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Abstract

Context. Diabetes is a chronic disorder with a
complex pathogenetic background including monogenic,
polygenic, and environmental causes.

Objective. The aim of the present paper is to share
the information related to genetic and clinical data of large
pediatric diabetes cohort.

Design. The present study retrospectively analyzes
genetic and clinical findings of subjects diagnosed with
diabetes under the age of 18 year and are in follow-up in a
pediatric diabetes referral center.

Subjects and Methods. Out of 1205 children with
diabetes (902 treated with insulin) 246 underwent genetic
tests on the basis of clinical selection criteria since 2007.

Results. One hundred and ten variants related to
diabetes were found in 89 of them. Age at presentation was
9.5+4.02 years (F/M 44/45). In total 49 pathogenic and likely
pathogenic, 11 “hot and warm” of unknown significance
variants were found in fourteen MODY and fifteen non-
MODY genes according to criteria developed by American
College of Medical Genetics. Thirty novel mutations were
found. GCK (26.6%) and ABCC8 (10%) were two most
frequently affected genes. Antibody testing revealed negative
results in 80% of cases.

Conclusions. Genetic interpretation in selected
cases is important to understand the nature of the disease
better. Improvement in testing opportunity and awareness
might increase the prevalence of genetically explained
diabetes cases. The distribution of subtypes differs between
countries and even regions of the same country.

Keywords: genetics, maturity-onset diabetes of the
young, monogenic diabetes, next-generation sequencing,
child.

INTRODUCTION

Diabetes mellitus is a chronic disorder
presenting with hyperglycemia mainly due to lacking
action of insulin, as a result of pathogenic causes of a
very wide spectrum. The identification of the underlying
pathogenic mechanism is important mainly by two
aspects: First, at the individual level, it is important to
determine the appropriate management and to predict
the course of the disease as well as risks of possible
comorbidities in a person diagnosed with diabetes.
Second, at global level, knowing the prevalence and
mode of presentation of different types of diabetes
generally and in various populations is important for
better understanding of the disease.

Monogenic diabetes is the title of most
heterogeneous subgroup of diabetes presenting with
somewhat typical clinical picture and possibility
for an exact diagnosis (1). But an exact diagnosis is
not always the case because of the overlap of some
clinical characteristics between different types of
diabetes, the lack of sufficient knowledge about the
pathogenic importance of some genetic variations and
the existence of still unknown monogenic types. Apart
from monogenic causes many diabetes type 1 or type 2
susceptibility genes are defined (2, 3).

MODY-diabetes is the biggest subgroup
of monogenic diabetes with to date defined 14
genetic causes. Different case series mostly depict
an overrepresentation of the first three MODY types
(HNF4A, GCK and HNF1A). The proportion of
various types may change between populations (4).
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Increased access to genetic tests, awareness of the
heterogeneity of diabetes pathogenesis and existence
of atypical presentations of pediatric diabetes patients
led us to increasingly search for potential genetic
explanations in our cohort. The aim of the present
paper is to share the information related to genetic and
clinical data of this large pediatric diabetes cohort.

MATERIALS AND METHODS

The present paper describes the genetic
findings and general clinical picture of cases collected
in a time period of 13 years. All cases with a genetic
variation related to diabetes, except for polymorphisms
are presented. So-called MODY-X cases with a typical
clinical picture but no genetic variation are not included.
The study design is retrospective.

The background
characteristics of the center

The pediatric diabetes center where the study is
conducted resides in Northwest Turkey, the West Black
Sea Region, to which most of the children diagnosed with
diabetes are referred from 8 cities (Duzce, Bolu, Sakarya,
Zonguldak, Kastamonu, Karabuk, Bartin, Kocaeli). The
center is a SWEET (an initiative aiming to improve
quality of pediatric diabetes care and data collection
throughout the world) collaborative center since 2017
(5). The population in the geographical region is quite
heterogeneous whereas most of them have migrated from
North- East, i.e., Circassians, Georgians, and Laz (6).

population and

Routine diagnostic procedures in pediatric
diabetes unit

Most of the cases attend with acute metabolic
decompensation, i.e., diabetic ketoacidosis or severe
hyperglycemia. A minority is diagnosed occasionally
during screening with mild or even severe hyperglycemia,
impaired fasting glucose, or glucose tolerance. HbAlc,
C-peptide, islet and GAD antibodies are performed in
all cases along with other routines. Autoantibodies were
mostly analyzed in our center, but some patients had
already externally performed results, in these patients
reference values of the laboratory were accepted. In our
center: Anti GAD antibody values above 1 U/mL were
accepted as a positive result. Islet cell antibody values
were defined as positive or negative results.

Indications for genetic tests
Genetic tests are performed in cases with
clinical suspicion of MODY or other forms of

monogenic diabetes, after at least one year follow-up
with few exceptions. Evidence of slow progression of
diabetes, recurrence of diabetes in multiple generations,
antibody negativity, persistent C-peptide levels, lack of
findings of insulin resistance or ketosis &ketoacidosis
at onset, accompanying syndromic features, decreased
insulin needs are predominant motivations for genetic
testing (6).

In cases suspected for MODY diabetes, up to
four consecutive panels comprising of 13 genes are
performed (GCK, HNFI1A, HNF4A, HNF1B, PDX1,
NEURODI (ND1), CEL, INS, ABCC8, BLK, KLF11,
PAX1 and KCNJ11). Whole exome sequencing and
occasionally array CGH are performed on individuals
whit a typical MODY clinical picture when no variant
could be detected in any of these genes. In syndromic
cases targeted gene sequencing is performed.

