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DNAJC3 mutation in Thai familial type 2 diabetes mellitus
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Abstract. Type 2 diabetes mellitus (T2D) is a heterogeneous
disease, with certain cases presenting an autosomal dominant
type. The rare coding variants of disease-causing genes in T2D
remain mostly unclear. The present study aimed to identify the
disease-causing gene conducting whole exome sequencing in a
Thai T2D family with an autosomal dominant transmission of
T2D with no evidence of mutations in known maturity-onset
diabetes of the young (MODY) genes. Candidate variants were
selected according to certain criteria of mutation prediction
programs, followed by segregation analysis with diabetes
in the family. The results demonstrated that, of the 68,817
variants obtained, 122 were considered as candidate variants
subsequent to the filtering processes. Genotyping of these
variants revealed that DnaJ homolog subfamily C member 3
(DNAJC3) p.H238N segregated with diabetes in the family.
This mutation was also identified in another proband from the
autosomal dominant T2D family without mutation in known
MODY genes and was segregated with diabetes. This variant
was also identified in 14/1,000 older-onset T2D patients [minor
allele frequency (MAF)=0.007], 2/500 non-diabetic controls
(MAF=0.002) and 3 prediabetic individuals who were previ-
ously classified as non-diabetic controls. In silico mutagenesis
and protein modeling of p.H238N revealed changes of the
polar contacts across the tetratricopeptide repeat (TPR) motif
and TPR subdomains, which may affect the protein tertiary
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structure. Furthermore, the expression of DNAJC3 H238N
protein was 0.68+0.08 fold (P<0.05) lower when compared with
that of the wild-type, possibly due to protein instability. Thus,
DNAJC3 p.H238N is likely to be a variant causing diabetes.

Introduction

Diabetes mellitus (DM) is a common metabolic disorder
characterized by chronic hyperglycemia. The prevalence of
DM is increasing worldwide, and the International Diabetes
Federation has estimated that 592 million people will suffer
from diabetes by 2035 (1). DM-associated chronic complica-
tions cause considerable morbidity and mortality (2), and
the treatment of these complications imposes an enormous
economic burden on healthcare systems. The most common
form of DM is type 2 DM (T2D), accounting for 90% of cases.
It has been demonstrated that genes serve an important role
in the disease development by interacting with environmental
factors, such as a sedentary life-style, diet and obesity (3).
Although T2D typically begins in middle-aged or older indi-
viduals, early-onset T2D at <45 years of age has been reported
in several ethnic groups (4). Obesity in young adults may be one
of the factors driving the earlier onset of T2D (5). The inheri-
tance of a stronger genetic influence within a family is another
determinant, with early-onset T2D individuals likely to have a
multigenerational family history of diabetes. The most definite
form of familial, autosomal dominant inheritance of diabetes
is maturity-onset diabetes of the young (MODY). Typically,
MODY is characterized by a young age at onset (usually prior
to 25 years of age) and an autosomal mode of inheritance in
multigenerational pedigrees (6).

The identification of T2D-causing genes will enable
precise disease classification, leading to better treatment and
prevention of the disease and its chronic complications. In
2007, there was a breakthrough in the identification of T2D
genetic risk loci through a genome-wide association study
(GWAS), and >100 such loci have been identified to date (7).
However, several limitations of GWAS have been proposed;
for instance, the associated single nucleotide polymorphisms
fall outside coding regions. Numerous low-frequency variants
have never been directly tested for an association with the trait
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and they may explain only ~11% of T2D heritability (8,9).
To address this issue, current research is focusing on finding
low-frequency to rare variants with intermediate to large
effects that are associated with diabetes (10). Recent advances
in nucleic acid sequencing by next-generation sequencing
technology have facilitated the identification of genes causing
diseases (10). Furthermore, whole-exome sequencing (WES)
has led to the successful discovery of mutations between rare
coding variants and T2D (11,12).

Thus, the aim of the present study was to identify rare
variant causing diabetes in Thai T2D families. Through the
application of WES, the study identified the causative variant
in a large family with autosomal dominant T2D in which a
proband developed T2D at an early age.

