerebelli, cerebellar
hemispheres, and
midbrain
Brain MRI revealed acute
ischemic infarction
involving the
right thalamus

Compound heterozygous
mutation: a non-sense mutation
(c.1333C > T; p.Q445∗), and an
insertion mutation
(c.348_349insCTGGCCTTCCGC;
p.R116_S117insLAFR)

(12)

3 Female 45 years 44 years Dystonia, bradykinesia,
dysarthria,
dysdiadochokinesia, and
irregular postural tremor
of her left hand

Symmetric calcification in
the bilateral basal ganglion,
thalamus, caudate nucleus,
red nucleus, and deep and
subcortical white matter

Compound heterozygous
mutation: c.104 T > A
(p.Met35Lys) and c.850 T > C
p.C284R

(14)

4 Male 61 years 57 years Dysphagia and alalia Multiple symmetric
calcifications of bilateral
basal ganglia, cerebellum,
thalamus, and
periventricular area

Compound heterozygous
mutation: c.1438T > G mutation
and c.1271_1272 TGGTGCGC
insertion mutation

(15)

5 Female 54 years 41 years Extreme fatigue,
dysarthria, and
movement disorder

Large calcifications
affecting the globus
pallidus, pons, cerebellum,
thalami, centrum
semiovale, subcortical
white matter, and the
cerebral and cerebellar
peduncles.

Homozygous duplication:
c.854_855dupTG at exon 2 of
MYORG

(16)

6 Male 43 years 39 years Progressive cerebellar
dysarthria, gait ataxia,
dysphagia, forgetfulness,
emotional instability,
depressive episodes, and
intermittent aggressive
behavior

Symmetric calcifications in
the basal ganglia
(pallidum), red nucleus,
posterior thalamus, dentate
nucleus extending into the
cerebellar hemispheres,
and periventricular white
matter regions and
occipital cortex.
Hyperintense corticospinal
tracts and periventricular
microangiopathy were also
observed

Homozygous mutation: c.1964A
> G p.I655T

(17)

7 Female 45 years 43 years Mild headaches and
cerebellar ataxia including
dysarthria

Calcification in the
cerebral white matter, basal
ganglia, cerebellum, and
brainstem

Homozygous mutation: c.794C >

T p.T265M
(18)

8 Female 24 years 16 years Migraine Symmetrical patchy
calcifications in the
bilateral cerebellopontine
nuclei, thalamus, basal
ganglia, and radiocoronal
areas

Compound heterozygous
mutation: c.580G > T p.Q194∗

and c.348_c.349insCTGGCC
TTCCGC (p.116_ 117insLAFR)

This case report

9 Male 25 years 22 years Occasional headache Multiple symmetrical
calcifications in bilateral
basal ganglia, dorsal
thalamus, cerebellar
hemispheres, and vermis

Compound heterozygous
mutation: c.580G > T p.Q194∗

and c.348_c.349insCTGGCC
TTCCGC (p.116_ 117insLAFR)

This case report

MRI, magnetic resonance imaging; CT, Computed Tomography; NA, not available. ∗Manifestation of nonsense mutation.
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FIGURE 2

(A) The MYORG protein and reported variants. Domain architecture of the MYORG protein and previously reported variants; the variant in our case is
marked in red. CP, cytoplasmic domain; TM, transmembrane domain; LF, C-terminal luminal fragment with a glycosidase domain. (B) The MYORG cDNA
and reported variants. The variant in our case is marked in red. CDS Coding sequence (the length is ∼2,145 bps). *Manifestation of nonsense mutation.

to the neurovascular unit, and accelerate the deposition of calcium
and other minerals in small arteries, capillaries, small veins, and
perivascular spaces; such neurovascular unit impairment could cause
damage to the blood-brain barrier (8, 17). MYORG mutations have
also been reported in brain hypoperfusion and cerebral infarction
(12, 14, 21). However, it has been mentioned in the vascular theory
that intracranial vasoconstriction causes migraine aura symptoms,
followed by intracranial and extracranial vasodilatation leading
to pulsatile headache production. It is also worth noting that,
based on multiple recent imaging studies, vascular dilation is
not considered to be necessarily present during migraine attacks
(22, 23). Furthermore, because the membranes of astrocytes are
rich in sodium and potassium pumps, astrocytes maintain a stable

K+ concentration in the extracellular fluid. Thus, when astrocytes
are damaged the electrical activity of neurons may be affected.
However, the exact mechanisms by which MYORG mutations
lead to migraine is unclear, and further studies will help elucidate
these mechanisms.

Conclusion

A patient with a novel mutation in MYORG was diagnosed with
AR-PFBC at the age of 24 years, with migraine being the only main
clinical symptom. Our case highlights the pathogenic profile of the
MYORG gene and the clinical phenotype of MYORG mutations. It
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also demonstrates the need for exclusion of calcium deposits in the
brain for migraine patients with AR inheritance.
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Nucleoporin (NUP) 85 is a member of the Y-complex of nuclear pore complex

(NPC) that is key for nucleocytoplasmic transport function, regulation of mitosis,

transcription, and chromatin organization. Mutations in various nucleoporin genes

have been linked to several human diseases. Among them, NUP85 was linked

to childhood-onset steroid-resistant nephrotic syndrome (SRNS) in four a�ected

individuals with intellectual disability but no microcephaly. Recently, we broaden the

phenotype spectrum of NUP85-associated disease by reporting NUP85 variants in

two unrelated individuals with primary autosomal recessive microcephaly (MCPH)

and Seckel syndrome (SCKS) spectrum disorders (MCPH-SCKS) without SRNS. In this

study, we report compound heterozygous NUP85 variants in an index patient with

only MCPH phenotype, but neither Seckel syndrome nor SRNS was reported. We

showed that the identified missense variants cause reduced cell viability of patient-

derived fibroblasts. Structural simulation analysis of double variants is predicted

to alter the structure of NUP85 and its interactions with neighboring NUPs. Our

study thereby further expands the phenotypic spectrum of NUP85-associated human

disorder and emphasizes the crucial role of NUP85 in the brain development

and function.

KEYWORDS

NUP85, microcephaly, brain development, speech disorder, MCPH-SCKS

Introduction

Nucleoporin (NUP) 85 is a member of the Y-complex of nuclear pore complex (NPC) that

is key for nucleocytoplasmic transport function (1). Along with NUP85, other members of the

Y-complex (NUP160, NUP133, NUP107, NUP96, NUP43, NUP37, SEH1, and SEC13) are also

known to regulate mitosis, transcription, and chromatin organization (2, 3). Downregulation

of NUP107-160 subcomplex members resulted in defective cytokinesis, compromised

microtubule structures, altered cytoskeletal dynamics, and impaired chromosome segregation

and differentiation (4–6). Variants in several genes encoding NUP components have been

linked to the spectrum of human disease (Supplementary Table S1, Supplementary material)

(7). NUP85 was initially linked to childhood-onset steroid-resistant nephrotic syndrome in
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four affected individuals (SRNS) (MIM∗618176) with intellectual

disability (ID) but neither microcephaly nor brain malformation

(4). Recently, we reported biallelic NUP85 variants in two unrelated

individuals with primary autosomal recessive microcephaly (MCPH)

and Seckel syndrome (SCKS) spectrum disorders (MCPH-SCKS)

without SRNS and thereby broaden the phenotype spectrum

of NUP85-associated diseases (8). Here, we report compound

heterozygous NUP85 variants in a child with MCPH, but without the

short stature seen in Seckel syndrome.

Materials and methods

Patients

Written informed consent was obtained from the parents of

the index patient for participation in the study, molecular genetic

analysis, and publication. The human study was approved by the local

ethics committees of the DEFIDIAG project (the pilot project of the

Plan France Genomique 2025).

Genetic analysis

The whole genome sequencing trio analysis was carried out

within the framework of the DEFIDIAG project (the pilot project of

the Plan France Genomique 2025) (Supplementary material).

Fibroblast culture

Fibroblast culture was established using the explant technique

from the index patient and the unrelated controls were cultured

in high-glucose Dulbecco’s modified Eagle’s medium (DMEM

GlutaMAX supplement pyruvate, Gibco, Paisley, Scotland) with

10% fetal bovine serum (FBS, Gibco, Paisley, Scotland), and 1%

penicillin/streptomycin (P/S, Gibco, Grand Island, the USA) at 37◦C.

Western blot

Protein extraction and Western blots were performed in

triplicates with the established methods reported previously (9). The

antibodies used in this study were anti-NUP85 (Proteintech, rabbit)

and anti-actin (Millipore, mouse).

Cell viability assay

Fibroblasts of the patient and controls were seeded at a density of

103 cells/well in 96-well plates. Cell viability (fluorimetric CellTiter-

Blue Cell Viability Assay R©, Promega, Madison, the USA) was

performed according to the manufacturer’s instructions as described

previously (9), readings were measured using a SpectraMax iD3

plate reader (Molecular devices, San Jose, the USA), and data were

analyzed using GraphPad Prism 6 Software (version 6.07) (GraphPad

Software Inc., La Jolla, CA, the USA).

Structural analysis of NUP85

The PDB has been searched for human Nup85 wild-type

structure (sequence Q9BW27 from UniProt). This search resulted

in the identification of the currently best resolved (12A) electron

microscopy structure of the human nuclear pore complex (PDB

id 7R5K) with Nup85 being annotated as entity number 18. The

atomic model of Nup85 has been extracted from that coordinates

file and subjected to homology modeling of its double mutant

(Leu152Ile/Leu163Ile) structure using the comparative modeling

approach as implemented in the ROSETTA package (10). In

order to more accurately model the bulkier Ile residues located

in a crowded environment, a short fragment, namely, region

151–164, accommodating both mutated residues (Leu152Ile and

Leu163Ile) has been deleted and “de novo” remodeled using Rosetta’s

loop building algorithms. Fragment libraries required for protein

structure prediction have been obtained from the Robetta server

(http://robetta.bakerlab.org). Over 1,000 homologymodels have been

generated, which have been assessed based on the Rosetta energy

score. The model with the lowest (best) score has been selected as

the homology model for further analysis. The contacts of the residues

152 and 163 either in wild type or double mutant were analyzed using

Arpeggio under standard settings (11). Structural interpretation of

either Nup85 alone or in a complex within the NPC using PDBid:

7r5k, 7tbl, and 7peq were performed (12–14). The figures were

generated using PyMOL (Schrödinger LLC).

Results

The index patient was recruited as part of the DEFIDIAG Study

Group. The index patient (II.2) was a 3.6-year-old boy born at term as

a second child to non-consanguineous parents without complications

(Figures 1A, B). His body weight and length were normal at

birth [2,740 g (3rd centile) and 49 cm (10th centile)]. Primary

microcephaly was already severe at birth with the occipitofrontal

head circumference (OFC) of 31 cm [−3 standard deviations (SD),

<3rd centile] (Supplementary Figure S1, Supplementary material)

(Table 1). At the age of 3 years, the OFC was 46 cm (<-3 SD),

while the weight (11 kg, −2 SD) and height (86 cm, −1 SD)

were normal (Supplementary Figure S1). The boy displayed facial

dysmorphism (almond-shaped eyes, simplified ears, short philtrum)

and Pes adductus (Figure 1B). He had a global developmental delay

with a pronounced speech disorder. He could not speak until the

age of 2 years. He was able to say disyllabic words starting at 2

years and 50 words at 3.6 years of age without the proper frame

of the sentences. Psychomotor evaluation at 22 months showed −4

SD for posturomotor and locomotor scores and a −6 SD for grip

and visuomotor coordination score. He communicated preferably

through eye contact and pointing at objects. Motor milestones were

normal with free ambulation at 17 months of age. Fine motor

skills were delayed with pincer grip at 14 months. He displayed

hyperactivity, repetitive behavior, a frustration intolerance, and

hetero-aggressive behavior. He is really selective about food. An

ophthalmological examination showed esophoria and astigmatism

at the last follow-up. Cranial MRI at 1.4 years of age revealed

reduced global brain volume and delayed myelination (Figure 1C).

Electroencephalograph data were normal. He has a sleeping disorder

with a short night span and multiple awakenings, despite the intake
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TABLE 1 Clinical features of individuals with NUP85mutations.

Characteristics and
symptoms

Index
patient

Patient 1
(P1)a

Patient 2
(P2)a

Patient 3
(A5195-22A)b

Patient 4
(A3259-21)b

Patient 5
(NCR3227)b

Patient 6
(NCR3310)b

NUP85 variant

(NM_024844.5)

c.454C > A,

c.487C > A

c.932G > A c.1109A > G,

c.1589T > C

c.1430C > T c.1933C > T c.405+ 1G > A c.1741G > C

Parents consanguinity – + – + – – –

Sex Male Female Female Female Male Female Male

Age at last assessment 3.6 years 9 years 27 GW 8 years 11 years 7 years 4 years

Age at onset birth birth prenatal 8 years 11 years 7 years 4 years

Primary microcephaly + + + NC NC NC NC

Intrauterine growth

retardation

– + – NC NC NC NC

Short stature + + – + – – +

Dystrophy – + NC NC NC NC

Upslanted palpebral fissures – + – NC NC NC NC

Short philtrum + + – NC NC NC NC

High nasal bridge – + – NC NC NC NC

Reduced vision – + Unknown NC NC NC NC

Optic nerve atrophy – + Unknown NC NC NC NC

Astigmatism + + Unknown NC NC NC NC

Esophoria + + Unknown NC NC NC NC

Long, skinny finger – – NC NC NC NC

Syndactyly – + – NC NC NC NC

Pes adductus + + – NC NC NC NC

Epilepsy – + N/A NC NC NC NC

Intellectual disability,

moderate

+ + N/A – – + +

Delayed speech and language

development

+ + N/A NC NC NC NC

SRNS – – N/A + + + +

Muscular hypotonia + + N/A NC NC NC NC

Cranial MRI abnormalities + – + – – – –

Abnormality of vision evoked

potentials

– – N/A NC NC NC NC

GW, weeks of gestation; MRI, magnetic resonance imaging; SRNS, steroid-resistant nephrotic syndrome;+, yes; –, no; NC, not commented; N/A, not applicable.
aRavindran et al. (8).
bBraun et al. (4).

of melatonin. He displayed abnormal movement during sleep. He

started mainstream school part time with a specialized classroom

assistant and made constant progress.

To identify the underlying genetic cause of the disease phenotype,

we performed the whole genome sequencing (WGS) in the index

family and identified compound heterozygous missense mutations

in the NUP85 gene (NM_024844.5) in the index patient: c.454C

> A, g.73211897C > A (inherited from mother) and c.487C > A,

g.73214291C > A (inherited from father) (Figure 1D). The variant

(c.454C > A) has been reported 51 times in heterozygosity in

gnomAD (v2.1.1) but has not been reported in homozygosity, while

the variant (c.487C > A) has not yet been reported in gnomAD

(v2.1.1) and 1,000 Genome. Both variants are predicted to be disease-

causative by MutationTaster (www.mutationtaster.org). The CADD

phred, SIFT, Polyphen 2, and ClinPred scores for variant c.454C

> A were 22.60, 0.093, 0.044, and 0.064 and for variant c.487C

> A were 23.40, 0.008, 0.83, and 0.776, respectively. Both the

mutations lie in a highly conserved region of the NUP85 protein

leading to an exchange of leucine to isoleucine (p.L152I and p.L163I)

(NP_079120.1) (Figure 1E). No other variants were identified that

met the filtration criteria in the WGS analysis. Western blot analysis

on patient-derived fibroblasts revealed the unaltered levels of NUP85

protein between controls and patient samples, indicating the presence

of mutant protein (Figures 1F, G) (n = 3, one-way ANOVA). Cell

Frontiers inNeurology 03 frontiersin.org
149

https://doi.org/10.3389/fneur.2023.1124886
http://www.mutationtaster.org
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Ravindran et al. 10.3389/fneur.2023.1124886

FIGURE 1

Phenotype of index patient with compound heterozygous NUP85 mutation. (A) Pedigree. (B) Pictures of a�ected individual (II.2). (C) MRI images of the

head (sagittal) T2 images of II.2 shows reduced brain volume. (D) Representation of identified compound heterozygous variants by whole genome

sequencing in the NUP85 cDNA c.454C > A in exon 6 (maternally inherited) and c.487C > A in exon 7 (paternally inherited) and NUP85 wild-type protein

(p.L152I, p.L163I). (E) Mutations lie in the highly conserved region of the NUP85 protein across species. (F) Unchanged levels of total NUP85 protein in

II.2-derived fibroblasts compared to controls [NUP85 (75kDa), actin (43kDa) (loading control)] (n = 3, one-way ANOVA, Tukey’s multiple comparison test,

p = 0.2973). (H) Cell viability in II.2-patient derived fibroblasts is significantly reduced compared to controls (n=8, one-way ANOVA, Tukey’s multiple

comparison test, ****p < 0.0001). (I) Structural overlay of human NUP85 based on PDBid 7R5K (purple) and the L152I/L163I double mutant (wheat). Top

panel: Overlay of the overall structures; bottom panel: magnification of the hinge region (indicated by red line), the structures have been overlaid using

(Continued)
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FIGURE 1 (Continued)

the central region of the molecules. The mutations are located in this hinge region and are indicated in ball and stick mode. (J) Significant change of the

interaction pattern due to mutations. Magnification of the interaction patterns as evaluated using the program Arpeggio under standard settings. Top

panel wild-type, bottom panel-double mutant. The mutated residues are indicted in the colors as in (I).

viability was significantly reduced in the patient-derived fibroblasts

compared to controls (Figure 1H, n= 8, one-way ANOVA).

