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Objective:Wolcott–Rallison syndrome is a rare autosomal recessive inheritance disorder

caused by the defectiveness of eukaryotic translation initiation factor 2 alpha kinase 3

(EIF2AK3), which encodes the PKR-like endoplasmic reticulum kinase (PERK). Defect

in EIF2AK3 results in a permanent diabetes in early infancy or newborn period, a

tendency to develop skeletal fractures and other associated disorders such as severe liver

and renal dysfunction, and central hypothyroidism. Two patients with Wolcott–Rallison

syndrome-like manifestations in a Chinese family and family members were genetically

analyzed to identify if any variations that occurred in EIF2AK3, which may cause

Wolcott–Rallison syndrome.

Methods: Whole-exome sequencing (WES) was performed to identify genetic

variations, and Sanger sequencing was conducted to verify the identified variations in the

family members with Wolcott–Rallison syndrome (WRS) clinical manifestations. Several

bioinformatics tools were employed to predict the effect of EIF2AK3 variations on the

protein function. The impact on PERK protein was analyzed by sequential analysis and

evolution conservation study.

Results: Two novel EIF2AK3 heterozygous single base variations (c.2818C>T and

c.2980G>C) were detected in the proband. PERK has two functional domains: one

is regulatory domain (aa 1–576), and the other is catalytic domain (aa 577–1,115).

Both variations are missense mutations and locate in catalytic domain of PERK;

c.2818C>T resulted in a residue substitution of proline for serine at amino acid site 940

(p.Pro940Ser), and variation c.2980G>C caused an amino acid change at position 994

from glutamic acid to glutamine (p.Glu994Gln). These novel missense variations may

affect the physiological functions of PERK protein.

Conclusions: Two novel compound heterozygous EIF2AK3 variations (c.2818C>T,

p.Pro940Ser and c.2980G>C, p.Glu994Gln) were found in a Chinese family. The
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identification of the variations and verification of their pathogenicity extended the variation

spectrum of EIF2AK3 variations causing Wolcott–Rallison syndrome and enriched

valuable information for precise medical intervention for Wolcott–Rallison syndrome

in China.
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INTRODUCTION

Wolcott–Rallison syndrome (WRS, OMIM: 226980) is caused by
an autosomal eukaryotic translation initiation factor 2-a kinase
3 (EIF2AK3) deficiency, associated with permanent diabetes and
skeletal dysplasia in newborn period or early infancy, hepatic
dysfunction, and growth retardation, which was first reported in
1972 by Wolcott and Rallison (1–3). As an autosomal recessive
inheritance disorder, WRS is more common in consanguineous
families. In 2000, EIF2AK3 was confirmed to be the disease-
causing gene of Wolcott–Rallison syndrome (2). So far, almost
100 EIF2AK3 variations causing WRS have been reported in the
Human Gene Mutation Database (HGMD, http://www.hgmd.
org/;2019.9).

The EIF2AK3 gene (NC_000002, NM_004836.7) is located
in chromosome 2p11.2, containing 17 exons, and encodes
PKR-like endoplasmic reticulum kinase (PERK) (2). PERK
is a transmembrane enzyme, which is highly expressed in
both pancreatic beta cells and bone tissue. It is essential for
normal fetal and early beta cell proliferation, differentiation,
proinsulin processing, and stimulation of bone development (4).
PERK acts as a major physiological effector of the unfolded
protein response (UPR) following endoplasmic reticulum (ER)
stress (5, 6). Once activated by the accumulation of misfolded
proteins during ER stress, PERK phosphorylates the alpha
subunit of the eukaryotic initiation factor-2 (EIF2A), thereby
reducing the synthesis of misfolded proteins and increasing the
expression of activating transcription factor 4 (ATF4), which
regulates autophagy, amino acid metabolism, oxidative stress,
and apoptosis. Loss-of-function mutations in the EIF2AK3 gene
decrease the ability of the ER to cope with stress, which results
in loss of functional coordination among PERK-dependent ER
chaperones responsible for controlling protein synthesis and
proinsulin aggregation. These effects lead to β-cell defects and
cell apoptosis, which results in permanent neonatal diabetes and
epiphyseal dysplasia. Long-term regular insulin therapy has been
demonstrated to improve the survival rates of WRS patients.
Organ transplantation is a treatment for WRS; so far, three cases
with organ transplantation have been reported (7–9), and these
three patients were fully physically and socially rehabilitated.

In our study, we found compound heterozygous variations
in EIF2AK3, which cause WRS in two children from non-
consanguineous parents.

METHODS

Patients’ Information
This study was approved by the Ethics Committees of Shanxi
University, and written informed consent was obtained from all

the members of the family. The patient has been subjected to
clinical and physical examinations, and all the medical records
were reviewed and evaluated. The proband was diagnosed
with diabetes at The Affiliated Hospital of Xuzhou Medical
University (Xuzhou, China) in 2009. In 2017, the proband was
diagnosed with WRS in The First Hospital of Peking University
(Beijing, China).