Materials and methods

Diabetes families. Diabetes families were recruited at the
Diabetic Clinic, Siriraj Hospital, Mahidol University (Bangkok,
Thailand) using the following criteria: i) The proband and at
least one first-degree relative were diagnosed with diabetes
before the age of 35 years; ii) two or more generations were
affected by diabetes; iii) glycemic control could be accom-
plished with diet and/or oral agents; iv) there was no history
of diabetic ketoacidosis; and v) the proband was negative
for anti-glutamic acid decarboxylase antibody. A total of 91
autosomal dominant diabetes families were recruited between
January 2009 and 2017, 42 of whom fitted into the classic
MODY criteria, characterized by early age of onset (usually
before 25 years) and autosomal mode of inheritance in multi-
generational pedigree (13). The selected family was a large
family composed of 17 members (Fig. 1A; Table I), in which
the proband and third generation family members developed
diabetes at a young age of <35 years, and diabetes had been
transmitted through three generations. This selected family did
not fit classic MODY criteria and was one of the 49 early-onset
T2D families. The proband and her first degree relative were
diagnosed with diabetes before 35 years of age and the diabetes
was transmitted in an autosomal dominant fashion. Mutations
of 14 known MODY genes [HNF4A (MIM: 600281), GCK
(MIM: 138079), HNFIA (MIM: 142410), PDXI(MIM:
600733), HNF1B (MIM: 189907), NEURODI (MIM: 601724),
KLF11 (MIM: 603301), CEL (MIM: 114840), PAX4 (MIM:
167413), INS (MIM: 176730), BLK (MIM: 191305), ABCCS8
(MIM: 600509), KCNJ11 (MIM: 600937) and APPLI (MIM:
604299)] were excluded as a cause of diabetes in the family.

Unrelated T2D patients. A total of 1,000 unrelated T2D
patients, diagnosed according to the American Diabetes
Association (ADA) 2017 criteria (14), were enrolled at the
Diabetic Clinic of Siriraj Hospital, Mahidol University.
The age at onset was >45 years (mean age + standard
deviation=54.6+11.0 years).

Non-diabetic subjects. In total, 500 non-diabetic subjects
with an age of >40 years (mean age + standard devia-
tion=50.69+8.5), were recruited from the health-checkup
facility at the Department of Preventive and Social Medicine,
Siriraj Hospital, Mahidol University. All participants had a
fasting plasma glucose of <5.55 mmol/l (100 mg/dl), a glycated
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hemoglobin (HbAlc) level of <38 mmol/mol (5.6%), and
normal blood pressure. These subjects had no family history
of diabetes among their first-degree relatives.

Ethical approval and consent to participate. All subjects
were informed of the purpose of the study prior to signing
an informed consent form. The entire study was approved by
the Ethics Committee, Faculty of Medicine, Siriraj Hospital,
Mahidol University (COA no. Si491/2014), and was conducted
according to the Declaration of Helsinki, the Belmont Report,
Council for International Organizations of Medical Sciences
Guidelines and the International Conference on Harmonization
in Good Clinical Practice.

Exome sequencing. DNA samples of 2 diabetic and
2 non-diabetic family members were subjected to exome
sequencing. Exome capture was performed using the Agilent
SureSelect Human All Exon 50 Mb kit (Agilent Technologies,
Inc., Santa Clara, CA, USA) according to the manufacturer's
protocol. The captured library was then loaded onto the
[Ilumina HiSeq 2000 platform (Illumina, Inc., San Diego,
CA, USA) for amplifying and sequencing. The sequence
reads were mapped to the reference human genome (UCSC
NCBI37/hg19) using the Burrows-Wheeler Aligner (15).
Variant detections and annotations were performed by
SAMotools (16) and the Genome Analysis Toolkit (17), respec-
tively. Variants with low quality scores and those covered by
<5 reads were excluded.

Candidate variant selection. Candidate variants were selected
using an autosomal dominant mode of inheritance according
to the following criteria: i) Variants identified only in diabetic
subjects;ii)heterozygous,non-synonymous variants withaminor
allele frequency (MAF) of <0.01 were selected from the 1000
Genome Project (http:/www.1000genomes.org/), the National
Institute of Environmental Health Sciences Exome Project
(http://evs.gs.washington.edu/niechsExome/) and the dbSNP147
database from UCSC Genome Browser Gateway (http://genome.
ucsc.edu/cgi-bin/hgGateway ?hgsid=662106975_rQ8ylYRLVt-
bwON VxwInh1AhFhb5S& redirect=manual&source=genome.
ucsc.edu); and iii) variants predicted by at least one out of four
in silico programs (including MutationTaster, VarioWatch,
PolyPhen2 and SIFT) (18) as possible pathogenic mutations,
and residing in genes involved in diabetes and metabolism
as determined using the GeneDistiller 2014 (http://www.
genedistiller.org/) (19). Candidate variants passing the criteria
were validated by Sanger sequencing (Macrogen, Inc.,
Seoul, Republic of Korea). Furthermore, protein stability
of candidate variants was predicted by DUET algorithms
(http://structure.bioc.cam.ac.uk/duet) (20).