Genetic testing and interpretation

Total DNA was isolated from peripheral
blood samples of the participants and Next Generation
Sequencing (MISEQ-Illumina) was performed using
primers containing exon / exon intron junctions in the
related gene. All disease-causing variants reported in
the HGMD®, Illumina BaseSpace Variant Interpreter,
InterVar, Franklin, VarSome, ClinVar, OMIM, and
Pubmed databases as well as all variants with a minor
allele frequency (MAF) of less than 1% in the gnomAD
database were considered.

Detected variants were classified as
“pathogenic” (P), “likely pathogenic” (LP), “variant of
uncertain significance (VUS)”, “likely benign” (LB)
or benign according to the international guidelines
of the American College of Medical Genetics and
Genomics (ACMG) (7). Hot and warm VUS variants
were indicated as well (8). All variants were revised
just before the paper is written.

Data sampling and presentation

All medical records generated during follow-up
in our center or elsewhere are accessible electronically.
In addition, the center has a private archive for every
child with diabetes including copies of medical records
and complementary information when necessary. Every
subject with a positive genetic finding is recorded in a
separate excel sheet with genetic parameters, i.e., gene
number, base pair and amino acid variations, other
variations if any, zygosity, pathogenicity, mode of
inheritance, exon number, genetic and clinic status of
family members if present. At start of the study this
excel file and files of cases on the list were reviewed.
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Inclusion criteria

A diagnosis of diabetes & prediabetes before
the age of 18 years. Testing positive for any variation
related to diabetes.

Exclusion criteria
Cases with polymorphisms
Cases with negative genetic results

Ethics

Informed consents were obtained from the
patients’ parents for genomic analysis. All procedures,
which were appropriate to the Declaration of Helsinki,
were approved by the Ethics Committee of the Faculty
of Medicine at Duzce University (Date February 7,
2022; No. 2022/25).

Statistical analysis

Statistical analyses were performed using IBM
SPSS Statistics for Windows, version 23.0 (IBM Corp.,
Armonk, NY, USA). Descriptive statistical methods
were done. The data were given as mean+SD and
percentages.

RESULTS

Since its establishment in 2007, 1205 cases
have been recorded in the pediatric diabetes archive of
digital files. Nine hundred two of them were apparently
type 1 diabetes at onset. In total, 246 of our patients
were tested genetically. Thirty-four of them underwent
whole exome sequencing following negative panel
screenings or as the first option. In two cases array
CGH was performed without any positive result.
Eighty-nine separate patients were found to have 110
variations which are related to diabetes (Fig. 1). Their
age at diagnosis was 9.5+4.02 (0-18) years and sex
distribution balanced (Table 1). Variations not related
to diabetes are not reported in the present study. In 157
patients, no genetic explanation of diabetes was found
with to date conducted genetic tests. The detection rate
in our practice is 36%, 24% and 20% when all, P +
LP + warm-hot VUS and only P+LP variations are
included respectively.

Genetic variations associated with diabetes

Three different variations were detected in four
patients and two different variations were detected in
thirteen patients (Table 2). One of the 4 patients with
three variations and one of the 13 patients carrying two
variations in the HNF1A and ABBCS genes respectively
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represented codominances. Thus, three patients have
triple heterozygosity, two have codominances, 12
have double heterozygosity, remaining 69 carried one
variation related to diabetes each (Table 2).

We found 30 novel mutations in 16 genes,
34 times in total (Table 2). The repeated 4 mutations,
two in GCK, one in ABCCS8 and one in TBC1D4 were
found in 4 sib-pairs. Other four were in GCK, three
in CEL, three in HNF4A, two times each in HNFI1B,
ABCCS, INS and WFSI; the remaining in HNF1A,
KLF11, PAX4, PDX1, APLL1, PPARy and SLC5A2;
once in each gene (Table 2).

Forty-nine patients were positive for pathogenic
and likely pathogenic variations, of which 37 are
in 8 genes related to MODY. Twelve non-MODY
variations which are pathogenic or likely athogenic
were found, MC4R three times, WFS1 and EIF2AK3
two times and the remaining one time each (Table 3).
In two patients with GCK and in one patient with GCK
and HNF1A file records were indicating the gene with
the variation, but genetic reports were not obtained.
Their pathogenicity was classified as “unknown”.

Of the 44 variations classified as VUS, 9 were
in “hot” and 2 were in “warm” category (Tables 2, 3).

In 56 patients anti-GAD and islet cell
antibodies were negative, in four patients anti GAD,
in four patients islet cell and in two patients both
antibodies were positive. In three patients anti GAD
was tested twice and one result was negative and the
other weak positive. In 20 patients, antibodies were
not tested, mostly because of exclusion of type 1
diabetes via clinical findings such as non-progressive
hyperglycemia (Table 1). Pts 30 presented with ketosis,
mild acidosis, she is lean, and her insulin dose 1s <0.5 U/
kg/day, there is history of diabetes in four consecutive
generations, and she carries three variations related to
MODY (Table 1).

We tested sulphonylurea in seven patients.
None of them except one was successful. Even in
the patient with HbAlc levels ranging between 5.8-
7% under glibenclamide monotherapy for the first
two years, we started insulin rather than increasing
glibenclamide dose during puberty.

GCK mutations

GCK was the predominant gene with 26
pathogenic and likely pathogenic variations. In
three subjects with GCK the variation detail was not
recorded in the file (Tables 2, 3). Of the 29 patients, 12
are siblings from five different families.

Family 1: Three siblings are affected. Two
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older brothers presented with non-progressive
hyperglycemia during school-age and the third
sibling with neonatal diabetes who is homozygote
for the variation (p.Phe419SerfstTer12). The two
brothers, mother (gestational diabetes) and father (non-
progressive hyperglycemia) were heterozygous.