Structural analysis was performed to understand the effect of the

identified double mutation (p.L152I and p.L163I) on the structure

of the NUP85 protein as well as the NUP107-160 complex and the

overall NPC using structural database and prediction tools (15).

According to the protein structures from Homo sapiens, the two

identified mutations are found in close distance to each other, L152I

located at the end of helix 3 and L163I at the beginning of helix 4.

Structural studies have shown that theMiddle Hinge Domain (MHD)

is highly conserved and formed by helices four through 13. Since

both the mutations L152I and L163I are located at the end and the

beginning of two helices with the linker in between as part of the

MHD, it is predicted to interfere with the helix arrangement in the

MHD region, which in turn alters its orientation and might affect

the interaction of NUP85 with NUP214 complex on the cytoplasmic

side and NUP205 on the nuclear side of the complex (Figures 1I, J).

Overall, these identified mutations are predicted to alter the structure

of NUP85 and impair its interactions with the neighboring NUPs and

their functions.

Discussion

In this study, we report compound heterozygous NUP85 variants

in an affected individual with MCPH phenotype. In contrast to

our previous report on NUP85 variants in two individuals with

MCPH-SCKS spectrum disorder, the index patient reported here

with NUP85 variants had only MCPH but no SCKS phenotype (8).

Mutations in NUP37 have been linked to MCPH24 with the clinical

phenotype of primary microcephaly, ID, clinodactyly, and cerebellar

vermis hypoplasia, but no SRNS (4). Mutations in other NUPs

(NUP107, NUP214) have also been reported to cause microcephaly

in addition to SRNS, whereas mutations in NUP93, NUP205, and

NUP160 have been shown to cause SRNS without microcephaly

(4). Functional experiments using animal models have revealed that

the nature of mutations (hypomorphic or loss-of-function) plays

a key role in causing milder phenotypes or severe consequences

affecting brain or kidney development (4). In this study, the reported

missense variants are located in the highly conserved region of the

protein and lead to the unaltered levels of NUP85 protein in the

patients indicating the presence of dysfunctional protein. Structural

interpretation of the effect of identified variants reveals that the

exchange of leucine to isoleucine leads to the reorientation of the

MHD, which could interfere with the interacting partners of NUP85

on the nuclear side (NUP205) as well as on the cytoplasmic side

(NUP214). These modifications will impact the structural alignment

and functioning of the nucleoporins/NPC and thereby affect the

cellular processes (16). During brain development, several processes

such as proliferation, differentiation, and apoptosis determine the

generation of the correct number of neurons and brain size. Any

defects in these processes lead to abnormal brain size and function

(17). Several NUPs are highly expressed during brain development

and play key roles in regulating these cellular processes (1, 18).

Several nucleoporins have been shown to exhibit regulatory functions

in stem cells during development (19). For example, (i) loss of

Nup210 impairs the differentiation of embryonic stem cells to

neuroprogenitors (20), (ii) Nup133 mutant mice are embryonically

lethal and they fail to develop terminally differentiated neurons

(6), (iii) Nup50 knockout mice display lethality associated with

neural tube defects and intrauterine growth retardation (21), and

(iv) knockdown of Nup153 increases mouse embryonic stem cell

differentiation with reduced pluripotency (22). These effects caused

by loss/dysfunction of NUPs could be due to the defect in cytoskeletal

organization, epigenetic regulation, chromatin architecture, and

cell cycle apparatus (19). Components of NPCs (Seh1) are also

known to play the key role in the regulation of oligodendrocyte

differentiation (23). NUP107-160 complex contributes to proper

kinetochore functions during mitosis and is a key for the assembly

of bipolar spindles (3, 5). NUP85 localizes to mitotic spindles and

its loss causes abnormal mitotic spindles and defective proliferation

(3). The underlying pathomechanism of microcephaly has, to a large

part, been attributed to defective mitotic machinery affecting the

proliferation and/or differentiation of neural precursor cells. Several

MCPH-associated genes are known to be key regulators of mitotic

spindles and centrosomes (17). NUP85 and several other NUPs have

been reported to interact with cytoskeletal structures and nuclear

lamins for structural integrity and regulation of gene expression (2). It

was shown that mutant NUP85 in patient fibroblasts downregulated

the group of cytoskeletal proteins and diminished the actin stress

fibers and actin arcs (8). In this study, reduced cell viability of patient

fibroblasts might be due to the effect of mutant NUP85 on mitotic

spindle morphology and cell cycle process.

In summary, we report an individual with NUP85 variants

with MCPH phenotype, thereby expanding the clinical phenotype

spectrum of NUP85-associated diseases and highlighting the role of

NUP85 in brain development. Further clinical and functional studies

will help to extend the phenotypic spectrum of nucleoporopathies

and understand the specific underlying pathomechanism behind the

phenotypic variability.
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Case report: JAK inhibition as
promising treatment option of
fatal RVCLS due to TREX1

mutation (pVAL235Glyfs∗6)
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Introduction: Autosomal dominant mutations in the C-terminal part of

TREX1 (pVAL235Glyfs∗6) result in fatal retinal vasculopathy with cerebral

leukoencephalopathy and systemicmanifestations (RVCLS) without any treatment

options. Here, we report on a treatment of a RVCLS patient with anti-retroviral

drugs and the janus kinase (JAK) inhibitor ruxolitinib.

Methods: We collected clinical data of an extended family with RVCLS (TREX1

pVAL235Glyfs∗6). Within this family we identified a 45-year-old woman as index

patient that we treated experimentally for 5 years and prospectively collected

clinical, laboratory and imaging data.

Results: We report clinical details from 29 family members with 17 of them

showing RVCLS symptoms. Treatment of the index patient with ruxolitinib for

>4 years was well-tolerated and clinically stabilized RVCLS activity. Moreover,

we noticed normalization of initially elevated CXCL10 mRNA in peripheral blood

monocular cells (PBMCs) and a reduction of antinuclear autoantibodies.

Discussion: We provide evidence that JAK inhibition as RVCLS treatment appears

safe and could slow clinical worsening in symptomatic adults. These results

encourage further use of JAK inhibitors in a�ected individuals together with

monitoring ofCXCL10 transcripts in PBMCs as useful biomarker of disease activity.

KEYWORDS

TREX1, brain vascular disorder, hereditary autoinflammatory diseases, CXCL10,

immunosuppression, JAK inhibition

1. Introduction

Mutations in the C-terminal coding sequence of TREX1 lead to a defective intracellular

localization of TREX1 and dysregulation of oligosaccharyltransferase (OST) activity without

affecting DNase activity (1). Clinically, these mutations result in adult-onset retinal

vasculopathy with cerebral leukoencephalopathy and systemic manifestations (RVCLS) (2).

No treatment options exist and patients usually die within 10 years of symptom onset

due to progressive multi-organ damage. However, currently there is no clear evidence that

RVCL-relatedTREX1mutations are associated with a primary disturbance of immunological

functions. Here, we describe a Caucasian family with RVCLS and report an encouraging

treatment response in one of the family members. Our observations might help treating

other affected families since approximately 40% of all kindreds reported for RVCLS carry the

same pVAL235Glyfs∗6 TREX1mutation.
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2. Case description

We reviewed the clinical course, laboratory and

neuroradiological findings of a Caucasian family affected with

RVCLS due to frameshift mutation in TREX1 (pVAL235Glyfs∗6).

Medical information was obtained by clinical examination and

diagnostics at our outpatient clinic, gathered by medical records or

by telephone calls with patients and/or treating physicians.

We identified 17 individuals with RVCLS symptoms, including

eight genetically confirmed mutation carriers (Figure 1). Genetic

testing in nine symptomatic individuals was not possible, as they

had already died. Symptomatic individuals showed frequent (58%)

cerebral abnormalities and retinopathy, while severe kidney disease

was less frequent (17%; Supplementary Table S1). In addition, most

symptomatic individuals reported systemic symptoms such as

migraine, Raynaud syndrome, hepatological abnormalities, fatigue,

and arthralgia.

In February 2015 we identified a symptomatic 45-year-old

female mutation carrier in this family with a failed treatment

response to various immunosuppressive drugs before her RVCLS

diagnosis was confirmed. Under the hypothesis—later turned out

to be incorrect—of a pathological accumulation of intracellular

retroviral elements due to an impaired function of the exonuclease

activity of TREX1 (3), we treated this index patient with a

combination of anti-retroviral drugs (emtricitabine, tenofovir,

nevirapine) (Figure 1, Supplementary material case synopsis and

Supplementary Table S2). At various timepoints we collected blood

samples. We assumed a similar impaired function of TREX1

as described in the context of other type I interferonopathies

like Aicardi-Goutières syndrome or familial chilblain lupus (2).

Therefore we isolated RNA from snap-frozen pellets of 5 – 10× 106

PBMCs and performed rtPCR for common interferon-stimulated

genes (MX1, MX2, ISG15, IFI44L, IFL27, OAS1-3, IFL6, IFL44,

TAP1, IFITM3, INFα2, INFb2, IFIT3, LY6E) from our index patient

and controls that were matched for age, sex and time of sampling.

However, we did not detect any transcriptional interferon response

in the PBMCs of our index patient, which challenged our initial

hypothesis that the pVAL235Glyfs∗6 TREX1 mutation results in a

type I interferonopathy. Progressive clinical worsening and further

MRI lesion accumulation finally led us to terminate anti-retroviral

therapy in January 2016.

FIGURE 1

Pedigree of a family with autosomal dominant mutation in the C-terminal sequence of the TREX1 gene (pVAL235Glyfs*6) leading to RVCLS.

Notably, at that time it was reported that OST dysregulation

in pVAL235Glyfs∗6 TREX1 mutation carriers was independent

of exonuclease function (1) and resulted in release of free

glycans that induce autoantibody production (4). Moreover, in

human lymphoblasts from RVCL patients caused by mutations

in the C-terminal part of TREX1 an elevated CXCL10 mRNA

has been described (1). Indeed, in the index patient we

observed elevated antinuclear autoantibodies (ANA), together with

elevated CXCL10 transcripts in PBMCs at several time points

(Supplementary Table S3, Figure 2).

Therefore, in March 2016 we started a treatment with the

janus kinase (JAK) inhibitor ruxolitinib that had previously

been shown to lower CXCL10 concentrations (5). Of note,

clinical disease activity, as measured by newly occurring visual

or neurological deficits, stabilized under ruxolitinib. In repeated

cMRI scans, we found T2/FLAIR hyperintense white matter

lesions in different brain regions (Supplementary Figures S1A, B)

and contrast-enhancing lesions particularly in the cerebellum

(Supplementary Figure S1C). This lesion burden showed a slower

increase under ruxolitinib treatment. Further deterioration of

visual acuity of the index patient was stopped and even improved

in the left eye from 0.05 to 0.2 and also microbleeds were reduced.

In parallel, we found a persistent drop in CXCL10 transcripts, ANA

titers decreased and body weight stabilized (Figure 2).

Ruxolitinib was overall well tolerated. Since anemia and

lymphopenia persisted, we reduced ruxolitinib from 25mg to 10mg

daily while the patient remained clinically stable. However, as

anemia and lymphopenia only partially responded to ruxolitinib

dose reduction, we also partly assigned it to the disease itself.

3. Discussion

Our observations of heterogenous clinical symptoms of RVCLS

patients are in line with other reported families (6). In an attempt

to ameliorate the clinical disease course in a hypothesis-driven N-

of-1 trial we treated the index patient sequentially with reverse-

transcriptase (RT) and JAK inhibitors. While RT inhibition showed

no effect, JAK inhibition resulted in a marked clinical stabilization.

While accumulations of retroviral elements have been reported

in patients and animals with TREX1 mutations (7), they do not
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FIGURE 2

Time course of CXCL10 mRNA transcript expression in PBMCs of the index patient and eight age- and sex-matched healthy controls (Top) and body

weight of the index patient (Bottom). RT-PCR results were normalized to TATA-binding-protein (Top). Anti-retroviral treatment: Emtricitabine

(200mg per day), Tenofovir disoproxil fumarate (245mg per day), Nevirapine (400mg per day) and JAK inhibitor treatment: Ruxolitinib (10–25mg per

day). *In 09/2014 the patient was not taking any immunosuppressive drugs.

seem to be accumulating in patients with the pVAL235Glyfs∗6

frameshift mutation in TREX1 that does not affect the DNase

activity. This could explain the ineffectiveness of our RT inhibitor

treatment. By contrast, the effectiveness of JAK inhibitors might

be explained by their broad anti-inflammatory potential on diverse

cytokine pathways including suppression of CXCL10 release (8).

CXCL10 has been shown to modulate angiogenesis (9) and was

proposed as a major contributor to the vasculopathy observed

in RVCLS. There is evidence that CXCL10 inhibits angiogenesis

through its receptor CXCR3 which is primarily expressed on

activated lymphocytes but also on epithelial and endothelial cells

(9). CXCL10 is also induced by the NFκB pathway, but further

studies are warranted that investigate this connection to RVCLS.

Since ruxolitinib is a non-selective JAK inhibitor it modulates

diverse cytokine signaling pathways, hence careful monitoring

is needed to evaluate its long-term effects. However, as other

interferon-stimulated genes were not elevated in the index patient,

we are reluctant to regard pVAL235Glyfs∗6 frameshift mutation in

TREX1 as an interferonopathy.

Of note, throughout this long period of treatment—including

a treatment failure in the beginning—the patient was very

motivated, compliant and thankful. She encouraged us, to make

this experimental therapy available to other family members. The

stabilization of body weight and the regain and preservation of

at least limited vision were perceived as most important to her.

Body weight was a major health concern of the patient and the

ongoing weight loss was dramatic (BMI was as low as 17.5). When

we noticed a stabilization of the body weight under ruxolitinib and

lacking other validated biomarkers in this rare disease, we chose to

include body weight as a possible indication for clinical stabilization

(BMI eventually went up to 21.5).

In conclusion, we provide promising evidence that JAK

inhibition could qualify as a treatment option to slow clinical

worsening in symptomatic RVCLS adults. CXCL10 transcripts in

PBMCs and ANAs levels could serve as valuable biomarkers to

monitor treatment attempts.
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Hereditary spastic paraplegias (HSP) are inherited neurodegenerative disorders

characterized by progressive paraplegia and spasticity in the lower limbs. SPG48

represents a rare genotype characterized by mutations in AP5Z1, a gene playing

a role in intracellular membrane tra�cking. This study describes a case of a 53-

year-old male patient with SPG48 presenting spastic paraplegia, infertility, hearing

impairment, cognitive abnormalities and peripheral neuropathy. The Sanger

sequencing revealed a homozygous deletion in the chr 7:4785904-4786677

region causing a premature stop codon in exon 10. The patient’s brother was

heterozygous for the mutation. The brain magnetic resonance imaging found

a mild brain atrophy and white matter lesions. In the analysis of the auditory

thresholds, we found a significant hearing decrease in both ears.

KEYWORDS

AP5Z1 gene mutation, SPG48, azoospermia, impaired hearing, brain MRI

Introduction

Hereditary spastic paraplegia (HSP) represents a rare group of neurodegenerative

disorders characterized by progressive lower limb spasticity and weakness (1). HSP

can be inherited in an autosomal dominant, autosomal recessive, X-linked recessive or

mitochondrial manner (2). Several genotypes (from SPG1 to SPG82) and pathogenic genes

have been identified, with the most common causative genes being SPAST, ATL1 and REEP1

(3). Damaging variants in AP5Z1 are associated with SPG48, a rare autosomal recessive

condition with a variegated clinical phenotype (4). To date, we know of 14 case reports

related to this gene. In this study, we described the clinical features and imaging findings

of a 43-year-old Chinese male patient with a large deletion in the AP5Z1 gene. The patient

reported spastic paraplegia, hearing impairment and infertility.