Segregation analysis. The validated candidate variants were
investigated for segregation with diabetes in the family by
means of polymerase chain reaction (PCR)-restriction frag-
ment length polymorphism. Restriction enzymes for the
genotyping of each candidate variant were determined using
NEBcutter (http:/nc2.neb.com/NEBcutter2/). Candidate
variants segregated with diabetes were genotyped in other 90
early-onset T2D/MODY-X patients, 1,000 T2D patients and in
500 non-diabetic subjects.
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Table I. Clinical characteristics and genotypes of each member of the type 2 diabetes families.

A, Family A
Age at

diagnosis BMI Glycemic FPG HbAlc Current
Member Genotype Sex (years) (km/m?) status (mmol/T) (mmol/mol) treatment
11 CA M 49 NA DM NA NA OHA
2 CcC F - 153 NG 4.848 37 -
1 CC M 58 294 DM 7.052 56 OHA
112 CA M 65 21.3 DM 12.507 98 -
113 CC F - 20.8 NG 4.628 NA -
114 CA M 62 242 DM 10.744 63 -
115 CA F NA 31.2 DM 5.069 42 -
116 CA M 55 32.8 DM 15.702 142 -
117 CA F NA 284 DM 8.65 69 OHA
118 CC M - 313 NG 5.124 NA -
119 CC F 48 359 DM 6.942 81 OHA
1110 CA M 52 NA DM NA NA OHA, ins
111 CC M 53 19.1 PD 5.014 39 -
11 CA M 33 NA DM 6.612 NA -
12 CA M - 20.3 NG 4.408 NA -
1113 CA F 23 36.7 DM 13.113 98 OHA
1114 CA F 29 36.3 DM 9.091 53 -
B, Family B

Age at

diagnosis BMI Glycemic FPG HbAlc Current
Member Genotype Sex (years) (km/m?) status (mmol/1) (mmol/mol) treatment
11 CA M 40 NA PD 5.675 NA -
12 CC F - NA NG 4904 NA -
111 CA M 18 27.3 DM 11.295 NA OHA
12 CC F - NA NG 4.628 NA -

Prediabetic status was indicated by HbAlc >39 mmol/mol, according to the ADA criteria. BMI, body mass index; DM, diabetes mellitus;
NG, normal glucose; PD, prediabetic; FPG, fasting plasma glucose; HbAlc, glycated hemoglobin; ins, insulin; NA, not available; OHA, oral

hypoglycemic agents.

Three-dimensional (3D) structure of protein and in silico
mutagenesis. The 3D structure of the wild-type human DnalJ
homolog subfamily C member 3 (DNAJC3) protein (2Y4T) (21)
was obtained from The Protein Data Bank (http:/www.rcsb.
org/) (22). In silico mutagenesis and polar contact displays
were performed using the PyMOL software version 1.8.4.0-r2
(Schrodinger, LLC, NY, USA).

Cell culture. The human pancreatic (3-cell line 1.1b4 was
purchased from the American Type Culture Collection
(Manassas, VA, USA). Cells were grown in RPMI-1640
medium (Invitrogen; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) containing 10% fetal bovine serum (Gibco; Thermo
Fisher Scientific, Inc.) and 1% antibiotics (100 IU/ml peni-
cillin and 100 mg/ml streptomycin) at 37°C in a humidified
atmosphere containing 5% CO,.