3 B b

Genetic Tests Applied to Patients

246

cases underwent
genetic analysis

Family 2: Three siblings are affected, two
are males with double heterozygosity (MODY2
and MODY12) and their sister is carrying only the
p-Phe419SerfstTer12. GCK variation is probably
inherited from the mother who is not tested genetically.
The father carried the p.Gln483Arg variation in the

212 3

cases underwent cases underwent

targeted gene& whole exome

panel analysis sequensing

21 cases with
26 variations

144 cases with
68 cases with neariaton

13 cases with
no variation

c mGCK (26)
Distribution of variations (%) EABCC8  (10)
B HNF1A (10)

m CEL (7.3)

HKCNJ11  (4.5)

H NEURODL1 (3.6)

mKLF11 (3.6)

m HNF1B (3.6)

mBLK (2.7)

= PAX4 (1.8)

m PDX1 (1.8)

Detected Variants m HNF4A (2.7)
mINS1 (1.8)

W APPL1 (0.9)

BEWFS1  (L.8)

EIF2AK3 (1.8)

B EXN (0.9)

= BBS1 (0.9)

= PPARG (0.9)

TBC1D4  (2.7)

84 variations

The background population and characteristics of the center

Figure 1. Demonstrative examples of the study. The background population and characteristics of the center (a). Genetic tests type
applied to patients and the number of detected variation (b). Distribution of detected variation (c).

Table 1. Clinical characteristics

Sex(F/M) 44/45
Age, decimal years (mean+SD) 9.5+4.02
. 20
Presentation at onset n (%)
. . . 32
Ketosis Hyperglycemia By screening
. 37
Prediabetes* 5
BMlIcentile n (%) 7
<85 15
85-95 3
> 95
L 33
Medication n (%)
None 1
SU(temporary)** Metforminlnsulin S5
<0.5U/kg 23
>0.5 U/kg 17
Follow-upduration years(min-max) 1-27
Family history n (%) Atleast3consequetive- 27
generations 35
<3generations None 10
Unknown 17
4
Autoantibodiesto(n) GAD 3
GADsuspicious***Islet cell 4
Both None 2
Nottested 56
20

*Included in screening cases. **Included in insulin treatment cases. ***Two tests with one negative and one positive result.
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ABCCS gene, i.e. the boys inherited that variant from
the father. Clinically all three siblings shared almost
the same degree of hyperglycemia, HbAlc 6.2% and
fasting blood glucose 128-130 mg/dL. The father of
these siblings had a HbAlc of 7.2% and triglycerides >
300 mg/dL.

Family 3: Two siblings are affected. The
p.Phe150del variation in these siblings caused an early
diagnosed (the girl at 2 years and the boy at 3 months
of age) mild-moderate hyperglycemia with HbAlc
changing between 5.5-6.6% during >7 years of follow-
up. The early diagnosis was thanks to their mother’s
similarly progressing diabetes.

Family 4: Two siblings are affected. The
elderly brother was diagnosed with diabetes at 6 years
of age followed by screening of his 3 years old sister
with a similar degree of hyperglycemia. Their mother
reported gestational diabetes but neither parent was
tested genetically.

Family 5: Two siblings are affected. The older
sister was diagnosed by screening at the age of three
years and during 5-year follow-up, HbAlc is ranging
between 6.4-6.8% without treatment. The younger
brother is screened later on at the same age and HbAlc
is 6.3-6.5% in last two years.

Among the 29 patients the one with neonatal
diabetes is treated with moderate dose insulin via pump,
one unrelated patient and two siblings in the fourth
family are using low dose basal insulin. The remaining
patients did not receive any medication.

ABCCS8 mutations

The second biggest subgroup was made of
cases with variations in the ABCC8 gene (Table 3).
Two of them were pubertal girls with likely pathogenic
mutations. They were obese and had persisting C
peptide levels. We found 8 variations classified as
VUS, their carriers all had features supporting MODY
such as positive segregation with parents, low insulin
requirements and persisting C peptide levels.

Other variations

Eleven variations in HNF1A genes, 8 in CEL
gene, 5 in KCNJ11 gene and 4 in NEURODI1 gene
variations were found (Table 3).

Variations in BLK were found in three
patients. The first one is a girl with incidentally found
hyperglycemia and later dependent on low dose
insulin. The ¢.223C>A variation, which is reported as
VUS is co-segregated with his father and uncle with
diabetes and was not found in her non-diabetic mother
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as well as brother. The second case carrying the likely
benign c.424A>G variation presented with negative
autoantibodies but severe ketoacidosis, diabetes in
consequent paternal three generations, a slowly dropping
but after 7 years too low c-peptide. Neither his father
nor his mother has the same variation. This patient has
also one VUS and one benign variation in HNF1A gene
which are not tested yet in his parents. The third one is
a pubertal, insulin dependent girl who has inherited the
VUS from her father who has impaired fasting glucose.

One patient with consanguinity in multiple
generations had HNF1A, HNF4A and WFS1 mutations
and died at the age of 29 seemingly related to a
cardiovascular event. This patient was diagnosed with
diabetes at 2 years of age and with optic atrophy later.
He had life-long insulin-dependency and late-onset
mild ataxia and depression.

Two patients with INS-MODY were diagnosed
at very similar ages of 3 year 9 months and 3 year 6
months. Both attended with symptomatic hyperglycemia,
the girl with a HbA1c level of 13.5% and ketosis, the boy
with a HbAlc level of 7.4% and without ketosis. Both
have negative autoantibodies and the same insulin need
of 0.47 U/kg/d as well as excellent metabolic control in
the fourth and third year of diagnosis.

We identified MC4R mutations in three
patients presented with diabetes. One morbid obese
boy with a homozygote pathogenic known mutation
was typically insulin resistant diagnosed with type
2 diabetes at the age of 11 years. On the other hand
a lean boy with postprandial hyperglycemia and
HbA1c 13.2%, without ketosis and autoantibodies was
initially started and favorably controlled with low dose
sulfonylurea for two years. This patient underwent
panel investigations, array CGH with no positive
finding and WES revealed a likely pathogenic mutation
in MC4R, which has extremely low frequency in
gnomAD population databases. The third boy carried
the WEFS1 gene as well homozygous and was slightly
overweight. None of the cases with channelopathy had
history of neonatal diabetes.