Case presentation

During April 2020, a 53-year-old Chinese male patient was admitted to our hospital due

to progressive walking difficulties and distal weakness at lower limbs. He got low grades

during primary school, and then did not complete it. Hemarried at the age of 28 years.When

he was 35 years old, he received a diagnosis of infertility. In 2010, the patient experienced

instability and mild shaking during walking. Walking instability worsened in 2015, when the

patient reported difficulties with standing up from a squatting position. In 2019, the patient

started using crutches to walk. Since 2017, hearing capacity has gradually decreased in both

ears. Since 2019, the patient only recognizes sounds spoken aloud, without pain, infection

and/or tinnitus in the ears. The patient’s parents were first cousins, the family history was

unremarkable for similar neurologic and auditory findings.
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FIGURE 1

Brain magnetic resonance imaging of the patient. FLAIR sequences (A–E) reveal high signal changes in the periventricular white matter and mild

brain atrophy. T2-weighted (F) sequence shows that the corpus callosum is normal.

On examination, we observed bilateral spastic gait, tendon

hyperreflexia, ankle clonuses (+) and bilateral pyramidal signs. The

Romberg’s test was positive. A mild spastic dysarthria was also

evident. Sensory examination revealed loss of vibratory sensations

at the great toes and reduced pinprick sensations in to the lower

limbs. The spastic paraplegia rating scale (SPRS) scored 19 points.

The orientation in space and time was normal but attention

and calculation wreere impaired. Hearing loss affected both ears,

with positive left (+) and right (±) Rinne tests. The Weber test

was biased toward the right ear. Both appearance and size of

the testis were normal. Blood laboratory tests and cerebrospinal

fluid evaluation were normal, including systemic hormones.

Brain magnetic resonance imaging (MRI) showed a mild brain

atrophy with periventricular white matter hyperintensities on

fluid-attenuated inversion recovery (FLAIR) sequences (Figure 1).

Cervical and lumbar MRI described degenerative changes in the

lumbar spine and mild distension of multiple intervertebral disks,

with no significant compression or other abnormal signals of the

spinal cord. The electromyography investigation showed decreased

amplitudes of compound muscle action potentials (CMAPs) in the

right common peroneal nerve and left tibial nerve. A prolonged

latency of sensory nerve action potentials (SNAPs) was observed

in bilateral sural nerves, with an increased latency of the F wave

in median and tibial nerves of both limbs. Bilateral tibial H-

reflex investigation showed a prolonged latency, with a neurogenic

damage in the tibial anterior muscles. The audiometry evaluation

found a sensorineural deafness on the left side and a mixed

deafness on the right side. The evoked potentials suggested

an increased binaural auditory threshold. On the brain stem

auditory evoked potentials, we found bilateral prolonged waves

I and III. A prolonged left P40 latency was also described on

somatosensory evoked cortical potentials. The results obtained

on cognitive tests were 27 points on the Mini Mental State

Examination (MMSE) and 18 points on the Montreal Cognitive

Assessment (MoCA).

We confirmed the location of gene deletion by Sanger

sequencing, identifying homozygous deletions in the chr7:4785904-

4786677 region involving exon 10 of the AP5Z1 gene,

NM_014855.3, c.1133-345_1311 + 249del, p.G378Vfs∗93X

(Figure 2). Using the software Mutalyzer 2.0.35, we found

that the deletion causes early termination of amino acid

synthesis. The patient’s brothers were asymptomatic, with

heterozygous mutations identified by fluorescent quantitative

polymerase chain reaction (PCR). The primers were as follows:

AP5Z1-10 (forward: AACCAGTCACAGAAGCACGG, reverse:

GAACAGGTGGAGGTTGTCCC), and the sequences of the

PCR products were determined using the ABI 9700 Genetic

analyzer (ABI, Foster City, CA). Reaction system: total volume

10ul, including 1ul of genomic DNA template, 5ul of SYBR

Green Mix, 0.5ul of upstream and downstream primers, 3ul

of ddH2O. Reaction conditions: 95◦C, 30s, (95◦C, 15s; 60◦C,

15s; 72◦C, 15s) × 46 cycles. The final data was analyzed by

2−1Ct. The results showed that relative to two copies of healthy

people, the patient had 0 copies, his brothers had a single copy

(Figure 3). This deletion mutation is considered a pathogenic

variant according to American College of Medical Genetics and

Genomics standards and guidelines. Based on clinical features,

imaging findings and genetic abnormalities, we diagnosed the

patient with SPG48. Oral administration of baclofen and tizanidine

improved his symptoms.
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FIGURE 2

Sequencing chromatogram of the patient. The lower case letters represent the nucleotide sequence of intron regions while capital letters represent

the nucleotide sequence of exon 10.

FIGURE 3

Pedigree of the family (A). The deletion involving exon 10 of the AP5Z1 gene was verified by fluorescence quantitative polymerase chain reaction (B).

The squares indicate males, the circles indicate females. The pedigree chart shows that the patient’s father (I-1) and mother (I-2) were cousins and

deceased. The proband (II-5) is indicated by a black arrow. The patient’s first brother (II-2) and second brother (II-4) were characterized by

heterozygous mutations. The patient’s sister refused to be tested.

Discussion

In 2010, Slabicki et al. (5) identified SPG48 as a novel genotype

associated with HSP (5). SPG48 can be defined as a secondary

lysosomal storage disease involving adaptor proteins (APs),

ubiquitously expressed protein complexes ranging from AP1

to AP5 (6). AP5 is a cation-independent mannose 6-phosphate

receptor located in endosomes and lysosomes that transports Golgi

membrane protein 1 to the Golgi apparatus (7). AP5 is expressed

in non-neuronal and neuronal tissues, such as cerebral cortex,

hippocampus and cerebellum. Neuronal cells are abnormally

sensitive to dysfunction of lysosomes and protein accumulation

(8). The subtype SPG48 is associated with mutations in the zeta

subunit of AP5, impairing the complex formation of AP5. This,

in turn, results in defects in lysosomal structure and function

(9). A mouse model of SPG48 showed that loss-of-function AP5

variants blocked autophagy, leading to an aberrant accumulation

of autophagic vacuoles and axon degeneration (10). Postmortem
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TABLE 1 Clinical, radiological and genetic features of SPG48/AP5Z1 patients.

References Patient no. Sex/age at onset Nationality Genotype Clinical symptoms MRI

Słabicki et al. (5) 1 F/50y French c.80_83del4, homozygous Spastic paraplegia, urinary

incontinence

Normal

Słabicki et al. (5) 2 M/49y French 79_84ins22(p.R27Lfs∗3),

homozygous

Spastic paraplegia, urinary

incontinence

Spinal hyperintensities at

C3–C4 and C7

Pensato et al. (17) 3 F/47y Italian c.412C>T(p.R138∗) and

c.1322G>A(p.W441∗),

compound heterozygous

Spastic paraplegia, urinary

incontinence

Severe narrowing of corpus

callosum and white matter

hyperintensity at the frontal

horns of lateral ventricles

Pensato et al. (17) 4 F/2y Moroccan c.616C>T(p.R206W),

homozygous

Spastic paraplegia, mild

intellectual disability

Mild narrowing of corpus

callosum with periventricular

white matter hyperintensities

Schlipf et al. (1) 5 F/43y German c.874C>T(p.R292W) and

c.2267C>T(p.T756I),

heterozygous

Cerebellar dysfunction,

myokymia, bilateral

congenital nystagmus

Normal

Hirst et al. (8) 6 M/60y German c.1732C>T(p.Q578∗),

homozygous

Spastic paraplegia, spastic

bladder, spastic dysarthria,

parkinsonism, limb ataxia,

mild motor and sensory

polyneuropathy, pigmentary

retinopathy, cataracts,

macular thinning, foot

dystonia, mild hearing loss

Diffuse atrophy and “ears of

the lynx” sign

Hirst et al. (8) 7 M/39y Belgian c.412C>T(p.R138∗) and

c.1033C>T(p.R345∗),

heterozygous

Spastic paraplegia, spastic

bladder, parkinsonism, limb

ataxia, moderate axonal

mixed polyneuropathy/ distal

amyotrophy, pigmentary

retinopathy, cataracts, mild

intellectual disability, spastic

ataxic gait

White matter lesions

Hirst et al. (8) 8 F/40y Belgian c.412C>T(p.R138∗) and

c.1033C>T(p.R345∗),

heterozygous

Spastic paraplegia, spastic

bladder, parkinsonism, limb

ataxia, dysarthria, glaucoma,

bilateral pigmentary

retinopathy, mild cataracts,

lens sclerosis, hypometric

saccades, moderate axonal

mixed polyneuropathy, mild

intellectual disability, limb

dystonia, spastic ataxic gait

White matter lesions

(Continued)
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TABLE 1 (Continued)

References Patient no. Sex/age at onset Nationality Genotype Clinical symptoms MRI

Hirst et al. (8) 9 M/52y Belgian c.412C>T(p.R138∗) and

c.1033C>T(p.R345∗),

heterozygous

Spastic paraplegia, spastic

bladder, limb ataxia,

pigmentary retinopathy,

cataracts, slow saccades,

spastic ataxic gait, mild

intellectual disability, distal

White matter lesions

Hirst et al. (8) 10 F/Childhood c.1364C>T(p.P455L),

homozygous

sensory-motor

polyneuropathy, amyotrophy

Normal

Hirst et al. (8) 11 M/13y Kuwaitis c.500C>A(p.T167N) and

c.2010C>A(p.F670L),

heterozygous

Spastic paraplegia, spastic

bladder, limb ataxia,

hypometric saccades, mild

intellectual disability,

intellectual regression at age

13, myoclonus, limb dystonia

White matter lesions and

thinning of corpus callosum

D’Amore et al. (18) 12 NA Italian c.1302-1G>T and

c.2287G>A(p.V763M),

heterozygous

NA NA

Wei et al. (4) 13 M/58y Chinese c.164C>T(p.T55M) and

c.923G>C(p.S308T),

heterozygous

Spastic paraplegia, sensory

and cerebellar signs were

absent, peripheral neuropathy

Normal

Maruta et al. (3) 14 F/47y Japanese c.1662_1672del(p.Q554Hfs∗15),

homozygous

Spastic paraplegia, cramps in

foot and hands

White matter lesions and

narrowing of corpus callosum

Our case 15 M/53y Chinese c.1133-345_1311+249del

(p.G378Vfs∗93X),

homozygous

Spastic paraplegia, severe

bilateral hearing loss,

azoospermia, mild cognitive

impairment, peripheral

neuropathy

White matter lesions and mild

brain atrophy

F, female; M, male; MRI, magnetic resonance imaging; NA, not described in the studies. The ∗ symbol indicates the stop codon.
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findings in patients with bi-allelic AP5Z1 mutations demonstrated

an extensive degeneration of cortical and subcortical regions,

including basal ganglia, brainstem and spinal cord (8). Such

alterations are common in neurodegenerative disorders, including

HSP, amyotrophic lateral sclerosis and spinocerebellar ataxia.

As of today, 14 cases of SPG48 have been reported worldwide

(Table 1). Most of them were characterized by point mutations,

whereas our patient reported a segmental deletion in the AP5Z1

gene. Overall, the age of onset of SPG48 spans many decades and

clinical manifestations are highly heterogeneous, including spastic

paraplegia, urinary incontinence, ataxia, intellectual disability,

sensorimotor neuropathy, Parkinson’s syndrome, dystonia and eye

disturbances [including pigmentary retinopathy, optic atrophy,

cataract, glaucoma and ophthalmoplegia (11)], the atypical SPG48

did not even show spastic paraplegia (8). In most patients, brain

MRI shows white matter lesions around corona radiata, semioval

center and lateral ventricles. The “ears of the lynx” imaging sign

suggests the presence of a genetic mutation, likely characteristic of

HSP (12). The narrowing of corpus callosum is another relevant

imaging characteristic in these patients. A few patients showed

a normal brain MRI, whereas individual cases reported a diffuse

brain atrophy and/or abnormal spinal cord signals.

Our patient reported spastic paraplegia, peripheral neuropathy

and mild cognitive impairment, and for the first time findings such

as azoospermia and severe bilateral hearing loss. Previous studies

found a significant reduction in mitochondrial length and density

in HSP neurons, suggesting that an abnormal mitochondrial

morphology may contribute to axonal defects (13). A recent study

found that an impaired mitochondrial dynamics contributed to

axonal degeneration in SPG11 and SPG48 neurons, resulting in less

efficient and shortened axons (14). Mitochondrial function is also

related to human spermmotility andmorphology (15). In addition,

loss of mitochondrial function has been associated with deafness

(16). Therefore, we might speculate that AP5Z1 gene mutations

may affect both spermatogenesis and hearing.

SPG48 greatly impacts the central nervous system, with

complex and varying clinical and radiographic characteristics.

Clinicians should be aware of non-neurological findings in

the presence of suspected SGP48 cases, as early recognition

of the disease will minimize unnecessary evaluations and

treatments. At present, there is no effective treatment for SPG48,

symptomatic and supportive treatment including baclofen and

tizanidine can moderately improve the symptoms of spastic

paraplegia and urinary incontinence. Future therapies might

restore mitochondrial function.
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Case report: TMEM106B 
haplotype alters penetrance of 
GRN mutation in frontotemporal 
dementia family
Jolien Perneel 1,2, Masood Manoochehri 3, Edward D. Huey 3, 
Rosa Rademakers 1,2,4* and Jill Goldman 3

1 VIB Center for Molecular Neurology, VIB, Antwerp, Belgium, 2 Department of Biomedical Sciences, 
University of Antwerp, Antwerp, Belgium, 3 Department of Neurology, Columbia University, New York, 
NY, United States, 4 Department of Neuroscience, Mayo Clinic Jacksonville, Jacksonville, FL, United 
States

Frontotemporal dementia (FTD) is the second-most common young-onset 
dementia. Variants in the TMEM106B gene have been proposed as modifiers of 
FTD disease risk, especially in progranulin (GRN) mutation carriers. A patient in 
their 50s presented to our clinic with behavioral variant FTD (bvFTD). Genetic 
testing revealed the disease-causing variant c.349 + 1G > C in GRN. Family testing 
revealed that the mutation was inherited from an asymptomatic parent in their 
80s and that the sibling also carries the mutation. Genetic analyses showed 
that the asymptomatic parent and sibling carry two copies of the protective 
TMEM106B haplotype (defined as c.554C > G, p.Thr185Ser), whereas the patient is 
heterozygous. This case report illustrates that combining TMEM106B genotyping 
with GRN mutation screening may provide more appropriate genetic counseling 
on disease risk in GRN families. Both the parent and sibling were counseled to have 
a significantly reduced risk for symptomatic disease. Implementing TMEM106B 
genotyping may also promote the collection of biosamples for research studies 
to improve our understanding of the risk-and disease-modifying effect of this 
important modifier gene.

KEYWORDS

frontotemporal dementia, progranulin, TMEM106B, disease penetrance, genetic 
counseling

1. Introduction

Frontotemporal dementia (FTD) is the second-most common presenile dementia after 
Alzheimer’s disease. Up to 40% of affected individuals have a family history of FTD or a related 
neurodegenerative disease, with 10–30% having an autosomal dominant pattern of inheritance 
(1). Pathologically, FTD is characterized by the accumulation of Tau, TDP-43 or FUS protein 
which leads to atrophy of the frontal and temporal regions of the brain referred to as 
frontotemporal lobar degeneration (FTLD) (2) Mutations in progranulin (GRN) account for 
5–20% of familial FTLD-TDP and 1–5% of sporadic cases. The phenotype of symptomatic GRN 
carriers has considerable intra-and inter-familial variation, including age of onset, duration of 
disease, and manifested symptoms. Penetrance is age-related with 90% of carriers being affected 
by age 70 (3, 4).
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TMEM106B was first identified as a risk-associated gene for FTD 
with TDP-43 pathology (FTLD-TDP) and since then has been 
recognized as an important modifier of disease risk in a variety of 
neurodegenerative disorders [reviewed in (5, 6)]. Multiple single 
nucleotide polymorphisms (SNPs) are present at the TMEM106B 
locus on chromosome 7p21 which are in strong linkage disequilibrium 
(LD). Consequently, it has been difficult to pinpoint the specific 
functional variant (s) modulating the disease risk. The genetic status 
of TMEM106B is therefore usually described as either a risk or 
protective haplotype with the most significant SNP from the original 
genome-wide association study, rs1990622, often stated as the sentinel 
SNP representing the haplotype (Figure 1A). Here, the major T allele 
is associated with an increased risk and the minor C allele with a 
reduced risk for developing disease (7). Alternatively, the two 
haplotypes can be differentiated by the only coding variant rs3173615 
(c.554C > G) where the risk haplotype carries a Threonine and the 
protective haplotype carries a Serine at position 185.