Plasmid construct and transfection. In order to generate
DNAJC3 plasmids,a DNAJC3 coding sequence (NM_006260)
and a FLAG-tag sequence (DYKDDDDK) were amplified and
cloned into the pcDNA3.1 plasmid (Invitrogen; Thermo Fisher
Scientific, Inc.). All plasmids were amplified in E. coli (D5a)
(Invitrogen; Thermo Fisher Scientific, Inc.) and purified using
a mini kit (Qiagen GmbH, Hilden, Germany). For generating
the DNAJC3 p.H238N clone, wild-type DNAJC3 plasmids
were used as the template the wild-type was subjected to
mutagenesis to obtain the mutant plasmid. On the day prior to
transfection, 2x10° cells/well were seeded into 6-well plates.
After 24 h, cells were transfected by 1 ug DNAJC3 wild-type
or p.H238N plasmid using Lipofectamine® 2000 reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) according to
manufacturer's protocol. After 48 h of transfection, cells were
harvested and the stability of protein was measured by western
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Figure 1. Segregation of DNAJC3 p.H238N with diabetes in type 2 diabetic families. The results are shown for (A) family A and (B) family B. Roman numerals
on the upper left side indicate the generation numbers of the pedigree, and the numbers above each symbol indicate the individual ID within the genera-
tion. Males and females are indicated by squares and circles, respectively. Black-filled, gray-filled and open symbols represent the diabetic, prediabetic and
non-diabetic subjects, respectively. The arrow indicates the proband (I113), while asterisks (*) indicate the samples subjected to exome sequencing. (C) Results
of polymerase chain reaction-restriction fragment length polymorphism genotyping of DNAJC3 p.H238N in all family members. DNAJC3, DnaJ homolog

subfamily C member 3; N/N, wild-type; N/M, variant.

blot analysis. The efficiency of plasmid transfection was deter-
mined using quantitative PCR by detection Neomycin DNA
region of pcDNA3.1 plasmid. The forward primer (TGAATG
AACTGCAGGACGAG) and reverse primer (ATACTTTCT
CGGCAGGAGCA) were used to amplified the PCR product.
qPCR was performed in a LightCycler 480 Instrument (Roche
Diagnostics, Mannheim, Germany) using LightCycler® 480
SYBR Green I Master (Roche Diagnostics, Mannheim,
Germany). Initial enzyme activation proceeded at 95°C for
10 min, followed by 45 cycles at 95°C for 30 sec, 60°C for
20 sec, and 72°C for 20 sec. B-actin was used as an internal
control to normalize input cDNA. Relative mRNA expression
levels were calculated using the 224%4 method (23). The assay
was performed in triplicate.

RNA isolation and RNA transcripts level measurement. Total
RNA from 1.1b4 cells transfected with DNAJC3 wild-type,
p-H238N, and empty pcDNA3.1 plasmid constructs were
isolated using TRizol® reagent (Invitrogen; Thermo Fisher
Scientific, Inc.). RNA was reverse-transcribed into cDNA
using a Thermo Scientific Revert Aid First Strand cDNA
Synthesis kit (Thermo Fisher Scientific, Inc.) and quantitated
by means of qPCR (forward primer: 5'-GTCCTCTCTGAT
CCAGAAATGA-3'" and reverse primer 5-TCATCGTCTTTG
TAGTCATTGAAG-3'). The materials, methods, instrument,
and calculation used for quantitative PCR were the same as
those previously described for detection of the Neomycin
DNA region.

Western blot analysis. Cells lysis was performed with a radio-
immunoprecipitation assay reagent (Thermo Fisher Scientific,
Inc.). Protein concentrations were then quantified using a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific,
Inc., Wilmington, DE, USA) by Bradford protein assay
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). Proteins
were separated on a 10% SDS-polyacrylamide gel by electro-
phoresis and then electroblotted to a nitrocellulose membrane
(Bio-Rad Laboratories, Inc.,Hercules, CA,USA) by aSemi-Dry
Electrophoretic Transfer Cell system (Bio-Rad Laboratories,
Inc., Hercules, CA, USA). The membrane was blocked with
5% BSA (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany)
for 1 h at room temperature. Subsequently, the samples were
incubated with primary mouse monoclonal antibody against
FLAG (cat. no. F3165; 1:2,000; Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany) for 2 h and mouse monoclonal
antibody against B-actin (cat. no. s-47778; 1:1,000; Santa
Cruz Biotechnology, Inc., Dallas, TX, USA) for 1 h at room
temperature. Membranes were incubated with horseradish
peroxidase-linked goat anti-mouse secondary antibody (cat.
no.P044701-2; 1:1,000; Dako; Agilent Technologies, Inc., Santa
Clara, CA,USA). The binding antibodies were visualized using
an enhanced chemiluminescence detection kit (SuperSignal™
West Pico PLUS Chemiluminescent Substrate; Thermo Fisher
Scientific, Inc.) and bands were detected by Biomolecular
Imager (ImageQuant LAS 4010; GE Healthcare Life Sciences,
Little Chalfont, UK). p-actin staining was utilized as an
internal control in all experiments. The expressed bands were
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quantified by computer-assisted scanning densitometry using
Image]J software version 1.4.3.x (National Institutes of Health,
Bethesda, MD, USA). The experiments were conducted three
times independently.