The patient with a VUS variation in MAPKSIP1
gene presented with prediabetes and history of anal
atresia, later progressed severe insulin dependence.

There was a very large spectrum of clinical
picture at presentation as well as during follow-up even
within the same gene group ranging from prediabetes to
DKA at presentation and from decreasing insulin needs
to very high HbAlc in parallel with high insulin doses
during follow-up except for the heterozygote GCK cases
who share a very similar and stabile course. Moreover,
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Table 2. List and assessment of the detected variants

Transcript Nucleotide MAF by Variant Variant Clin ACMG . .
PN’ Gene Number Change AA Change gnom AD Zyg Location Type Var Class ACMGPatCrit Novelity
P1 HNFIA NM_000545.8 ¢.1513C>A  p.His505Asn 0.0000797 Het Exon8 Mis VUS LP PP2, PP3,BS2 rs577078110
P2 BLK NM_001715.3 c.424A>G p-lle142Val  0.000513 Het Exon6 Mis Benign VUS gls’z’ BS2, BP4, 15562247916
P2 HNFIA NM_000545.8 ¢.79A>C p.lle27Len  0.34 Het VUS rs1169288
P2 HNFIA NM_000545.8 ¢.1460G>A  p.Ser487Asn 0.32 Het Benign rs2464196
P3 PAX4 ON(?I/IS_ 66110.1 c421C>T p-Argl41Trp 0.00699 Het Exon6 Mis Benign LB BA1, BS3, BP4 rs2233578
. PM1, PM2,
P4 HNFIB NM_000458.4 c.421G>A p-Aspl41Asn ND Het Exon2 Mis NP LP PP2. PP3 Novel
P5 ABCCS NM_000352.4 ¢.2861G>T  p.Gly954Val 0.00000398 Het Exon24 Mis NP LP PM2, PP2 rs1285168546
P6 HNFIA NM_000545.8 ¢.208T>C p-Ser70Pro ND Het Exonl Mis NP VUS"  PM2, PP2, PP3 Novel
P7 GCK NM_000162.5 ¢.214G>A p-Gly72Arg  0.00000398 Het Exon3 Mis P P E;/ili)l;l;/li:lfsPS, rs193922289
el 9
P8 NEURODI NM_0025004 c.-71G>A - 0.0000637 Het 5’UTR Mis NP VUs BP4, PM2 rs528005664
P9 HNFIB NM_0004584 ¢.311C>T p.-Alal04Val ND Hom Exonl Mis VvUS vust ﬁgl’ PM2, Novel
P10 CEL NM_001807.6 c.1766G>A  p.Gly589Glu 0.000107 Het Exonll Mis NP VUS BS2, BP1, BP4 rs565866896
P11 KLF11 NM_003597.4 ¢.677C>G p-Thr226Ser 0.00000398 Het Exon3 Mis NP VUS PM2, BP1, BP4 rs120927416
P11 SLC5A2 NM_003041.4 ¢.1176dupC p.Ser393 ND Het Exonl0 Frms NP LP PVS1, PM2 Novel
LeufsTer69
. PM1, PM2,
P12 GCK NM_000162.5 ¢.700T>G p.Tyr234Asp ND Het Exon7 Mis NP LP PP3 Novel
p-Phe419 .
P13 GCK NM_000162.5 c¢.1256delT ND Het Exonl0 Mis NP LP PVS1, PM2 Nors-PF
SerfsTer12
. PM1, PM2,
P14 KCNJ11 NM_000525.3 ¢.526C>T p-Argl76Cys 0.0000241 Het Exonl Mis VUuS LP PP2 rs201264306
P14 PDX1 NM_000209.4 :;:jglG AG p.Gluld45del 0.0000205 Het Exon2 Ifr NP vus' PM2,PM4 rs768856218
P15 CEL NM_001807.6 c.1341C>A  p.Tyr4d47Ter 0.000016 Het Exonl0 Non-S NP LP PVS1, PM2 Novel
P16 CEL NM_001807.6 c¢.446A>G p-Asp149Gly ND Het Exond Mis NP \4N PM2, PP3 Novel
P16 GCK NM_000162.5 ¢.943C>T p-Leu315Phe ND Het Exon8 Mis VUS LP iﬁ;’ ll;g;z’ Novel
’
P17 BLK NM_001715.3 ¢.1307A>G  p.Tyr436Cys 0.00000399 Het Exonl2 Mis NP VUs PM2, PP3 rs1393176878
P18 CEL NM_001807.6 ¢.679-4G>A - 0.0000537 Het Intron5 Mis LB Benign BS2, BP4, BP6 rs371303105
P19 ABCCS NM_000352.6 ¢.2434G>A  p.Asp812Asn 0.0000795 Het Exon20 Mis NP VUS PM2, PP2 rs146916682
P20 GCK NM_000162.5 ¢.943C>T p.Leu315Phe ND Het Exon8 Mis VvUus LP iﬁ;’ ig;z’ rs1583594450
b
P21 HNFIA NM_000545.8 ¢.713+14C>T - 0.000121 Het Intron3 Mis VUS LB BS2, BP4 rs1939226601
P22 GCK NM_000162.5 c.449_451del p.Phel50del ND Het Exond Ifr NP LP PM1, PM2, Novel
PM4, PM5
P23 GCK NM_000162.5 ¢.617C>T Thr206Met 0.00000398 Het Exon6 Mi P P PMI, PM2, rs1441649062
3 N S e p. et 0. e X0 is PMS, PP3, PPS S
P24 GCK Not provided
P25 ABCC8 NM_000352.6 ¢3393C>T  p.dlel13llle 0.000183 Het Exon27 Mis Benign LB BP4, BP6, BP7 rs776975807
P25 ABCC8 NM_000352.6 ¢.1943G>A  p.Arg648His 0.000012 Het Exonl4 Mis VUS VUS" PM2,PP2 rs773168707
P26 NEUROD1 NM_002500.4 c.-81C>T - ND Het 5UTR Mis VUS VUS BP4, PM2 rs567688779
P27 KCNJ1I  NM_000525.4 c.67A>G p-Lys23Glu  0.64 Het Exonl Mis LB VvUS ]]:361’ BS3, BP4, rs5219
c449_ PM1, PM2,
P28 GCK NM_000162.5 451deITCT p-Phel50del ND Het Exond Ifr NP LP PM4, PM5 Novel
P29 HNFIB NM_000458.4 ¢.1414G>A  p.Vald72lle 0.00000624 Het exon7 Mis VUS VUS PM2, PP2 15762841746
P30 NEURODI NM_002500.4 c.590C>A p-Prol97His 0.0193 Het Exon2 Mis Benign Benign BS1, BS2, BP4 rs8192556
P30 HNFIA NM_000545.8 ¢.79A>C plle27Len  0.34 Het VUs rs1169288
P30 HNFIA NM_000545.8 ¢.1460G>A  p.Ser487Asn Het Benign rs2464196
PM1, PM2
P31 ABCC8 NM_000352.6 c.1616A>G  p.Tyr539Cys 0.00000398 Het Exonl0 Mis VUS VUS PP3 ,PPS ’ rs193922397
’
P32 KCNJII  NM_ 0005254 c57G>A  p.Glul9Glu 0.00000399 Het Exonl Mis LB LB 1]21}\)442’ BP6, BP7, | 748791717
P33 GCK Notprovided
P34 GCK Notprovided