While the functional variant remains a topic of active discussion, 
the TMEM106B haplotype is proposed to alter TMEM106B 
expression, with an increased expression correlating with the risk 
haplotype. The non-coding variant, rs1990620, is proposed to 
modulate TMEM106B expression through transcriptional activation 
due to altered long-range chromatin-looping interactions (8) while the 
one coding variant (rs3173615, p.T185S), located in TMEM106B’s 
fourth N-X-T/S glycosylation motif, may affect TMEM106B protein 
levels by affecting the protein stability and degradation rate due to 
differences in N-glycosylation (9). As an integral lysosomal 
transmembrane protein, TMEM106B regulates several aspects of 
lysosomal functioning, and proper TMEM106B protein levels are 
crucial for maintaining lysosomal health.

Interestingly, the risk-modifying effect of TMEM106B is most 
prominent in FTLD-TDP patients harboring disease-associated GRN 
mutations (4) and the premise that the alteration in TMEM106B levels 

is the driver of the disease-modulating effect is further substantiated 
by the observation that TMEM106B mRNA and protein levels were 
significantly increased in GRN mutation carriers (10, 11). Considering, 
PGRN is cleaved within the lysosome into functional granulins and 
also affects several aspects of lysosomal function, it is likely that the 
exceptionally strong disease-modifying effect in GRN mutation 
carriers occurs within the endolysosomal system, but the precise 
mechanism remains unknown.

Functionally, the TMEM106B ‘risk’ haplotype has been associated 
with lower progranulin levels (12, 13), reduced volume of the superior 
temporal gyrus (especially in the left hemisphere) (14), decreased 
functional network connectivity (15), decreased neuronal proportion 
(16), and a faster cognitive decline (17) (Figure 1B). The association 
with cognition, neuronal proportion, and general brain health was 
also replicated in the absence of brain disease (18), suggesting that 
TMEM106B may modulate the susceptibility of an individual to the 
pathophysiology of FTLD and related disorders and functions as 
natural protection against neurodegeneration in general. However, 
despite the clear functional effect of the TMEM106B haplotype, 
TMEM106B genotyping is not routinely implemented in 
diagnostic testing.

2. Case description

2.1. Clinical presentation

A patient in their 50s presented to our clinic with progressive 
cognitive and behavioral impairment (Patient II-2; Figure 1C). The 
patient’s partner reported that the proband suffered from cognitive 
changes starting a year earlier with forgetfulness, difficulty with 
calculations and computers, impaired judgment while driving, 
behavioral changes, and lack of initiative in household chores. 

A

B

C

FIGURE 1

TMEM106B gene structure, TMEM106B haplotype-associated phenotypes and family pedigree. (A) Gene architecture and effect of risk/protective 
haplotype of TMEM106B. The TMEM106B gene is comprised of nine exons, coding regions are labeled in purple. The major SNPs associated with 
neurodegenerative diseases are indicated with sentinel SNP (rs1990622), located in the regulatory sequence downstream of TMEM106B, and coding 
variant rs3173615 (c.554C > G, p.Thr185Ser). (B) Current understanding of the effect of TMEM106B haplotype on brain health and disease susceptibility 
in FTLD-GRN. (C) Family pedigree. Patient II-2 presented in the clinic in their 50s with symptoms of bvFTD. Genetic testing revealed a disease-causing 
variant in GRN (c.349 + 1G > C, Splice donor). The patient’s asymptomatic parent (I-1) and younger sibling (II-1) who also carry the mutation were 
evaluated in their 80s and late 40s, respectively. TMEM106B genotyping showed I-1 and II-1 to have two copies of the protective TMEM106B allele (SS), 
while the patient is heterozygous (TS). The children of II-1 and II-2, were not genetically tested but are at risk of carrying the mutation, as represented 
with a question mark within the symbol. Figure was created using BioRender.com.
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Concurrent with onset of cognitive symptoms, the patient had 
prominent dietary changes, including increased appetite and sweet 
cravings, resulting in a 30 pounds weight gain. Mood swings including 
episodes of crying were also noted, for which the patient was treated 
with Zoloft with some benefit. Psychotic symptoms included visual 
illusions, paranoia, and rare auditory hallucinations. The patient had 
partial insight into their cognitive and behavioral changes, with 
relative preservation of emotional range such as maintained interest 
in their family. The clinical impression was behavioral variant 
frontotemporal dementia (bvFTD), which the neuropsychological 
testing and neuroimaging workup supported (Table 1; Figure 2).

2.2. Diagnostic screening and family 
work-up

The patient’s family history was unremarkable (Figure 1C). The 
parents are still living (in their 80s) without any neurological or 
psychological symptoms. The patient has a healthy sibling (in their late 
40s) and three healthy adult children. Much of the family history was 
lost due to grandparents and many other family members dying 
during the World War II era. Despite a lack of family history, 
we performed a full dementia-ALS genetic testing panel as well as 
expansion testing for the hexanucleotide repeat in C9orf72 in patient 
II-2. The only disease-causing variant identified was a previously 
reported variant, c.349 + 1G > C (Splice donor site), in GRN (19) This 
variant is predicted to lead to skipping of exon 3, introducing a 

premature termination codon, nonsense-mediated decay, and loss of 
progranulin protein.

In order to understand the origin of this mutation, the patient’s 
parents and sibling were also tested which revealed that both the 
parent (I-1) and sibling (II-1) also carried the mutation. 
We subsequently evaluated the patient’s parent (I-1) which revealed 
no current neuropsychiatric or behavioral symptoms. The psychiatric 
history was also unremarkable. The parent had no reported difficulties 
performing ADLs and IADLs and brief cognitive testing on the Mini 
Mental State Exam revealed intact cognition. On video examination, 
the parent was socially appropriate and there were no motor 
abnormalities or Parkinsonism. The patient’s sibling (II-1) was also 
evaluated, which revealed no significant cognitive changes, socially 
inappropriate behavior, or other symptoms consistent with 
bvFTD. The sibling did endorse some longstanding navigational 
problems as well as more recent subjective memory complaints, low 
mood, and anxiety. These recent changes were judged to be  likely 
related to their concern about the patient’s condition and the recent 
familial genetic findings. Neuropsychological testing was largely 
within normal limits (Table 1). Neurological examination was normal, 
with the exception of brisk reflexes.

2.3. Genetic analyses of TMEM106B

The family wished to understand the reason why the parent was 
asymptomatic despite carrying the same mutation. Since we previously 

TABLE 1 Family member information and results of neurological assessment.

ID II-2 II-1 I-1

Disease-causing GRN variant (c.349 + 1G > C) Heterozygous Heterozygous Heterozygous

TMEM106B variant (c.554C > G, p.

Thr185Ser)

Heterozygous (TS) Homozygous (SS) Homozygous (SS)

Age at assessment 50s Late 40s 80s

Education 16 19 14

Neurological exam Within normal limits Brisk reflexes but within normal limits Within normal limits

Neuropsychological profile* N/A

Orientation Within normal limits Within normal limits –

Attention Below normal limits Within normal limits –

Visuospatial Below normal limits Within normal limits –

Executive Function Below normal limits Variable –

Processing Speed Below normal limits Variable –

Language Below normal limits Variable –

Verbal Memory (Learning) Variable Within normal limits –

Verbal Memory (Retention) Within normal limits Within normal limits –

Working Memory Below normal limits Within normal limits –

MRI Severe global atrophy, slightly right > left, most 

pronounced in frontal, temporal, and parietal regions

Within normal limits N/A

FDG-PET Severe bilateral frontal and right temporal, moderate–

severe right parietal, and moderate left parietal 

hypometabolism

N/A N/A

*Note on neuropsychology labels: “Within normal limits” indicates scores on tests > 24%ile, “Below normal limits” indicates scores on tests ≤ 24%ile, “Variable” indicates inconsistent test 
performance within the domain, but overall intact.
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identified TMEM106B as the only genome-wide significant modifier 
of disease risk in GRN mutation carriers using a population of 
symptomatic individuals, TMEM106B genetic testing was performed 
in all GRN mutation carriers from the family. This analysis revealed 
that the asymptomatic parent and sibling both carry two copies of the 
protective TMEM106B haplotype (rs3173615; SS at position 185) while 
the patient was found to be heterozygous (rs3173615, ST at position 
185). Based on our previous study (4) the family was counseled that the 
parent and sibling have a theoretical 50% reduced risk to develop 
symptoms as compared to those with no protective haplotypes.

3. Conclusion

We present a GRN family with a proband presenting with classical 
young-onset FTD whose parent is an asymptomatic carrier in their 
80s, possibly protected from developing disease symptoms because of 
the modifying effect of TMEM106B. This report is in line with our 
previously reported TMEM106B genetic study in unrelated GRN 
patients, in which very few of the symptomatic GRN carriers were 
homozygous for the TMEM106B protective haplotype (4), and 
suggests that the presence of at least one TMEM106B risk haplotype 
is required - as a permissive haplotype - to develop FTLD-GRN. This 
family report highlights the importance of genotyping FTD patients 
and relatives for their respective TMEM106B haplotypes, especially in 
at-risk GRN mutation carriers.

Given the diverse and repeatedly demonstrated modifying effect of 
TMEM106B on the development and presentation of neurodegenerative 
brain diseases, it is surprising that TMEM106B genotyping is usually not 
reported in scientific publications and is also not routinely implemented 
in diagnostic profiling. Even though the specific functional variant(s) 
responsible for the disease-modifying effect is not known, candidate 
functional variants are in strong LD (rs1990622 and rs3173615; r2 = 0.976 
in European populations), and genotyping either one of the variants will 
provide the necessary information. We argue that TMEM106B genetic 
testing for the ‘risk haplotype’ could be established by sequencing for the 
rs3173615 variant as it is the only coding variant differentiating the 
permissive (T) from the protective (S) haplotype and therefore present 
in exome sequencing data, which is the predominant sequencing method 
used for genetic testing.

The lack of systematic genotyping of TMEM106B in GRN families 
has hampered identification of GRN carriers who are also homozygous 
for the TMEM106B ‘protective’ haplotype (and thus often remain 
without symptoms) simply because they do not show up in the clinic to 

participate in research studies. Moreover, the few GRN carriers who were 
reported to develop symptoms without carrying a TMEM106B risk 
haplotype may have developed disease due to additional risk factors or 
advanced aging or have in fact a different disease etiology. Detailed 
investigation of these individuals will be necessary as it is possible that 
the molecular mechanism underlying disease in GRN carriers that do 
not carry the permissive risk haplotype is mechanistically distinct; 
information that will be vital, especially in light of the development of 
gene-based therapies for GRN mutation carriers.

In sum, diagnostic testing for the TMEM106B haplotype does not 
only hold potential to improve genetic counseling in GRN families but 
will also facilitate further studies by enabling the collection of patient 
data and material (such as biofluids) crucial for research. A deeper 
understanding of the risk- and disease-modifying effect of TMEM106B 
will be essential and could hold the key towards new insights and 
therapeutic avenues for FTD and related neurodegenerative diseases.

4. Methods

4.1. Patient consent and ethical approval

Data from the proband, the parent, and sibling were obtained 
through research overseen and approved by the Institutional Review 
Boards at the Johns Hopkins School of Medicine and Columbia 
University Irving Medical Center; (JHM IRB00227492, CUIMC 
IRB-AAAS8862, CUIMC IRB-AAAP1303). The patient and family 
provided approval to share information in this case report and the 
family pedigree was anonymized. The changes do not affect the 
current description and conclusion of this report.

4.2. Clinical evaluation

Clinical evaluations of the proband, the parent, and sibling were 
completed at Columbia University Irving Medical Center as part of 
their involvement in the following NIA-sponsored research studies: 
ARTFL-LEFFTDS Longitudinal Frontotemporal Lobar Degeneration 
(ALLFTD) and Neuroanatomical associations with the factor 
structure underlying neuropsychiatric symptoms in Alzheimer’s 
disease (NAPS).

4.3. Genetic analyses

Saliva samples from the proband, the parents, and sibling were 
collected and sent to Invitae Laboratory, San Francisco, California for 
genetic testing. A 33-gene Hereditary Amyotrophic Lateral Sclerosis, 
Frontotemporal Dementia, and Alzheimer’s Disease Panel was 
analyzed by next-generation sequencing followed by analysis of GRN 
(c.349 + 1G > C) and TMEM106B (c.554C > G).

Data availability statement

The datasets presented in this article are not readily available 
because of ethical and privacy restrictions. Requests to access the 
datasets should be directed to the corresponding author.

FIGURE 2

MRI images of the proband at evaluation. Portrayed are 
representative images from a T1-weighted sequence indicating 
severe global atrophy, slightly right > left, most pronounced in frontal, 
temporal, and parietal regions, and deemed consistent with 
behavioral variant frontotemporal dementia.
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Novel duplication of the cell 
adhesion molecule L1-like gene in 
an individual with cognitive 
impairment, tall stature, and 
obesity: A case report
Kenny V. Onate-Quiroz *, Benjamin Udoka Nwosu  and 
Parissa Salemi 

Division of Pediatric Endocrinology, Cohen Children’s Medical Center of New York, New Hyde Park, NY, 
United States

The gene that codes for the close homolog of L1 (CHL1 gene) is located in the 
3p26.3 cytogenetic band in the distal portion of the 3p chromosome. This gene 
is highly expressed in the central nervous system and plays an important role in 
brain formation and plasticity. Complete or partial CHL 1 gene-deficient mice 
have demonstrated neurocognitive deficits. In humans, mutations of the CHL 1 
gene are infrequent with most mutations described in the literature as deletions. 
This case report describes an individual with a duplication in the CHL 1 and a 
presentation consistent with a syndromic form of neurocognitive impairment. To 
the best of our knowledge, this mutation has not been previously described in 
the literature.

KEYWORDS

CHL 1 gene, duplication, autism, tall stature, obesity

Introduction

Mutations in the genes of the distal portion of the short arm of chromosome 3 are rare. The 
best characterized of these mutations are deletions. Duplications are less frequent and thus, 
poorly understood. Typically, both deletions and duplications occur de novo, although a few 
familial cases have been characterized, indicating an inheritance pattern (1). The clinical 
syndrome of these mutations is marked by various degrees of cognitive impairment and 
dysmorphic features such as trigonocephaly, ptosis, telecanthus, downslanting palpebral fissures, 
and micrognathia. Implicated genes include CRBN (OMIM 609262) and CNTN 4 (OMIM 
607280), which are suggested to cause typical 3p deletion syndrome with associated dysmorphic 
features. The CHL 1 gene (OMIM 607416) has been proposed to play an additional role in 
cognitive impairment, but this is poorly characterized (2–7). In this case report, we describe an 
individual that contributes to the currently limited literature describing duplications of the CHL 
1 gene and possible association with impaired cognition.

Case narrative

The patient is a 17-year-old adolescent male of Bangladeshi descent, who was referred to the 
Pediatric Endocrinology clinic for evaluation for tall stature and abnormal weight gain. 
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He weighed 170.55 Kg and measured at 200.66 cm tall. His BMI was 
40.98 Kg/m2 (Figures 1A,B, 2B).

He had no significant past medical or surgical history. He was 
born at term and weighed 3.49 kg and measured 53.34 cm. He achieved 
normal developmental milestones at the appropriate time, sat at 
6 months, walked at 12 months, and spoke his first few words at 
around 10 months of age. By age 3 years, his parents noted that he was 
taller than his peers. In kindergarten, he reportedly had difficulty 
making friends. By the third grade at age 8 years, he was diagnosed 
with mild autism and received applied behavioral analysis, physical 
therapy, speech therapy, and occupational therapy as part of his 
individualized educational plan. A review of his growth chart from his 
pediatrician’s office showed that his weight reached the 98th percentile 
at 12 months of age and continued to increase further with age 
(Figure 2A). His recumbent length reached the 98th percentile at 
7 months of age and has remained at >98th percentile (Figure 2A).

He attends regular classes at an age-appropriate grade. He reports 
difficulty with learning and focusing at school. His grades are mostly 

in the 60s and 70s. He never repeated a grade but needed to attend 
summer school following the 9th grade. He continues to receive speech 
and occupational therapy.