Statistical analysis. SPSS software version 17.0 (SPSS, Inc.,
Chicago, IL, USA) was used for data analysis. A * test was used
to examine the significance of the association between each
variation and T2D. In case of a sample size of <5, Fisher's exact
test was used to validate the association. A Student's t-test was
conducted to evaluate mean differences in protein expression
between the wild-type and mutant groups following transfec-
tion of the plasmids into 1.1b4 B-cells. A P-value of <0.05 was
considered to indicate a statistically significant difference.

Results

Exome sequencing performance. An average of 2.8 Gb
on-target yields were generated from each sample of four
family members (data not shown), including two subjects with
diabetes (III3 and I114) and two with normal glucose tolerance
(I2 and II3). These four family members were selected for
exome sequencing as representatives of this large early-onset
T2D family because they were able to provide valuable infor-
mation regarding diabetes-predisposing variants. The mean
read depth of the target region was 45x, while 93 and 83%
of the target region were covered more than 1 and 10x which
mean that 93 and 83% of each base in the target region were
at least 1 and 10x, respectively. A total of 72,723, 61,409,
64,723 and 76,413 sequence variants were detected in the
samples from the 12, 113, I1I3 and III4 subjects, respectively.
Among those, 3,451 variants were identified only in diabetic
(II13 and I114) family members.

Candidate variant selection and validation. The number of
candidate variants falling under each selection criteria is shown
in Table II. In total, 152 of those variants were novel or rare
heterozygous non-synonymous variants (MAF<0.01). Among
these, 122 variants from 117 genes were predicted as having
deleterious effects on protein functions by at least one of the
four in silico mutation prediction programs. Furthermore, of
these 122 variants, the GeneDistiller software revealed that
34 variants residing in 32 genes were implicated in diabetes
and metabolism.

Segregation analysis. The 122 variants which were considered
as possible pathogenic variants were subjected to segregation
analysis with diabetes in family A. This analysis indicated
that a missense variant in DNAJC3 (NM_006260; c.C712A
p-H238N) exhibited partial segregation with diabetes in this
family (Fig. 1A and C). DNAJC3 encodes a co-chaperone
of BiP and is involved in diabetes and metabolism, as
demonstrated using the GeneDistiller software. Mutations of
DNAJC3 have been attributed to DM, as well as multisystem
neurodegeneration (24). DNAJC3 H238N was reported
as rs527330902 in the Exome Aggregation Consortium
(http://exac.broadinstitute.org/) database, with a frequency
of 0.003% (3 out of a total of 119,086 alleles). Subsequent
genotyping this variant in other 90 early-onset T2D/MODY
X probands, demonstrated that DNAJC3 p.H238N segregated
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Table II. Number of candidate
selection criteria.

variants under different

Number
Selection criteria of variants
Variants from exome sequencing 68,817
Variants identified only in two 3451
diabetic samples
Coding variants 2,551
Non-synonymous variants 393
Heterozygous non-synonymous variants 245
Heterozygous non-synonymous 152
variants with MAF <0.01
Variants predicted as having deleterious 122
effect on protein function by in silico
programs
Segregation analysis DNAJC3 p.H238N

MAF, minor allele frequency.

with diabetes in another family (Fig. 1B and C and Table I) but
not in the other 89 early-onset T2D/MODY X probands.

Prevalence of DNAJC3 p.H238N in unrelated T2D patients
and non-diabetic subjects. DNAJC3 p.H238N was also geno-
typed in unrelated T2D patients and individuals with normal
glucose tolerance. This variant was identified in 14 out of
1,000 T2D patients (MAF=0.007), in 2 out of 500 non-diabetic
subjects (MAF=0.002), and in 3 prediabetic individuals
who had previously been classified as non-diabetic subjects.
In addition, DNAJC3 p.H238N exhibited a trend towards
increasing the risk of developing T2D (odds ratio, 3.519;
95% confidence interval, 0.80-15.62; Table III), although a
statistically significant difference was not observed (P=0.107).