Molecular Genetic Studies
Whole-exome sequencing and validation by PCR were
performed as described in our previous studies (10). The
blood samples used for whole-exome sequencing were obtained
from patients II-2 and II-3; the blood samples used for PCR and
Sanger sequencing were obtained from family members I-1, I-2,
and II-2. Variants were functionally annotated and filtered using
our cloud-based rare disease NGS analysis platform (https://
www.gene.ac/) in which analyses were performed by comparison
with public databases [dbSNP, OMIM, ESP, Clivar, 1000Genomes
(11), and ExAc (12)] and HGMD Professional database.

The primer pairs for detecting the mutations by Sanger
sequencing were as follows: Fw, 5′-AGTACTTGTCTGGCAC-3′;
Rv, 5′-GGAACACTACTGCCAGTT-3′.

Bioinformatics Analysis
Mutation Taster, PolyPhen-2, PROVEN, and SIFT were
employed for the pathogenicity prediction of the variations in
EIF2AK3 gene. Evolutionary conservation of the altered amino
acid residue was compared across different species.

RESULTS

Clinical Manifestations
The proband (II-3) was first diagnosed as diabetes when she
was 1-year old. Later on, she developed emesis and hypersomnia
at 4 years old; clinical examination showed that the blood C-
peptide levels was 0.01 nmol/L, which was markedly lower than
the normal range (0.40 ± 0.20 nmol/L). The patient’s blood
glucose level was 2.07 mmol/L (normal range, 3.9–6.1 mmol/L).
The urinalysis showed that the patient had glucosuria, ketonuria,
and proteinuria. After receiving insulin rejection to control
the blood glucose and symptomatic treatment, the patient was
discharge 1 day later. At the age of 8, she was admitted with liver
dysfunction and pneumonia, the clinical examination revealed a
blood glucose of 13.7 mmol/L, alanine aminotransferase (ALT)
of 852 U/L (normal range, 7–40 U/L), aspartate aminotransferase
(AST) of 750 U/L (normal range, 5–35 U/L), albumin of 31.0
g/L (normal range, 35–55 g/L), prothrombin time of 20 s (normal
range, 9–13 s), lactic dehydrogenase (LDH) of 2,150 U/L (normal
range, 120–250 U/L). The X-ray showed that the patient had
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lobar pneumonia in the upper right lobe. After treatment
with diammonium glycyrrhizinate, mezlocillin, and insulin, the
patient was discharged 16 days later. The patient had no apparent
skeletal deformities. The sister of the proband (II-2) was first
diagnosed with diabetes and diabetic ketoacidosis at 4 years old
and was then on insulin therapy. When the sister was 8 years old,
she developed infection of the upper respiratory tract without
apparent skeletal deformities. The brother (II-1) of the proband
died of diabetes when he was 17 years old. The parents of the
proband have no symptom of diabetes.

Identification of EIF2AK3 Compound
Heterozygous Variations
The pedigree of the family is shown in Figure 1A. By whole-
exome sequencing, two potential mutations (c.2818C>T and
c.2980G>C) were detected in EIF2AK3 gene from the proband,
which was reported to associate with WRS. Subsequently, these

two compound heterozygous variations were verified by Sanger
sequencing among her family.

The novel heterozygous single base substitution c.2818C>T
in exon 13 of EIF2AK3 gene was detected in the mother (I-
1) of the proband but not in her father, which is predicted
to cause an amino acid change at position 940 (Figure 1B).
The other novel heterozygous single base substitution
c.2980G>C in exon 13 was detected in the father (I-2) of
the proband but not in her mother, which is predicted to
cause an amino acid change at position 994 (Figure 1B).
Both variations were predicted to be causative factors of
the disease by Mutation Taster, PolyPhen-2, PROVEAN,
and SIFT.

The results from whole-exome sequencing and Sanger
sequencing of her sister (II-2) showed that these two novel
mutations from the proband also existed in her sister
(Figure 1B).

FIGURE 1 | Pedigree and genotype of patients. (A) Pedigree of patients from the Chinese Wolcott–Rallison syndrome (WRS) family. The families involved in this study.

Squares indicate male, circles indicate female, blackened symbols denote affected individuals, and half-blacked symbols denote the mutation carriers. The proband is

indicated by arrows (ր). (B) The sanger sequencing analysis of the family. (C) Linear schematic of the protein structure of wide-type PERK. (D,E) Evolutionary

conservation of amino acid residues altered by the mutations across different species.
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TABLE 1 | The variations and clinical information.