P34 HNFIA Notprovided
P35 GCK NM_000162.5 c¢.1256delT ££¥£1:;lzl98erf- ND Het Exonl0 Frms NP LP PVS1, PM2 Nors-PF
P36 CEL NM_001807.6 ¢.268A>C p.Thr90Pro  0.000112 Het Exon3 Mis NP VUS BS2, BP1, BP4 rs756184460
PM1, PM2
P37 GCK NM_000162.5 ¢.1328A>C  p.Glud43Ala ND Het Exonl0 Mis NP LP ’ ’ Novel
BN, P,
P38 HNFIA NM_000545.8 ¢.862G>A p-Gly288Arg 0.0000461 Het Exond Mis VUS VUS - ’BSZ ’ rs539507291
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Transcript Nucleotide MAF by Variant Variant Clin ACMG ACMG Pat .
PN Gene Number Change AA Change gnom AD Location Type Var Class  Crit Novelity
P39 CEL NM_001807.6 c.670-1G>A - ND Het Intron5 Mis NP  LP PVS1,PM2  rs1323338882
P40 GCK  NML_O00162.5 c.534delG E'T‘:j‘z‘;”“rf' ND Het Exon5 Frms NP LP  PVSLPM2  Novel
PM1, PM2,
P41 GCK NM_000162.5 ¢.571C>T p-Argl91Trp 0.00000796 Het Exon5 Mis P P rs1085307455
PMS5, PP3, PP5
P42 GCK NM_000162.5 ¢.1256deIT fgl‘ffzwse"f' ND Het Exonl) Frms NP LP  PVSL,PM2  Nors-PF
PM1, PM2,
P43 GCK NM_000162.5 ¢.943C>T p.Leu315Phe ND Het Exon8 Mis VUS LP PMS, PR3 rs1583594350
’
.Phe-
P44 GCK NM_000162.5 ¢.1256delT 5195 2 ND Hom Exonl0) Frms NP  LP PVS1L,PM2  Nors-PF
erls
P45 ABCC8  NM_000352.6 ¢4732C>T  p.Argl578Cys 0.00000796 Het Exon39 Mis NP  VUS" PMI,PM2  Novel
P45 G6PC2  NM_021176.3 ¢.782G>C p-Arg261Thr 0.0000199 Het Exon5 Mis NP  VUS" BPI,BP4,PM2 rs748589053
P46 HNF4A  NM_0004574 ¢1255G>A  p.Gludl9Lys ND Het Exon9 Mis NP  VUS PM2,BP4,PP2 Novel
P47 CEL NM_001807.5 ¢.907C>T p.His303Tyr ND Het Exon8 Mis NP  VUS PM2,BP4  Novel
P48 GCK NM_000162.5 ¢.1256delT ;)t.gil:leS’Serf- ND Het Exonl0 Frms NP  LP PVS1,PM2  Nors-PF
P48 ABCC8  NM_000352.6 c.1448A>G  p.GInd83Arg ND Het Exon9 Mis NP  VUS PM2,PP2  Novel
P49 NEURODI NM_002500.4 ¢.590C>A p.Pro197His  0.0193 Het Exon2 Mis Benign Benign BS1,BS2,BP4 rs8192556
PM1, PM2
P50 INS NM_000207.2 ¢.84_86delACA p.GIn28del ~ ND Het Exon2 Ifr NP LP PM4’ ’ Novel
. BA1, BS3,
P51 KCNJI1I ~ NM_000525.4 c.67A>G p.Lys23Glu  0.64 Het Exonl Mis LB VUS o o< rs5219
b
PM1, PM2,
P52 ABCC8  NM_000352.6 ¢.3613G>A  p.Glul205Lys 0.0000358 Het Exon29 Mis VUS LP PP3 rs768448830
P52 ABCCS  NM_000352.6 c.458A>G p.Lys153Arg ND Het Exond Mis NP  VUS PM2,PP2  rs1186544807
P53 BLK NM_0017153 ¢.223C>A p.Arg75= 0.00000398 Het Exond Sl NP  VUS  BP4,BP7,PM2 rs149393791
PM1, PM2,
P54 GCK NM_000162.5 ¢.943C>T p.Leu315Phe ND Het Exon8 Mis VUS LP PMS’ P3 rs1583594450
b
P55 GCK NM_000162.5 ¢.1256delT g’t'ﬂ‘:fzwserf' ND Het Exonl0 Frms LP PVS1,PM2  Nors-PF
P56 ABCCS  NM_000352.6 c.1448A>G  p.GInd83Arg ND Het Exon9  Mis VUS PM2,PP2  Novel
P56 GCK NM_000162.5 ¢.1256delT 5;’2:;‘2195‘“' ND Het Exonl0 Frms LP PVS1,PM2  Nors-PF
P57 KLF11 NM_003597.4 c¢.1151C>A p-Pro384His ND Het Exon3 Mis NP vUusS PM2 Novel
P58 CEL NM_001807.6 ¢.2026G>T  p.Ala676Ser  0.00014 Het Exonll Mis LB LB  BP4,BP6 rs529652004
P58 EIF2AK3 NM_004836.7 ¢.1392_1396del p.Tyr464fs Hom LP Novel
P58 AKT2 NM_001626.6 c.1126G>A  p.Glu376Lys 0.000007096 Het VUS 151466949645
P59 KLF11 ~ NM_003597.4 ¢.1382G>A  p.Argd61GIn 0.000497 Het Exond Mis NP LB BS1, BS2, BP4 rs199770737
P60 ABCCS NM_000352.4 c.1126T>A p-Ser376Thr ND Hom Exon7 Mis NP VUS g:;l’ PM2, Novel
BS1, BS2,
P61 HNFIA  NM_000545.8 ¢.1386C>T  p.Vald62=  0.000176  Het Exon7 Sil LB LB BP4,BP6,  rs143015301
BP7
P61 HNF4A  NM_000457.5 ¢.149C>T p.Ala50Val  0.0000199 Het Exon2 Mis VUS VUS' PM2,PP2  Novel
P61 WFSI NM_006005.3 ¢.2168T>C p-Leu723Pro Hom Exon8 LP Novel
PM1, PM2,
P62 GCK NM_000162.5 ¢.766G>A p.Glu257Lys ND Het Exon7 Mis LP P PM5,PP3,  rs769268803
PP5
P63 GCK NM_000162.5 ¢.1256delT :’gi‘:fzmerf' Het Exonl0 Frms NP LP  PVSL,PM2 Nors-PF
. . PM1, PM2,
P64 GCK NM_000162.5 ¢.950A>C p.His317Pro ND Het Exon8 Mis NP LP PMS Novel
PM1, PM2,
P65 GCK NM_000162.5 ¢.769G>A p.Glu257Lys  0.00000398 Het Exon7 Mis P P PM5,PP2,  rs769268803
PP3, PP5
P66 GCK NM_000162.5 c¢.1256delT 5"11;';;&*12 ND Het Exonl0 Frms NP  LP PVS1,PM2  Nors-PF
P67 KCNJI1 ~ NM_000525.4 c¢.-54C>T - 0.0000958 Het 5’UTR Mis VUS VUS PM2,BP7  rs1016780684
P68 KLFI11 ~ NM_003597.5 c.1018A>T  p.Met340Leu 0.00000803 Het Exon3 Mis NP  VUS PM2 rs7472156138
P68 PAX4 ON&\I’[;“HO | o8I8C>G p.Pro273Arg ND Het Exon9 Mis NP  VUS PM2 Novel
P69 PDXI NM_000209.4 c.402G>A p.Trp134Ter 0.00000408 Het Exonl Non-S NP  LP PVS1,PM2  Novel
P70 LPL NM_000237.3 ¢.89-1G>A - ND Hom Intronl Mis LP LP g;’SSI’ PM2, 404261
P71 %Z NM_005456.4 c.1864G>A  p.Val622Ile  0.000119  Het Exon9 Mis NP  VUS PM2,BP4 rs549861347
P72 MC4R ~ NML_O0S913 c.791A>G  p.His264Arg ND Het Exonl Mis NP Lp  TMLPM2 0 rs191533901