Functional impact of the mutation. Of the 4 in silico
programs, used for prediction of functional impact of the
mutation, 3 suggested DNAJC3 p.H238N as a deleterious
mutation. These included the results from Mutation taster
(score=0.99; cut-off >0.5), Variowatch (protein domain
abolish), Polyphen2 (score=0.988; cut-off >0.5). In addition,
DUET algorithms predicted instability of the mutant protein
(AAG= -2.009 kcal/mol; Table IV).

3D structure of mutant protein. DNAJC3 comprises 504 amino
acids which are divided into an N-terminal ER-targeting
tetratricopeptide repeat (TPR) domain, a peptide sequence that
has 9 TPR motifs and C-terminal J domains (21). The crystal
structure revealed the presence of 9 TPR motifs forming
3 TPR subdomains (21). Histidine residue at position 238
(H238) residing in TPR6 of subdomain II is conserved
among humans, chimpanzees, elephants, cows, dogs, mice,
rats, chicken, frogs and zebrafish (Fig. 2). Using the PyMol
software, a polar contact between H238 and N269 of TPR7 of
the protein subdomain III was detected. However, substitution
of H238 with 238N disturbed the polar contact by creating a
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Table III. Genotype and allele frequencies of DNAJC3 p.H238N identified in Thai subjects, including 1,000 type 2 diabetic
patients and 500 non-diabetic subjects.

Genotype frequencies, n (%) Allele frequencies (%)
Genotypes T2D Non-diabetic subjects P-value OR (95% CI) T2D  Non-diabetic subjects P-value
CcC 986 (98.6) 498 (99.6) 0.107 3.519(0.80-15.62) C:99.3 C:99.8 0.108
CA 14 (14) 2(04) A:0.7 A: 02
AA 0(0) 0(0)
Total 1,000 (100) 500 (100)

The location investigated was exon 6, and the position (base change) was C712A.

o TE2 - @ E a - a 88 8ean - yoo- o-ao
R paN ae 9 ¥ XTI IiLLnLNNN 5 o nn 28888 3
=3 =3 =3 ooToT ooC o o o T T oo o ooo o o o T oocooc O
[ X N T N T B T )
c.C712A:p.H238N
DNAJC3 I I
Exon 1 2 3 4 5 6 7 8§ 9 10 11 12
B AGACCACGA AGACAACGA

Non-diabetes (113) Diabetes (1113)
p.H238N
c !
Human (Homo sapiens) STLYYQLGUDIHELSLSEVWVRE
Chimpanzee (Pan troglodytes) STLYY QLGPDHELSLSEVRE
Elephant (Loxodonta africana) STLYYQLGPDIHELSLSEVRE
Dog (Canis lupus familiaris) STLYYQLGPDHELSLSEVRE
Cow (Bos taurus) STLYEQLGTDIHELSLSEVRE
Mouse (Mus musculus) STLYYQLGDIHELSLSEVRE
Rat (Rattus norvegicus) S 1 LYY QLGDHELSLSEVRE
Chicken (Gallus gallus) SRLYYQLGDHELSLSEVRE
Frog (Xenopus tropicalis) SKLYYQLGUDHELSLSEVWVRE
Zebra fish (Danio rerio) STLYYQLGUDIHELSLNEVRE
Spotted gar (Lepisosteus oculatus) STLYYQLGDHELSLNEVRE

Figure 2. (A) Position of DNAJC3 p.H238N on chromosome 13. (B) Sanger sequencing of DNAJC3 p.H238N obtained from diabetic (III3) and non-diabetic
(I13) family members. The evolutionary conservation of DNAJC3 p.H238N (C) is shown. DNAJC3, DnaJ homolog subfamily C member 3.

new, stronger hydrogen bond with Y304, residing in the region ~ change; P<0.05; Fig. 4). Furthermore, the efficiency of plasmid
between TPR7 and TPR8 of subdomain III (Fig. 3). transfection was not significantly different between DNAJC3
wild-type and mutant plasmid (data not shown).