Mutation type Skeletal

dysplasia

Liver

dysfunction

Kidney

dysfunction

Liver and

Kidney

dysfunction

Non-liver or

kidney

dysfunction

Missense/Nonsense 27 (52) 23 (52) 8 (52) 7 (52) 28 (52)

Splicing 2 (9) 4 (9) 3 (9) 1 (9) 3 (9)

Small deletions 16 (24) 14 (24) 8 (24) 7 (24) 9 (24)

Small insertion 4 (8) 3 (8) 3 (9) 1 (8) 3 (8)

Small indel 1 (1) 0 (1) 1 (1) 0 (1) 0 (1)

Gross deletion 0 (2) 0 (2) 0 (2) 0 (2) 2 (2)

Total 50 (96) 44 (96) 23 (96) 16 (96) 45 (96)

*The numbers in brackets represent the total number of the variations.

Molecular Analysis
These two novel mutations were both in the kinase domain
of the PERK protein, which indicates that these mutations
likely lead to WRS (Figure 1C). Evolution conservation analysis
of amino acid showed that the impaired amino acid residues
Pro940 and Glu994 in PERK protein were highly evolutionary
conserved among different species (Figures 1D,E). Bioinformatic
and biochemical assessment of the effect of the variations on
the functions of PERK shows that both missense variations are
located at the catalytic domain, a residue substation of Proline/P
with Serine/S at the catalytic domain conserved region of PERK,
which has the potential for phosphorylation, therefore affecting
its functions. Glutamine replacing glutamic acid introduces
charge change from negative and acidic residue to neutral
residue, which may also bring about the functional change of
PERK. In conclusion, the two novel compound heterozygous
missense variations were identified by WES and verified further
by Sanger sequencing in the EIF2AK3 gene causing WRS in
members of the family.

DISCUSSION

We identified two novel compound heterozygous variations in
the EIF2AK3 gene in a family, which included three patients with
Wolcott–Rallison syndrome (WRS). So far, there are four families
with WRS reported without homozygous variations in China
(13). It seems thatWRS has a lowmorbidity in China. Until April
2020, 98 variations were reported as the disease causative factors
of WRS in HGMD, suggesting that the incidence of WRS is very
low worldwide.

From previous reports, 96 variations in EIF2AK3 involving
176 patients were identified for analysis in this study. Among
the patients, there were 58 female patients, 68 male patients, and
50 patients without gender identification. Among the patients
who indicated their gender, male patients accounted for 53.9%,
and female patients accounted for 46.1%. It seems that there is
no significant difference between genders on the morbidity of
permanent neonatal diabetes mellitus (PNDM) caused by the
variations in EIF2AK3. Functional analysis was performed in
only nine variations. In addition to diabetes, the major symptoms
of WRS are skeletal dysplasia and living and kidney dysfunction.

From Table 1, we find that among the clinical symptoms,
skeletal dysfunction is the most common symptom in patients
with WRS besides diabetes. The incidence of skeletal dysfunction
is nearly 52.08% in this analysis. Base pair substitution mutation
is the most common mutation type among all the variations. The
percentage of small deletion that suffers both liver and kidney
damage is the largest among all the mutation types. The patients
with small deletion always suffer more symptoms. For example,
the patients with variations c.1475-1476del (8), c.1567-1570del
(14), c.1639-1642del (7), c.2791-2794del (4) suffered both living
and kidney dysfunction.

However, different patients who had the same mutation
may also show different symptoms; for example, the mutation
c.560G>A (p.Trp163∗) was found in a family with two
patients; one patient had kidney dysfunction (acute), but the
other had none (4). One of the three male patients with
mutation c.1290G>A (p.Trp430∗) from one family showed some
epiphyseal dysplasia, but the other two had no obvious epiphyseal
dysplasia (14). All these results indicate that there is no specific
relationship between the mutation and clinical symptoms.

In this study, we recruited a family including three patients
with WRS. WES and Sanger sequencing were performed to
identify the mutations that may cause the disease in this family.
From the liner structure (5), both of the affected amino acids
are located in the kinase domain, indicating that the mutations
caused defect on the kinase activity of the PERK. Evolutionary
conservation analysis of amino acid residues showed that the
amino acid residue Pro940 and Glu994 influenced by the novel
mutations are most highly evolutionary conserved among PERK
protein from different species, indicating that thesemutations are
likely pathological.

Because the variable of the clinical phenotype and the
difference in gene penetrance except PNDM of the patients
with WRS, the diagnosis of WRS was difficult. As the most
common gene causing PNDM are ABCC8 gene and KCNJ11
gene (9), the analysis of EIF2AK3 gene is always ignored in
molecular diagnosis. It seems that WRS should be considered in
the molecular diagnose of PNDM even when the incidence of
WRS is very low.

These two mutations in this study were first reported,
and it will be helpful for the diagnosis of WRS due to
EIF2AK3mutations.
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