PP2, PP3 12novel?
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Transcript  Nucleotide MAF by Variant Variant . ACMG ACMG .
PN Gene Number Change AA Change gnom AD Zye Location Type Clin Var Class _ Pat Crit Novelity
P71 MAPKS8IP1 NM_005456.4 c.1864G>A p.Val622Ile  0.000119 Het Exon9 Mis NP VUS PM2,BP4 rs549861347
. . PM1, PM2, rs191533901
P72 MC4R NM_00591.3 ¢.791A>G p-His264Arg ND Het Exonl Mis NP LP PP2,PP3  17novel?
PM1, PM2,
P73 MC4R NM_00591.3 ¢.493C>T p-Argl65Trp 0.0000199 Hom Exonl  Mis LP P PMS5, PP2, rs13447332
PP5
P74 TBCID4 NM_014832.4 ¢c.1687G>A p-Ala563Thr ND Het Exon8 Mis NP vVUS PM2 Novel
P75 TBCID4  NM_014832.4 c.1687G>A p.Ala563Thr ND Het Exon8 Mis NP vus PM2 Novel
P76 APLLI NM_012096.3 ¢.1274C>T p.Thr425Ile  0.00000399 Het Exonl5 Mis NP VUS PM2,BP4 Novel
P76 CCR5 NM_000579.3 c.164T>A p.Leu55GIn  0.0136 Het Exon3  Mis NP Benign BS1,BS2  rs1799863
P77 PPARG NM_015869.5 c.614A>G p.His205Arg  0.00000399 Het Exond  Mis NP vust ll:ll\)/;Z, PP2, Novel
P77 TBCID4  NM_014832.5 ¢.3353A>G p.Lys1118Arg 0.0000319 Het Exonl9 Mis NP vus PM2 rs755146398
p.Leu251 PVS1,
P78 BBSI NM_024649.5 c.752delT GInfsTer25 ND Hom Exon9 Frms P P PM2, PPS rs1299581
P79 FXNI GAArepeat>66 Intronl
P80 LMNA NM_170707.4 ¢.1444C>T p-Argd82Trp 0.000004 Het Exon8 Mis P P gll\:;l’ PM2, rs57920071
P81 EIF2AK3  Notprovided
P82 GCK NM_033508.3 c.1253delT  P-Phe- ND Het Exonl0 Frms NP e P8 NopR
e A 418Serfs*12 oo s PM2 o
P83 HNF4A NM_000457.5 ¢.176T>C p-Leu59Pro ND Het Non-Syn vust Novel
P84 HNFIB NM_000458.4 c.1126A>C p.Thr376Pro Het Mis Vus rs771937539
NM_
P85 WFS1 001145853,1 ¢.1395delC p-Gly466fs Hom Frms LP Novel
P85 MC4R NM_005912,3 ¢.380C>T p.Ser127Leu  0.0001627 Het Non-Syn P rs13447331
NM_ . Non-
P86 HNFIA 001306179.2 c.1513C>A p.His505Asn  <0.01 Het Syn LP rs577078110
P87 GPD2 NM_000408.5 c.431G>A p-Argl44His Het Non-Syn VUSY  rs201559833
P88 GCK NM_033507.3 c.1328A>C p.Glud443Ala ND Het Non-Syn LP Novel
P89 INS NM_000207.2 ¢.322T>A p.Tyr108Asn Het LP Novel