Maternal height is 170 cm, with paternal height at 176.5 cm. 
He has three brothers and two sisters: a 30-year-old brother who is 
177.8 cm and a 77.1 kg, a 28-year-old brother who is 177.8 cm and 
90.7 kg, a 26-year-old sister who is 167.6 cm and “average weight,” a 
25-year-old sister who is 175.3 cm and 68 kg, and a 20-year-old brother 
who is 170.2 cm and 68 kg.

Both parents have type 2 DM. There is a male first cousin with 
autism. There is no family history of overgrowth, abnormal weight 
gain, intellectual disability, birth defects, or consanguinity. Both 
parents are from Bangladesh.

At the initial visit, his HgbA1c was 5.7% and thus the reason for 
referral. He had briefly been in metformin therapy in the past, but it 
was discontinued. When inquiring about growth and weight gain, 
father reported that he had grown seven inches in the past 2 years. His 
review of systems was positive for occasional bilateral knee pain.

A B

C D

FIGURE 1

(A,B) Depict the patient’s frontal and profile views. (C) Depicts a closer view of his face, and (D) is a lateraral radiograph of his skull and neck.
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On physical examination he was found to be a pleasant, well-
appearing, tall, obese young man. There was notable frontal bossing, 
a prominent occipital bone, and acanthosis nigricans of the neck 
noted (Figures 1C,D). His hands were notably large for his age. His 
pubertal exam was consistent testicular volume of approximately 
30–35 cc and tanner 5 hair distribution for pubic hair.

Initial laboratory investigations are shown in Table 1. Genetic 
studies included a karyotype analysis of 46 XY, negative fragile X 
analysis by PCR and a whole genome chromosomal microarray 
analysis. Whole genome chromosomal microarray analysis was 
performed using the Affimetrix CytoScan HD microarray system. The 

array design is based on hg19. The chromosomal microarray analysis 
revealed a duplication of 62 Kb of a region within cytogenetic band 
3p26.3 (hg 19 genomic coordinates 185,881 – 247,608). The duplicated 
interval involves the non-coding exon 1 of the CHL 1 gene and the 
CHL 1- AS 2 gene. This was interpreted by the Genetics laboratory as 
a copy number change of uncertain clinical significance.

His brain MRI scan showed several small sub-centimeter 
punctate hypo-enhancing foci on both sides of the pituitary gland, 
measuring up to 3 mm on the left and 2 mm on the right, concerning 
for pituitary microadenoma or pituitary cysts. His skeletal survey 
showed frontal bossing at the level of the frontal sinuses (Figure 1D). 
The remainder of the survey showed normal osseous structures 
with fused physes. Neurosurgery evaluation concluded that his 
brain MRI findings were not related to his gigantism as his hormone 
profile showed no elevations in either serum growth hormone or 
insulin-like growth factor 1 concentration. The neurosurgeon 
recommended a repeat brain MRI scan in 6 months to assess for 
stability of the lesions.

A 79-gene Prevention Genetics/Rhythm Obesity Gene Panel 
revealed no pathogenic variants, but two variants of uncertain 
significance. The first variant is a sequence variant that results in an 
in-frame deletion and insertion in the DYRK1B gene (OMIM 
604556). This patient is also heterozygous in the PLXNA4 gene 
(OMIM 604280) for a sequence variant that is predicted to result in 
an amino acid substitution. His genetic evaluation involved 
molecular studies on his parents for possible mutations. These 
studies, which were performed by GeneDX for the known 
duplication in 3p26.3 of uncertain significance, indicated that the 

A B

FIGURE 2

(A) Patient’s growth charts from ages 0–24 months. (B) Patient’s growth charts from ages 2–17 years.

TABLE 1 Subject’s baseline biochemical parameters.

Parameter Laboratory value Normal range

IGF-1 196 ng/mL 131–490

IGFBP 3 4,959 ug/L 2,357–6,319

Growth hormone 0.11 ng/mL 0.03–2.47

Random cortisol 7.5 ug/dL 2.7–10.5

T4 8.0 ug/dL 4.6–12.0

TSH 3.62 uIU/mL 0.5–4.3

Hemoglobin A1c 5.7% 4.0–5.6

Total testosterone 290 ng/dL 264–916

FSH 3.5 mIU/mL 2.6–11.0

LH 4.9 mIU/mL 0.4–7.0
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62 Kb duplication of a region within cytogenetic band 3p26.3 was 
inherited from his mother.

Discussion

The CHL 1 gene, located at the chromosomal sub-band 3p26.3 
codes for a member of the L1 family of neural cell adhesion molecules 
(5, 6). The CHL 1 gene is highly expressed in the central and peripheral 
nervous system and plays an important role in the structure and 
functioning of the brain. CHL 1 proteins are involved in axonal 
migration, synaptic migration, and brain neuroplasticity. CHL 1 
regulates neuronal outgrowth, neuronal migration and synapse 
function (1).

CHL-deficient mice show defects in neurotransmission, behavior, 
and motor coordination (6, 8, 9). In humans, mutations of the CHL 1 
gene have been associated with distal 3p deletion syndrome (OMIM 
613792). This syndrome constitutes a rare contiguous genetic disorder 
involving the deletion of chromosome 3p25-26 with associated 
developmental delay (10, 11). Deletions of CHL 1 gene in have been 
implicated in a spectrum of neurodevelopmental disorders including 
autism, intellectual disability, and learning difficulties (12).

A review of the DECIPHER genome database (13) shows that the 
commonest form of mutation in this CHL1 gene is deletion, which 
occurs in 69% of individuals, followed by duplications or triplications 
that are seen in the remaining 31% of individuals. The commonest 
pattern on CHL 1 inheritance is de novo in 25% of individuals; 5% are 
maternally inherited, and 3% are inherited from an unaffected parent 
as in this case report. Both CHL 1 deletions and duplications lead to 
variable degrees of impaired cognitive function (14). Patients with a 
duplication of the first exon on CHL 1 gene commonly present with 
intellectual disability or global developmental delay with or without 
phenotypic anomalies (14).

The DECIPHER database contains 60 individuals with 
duplications in the CHL 1 gene (13). A review of clinical characteristics 
of these patients showed overlap with those of our patient. Six cases 
exhibited frontal bossing (n.248616, n.279556, n.392065, n.394069, 
n.395615, n.401003), One case exhibited obesity (n.399184), one case 
exhibited increased body weight (n.255856), one case exhibited tall 
stature (n.255856). Many of these affected subjects exhibited variable 
forms of cognitive impairment such as intellectual disability, global 
developmental delay, autism spectrum disorder, learning difficulties, 
ADHD, and delayed language and speech development. Given the role 
of CHL 1  in important regulatory functions of the brain, it is 
reasonable to conclude that CHL 1 gene duplications will most 
frequently present with a form of cognitive impairment. Two 
maternally inherited 189 Kb duplications involving exon 1 of the CHL 
1 gene were found in the database. The first one occurred in an 
individual with autistic behavior, increased body weight, tall stature, 
and unknown maternal phenotype (n.355856), while the second one 
occurred in an individual with delays in fine- and gross motor 
development, speech and language development, attention deficit 
hyperactivity disorder, specific learning disability, increased body 
weight, tall stature, and unknown maternal phenotype (n.355856).

We further reviewed the current literature on CHL 1 beyond 
what is contained in the DECIPHER database. Earlier descriptions 
of Individuals with CHL 1 gene duplications include a girl with 

intellectual disability and epilepsy who had a maternally inherited 
duplication (hg 19 genomic coordinates 48,914 – 1,054,209) 
described by Shoukier et  al. (7); and a boy with developmental 
delay, symptoms of hyperactivity and speech delay who presented 
a de novo duplication (hg 19 genomic coordinates 125,931 – 
975,649) as described by Palumbo et al. (12). Li et al. (14) described 
a male patient with autism spectrum disorder and developmental 
delay whose duplication (hg 19 genomic coordinates 380,685 – 
1,067,787) was transmitted from his unaffected mother, in the same 
fashion as the patient in this case report. Li et al’s (14) patient’s 
duplication started at exon 5 and continued through the end of the 
CHL 1 gene. Wehii et  al. (1) identified a patient with a 3p26.3 
microduplication (hg 19 genomic coordinates 190,761 – 349,109) 
encompassing part of the CHL 1 gene and the CNTN6 gene (OMIM 
607220) who presented with motor and speech developmental 
delays and autism (1). These findings are consistent with the 
hypothesis that CHL 1 gene duplications result in nonspecific forms 
of cognitive impairment. The duplicated segment in our patient 
includes the long non-coding RNA gene CHL1-AS2 (hg 19 genomic 
coordinates 237,441 – 239,024). This gene has been suggested as a 
candidate susceptibility gene in adolescent idiopathic scoliosis (15). 
It has also been found to be  highly expressed in ectopic 
endometrium tissue in patients with ovarian endometriosis (16). 
Our literature search did not reveal any previous descriptions of 
duplications of the CHL 1-AS 2 gene.

The question regarding the etiology of tall stature and obesity 
in our patient was examined by performing endocrine biochemical 
analyses and imaging of the brain. Biochemical markers for 
growth hormone activity were normal, and while his brain MRI 
scan revealed an incidental finding of possible sub-centimeter 
pituitary microadenomas/cysts, it is unlikely that these findings 
contributed to his tall stature given his normal biochemical 
analyses. Because our patient’s phenotypical anomalies such as 
obesity, tall stature, and frontal bossing have been previously 
described in other individuals with CHL 1 gene duplications, it is 
possible that these features are components of a genetic syndrome. 
Such a syndrome will be  conclusively characterized as more 
individuals with CHL 1 duplications are described in the literature. 
Additionally, though these mutations are currently of unknown 
significance, the DYRK1B and PLXNA4 variants identified in our 
patient could contribute to his obesity. This is because pathogenic 
variants in DYRK1B gene are associated with autosomal dominant 
abdominal obesity, while heterozygous missense variants in the 
PLXNA4 gene are associated with severe, early-onset obesity 
(17, 18).

Conclusion

To our knowledge, this is the first reported case of a duplication 
of 62 Kb in the 3p26.3 cytogenetic band including the non-coding 
exon 1 of the CHL 1 gene in a patient with autism, learning 
difficulties, and associated phenotypic anomalies such as tall stature, 
frontal bossing and obesity. Given the limited number of patients 
with duplications of the CHL1 gene, it is difficult to conclusively 
establish that this duplication is the cause of his phenotype. 
However, his case adds to the limited literature corroborating the 
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hypothesis that duplications of CHL 1 are associated with syndromic 
and non-syndromic forms of cognitive impairment. The finding 
that both deletions and duplications of the CHL 1 gene result in 
cognitive impairment suggests that CHL 1 is a dosage-sensitive 
gene. More cases are needed to establish genotype–
phenotype correlations.

Data availability statement

The datasets presented in this article are not readily available 
because of ethical and privacy restrictions. Requests to access the 
datasets should be directed to the corresponding author.

Ethics statement

Written informed consent was obtained from the 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

This case report makes use of data generated by the DECIPHER 
community. A full list of centers who contributed to the generation of 
the data is available from https://www.deciphergenomics.org/about/
stats and via email from contact@deciphergenomics.org. Funding for 
the DECIPHER project was provided by Wellcome [grant number 
WT223718/Z/21/Z].

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. Te Weehi L, Maikoo R, Mc Cormack A, Mazzaschi R, Ashton F, Zhang L, et al. 

Microduplication of 3p26.3 implicated in cognitive development. Case Rep Genet. (2014) 
2014:295359. doi: 10.1155/2014/295359

 2. Chen CP, Su YN, Hsu CY, Chern SR, Lee CC, Chen YT, et al. Mosaic deletion-
duplication syndrome of chromosome 3: prenatal molecular cytogenetic diagnosis using 
cultured and uncultured amniocytes and association with fetoplacental discrepancy. 
Taiwan J Obstet Gynecol. (2011) 50:485–91. doi: 10.1016/j.tjog.2011.10.015

 3. Fernandez T, Morgan T, Davis N, Klin A, Morris A, Farhi A, et al. Disruption of 
contactin 4 (CNTN4) results in developmental delay and other features of 3p deletion 
syndrome. Am J Hum Genet. (2004) 74:1286–93. doi: 10.1086/421474

 4. Dijkhuizen T, van Essen T, van der Vlies P, Verheij JB, Sikkema-Raddatz B, van der 
Veen AY, et al. FISH and array-CGH analysis of a complex chromosome 3 aberration 
suggests that loss of CNTN4 and CRBN contributes to mental retardation in 3pter 
deletions. Am J Med Genet A. (2006) 140:2482–7. doi: 10.1002/ajmg.a.31487

 5. Wei MH, Karavanova I, Ivanov SV, Popescu NC, Keck CL, Pack S, et al. In silico-initiated 
cloning and molecular characterization of a novel human member of the L1 gene family of 
neural cell adhesion molecules. Hum Genet. (1998) 103:355–64. doi: 10.1007/s004390050829

 6. Frints SGM, Marynen P, Hartmann D, Fryns J-P, Steyaert J, Schachner M, et al. 
CALL interrupted in a patient with non-specific mental retardation: gene dosage-
dependent alteration of murine brain development and behavior. Hum Mol Genet. 
(2003) 12:1463–74. doi: 10.1093/hmg/ddg165

 7. Shoukier M, Fuchs S, Schwaibold E, Lingen M, Gärtner J, Brockmann K, et al. 
Microduplication of 3p26.3  in nonsyndromic intellectual disability indicates an 
important role of CHL1 for normal cognitive function. Neuropediatrics. (2013) 
44:268–71. doi: 10.1055/s-0033-1333874

 8. Demyanenko GP, Schachner M, Anton E, Schmid R, Feng G, Sanes J, et al. Close 
homolog of L1 modulates area-specific neuronal positioning and dendrite 
orientation in the cerebral cortex. Neuron. (2004) 44:423–37. doi: 10.1016/j.
neuron.2004.10.016

 9. Irintchev A, Koch M, Needham LK, Maness P, Schachner M. Impairment of 
sensorimotor gating in mice deficient in the cell adhesion molecule L1 or its close 

homologue, CHL1. Brain Res. (2004) 1029:131–4. doi: 10.1016/j.
brainres.2004.09.042

 10. Malmgren H, Sahlén S, Wide K, Lundvall M, Blennow E. Distal 3p deletion 
syndrome: detailed molecular cytogenetic and clinical characterization of three small 
distal deletions and review. Am J Med Genet A. (2007) 143A:2143–9. doi: 10.1002/
ajmg.a.31902

 11. Shuib S, McMullan D, Rattenberry E, Barber RM, Rahman F, Zatyka M, et al. 
Microarray based analysis of 3p25-p26 deletions (3p- syndrome). Am J Med Genet A. 
(2009) 149A:2099–105. doi: 10.1002/ajmg.a.32824

 12. Palumbo O, Fischetto R, Palumbo P, Nicastro F, Papadia F, Zelante L, et al. De novo 
microduplication of CHL1 in a patient with non-syndromic developmental phenotypes. 
Mol Cytogenet. (2015) 8:66. doi: 10.1186/s13039-015-0170-3

 13. Firth HV, Richards SM, Bevan AP, Clayton S, Corpas M, Rajan D, et al. 
DECIPHER: database of chromosomal imbalance and phenotype in humans using 
ensembl resources. Am J Hum Genet. (2009) 84:524–33. doi: 10.1016/j.ajhg.2009.03.010

 14. Li C, Liu C, Zhou B, Hu C, Xu X. Novel microduplication of CHL1 gene in a 
patient with autism spectrum disorder: a case report and a brief literature review. Mol 
Cytogenet. (2016) 9:51. doi: 10.1186/s13039-016-0261-9

 15. Sharma S, Gao X, Londono D, Devroy SE, Mauldin KN, Frankel JT, et al. Genome-
wide association studies of adolescent idiopathic scoliosis suggest candidate 
susceptibility genes. Hum Mol Genet. (2011) 20:1456–66. doi: 10.1093/hmg/ddq571

 16. Zhang C, Wu W, Ye X, Ma R, Luo J, Zhu H, et al. Aberrant expression of CHL1 
gene and long non-coding RNA CHL1-AS1, CHL1-AS2 in ovarian endometriosis. Eur 
J Obstet Gynecol Reprod Biol. (2019) 236:177–82. doi: 10.1016/j.ejogrb.2019.03.020

 17. Keramati AR, Fathzadeh M, Go GW, Singh R, Choi M, Faramarzi S, et al. A form 
of the metabolic syndrome associated with mutations in DYRK1B. N Engl J Med. (2014) 
370:1909–19. doi: 10.1056/NEJMoa1301824