Protein stability of DNAJC3 p.H238N. DNAJC3 wild-type

and mutant plasmid tag with FLAG sequence were constructed ~ Discussion

for detection of the expression of DNAJC3 p.H238N protein

without the effect of endogenous protein in the 1.1b4 human  The aim of the current study was to identify a pathogenic
pancreatic B-cell line. The results demonstrated that the  mutation causing diabetes in a large Thai multigenerational
expression of DNAJC3 p.H238N protein was significantly  pedigree with diabetic family members in 3 generations,
lower compared with that of the wild-type (0.68+0.08-fold  consistent with an autosomal dominant mode of inheritance by
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Table I'V. Bioinformatics analysis of DNAJC3 p.H238N.

Program Prediction Score Cut-off value
MutationTaster Disease causing 0.99 >0.5
VarioWatch High, missense - -

(protein domain abolished)
PolyPhen2 Deleterious 0.988 >0.5
SIFT Tolerated 0.31 <0.05
DUET (predicted stability changes) Destabilizing AAG=-2.009 kcal/mol Negative values denote

destabilizing mutations

Mutation was predicted using online prediction tools. DUET is a web server that uses an integrated computational approach to study missense
mutations in proteins (http://structure.bioc.cam.ac.uk/duet).

Wild-type (H238)

B Wild-type 222 TPR6 255
(H238) TEAFYKISTLYYQLGDHELSLSEVRECLKLDODH KRCFAHYKQVKK
238
268 TPR7 301 306 TPR8 339

ll.l KLIESAEELIRDGRYTDATSKYESVM KTIPSI' AEYT VRSKERICHCFSKDEKPVEAI IIVCSBVI.QH!PDNi
268

Variant 222 TPR6 255
(238N) TEAFYKISTLYYQLGDNELSLSEVRECLKLDODH| KRCFAHYKQVKK
238
268 TPR7 Y . 306 TPR8 339

LNKL[ES;\EELIRDGR\‘TDATSK\‘ES\'MK‘IEPSI] AEYT VRSKERICHCFSKDEKPYEAIRVCSEVLOMEFPDN
304

Figure 3. Local structural alteration due to amino acid substitution H238N of DNAJC3. (A) Three-dimensional structure of DNAJC3. DNAJC3 wild-type
and variant H238N are shown in green and grey, respectively. Dotted lines represent the polar contacts between residues. Oxygen and nitrogen atoms are
presented in red and blue, respectively. Numbers indicate the distance between atoms in Armstrong (A). (B) Amino acid residues contributed to TPR6, TPR7
and TPR8 of DNAJC3. Dotted lines represent polar contacts between DNAJC3 H238N and neighbor residues. DNAJC3, DnaJ homolog subfamily C member 3;
TPR, tetratricopeptide repeat.

exome sequencing. The proband (female), the proband's sibling  he exhibited a normal fasting plasma glucose level. The patient
(female) and one of their relatives in generation III were diag-  was young (28-years-old) and had a normal BMI at the time
nosed with diabetes before 35 years of age. The identified rare  of diagnosis; therefore, this patient may develop diabetes later
DNAJC3 p.H238N was partially segregated with diabetes in  in life, or due to being overweight or obese. The other two
the family. Although subject 1112 carried DNAJC3 p.H238N, diabetic family members (II1 and II9) who did not carry the
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Figure 4. Protein expression of DNAJC3 wild-type and mutant plasmids
detected by western blot analysis. "P<0.05 vs. wild-type. DNAJC3, DnaJ
homolog subfamily C member 3.

DNAJC3 mutation were probably phenocopies (25,26). In
subject II11 (male), although DNAJC3 p.H238N was detected,
the patient displayed a normal fasting plasma glucose level
(4.959 mmol/l); however, the HbAlc level of this patient was
in the prediabetes range (39 mmol/mol). Therefore, follow-up
of the glucose tolerance status is mandatory. In addition, this
variant was identified in another early-onset T2D family
without mutation of known MODY genes in which diabetes had
been transmitted from father to son, emphasizing the important
role of DNAJC3 p.H238N and glycemic traits. Furthermore,
DNAJC3 p.H238N was identified in unrelated T2D patients
(MAF=0.007) and in non-diabetic subjects (MAF=0.002), as
well as 3 prediabetes cases. However, the allele frequencies of
DNAJC3 p.H238N in T2D and non-diabetic subjects were not
statistically different, which is possibly due to the relatively
small sample size. It is possible that there are modifier genes or
environmental factors that can alter the effect or penetrance of
this variant. The results of the current study implied that this
variant was neither a rare allele causing a Mendelian disease,
nor acommon variant implicated in the common T2D. Instead,
it is a low-frequency variant with an intermediate effect that
confers a higher risk of developing a chronic disease (such as
T2D), as described by Manolio ef al (27).