P: Patient numberAA: Amino AcidMAF: Minor Allele FrequencyZyg: Zygosity ACMG Class: The American College of Medical Genetics and Genomics
Classification. Pat Crit: Pathogenicity CriteriaHet: HeterozygousHom: HomozygousDel: Deletion. Frms: Frameshift. Mis: Missenselfr:In frame Sil:SilentSplc:

Splicing

VUSh:Hot VUS. VUSw:warm VUSLB: Likely benignB: BenignNo rs-PF: rs number unavailable but reporting publication found.

Table 3. The distribution of the variations according to ACMG classification

Non-S:NonsenseNon-Syn: Non-Synonymous NP: Not ProvidedP: PathogeniclLP: Likely Pathogenic. VUS:VariantofUncertain Significance.

Pathogenic _Likely pathogenic VUS (VUS")*

GCK 5 21 -
ABCCS8 - 2 8(2)
HNF1A - 2 5(2)
CEL 2 4
KCNJ11 - 1 3
NEUROD1 - - 2
KLF11 - - 3
HNF1B - 3(1)
BLK - - 3
PAX4 - - 1
PDX1 1 1(1)
HNF4A - - 3(2)
INS1 - 2 -
APPL1 - - 1
WES1 - 2 -
EIF2AK3 2 - -
FXN 1 - -
BBS1 - -
PPARG - 1(1)
TBC1D4 - - 3
MC4R 1 2 -
LMNA 1 - -
AKT2 - - 1
LPL - 1 -
SLC5A2 - 1 -
MAPKSIP1 - - 1
CCR5 - - -
G6PC2 - - 1(VUSY)**
GPD2 - - 1(VUSY)**
Total 10 39 44

Likely benign  Benign
1 .
2 2
1 1
1 -
- 2
1 B
- 1

Unknown

3

(|

Total

—
)

*hot VUS. **warm VUS.
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the clinical course was changing intra-individually, i.e.,
some cases with severe hyperglycemia at presentation
could stop insulin with time whereas some with
incidental impaired fasting glucose progressed to
insulin dependency. A considerable number of patients
were diagnosed as type 1 diabetes at first admission.

DISCUSSION

Diabetes is a complicated metabolic disorder
affecting a striking number of people throughout the
world (10). In Turkey, the prevalence of T1D in children
under 18 years was reported to be 0.75/1,000 (11).
Regarding epidemiological studies, Turkey is a country
with an intermediate incidence rate compared to the
rest of the world (12). With the advancing scientific
knowledge about the disease, classification of diabetes
types becomes complicated as well (13). Type 1 and
type 2 diabetes are still the leading subgroups, whereas
in parallel to the development of genetic techniques,
monogenic  diabetes, becomes more frequently
diagnosed in new cases as well as in cases formerly
diagnosed as type 1 or type 2 diabetes (14). A subgroup
of monogenic diabetes, MODY, is a category to which
new genetic types are added by the time. There are many
more diabetes genes, some of them well defined some
not, for which the impact or mechanism of action on the
development the disease is not sufficiently understood
yet. The genes beyond the categories MODY, neonatal
diabetes and syndromic diabetes should be interpreted
with caution. There are risk scores proposed to interpret
T1D or T2D susceptibility genes. Gene to gene and gene-
environment interactions may affect the clinical picture
in a wider spectrum in comparison to cases accepted as
monogenic diabetes (15, 16).

Monogenic diabetes represents essentially the
unique subgroup of diabetes with a possibility to make
the diagnosis via genetic tests. But still many cases of
monogenic diabetes remain diagnosed as type 1 or type
2 diabetes. The reasons for this are numerous. First of
all, the availability of genetic tests is limited. Therefore,
criteria are developed to indicate genetic testing in diabetic
cases (2). In addition, the interpretation of the variations
found in target genes is not clear-cut yet. Therefore, we
presented variations belonging to all pathogenicity classes
in this study. New types of monogenic diabetes are added
with new research but there is limited knowledge about
their clinical pictures and epidemiology. There are many
papers related to the most common monogenic diabetes
subtypes and their presentation, i.e., MODY 1, 2 and 3,
but not to the remaining forms (15). A higher prevalence
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of monogenic diabetes is reported in recent studies. Islet
autoantibody negativity is often used to identify children
who could benefit from genetic testing, the screening and
testing strategies are variable, with estimates of prevalence
up to 2.5%—6.5% (4, 15).