 18. Van Der Klaauw AA, Croizier S, Mendes de Oliveira E, LKJ S, Park S, Kong Y, et al. 
Human semaphorin 3 variants link melanocortin circuit development and energy 
balance. Cells. (2019) 176:729, e18–e742. doi: 10.1016/j.cell.2018.12.009

174

https://doi.org/10.3389/fneur.2023.1104649
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.deciphergenomics.org/about/stats
https://www.deciphergenomics.org/about/stats
mailto:contact@deciphergenomics.org
https://doi.org/10.1155/2014/295359
https://doi.org/10.1016/j.tjog.2011.10.015
https://doi.org/10.1086/421474
https://doi.org/10.1002/ajmg.a.31487
https://doi.org/10.1007/s004390050829
https://doi.org/10.1093/hmg/ddg165
https://doi.org/10.1055/s-0033-1333874
https://doi.org/10.1016/j.neuron.2004.10.016
https://doi.org/10.1016/j.neuron.2004.10.016
https://doi.org/10.1016/j.brainres.2004.09.042
https://doi.org/10.1016/j.brainres.2004.09.042
https://doi.org/10.1002/ajmg.a.31902
https://doi.org/10.1002/ajmg.a.31902
https://doi.org/10.1002/ajmg.a.32824
https://doi.org/10.1186/s13039-015-0170-3
https://doi.org/10.1016/j.ajhg.2009.03.010
https://doi.org/10.1186/s13039-016-0261-9
https://doi.org/10.1093/hmg/ddq571
https://doi.org/10.1016/j.ejogrb.2019.03.020
https://doi.org/10.1056/NEJMoa1301824
https://doi.org/10.1016/j.cell.2018.12.009


TYPE Case Report

PUBLISHED 03 August 2023

DOI 10.3389/fneur.2023.1187813

OPEN ACCESS

EDITED BY

Huifang Shang,

Sichuan University, China

REVIEWED BY

Ahmet Burak Caglayan,

Istanbul Medipol University, Türkiye

Jifeng Bian,

Agricultural Research Service (USDA),

United States

Christopher D. Stephen,

Massachusetts General Hospital and Harvard

Medical School, United States

*CORRESPONDENCE

Yin Xu

fmrixuy@126.com

Xu-en Yu

yuxuen1746@163.com

†These authors share first authorship

RECEIVED 19 April 2023

ACCEPTED 13 July 2023

PUBLISHED 03 August 2023

CITATION

Chen L, Xu Y, Fang M-j, Shi Y-g, Zhang J,

Zhang L-l, Wang Y, Han Y-z, Hu J-y, Yang R-m

and Yu X-e (2023) Case report: A Chinese

patient with spinocerebellar ataxia finally

confirmed as Gerstmann-Sträussler-Scheinker

syndrome with P102L mutation.

Front. Neurol. 14:1187813.

doi: 10.3389/fneur.2023.1187813

COPYRIGHT

© 2023 Chen, Xu, Fang, Shi, Zhang, Zhang,

Wang, Han, Hu, Yang and Yu. 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.

Case report: A Chinese patient
with spinocerebellar ataxia finally
confirmed as
Gerstmann-Sträussler-Scheinker
syndrome with P102L mutation

Lin Chen †, Yin Xu *†, Ming-juan Fang, Yong-guang Shi,

Jie Zhang, Liang-liang Zhang, Yu Wang, Yong-zhu Han,

Ji-yuan Hu, Ren-min Yang and Xu-en Yu*

Department of Neurology, The A�liated Hospital of Institute of Neurology, Anhui University of Chinese

Medicine, Hefei, China

Gerstmann-Sträussler-Scheinker syndrome (GSS) is a rare genetic prion disease

caused by a mutation in the prion protein (PRNP) gene. It is typically characterized

by progressive cerebellar ataxia and slowly progressive dementia. We present

a case study of the GSS from China in which a 45-year-old male with a

progressive gait and balance disorder developed cerebellar ataxia onset but

was misdiagnosed as spinocerebellar ataxia (SCA) for 2 years. The patient’s

clinical, electrophysiological, and radiological data were retrospectively analyzed.

Examination revealed ataxia, dysarthria, muscle weakness, areflexia in lower limbs,

including a pyramidal sign, whereas cognitive decline was insignificant. His late

mother had a similar unsteady gait. An electroencephalogram (EEG) showed

normal findings, and 14-3-3 protein was negative. A brain MRI was performed for

global brain atrophy and ventricular enlargement. Positron emission tomography–

computed tomography (PET–CT) (18F-fluoro-2-deoxy-d-glucose, FDG) images

showed mild to moderate decreased glucose metabolism in the left superior

parietal lobe and left middle temporal lobe. According to genetic testing, his

younger brother also had the P102L variant in the PRNP gene. This single case

adds to the clinical and genetic phenotypes of GSS.

KEYWORDS

Gerstmann-Sträussler-Scheinker syndrome, PRNP gene, P102L, spinocerebellar ataxia

(SCA), prion disease

Background

Gerstmann-Sträussler-Scheinker syndrome (GSS) is a rare genetic fatal prion disease

with clinical heterogeneity where the prevalence ranges from 1 to 10 per 100 million

individuals and is characterized by progressive cerebellar dysfunction and cognitive decline

(1). GSS was initially described as a rare familial disease of the central nervous system. In

1995, a proline-to-leucine mutation at codon 102 (P102L) in the PRNP gene was identified

in a family (2). Although the P102L mutation has been reported in several Chinese GSS

cases, it may not be a common mutation in China (3). GSS syndrome with P102L mutation

was first reported in China in 2006, and only 20 cases with P102L-associated GSS have been

reported so far (Table 1) (7, 8, 12, 13, 15, 17, 18, 21, 23).
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TABLE 1 Comparison of basic features of GSS cases with P102L mutation previously reported in Asian region.

References Patient
no.

Origin Sex/age at
onset

Clinical symptoms Genotype 14-3-3 EEG Neuroimaging Neuropathology

Tanaka et al. (4) 1–6 Japanese 6 cases; 1 family 2 in

detail 34 y/m 64

y/m

Mental deterioration,

speaking and writing

difficulty, reduction in verbal

fluency, mild ataxia, and wide

based gait

P102L–E219K N Normal Atrophy in the

cerebral cortex,

multiple ischemic

lesions

No spongiform

changes, no neuronal

loss, mild to

moderate gliosis,

diffuse cortical

plaques

Yamada et al. (5) 7–8 Japanese 2 cases; 39 y/f, 35 y/f Dysarthria, ataxic gait,

dysesthesia painful

paresthesias, speech

disturbances, dysarthria,

nystagmus, areflexia in the

legs

P102L−129M/M N Frequent bursts of

theta waves in

frontal leads

without periodic

synchronous

discharges

Slight cerebellar

atrophy (Case 1)

Spongiform changes

in the cerebral and

cerebellar cortices,

kuru-type plaques,

PrP deposits in brain

and spina

Arata et al. (6) 9–19 Japanese 11cases; 38–70 y

(nine families)

Gait disturbance; dysesthesia;

hyporeflexa of lower legs;

truncal ataxia; leg muscle

weakness; dementia and

mutism

P102L–M129 Positive in two

patients

Normal High-intensity

cerebral cortex,

lesions in occipital

lobes; others:

atrophy

N

Wang et al. (7) 20 Chinese 33 y/F Dementia and cerebellar

ataxia rapidly progressing;

language and cognition

became progressively more

disturbed

P02L N Paroxysmal slow

waves without

periodic

synchronous

discharges

The upper thoracic

segments and mild

cerebellar atrophy

Moderate

spongiform changes

and neuronal loss in

the cerebral cortices;

proliferation of

hypertrophic

astrocytes in the

cerebral cortices

diffuse amyloid

plaques in the

cerebral cortices;

amyloid plaques

showed strong

immunopositivity by

anti-PrP;

Chi et al. (8) 21–27 Taiwan 7 cases; 37–53 y Difficulty to walk, leg

weakness, unsteadiness,

dysarthria, depression

P102L–M129 N 1 case: diffuse slow

activity; others:

normal

3 cases: mild

cerebellar atrophy,

others: normal

N

Min Jeong Park

et al. (9)

28 Korea 1 case; 46 y/f Slowly progressive ataxia;

cognitive decline; dysarthria;

severe dementia; dyskinesias

P102L Positive Non-specific

generalized

theta–delta slow

waves

Hyperintensities

over the entire

hemispheric

cortices

N

(Continued)
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TABLE 1 (Continued)

References Patient
no.

Origin Sex/age at
onset

Clinical symptoms Genotype 14-3-3 EEG Neuroimaging Neuropathology

Takazawa et al. (10) 29 Japanese 1 case; 38 y/f Dysarthria, agraphia,

cerebellar ataxia, insomnia;

leg hyperreflexia

P102L–M129 Positive Diffuse theta and

delta waves

Vermis atrophy,

fronto-parietal

cortical high signal

N

Yasushi Iwasaki

et al. (11)

30 Japanese 54 y/f Dementia and gait

disturbance; bedridden state

with myoclonus, akinetic

mutism state

P102L N Diffuse slowing

without periodic

sharp-wave

complexes

Widespread

cerebral cortical

hyperintensity

Numerous PrP

immunopositive

plaques and diffuse

synaptic-type PrP

deposition were

extensively observed,

particularly in the

cerebral and

cerebellar cortices

Long et al. (12) 31 Chinese 47 y/f Unstable gait and dysarthria;

speech slurred; dementia,

anxiety, depression,

hallucinations or delusions

P102L N Normal Cavum vergae, and

mild diffuse brain

atrophy;

intervertebral

herniation in C5/6

and C6/7

N

Li et al. (13) 32–36 Chinese 5 cases: 43–55 y Unsteady walking, dysarthria,

dysphagia, changes in

personality and irritation,

constipation, increased

salivation, somnipathy

dyssomnia, dementia

P102L N Normal Normal N

Atsuhiko Sugiyama

et al. (14)

37–38 Japanese 2 cases: 55 y/f, 66 y/f Developed difficulty in using

chopsticks, mild speech

slurring, subtle dysphagia

P102L N N Atrophy of the

cerebellar vermis

and brainstem;

hyperintensity in

the medial portion

of both thalami and

both pulvinars

N

Wang et al. (15) 39 Chinese 1 case; 49 y/f Progressive unsteady gait in

early stage; progressive

dementia; myoclonus;

akinetic mutism

P102L Positive Dispersedly

distributed medium

waves together with

sharp waves that

discharged

paroxysmally

Enlarged sulci in

cerebellum; high

signal intensities in

bilateral frontal,

parietal, temporal,

and occipital

cortices

N
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TABLE 1 (Continued)

References Patient
no.

Origin Sex/age at
onset

Clinical symptoms Genotype 14-3-3 EEG Neuroimaging Neuropathology

Michiyoshi

Yoshimura et al.

(16)

40–44 Japanese 5 cases; 73 y/f, 62

y/f, 61 y/f, 60 y/m,

59 y/m

Ataxia of lower limbs; gait

disturbance; dysesthesia in

legs; lower limb hyporeflflexia

P102L N Normal SPECT and

PET:blood flow of

tnterior cerebellar

lobes lower than the

posterior cerebellar

lobes

N

Wang et al. (17) 45–56 Chinese 12 cases; 34 y-67 y Movement symptoms (gait

and walking instability);

mental problems (anxiety,

dystrophy, irritability);

memory decline, dementia

P102L Positive from 5

cases (45.5%)

2 (25%) of 8 cases

exhibited periodic

sharp wave

complexes

High signal

intensities in

caudate/putamen (3

cases), DWI

ribbon-like signals

(3 cases)

N

Zhao et al. (18) 57 Chinese 48 y/m Unsteady walking; dysarthria;

involuntary head tremors;

unbearable muscle pain in

both lower limbs

P102L N Normal Normal N

Min Ju Kang et al.

(19)

58 Korea 49 y/m Progressive gait disturbance,

slurred speech, clumsiness in

both hands; dysarthria and

ataxia

P102L Positive Normal Hyperintensities of

bilateral cortices;

right anterior

putamen, right

caudate, mild

cerebellar atrophy

N

Kazumichi Ota

et al.(20)

59–61 Japanese 1 family: 3 cases; 32

y/m, 53 y/m, 56 y/f

Cognitive function declined;

movement symptoms (gait

and walking instability),

mental problems (behave

abnormally); Myoclonus

P102L Positive Normal High signals in

occipital and frontal

cortices; thalamus

and cerebellum

mild atrophy

N

Cao et al. (21) 62 Chinese 49 y/m Unsteady walk with mogilalia;

dysdipsia, dysarthria,

dizziness, diplopia

P102L N N Cerebral and

cerebellar atrophy

N

Yazawa et al. (22) 63 Japanese

(Asia)

56 y/f Worsening dizziness and

walking instability; dysarthria

P102L N Periodic focal sharp

activity in both

temporal areas

Mild atrophy of the

cerebellum

N
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We described a Chinese patient with GSS and a heterozygous

mutation in the PRNP gene with progressive ataxia, pyramidal

signs, and areflexia. The patient had a few cognitive declines

previously misdiagnosed as spinocerebellar ataxia (SCA). This case

report describes an unusual clinical condition with a positive family

history confirmed by gene testing. Our patient and his younger

brother both had heterozygous mutations in exon 2 of PRNP,

located on chromosome 20. A pathogenic mutation causes the

P102L mutation at codon 102 in PRNP, the most common variant

associated with GSS.

Case presentation

A 41-year-old Chinese man was referred for an abnormal gait

suggestive of ataxia. The patient’s physical and intellectual level in

early life was normal, but his family noticed decreased language

fluency at the age of 40 years. One year later, he was 41-years-old,

he often fell due to progressive aggravation of walking instability

and decreased muscle strength in his lower limbs. He was treated

at hospital at the age of 42 years for ataxia, and he was given

buspirone. He deteriorated over time, when he was 44-years-old, he

could not walk, and began using a wheelchair. There was no further

decline in cognitive status over time.

He had a family history of similar symptoms in his mother.

She presented to medical attention at the age of 55 years with an

unsteady gait. She required a wheelchair by age 58 years, owing

to progressive walking instability and decreased muscle strength in

her lower limbs. She was subsequently bedbound but did not attend

FIGURE 1

Video electroencephalogram (EEG) showed normal findings.

the hospital for a physical examination and finally died at the age

of 60 years. During this time, her family did not realize significant

cognitive difficulties. The cause of death was unknown, and her

family could not provide further details.

Meanwhile, the results of SCA genetic sequencing were

found negative. He was referred to our hospital in April

2022. The physical examination revealed mild dysarthria, gait

ataxia, bilateral lower extremity weakness, and areflexia but

with present Babinski responses bilaterally. The finger-to-nose

and rapid alternating movement tests were both abnormal.

Orientation, attention, calculation, comprehension, and memory

were normal. Laboratory tests and cerebrospinal fluid evaluation

were found normal, including the screening for paraneoplastic

syndromes-related antibodies and evaluation of 14-3-3 protein

levels. Blood and cerebrospinal fluid (CSF) tests were negative

for neuromyelitis optica (NMO)-IgG, aquaporin 4 antibodies

(AQP4-Ab), and paraneoplastic antibodies. His cognitive function

was slightly impaired, and a Mini-Mental State Examination

(MMSE) score of 27/30 was obtained during a neuropsychological

examination. The interictal electroencephalogram (EEG) showed

normal findings (Figure 1). Evoked potential: increase in the

binaural threshold. The lower extremity deep sensory path revealed

prolonged bilateral P40 latency with amplitude decrease. BrainMRI

exhibited T2-weighted and fluid-attenuated inversion recovery

(FLAIR) sequences, as well as global brain atrophy, ventricular

enlargement and cerebellar atrophy. Diffusion-weighted imaging

(DWI) revealed no other abnormalities (Figure 2). PET-CT (18F-

fluoro-2-deoxy-d-glucose, FDG) images showed that the left

superior parietal lobe and left middle temporal lobe had mild
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FIGURE 2

Magnetic resonance imaging (MRI) of the brain. Axial T2-weighted (A, B) and sagittal T2-weighted scan (C) revealed enlarged sulci in the cerebrum.

Fluid-attenuated inversion recovery (FLAIR) sequences (D–F) revealed global brain atrophy, ventricular enlargement.