DNAJC3 mRNA and protein are expressed in the pancre-
atic B-cells. This protein is involved in an unfolded protein
response (UPR) during endoplasmic reticulum (ER) stress (28).
The ER can transmit apoptotic signals in the pancreas during
ER stress, which mediates the apoptosis of (3-cells during the
development of diabetes (29-32). Under the ER stress condition,
cells activate the adaptive UPR to resolve the protein-folding
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defect (33). In addition, an increased expression of UPR genes
is observed in the islets of T2D patients (34,35). Several
studies have indicated that DNAJC3 is regularly induced
during ER stress, which is a key component of a negative feed-
back used by the cell to inhibit eukaryotic initiation factor-2
signaling and attenuate the UPR, leading to a reduction of
cell apoptosis (36,37). Ladiges er al (28) generated DnajC3
knockout mice, demonstrating an ongoing onset of glycosuria
and hyperglycemia associated with an increasing apoptosis
of the pancreatic islet cells. A recent study by Han et al (38)
revealed that defective protein folding generated oxidative
stress, which serves as an essential signal for apoptosis in
response to ER stress in the pancreatic f-cells. The authors
demonstrated that homozygous DNAJC3 knockout mice
become diabetic due to decreased B-cell mass and function
as a result of the oxidative stress and apoptosis signaling (38).
Furthermore, Synofzik et al (24) demonstrated that a homo-
zygous DNAJC3 p.R194* mutation identified in three siblings
from a Turkish family caused juvenile-onset diabetes with
central and peripheral neurodegeneration. Also, they discov-
ered that the homozygous frameshift deletion DNAJC3
p-N34Mfs*20 caused juvenile-onset diabetes with hearing
impairment and ataxia in a German family with a consanguin-
eous marriage (24). These two diabetes-associated mutations
caused loss of the DNAJC3 protein function. Furthermore,
39 missense homozygous variants of DNAJC3 were identified
in 506 unrelated subjects with a family history consistent with
recessive disease, with one or more features of the DNAJC3
phenotype in this cluster (diabetes, neurodegeneration, hearing
impairment or ataxia) (24).

Notably, the present study identified DNAJC3 p.H238N,
which segregated with diabetes in autosomal dominant mode.
Since it was a heterozygous mutation, the disruption of the
protein function may be less harmful compared with its homo-
zygous counterpart. In silico mutagenesis of DNAJC3 H238N
revealed alteration of the polar contact across TPR motifs and
subdomains, which may affect the tertiary structure of the
DNAIJC3 protein. The DNAJC3 RNA levels of cells transfected
with the wild-type and mutant plasmid constructs were not
statistically different (data not shown). By contrast, the expres-
sion of DNAJC3 H238N protein was lower compared with that
in the wild-type, which may be due to protein instability. This
is consistent with the ‘Destabilizing’ result predicted by DUET
predicted stability changes program. Since DNAJC3 R194* and
N34Mfs*20 caused loss of protein expression and function, the
clinical manifestations of patients harboring these mutations
were more severe in comparison with those harboring DNAJC3
p-H238N (24). Thus, the patients in the present study became
diabetic at a later age and did not exhibit neurodegeneration,
hearing impairment or ataxia. Further studies considering
the molecular and cell biology of this variant, particularly
in pancreatic B-cells, should promote a better understanding
of the mechanism underlying the pathogenesis of T2D, and
such research may lead to the development of novel therapies
for DM. Furthermore, screening for this variant in a larger
sample size of T2D patients and non-diabetic subjects should
be conducted to clarify the association between this variant
and the risk of developing diabetes.

In conclusion, in the present study, exome sequencing
successfully identified DNAJC3 p.H238N, which is a
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low-frequency variant with an intermediate effect, causing
familial T2D in Thai individuals. The findings of the present
study were the first to demonstrate that DNAJC3 variants were
involved in pathogenesis of early-onset autosomal dominant
T2D while a previous report identified that different variants
of this gene were involved in syndromic autosomal recessive
diseases with diabetes (24).
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