Our study does not depict the prevalence of
monogenic diabetes in our cohort since genetic screening
is done on a selective basis among clinically suspected
cases. But apparently the prevalence would approach
8% roughly which is on the right side of the prevalence
spectrum. In 65% of patients genetically tested in our
center, no genetic explanation of diabetes was found to
date. These patients are type lor type 2 or MODY X
diabetes which is subject to interpretation with prolonged
follow-up and/or further genetic studies.

Looking at the literature, the distribution
of monogenic diabetes subtypes differs between
geographic and ethnic backgrounds of the cohorts
studied. A large adult study from Qatar investigated
variations in 16 MODY related genes in non-diabetic
people and in of TI1- and T2 diabetes using whole
genome sequencing and mutations in HNF1A gene
were most frequent (17). A childhood study again from
Qatar found the prevalence of monogenic diabetes <2%
and GCK as the prominent MODY subtype (18).

In our study as well GCK is the most prevalent
subtype of monogenic diabetes. In a multicenter study
from Turkey GCK-MODY was the most common
as well, but the distribution of remaining subtypes
was quite different suggesting the influence of ethnic
differences in our study population (19). Turkey is a
country with a mixture of many ethnic subgroups, but
our center’s hinterland is composed of predominantly
people migrated from North or Northeast.

Our cases with GCK represent a very large
clinical spectrum. A previous paper of us presents
their clinic in more detail (20). The most severe
one with homozygosity and permanent insulin
dependency was previously reported as well (21).
Another interesting family in the present study is that
with double heterozygous cases of GCK and ABCC8
gene. Clinically all the three siblings shared almost
the same degree of hyperglycemia, thus the variation
in ABBC8 does not look a game changer, although
affected their father in a different degree (see results
section). We found seven novel GCK mutations. In
fact, the mutations ¢.1256delT (found in 11 subjects),
¢.1328 A>C (found in 2 subjects) have no rs numbers
in databases as well, but we found two publications
reporting them, therefore not listed as novel (9, 10).

A case-control study showed the modestly
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association of HNFI1A gene p.I27L SNP with early-
onset, MODY-like diabetes in the Turkish population
(22). We found this variation in two patients and listed
it as VUS according to ACMG. Many variations in
this gene were reported, some of them benign, some of
them related to T2D in large cohorts (23, 24).

BLK is a controversial gene as a MODY
subtype, suggested in 2009 but recently rejected by
Laver et al. (25). Our first patient with a VUS variation
in BLK gene depicts a well co-segregation in the
family and a very typical clinic resembling MODY-
diabetes. In MODY-IST study again from Turkey, an
apparently benign variation in BLK gene was indicated
as a pathogenic one due to segregation findings (26).
But the likely benign BLK variation in our second
case with triple variation (one BLK, Two HNF1A) is
probably not explaining his diabetes.

INS-MODY  patients were interestingly
diagnosed around the age of 3 years. Their age at
diagnosis is unusual compared to the former literature
assigning INS mutation as the cause of neonatal
diabetes but in accordance with later case presentations
broadening the clinical spectrum (27).

We did not discuss clinical picture of every
case or genetic subgroup. In general, our detection rate
(35%) is quite high. In a study from Turkey with similar
number of background diabetes cases, the detection rate
was near 10%, still higher than many other cohorts (28).
In a previous study we screened 40 selected patients
using a 10 gene MODY panel and found 10 P and LP
variations, where the diagnostic rate was 25% (29).
This might be due to “too” careful selection of cases
for genetic testing with concern about cost. Therefore,
we are planning to consider further genetic tests in 152
cases with negative results.

All variations in genes known as susceptibility
genes (SLC5A2, MAPKS8IP1, CCRS, G6PC2, GPD2)
are found occasionally during exome sequencing. The
patients carrying them represented very atypical clinical
patterns compared with type 1 and type 2 diabetes.

MAPKSIP1is suggested as a candidate gene
for T2D (30). But yet, we cannot claim that these
variations explain their disease.

None of our patients is on successful and
permanent SU treatment, except one with transient
success. The main reason is our hesitation to stop
insulin in this critical age group. The period of growth
and puberty, school-life facts, difficulty of evaluating
the compliance, fear for treatment failure are factors
influencing this attitude.

Limitations and strengths of the study

This study is retrospective, and data are
obtained from daily clinical practice spread over a quite
long period of time. Even the quality and interpretation
of genetic tests changed during this time. The study
cannot depict the prevalence of monogenic diabetes.

On the other hand, the clinic where the study
was elaborated is in very close contact with families of
children with diabetes and both physical and tele-visits
are very much facilitated. It is the unique reference
center for at least eight close provinces. This bears
the advantage for close follow-up and clinical data
collection. Therefore, our findings are superior to
multi-center or national pooled data analysis studies in
describing real life data of monogenic diabetes.

In conclusion, the present study highlights
many aspects of childhood monogenic diabetes, i.e.,
its probability, the distribution of its subgroups, the
details and heterogeneity of clinical picture and so
on. Future studies will further define the clinical
presentation and long-term follow-up data of subgroups
in pediatric diabetes cohorts in which variations in
different genes associated with the disease have been
detected. This kind of observations might change the
attitudes and judgements of clinicians in classifying
pediatric diabetes cases. More importantly, determined
treatment methods need to be studied in subgroups
where variations in different genes associated with the
disease have been detected in the long term.

Future studies have to include information
about close follow-up, detailed and confirmed genetic
analysis and prognostic features of monogenic diabetes
subgroups.
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