FIGURE 3

PET-CT images showed the left superior parietal lobe (A) and left middle temporal lobe (B) had mild to moderate decreased glucose metabolism,

with reductions of 10 and 19%, respectively.

to moderate decreased glucose metabolism, with reductions of

10 and 19%, respectively (Figure 3). We questioned the possible

diagnosis of autosomal-recessive cerebellar ataxia (ARCA) before

hospitalization, but not exclude a dominant ataxia. Our case was

initially diagnosed with SCA. However, the genes responsible

for common subtypes of SCA (including SCA1/2/3/6/7/8/12/17,

FRDA, and DRPLA) were sequenced for this proband, revealing

no pathogenic mutations. The patient was then suspected of

having spastic paraplegia; however, areflexia was inexplicable,

although later autosomal dominant spastic paraplegia type 4 had

a suspected pathogenic site on chromosome 17 (c.1786G>A).

The whole-exome sequencing (WES) analysis identified pathogenic

heterozygous missense mutations of the PRNP gene, c.305C>T

(p.Pro102Leu). The Sanger sequencing confirmed that his younger
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FIGURE 4

(A) Pedigree and PRNP sequences of the proband and his brother. Squares indicate men, circles indicate women, black symbols indicate a�ected

individuals, gray indicates symptoms of presumed GSS, diagonal lines across symbols indicate deceased individuals, and the arrow indicates the

proband. for GSS, and for symptoms of presumed GSS. (B) II-1: PRNP sequence of the patient reveals a heterozygous substitution from C to T

at position 305 of PRNP cDNA, resulting in an amino acid change from proline to leucine at position 102 (P102L mutation). II-2: PRNP sequence of

his little brother confirms the P102L mutation. The arrow indicates the mutation.

brother inherited the same mutations from his parents (Figure 4).

The codon 129 genotype of the patient and his young brother

were both P102L-129M/M. His younger brother inherited the same

mutations from his parents at the age of 39 years. Up to now,

his younger brother still has no symptoms. Then, we diagnosed

a case of P102L-associated GSS. We suggested a brain biopsy

before making a final diagnosis, but the patient refused. There

are currently no approved treatments for GSS. He was treated

with buspirone (30 mg/day). The patient’s limb weakness worsened

rapidly. One year after onset, he often fell due to progressive

aggravation of walking instability and decreased muscle strength

in his lower limbs. Then, 2 years after onset, he began using a

wheelchair and was completely paralyzed in bed most of the time.

Discussion

We described a case of GSS with unusual clinical and genetic

features. Since GSS is an autosomal dominant inherited disease,

a single allele mutation can increase the risk of developing the

disease. The duration of the disease ranges from 1 to 10 years. GSS

has a relatively longer survival duration than other prion diseases.

GSS with the P102L mutation is a rare genetic prion disease caused

by a pathogenic mutation at codon 102 in the prion protein gene,

with diverse clinical variability (7). GSS clinical symptoms include

cerebellar ataxia and gait disturbance (72%), cognitive decline

(80%), extrapyramidal damage (36%), psychiatric symptoms (21%),

and myoclonus (15%) (24, 25). A high positivity rate (83.3%) for

the family history was found in the present Chinese case of P102L-

associated GSS, with slowly progressive cerebellar ataxia in 90% of

patients. In contrast, visual disturbances, dystonia, and myoclonus

are uncommon in patients with GSS (18). Ufkes et al. have reported

a member of the GSS Indiana Kindred with supranuclear palsy, a

less common feature in GSS (26). Li et al. reported five patients

from China with progressive ataxia with age at onset ranging from

48 to 52 years (49.5 ± 4.51). All these patients were found to

have the p.P102L mutation within PRNP (13). Of course, the vast

majority of GSS cases are due to a missense mutation in the PRNP

gene although there are a few other reports such as OPRI (27). From

1992 to the present, not much has been reported about Chinese

cases of P102L-associated GSS (Tables 1, 2).

Genetic testing should be recommended for patients with

rapidly progressing paralysis, including gait and balance disorders.

Cluster analysis suggests the existence of four clinical phenotypes:

typical GSS, GSS with areflexia and paresthesia, pure dementia

GSS, and Creutzfeldt-Jakob disease-like GSS (43). The patient had

GSS with areflexia. The symptoms at the early stage of the disease

should be distinguished from those of hereditary ataxia and spastic

paraplegia. Since the patient only presented with ataxia, muscle

weakness, and positive family history, hereditary ataxia, such as

spinocerebellar ataxia (SCA), should be distinguished.

Non-specific clinical presentation causes delays in diagnosis.

Therefore, rare genetic diseases should be paid more attention

especially when common causes have been excluded. The patient

had no myoclonus, seizures, psychiatric symptoms, parkinsonism,

and dementia. We also focused on EEG and 14-3-3 protein in the

CSF because typical triphasic complexes and positivity for 14-3-3

protein in patients were useful in confirming the clinical diagnosis

of prion disease. In this context, based on the analysis of 12 Chinese

patients with P102L-associated GSS disease, Wang et al. found that

only one-quarter and less than half of the Chinese patients had

periodic sharp wave complexes (PSWC) in EEG and positivity for

14-3-3 protein in the CSF, respectively (17). Coincidental PSWC in

EEG and 14-3-3 positivity in the CSF were observed in 50 and 31%

of Caucasian GSS patients, respectively (24). Yazawa et al. reported

a woman who developed GSS symptoms and was diagnosed with

GSS due to the P102L mutation at the age of 58 years. There
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TABLE 2 Comparison of basic features of GSS cases with P102L mutation previously reported.

References Patient
no.

Origin Sex/age at
onset

Clinical
symptoms

Genotype 14-3-3 EEG Neuroimaging Neuropathology

Kretzschmar et al.

(28)

1–3 Italian 3 cases; 39 y−51

y/N

Dementia,

muscular atrophy,

cerebellar ataxia

P102L N N N N

Young et al. (2) 4–5 Canadian 2 cases; 31 y/N, 56

y/N

Mild cognitive

impairment;

tremor; dysarthria;

ataxic gait;

P102L−129M N N Normal Amyloid plaques,

spongiform changes,

multi-centric PrP

deposits

Barbanti et al. (29) 6–13 Italian 8 cases; 47 y−70 y Dementia severe

ataxia; or ataxia

slowly evolving no

cognitive

impairment

P102L–M/M129 N Normal or diffuse

slow waves

Cortical atrophy Spongiform changes,

multi-centric,

uni-centric and

“kuru-like” amyloid

plaques

Tanaka et al. (4) 14–19 Japanese 6 cases; 1 family, 2

in detail, 34 y/m, 64

y/m

Mental

deterioration,

speaking and

writing difficulty,

reduction in verbal

fluency, mild ataxia,

and wide based gait

P102L–E219K N Normal Atrophy in the

cerebral cortex,

multiple ischemic

lesions

No spongiform changes,

no neuronal loss, mild to

moderate gliosis, diffuse

cortical plaques

Young et al. (30) 20 American 1 case; 33 y/m Seizures numbness

on lower

extremities,

weakness,

dysarthria,

swallowing

difficulty

P102L−129V N N N PrP positive amyloid

plaque in cortex,

hippocampi, caudate,

putamen, thalamus. No

spongiform changes

Yamada et al. (5) 21–22 Japanese 2 cases; 39 y/f, 35 y/f Dysarthria, ataxic

gait, dysesthesia

painful

paresthesias, speech

disturbances,

dysarthria,

nystagmus, areflexia

in the legs

P102L−129M/M N Frequent bursts of

theta waves in

frontal leads

without periodic

synchronous

discharges

Slight cerebellar

atrophy (Case 1)

Spongiform changes in

the cerebral and

cerebellar cortices,

kuru-type plaques, PrP

deposits in brain and

spina

Majtényi et al. (31) 23–25 Hungarian 3 cases:

sisters-56–66 y/f

Visual agnosia,

hemiparesis,

rigidity, dystonia;

paresthesias,

dysarthria,

dementia, ataxia;

behavioral changes

P102L–M129 N Generalized

periodic spike and

slow wave activity

Not performed; CT

was normal

Spongiform changes, PrP

positive uni-centric

“kuru” or multi-centric

plaques

(Continued)
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TABLE 2 (Continued)

References Patient
no.

Origin Sex/age at
onset

Clinical
symptoms

Genotype 14-3-3 EEG Neuroimaging Neuropathology

Bianca et al. (32) 26 Italian 1 case; 41 y/m Depression,

psychosis,

dysarthria, ataxia,

gait disturbances,

limb numbness

P102L–V129 N Normal Normal N

De Michele et al.

(33)

27–37 Italian 11 cases; 22 y−71 y Limb dysesthesias,

gait, ataxia,

nystagmus,

dysmetria,

dysarthria,

depression,

dementia;

disorientation,

insomnia, apraxia,

hyperreflexia,

speech disturbance;

P102L N Diffuse slowing and

spikes in temporal

lobes in two cases

Brain and cerebellar

atrophy in two cases

Cerebellar slides

decreased number of

Purkinje cells,

uni-centric kuru-type

eosinophilic plaques,

absence of spongiform

changes

Arata et al. (6) 38–48 Japanese 11 cases; 38–70 y

(nine families)

Gait disturbance;

dysesthesia;

hyporeflexa of

lower legs; truncal

ataxia; leg muscle

weakness; dementia

and mutism

P102L–M129 Positive in two

patients

Normal High-intensity

cerebral cortex,

lesions in occipital

lobes; others:

atrophy

N

Wang et al. (7) 49 Chinese 33 y/F Dementia and

cerebellar ataxia

rapidly progressing;

language and

cognition became

progressively more

disturbed

P02L N Paroxysmal slow

waves without

periodic

synchronous

discharges

The upper thoracic

segments and mild

cerebellar atrophy

Moderate spongiform

changes and neuronal

loss in the cerebral

cortices; proliferation of

hypertrophic astrocytes

in the cerebral cortices

diffuse amyloid plaques

in the cerebral cortices;

amyloid plaques showed

strong immunopositivity

by anti-PrP

Giovagnoli et al.

(34)

50 Italian 1 case; 31 y/m Headache,

sweating,

dysarthria,

pyramidal signs,

late dementia,

mutism and

myoclonus

P102L N Incomplete periodic

synchronous

discharges

High intensities in

bilateral caudate

nuclei, thalami,

cerebral cortices

N

(Continued)
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TABLE 2 (Continued)

References Patient
no.

Origin Sex/age at
onset

Clinical
symptoms

Genotype 14-3-3 EEG Neuroimaging Neuropathology

Cagnoli et al. (35) 51 Italian 1 case; 52/f Cerebellar ataxia,

frequent falls,

dysmetria,

hyper-reflexia, Late

akinetic mutism

P102L N Normal Normal N

Chi et al. (8) 52–58 Taiwan 7 cases; 37–53 y Difficulty to walk,

leg weakness,

unsteadiness,

dysarthria,

depression

P102L–M129 N 1 Case: diffuse slow

activity; Others:

normal

3 Cases: mild

cerebellar atrophy,

Others: normal

N

Min Jeong Park

et al. (9)

59 Korea 1 case; 46 y/f Slowly progressive

ataxia; cognitive

decline; dysarthria;

severe dementia;

dyskinesias

P102L Positive Non-specific

generalized

theta–delta slow

waves

Hyperintensities

over the entire

hemispheric

cortices

N

Takazawa et al. (10) 60 Japanese 1 case; 38 y/f Dysarthria,

agraphia, cerebellar

ataxia, insomnia;

leg hyperreflexia

P102L–M129 Positive Diffuse theta and

delta waves

Vermis atrophy,

fronto-parietal

cortical high signal

N

Robert Rusina et al.

(36)

61 Czech 1 case; 44 y/f Early personality

and behavior

changes;

paresthesias and

ataxia; Memory

problems;

syoclonus;

spasticity; severe

dysexecutive

impairment

P102– 129M/M Negative Generalized

triphasic periodic

complexes

Caudate and insular

hyperintensities

Spongiform dystrophy,

prominent amyloid

plaques in the cerebellar

and cerebral cortex,

subcortical gray matter

structures, anti-PrP

antibodies positivity,

amyloid plaques

Miguel A. Riudavets

et al. (37)

62–63 Argentine 1family: 2 cases; 50

y/f, 41 y/f

Ataxia; cognitive

decline, developed

passivity, aphasia,

memory loss and

agnosia

P102L N N High signal

intensity in the

basal ganglia

Spongiform changes in

cortical layers and basal

ganglia deposits of PrP

in the Ammon’s horn

and in the dentate Gyrus;

PrP-positive deposits in

the amygdala

Yasushi Iwasaki

et al. (11)

64 Japanese 54 y/f Dementia and gait

disturbance;

bedridden state

with myoclonus,

akinetic mutism

state

P102L N Diffuse slowing

without periodic

sharp-wave

complexes

Widespread

cerebral cortical

hyperintensity

Numerous PrP

immunopositive plaques

and diffuse synaptic-type

PrP deposition were

extensively observed,

particularly in the

cerebral and cerebellar

cortices

(Continued)
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TABLE 2 (Continued)

References Patient
no.

Origin Sex/age at
onset

Clinical
symptoms

Genotype 14-3-3 EEG Neuroimaging Neuropathology

Chizoba C. Umeh

et al. (38)

65 American 56 y/f Rapidly progressing

parkinsonism,

dysphasia,

dysarthria, and

apraxia and

dystonia

P102L-129M N N Progressive, global

volume loss and

hyperintensity in

the neocortex and

basal ganglia

Neuronal loss, gliosis,

spongiform changes, and

PrP deposition in the

striatum; PrP

immunohistochemistry

revealed widespread,

severe PrP deposition in

the thalamus and

cerebellar cortex

Long et al. (12) 66 Chinese 47 y/f Unstable gait and

dysarthria; speech

slurred; dementia,

anxiety, depression,

hallucinations or

delusions

P102L N Normal Cavum vergae, and

mild diffuse brain

atrophy;

intervertebral

herniation in C5/6

and C6/7

N

Li et al. (13) 67–71 Chinese 5 cases: 43 y-55 y Unsteady walking,

dysarthria,

dysphagia, changes

in personality and

irritation,

constipation,

increased salivation,

somnipathy

dyssomnia,

dementia

P102L N Normal Normal N

L. Mumoli et al.

(39)

72 Italy 32 y/f Ataxia, cognitive

impairment,

progressive

myoclonus epilepsy

P102L N Generalized spike

and polyspike

waves with a

photoparoxysmal

response

MRI: brainstem and

cerebellar atrophy;

PET: severe

decrease

metabolism in the

cerebellum

N

Atsuhiko Sugiyama

et al. (14)

73–74 Japanese 2 cases: 55 y/f, 66 y/f Developed difficulty

in using chopsticks,

mild speech

slurring, subtle

dysphagia

P102L N N Atrophy of the

cerebellar vermis

and brainstem;

hyperintensity in

the medial portion

of both thalami and

both pulvinars

N
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TABLE 2 (Continued)

References Patient
no.

Origin Sex/age at
onset

Clinical
symptoms

Genotype 14-3-3 EEG Neuroimaging Neuropathology

Jerusa Smid et al.

(40)

75–81 Brasil 7 cases; 27–66 y Dementia; ataxia;

paresthesias;

myoclonus;

epilepsy;

parkinsonian

syndrome

2 cases Negative Normal Cerebellar and

cerebral atrophy;

frontal atrophy;

frontal and parietal

cortex

hyperintensities

Multicentric plaques in

the molecular layer of

the cerebellum;

multicentric plaque

adjacent to granular cells

of the dentate fascia of

the hippocampus

Wang et al. (15) 82 Chinese 1 case; 49 y/f Progressive

unsteady gait in

early stage;

progressive

dementia;

myoclonus; akinetic

mutism

P102L Positive Dispersedly

distributed medium

waves together with

sharp waves that

discharged

paroxysmally

Enlarged sulci in

cerebellum; high

signal intensities in

bilateral frontal,

parietal, temporal

and occipital

cortices

N

Michiyoshi

Yoshimura et al.

(16)

83–87 Japanese 5 cases; 73 y/f, 62

y/f, 61 y/f, 60 y/m,

59 y/m

Ataxia of lower

limbs; gait

disturbance;

dysesthesia in legs;

lower limb

hyporeflexia

P102L N Normal SPECT and PET:

blood flow of

anterior cerebellar

lobes lower than the

posterior cerebellar

lobes

N

Areškeviciute A

et al. (41)

88 Denmark 1 case 76 y/f Progressing

imbalance, gait

disturbance and

confusion; cognitive

decline; aphasia;

double vision;

hallucinations

P102L Positive Encephalopatic;

background

slowing pattern and

delta activity in

frontal area

MRI: abnormalities

of right caudate

nucleus, slight

cortical and central

atrophy. PET:

generally reduced

metabolic.

Wang et al. (17) 89–100 Chinese 12 cases; 34–67 y Movement

symptoms (gait and

walking instability);

mental problems

(anxiety, dystrophy,

irritability);

memory decline,

dementia

P102L Positive from 5

cases (45.5%)

2 (25%) of 8 cases

exhibited periodic

sharp wave

complexes

High signal

intensities in

caudate/putamen (3

cases), DWI

ribbon-like signals

(3 cases)

N

Zhao et al. (18) 101 Chinese 48 y/m Unsteady walking;

dysarthria;

involuntary head

tremors; unbearable

muscle pain in both

lower limbs

P102L N Normal Normal N

(Continued)
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TABLE 2 (Continued)

References Patient
no.

Origin Sex/age at
onset

Clinical
symptoms

Genotype 14-3-3 EEG Neuroimaging Neuropathology

Min Ju Kang et al.

(19)

102 Korea 49 y/m Progressive gait

disturbance, slurred

speech, clumsiness

in both hands;

dysarthria and

ataxia

P102L Positive Normal Hyperintensities of

bilateral cortices;

right anterior

putamen, right

caudate, mild

cerebellar atrophy

N

Kazumichi Ota

et al. (20)

103–105 Japanese 1family:3 cases; 32

y/m, 53 y/m, 56 y/f

Cognitive function

declined;

movement

symptoms (gait and

walking instability),

mental problems

(behave

abnormally);

Myoclonus

P102L Positive Normal High signals in

occipital and frontal

cortices; thalamus

and cerebellum

mild atrophy

N

Cao et al. (21) 106 Chinese 49 y/m Unsteady walk with

mogilalia; dysdipsia,

dysarthria,

dizziness, diplopia

P102L N N Cerebral and

cerebellar atrophy

N

Yazawa et al. (22) 107 Japanese 56 y/f Worsening

dizziness and

walking instability;

dysarthria

P102L N Periodic focal sharp

activity in both

temporal areas

Mild atrophy of the

cerebellum

N

Hama et al. (42) 108 Japanese 66 y/f Unsteady gait,

cerebellar ataxia;

myoclonus of limbs.

P102L Negative N Atrophy of

cerebellum, brain

stem, cerebellar

peduncle, thalamus

N
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were no significant EEG findings during the early stage. Bilateral

independent periodic discharges (BIPDs) in both temporal areas

appeared at the age of 64 years (22), whereas 14-3-3 protein and

EEG reports were normal for our patient, making the diagnosis

more difficult.

The neuroimaging examination is an essential component in

the differential diagnosis. For our patient, the MRI findings did

not provide a clear diagnosis. The main imaging features of GSS

are cortical atrophy (55.07%), cerebellar atrophy (42.03%), cortical

hyperintensities (32.32%), and basal ganglia hyperintensities

(21.54%) (43). However, an investigation based on data from

the EuroCJD study found FLAIR or DWI hyperintensities in the

basal ganglia in 30% of the P102L-associated GSS cases (24). Our

patient revealed cortical atrophy and cerebellar atrophy, despite the

absence of FLAIR or DWI hyperintensities consistent with GSS.

Yoshimura et al. examined five patients from four Japanese families,

and predominant abnormalities were found in the occipital and

frontal lobes on SPECT and PET analyses, respectively. In SPECT

analysis, the blood flow of the anterior cerebellar lobes was lower

than that of the posterior cerebellar lobes (44). Hama et al. reported

that a Japanese patient with 18F-2-fluorodeoxy-D-glucose (18F-

FDG) PET demonstrated hypometabolism of the cerebral cortex,

especially in the frontal lobes and thalamus (42). In contrast, we

found reduced presynaptic dopamine transporter uptake in the left

superior parietal lobe and left medial temporal lobe on PET-CT

images. Thus, the significance of MRI findings in P102L-associated

GSS needs further evaluation.

Among Japanese P102L-associated GSS cases, 21% presented

with early and prominent dementia (45). Another study found

that 40% of cases showed cognitive symptoms at the onset (18).

However, unlike his mother, our patient hadmild cognitive decline.

More research in case studies is required to determine whether

Chinese P102-associated GSS patients have a higher or lower

proportion of cognitive problems. The presence of multicentric

prion protein amyloid plaques in neuropathology remains the

key feature of GSS that differentiates it from most other genetic

prion diseases. There was no diagnosis for 3 years in the present

case. Therefore, we do not have the pathological information of

the patient. Nonno et al. demonstrated that GSS is a genuine

prion disease characterized by both transmissibility and strain

variation, expanding our understanding of the heterogeneous

clinic-pathological phenotypes of GSS (46).

Our case highlights the clinical heterogeneity of GSS with

the most common p.P102L mutation in the family screening.

His younger brother showed no symptoms despite carrying the

same P102L mutation in the PRNP gene. His mother walked

unsteadily, eventually unable to walk until her death. Therefore, we

inferred that his mother suffered from GSS, although the genetic

screening was unavailable. His onset began earlier when he and his

family refused to do a brain biopsy. His son and daughter were

unaffected but did not consent to PRNP gene analysis. Therefore,

we do not have full access to the genetic information of the

entire family. Penetrance, age of onset, and duration of illness

have been systematically characterized across PRNP variants in a

global cohort. A genetic counseling session may be triggered by a

symptomatic case within the family and may occur either before

or after the patient has been tested. Other members of the family,

including children need to be able to access clinical services for

genetic counseling and testing (47). Several limitations are included

in the study. Firstly, we were unable to obtain neuropathological

data since the patient did not consent to brain biopsy. Secondly, we

have not fully obtained the genetic information of the entire family

due to the patient’s compliance.

In summary, PRNP sequencing is an indispensable tool

for diagnosing GSS due to the complexity of the clinical

manifestations of GSS patients. The weakness of the patient’s

lower limbs developed rapidly, and he arrived at our hospital

in a wheelchair. The patient was recently followed up,

the strength of his upper limbs was still weak, and he is

currently bedridden. However, the patient’s younger brother

remains asymptomatic.
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Case report: Recurrent pontine 
stroke and leukoencephalopathy 
in a patient with de novo mutation 
in COL4A1
Hui Zhang 1, Kai-Li Fan 2, Yue-Qi Zhang 1, Xiao-Yan Hao 3, 
Xiang-Zhen Yuan 1*  and Shu-Yun Zhang 1

1 Department of Neurology, Weifang People’s Hospital, Weifang, China, 2 Department of Nephrology, 
Weifang People’s Hospital, Weifang, China, 3 Weifang Center for Disease Control and Prevention, 
Weifang, China

This report presents a case of pontine autosomal dominant microangiopathy with 
leukoencephalopathy (PADMAL) in a 35  year-old male patient. The patient exhibited 
a consistent history of recurrent ischemic strokes, concentrated primarily in the 
pons region, accompanied by concurrent manifestations of leukoencephalopathy 
and microbleeds. Genetic evaluation revealed a heterozygous missense mutation 
consistent with c.3431C>G, p. Thr1144Arg substitution within exon 40 of the 
COL4A1 gene. This mutation was also identified in the patient’s mother, affirming 
an autosomal dominant inheritance model. Our findings serve as testament to 
the potential role of mutation in the exon 40 of COL4A1 in the pathogenesis 
and progression of PADMAL, contributing to ongoing efforts aimed at better 
understanding the genetic basis of this debilitating disorder.

KEYWORDS

COL4A1, PADMAL, cerebral small vessel disease, stroke, case report

Introduction

The alpha-1 chain of collagen type IV (COL4A1) constitutes a key constituent of the 
basement membrane of various vital organs throughout the human body. The extensive 
expression of this protein explains the highly heterogeneous and multifaceted spectrums of 
pathologies that arise from its genetic aberrations. Of particular note is the organ most 
susceptible to these genetic abnormalities—the brain. Specifically, phenotypes such as 
leukoencephalopathies, porencephaly malformations, cerebral small vessel diseases with 
hemorrhage, and hereditary angiopathy with nephropathy, aneurysm, and cramps (HANAC) 
have repeatedly emerged due to mutations in this gene (1). To further elucidate the complexities 
of COL4A1-related diseases, Ding et al. reported the novel presentation of pontine infarction 
and leukoencephalopathy in a pedigree, disengaging itself from the more common cerebral 
autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy 
(CADASIL). These unique clinical features prompted the definition of a new autosomal 
dominant disease, termed pontine autosomal dominant microangiopathy with 
leukoencephalopathy (PADMAL) (2). Subsequent investigations established that mutations 
within the 3′ untranslated region (UTR) of COL4A1 were responsible for the onset of 
PADMAL. These genetic events impede the binding of microRNA-29 and, as a consequence, 
activate the expression of COL4A1 (3). In the present case report, we present a young male 
patient with PADMAL, who has a missense mutation localized to exon 40 within COL4A1. 
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FIGURE 1

The magnetic resonance imaging (MRI) images of the patient. T2-weighted image shows multifocal lacunes in the pons (A, white arrow) and 
periventricular white matter (B, white arrows) and leukoencephalopathy (B, black arrows). Diffusion weighted imaging (DWI) shows acute infarcts in the 
pons (C, white arrow) and left corona radiata (D, white arrow). Multifocal microbleeds and hemosiderin deposits were found in the pons (E, white 
arrow), bilateral thalamus and basal ganglia (F, white arrows) on susceptibility weighted imaging (SWI).

These findings contribute to a greater understanding of the clinical 
complexities of PADMAL and further highlight the interplay between 
gene regulation, genetic aberration, and neurological disease etiology.

Case report

A 35 years-old male patient comes to our department with the 
sudden onset of dysarthria, dysphagia, and mild hemiplegia of the 
right limb. The patient developed dysarthria 2 years ago and was 
diagnosed with pontine infarct in a local hospital. One year ago, the 
patient came to our hospital with dysarthria and limb weakness. 
Magnetic resonance imaging (MRI) showed acute infarcts in bilateral 
frontal lobes and corona radiata, multifocal lacunae in the cerebral 
hemispheres and brain stem, and leukoencephalopathy. The patient 
was diagnosed with cerebral small vessel disease (cSVD) and the 
pathogenesis was unclear.

The patient had a full-term vaginal birth with normal 
development and finished his middle school. According to the 
patient’s statement, his maternal grandfather died of illness in his 30s 
and his maternal grandmother died of cerebral infarction in her 80s, 
but no further information could be  provided. None of the five 
siblings of the patient’s mother had a history of cerebrovascular 

disease. Mild cognitive impairment was observed, and the scores of 
Montreal Cognitive Assessment (MOCA) and mini-mental state 
examination (MMSE) were 21 and 25, respectively. No significant 
risk factors for cerebrovascular disease were found. Laboratory tests 
showed that blood lipids, blood glucose, and blood homocysteine 
were within normal limits. We  further tested thyroid function, 
rheumatoid factor, erythrocyte sedimentation rate, complement C3 
and C4, immunoglobulin, anticardiolipin antibody, antineutrophil 
cytoplasmic antibody, antinuclear antibody spectrum, and found no 
obvious abnormalities. Renal ultrasound and cardiac ultrasound 
were normal. Ophthalmic examination revealed normal retinal 
vasculature. Brain MRI showed acute cerebral infarcts in the pons 
and left corona radiata, multiple lacunae in the pons, subcortical 
white matter (WM) and periventricular WM, multifocal microbleeds 
in the pons, bilateral thalamus and basal ganglia, and 
leukoencephalopathy (Figure 1). Magnetic resonance angiography 
(MRA) found no significant abnormalities in the cerebral arteries. 
Whole exome sequencing was performed using Illumina HiSeq 
platform and a heterozygous missense mutation in exon 40 of 
COL4A1 (chr13:110826321, c.3431C>G, p. Thr1144Arg) was found. 
No mutations were found in ABCC6, APP, COL3A1, COL4A2, 
COLGALT1, CST3, FOXC1, GLA, HTRA1, NOTCH3 and TREX1, 
which were reported to be associated with cSVD. To further confirm 
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the genotype of the patient’s parent, COL4A1 gene was tested using 
Sanger sequencing. The heterozygous mutation c.3431C>G in the 
exon 40 of COL4A1 was identified in the patient’s mother (Figure 2). 
To our knowledge, the variant has not been reported in patients with 
cSVD and has been interpreted as uncertain or benign in the ClinVar 
database.1 Although the patient’s mother carried this variant, she had 
no history of cerebrovascular disease, and she declined further MRI 
scans of the brain.

The function of the missense mutation (p. Thr1144Arg) was 
evaluated using REVEL, ClinPred, SIFT and Polyphen-2 software. 
The REVEL software score was 0.237 (greater than 0.75 is 
predicted to be  harmful). ClinPred software score was 0.1412 
(greater than 0.5 is predicted harmful). SIFT and Polyphen-2 
software were used to predict the protein function, and the results 
were harmless and harmful, respectively. Conservation analysis 
showed that the amino acids at this site were highly conserved 
across species, suggesting the mutation p. Thr1144Arg may 
be  potentially pathogenic (details can be  found in 
Supplementary material).

1 https://www.ncbi.nlm.nih.gov/clinvar

The patient was diagnosed with PADMAL, according to previous 
literature reports (2). After treatment with edaravone (60 mg per day), 
citicoline sodium (300 mg per day), acupuncture, physical and speech 
rehabilitation training for 2 weeks, the symptoms of dysarthria and 
right hemiplegia were significantly improved. One month later, the 
patient’s symptoms were basically relieved, and the modified Rankin 
scale (mRS) score was 1 point.

Discussion and conclusion

COL4A1 gene is located on the 13q34 chromosome and contains 
52 exons, which encodes the α1 chain of collagen IV. Collagen IV is 
a key component of the basement membrane and its structural 
changes can affect the stability of the vascular basement membrane, 
resulting in ischemic or hemorrhagic diseases. In COL4A1-related 
diseases, most of the mutations were missense mutations, which tend 
to affect the glycine-X-Y repeats in the tri-spiral domain of α1 chain 
and the folding and secretion of collagen IV. However, missense 
mutations involving non-glycine residues of the triple-helix were 
also reported (4). The substitution of highly conserved residues in 
the triple-helical domain is assumed to change the whole 
heterotrimer structure, which may affect the secretion of 

FIGURE 2

Sanger sequencing of the COL4A1 gene of the patient and his parents. The patient (A) and his mother (C) had the same heterozygous mutation 
(c.3431C>G). The genotype of the patient’s father was wild type (B).
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heterotrimers in the matrix and finally lead to structural or 
functional abnormalities of basement membranes (5). In this case, 
the young male patient had recurrent ischemic stroke and 
leukoencephalopathy, and the pons were significantly affected, which 
was quite different from CADASIL. We did not find risk factors and 
other mutations in cSVD-associated genes in the patient. Therefore, 
we hypothesized that the missense mutation in exon 40 of COL4A1 
(c.3431C>G) was responsible for recurrent stroke and pathological 
changes in the brain. The patient mainly presented with repeated 
infarcts in the pons, consistent with the manifestations of PADMAL, 
and there were also multifocal lacunae in the basal ganglia and 
WM. In addition to dysarthria, mild cognitive impairment, 
particularly executive dysfunction, was found in this patient. 
However, the results of different bioinformatics analysis software for 
this mutation were not consistent. There is still no strong functional 
or bioinformatic evidence that the mutation can cause 
PADMAL. Therefore, the pathogenicity of the mutation needs to 
be  validated in a larger population or through more in-depth 
bioinformatics analysis.

Most COL4A1 mutations are autosomal dominant inheritance, 
but the phenotypic spectrum is highly heterogeneous. Moreover, 
penetration of COL4A1 mutations is rather incomplete, suggesting 
that modifying factors may be involved (5). In this case report, the 
mutation in the COL4A1 of the patient was inherited from his mother, 
who was asymptomatic and had no history of cerebrovascular disease. 
The incomplete penetrance of COL4A1 has been reported in several 
other pedigrees (6, 7). However, the mechanisms of incomplete 
penetrance and modifying factors are still unclear. Currently, there is 
no effective treatment for COL4A1-related diseases. These patients 
with ischemic stroke also have a tendency to hemorrhage. As seen in 
the patient, we  reported, there were large numbers of cerebral 
microbleeds. Antithrombotic or anticoagulant therapy may increase 
the risk of bleeding and is not recommended in COL4A1-related 
cSVD (8).

In summary, for young patients with recurrent pontine infarcts 
and leukoencephalopathy, mutations in COL4A1 should 
be considered. Not only mutations in the 3′ UTR but also in the exons 
of COL4A1 may cause PADMAL. Although PADMAL is an autosomal 
dominant disorder caused by COL4A1 mutations, the penetration of 
COL4A1 mutations is rather incomplete.
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