International Journal of Diabetes in Developing Countries (December 2022) 42 (4):703-712
https://doi.org/10.1007/s13410-021-01027-2

ORIGINAL ARTICLE q

Check for
updates

New results for monogenic diabetes with analysis of causative genes
using next-generation sequencing: a tertiary centre experience
from Turkey

Ersen Karakilic' - Emre Sedar Saygili' - Fatma Silan? - Gonca Gul Onduc? - Ugurcan Agcaoglu®

Received: 1 April 2021 / Accepted: 24 October 2021 / Published online: 17 November 2021
© The Author(s), under exclusive licence to Research Society for Study of Diabetes in India 2021

Abstract

Background Although monogenic diabetes accounts for a small proportion of diabetes cases, accurate diagnosis may sig-
nificantly change treatment. This study aimed to contribute to knowledge about the genotype-phenotype relationship in
monogenic diabetes.

Methods This study used data from a tertiary centre in Turkey. Genetic analysis outcomes for 36 patients were evaluated.
The panel included 23 genes related to maturity-onset diabetes of the young (MODY), neonatal diabetes, and some genes
related to hyperglycemic hypoglycemia. The next-generation sequencing method was used after DNA isolation from the
peripheral blood.

Results Mutations were identified in 19 (52.8%) of 36 patients. Of the 19 mutations, 7 (36.8%) were new mutations. A total
of 20 cases met the MODY clinical criteria, and mutations were identified in 11 (55%) of them. In total, nine patients had
more than one mutation. Mutations were identified on the ABCC8 (n = 7), PDXI (n = 6), GLIS3 (n = 6), ZFP57 (n =5),
GCK (n=4), HNFIA (n =3), GLUD (n = 3), and HNF4A, KLF11, NKX2-2, and INSR genes (n = 1 each).

Conclusion Our findings highlight a broad clinical and genetic spectrum of MODY, and genetic analysis may provide a better

understanding of diabetes and improve the individualised treatment approach.

Keywords MODY - Neonatal diabetes - Monogenic diabetes - Next-generation sequencing

Introduction

Nearly 90% of diabetics have type 2 diabetes mellitus (DM)
and 5-10% have type 1 DM. Type 1 and type 2 DM have
no single genetic cause. Variations causing an increase in
risk, and some reducing risk, were identified, and a multi-
genetic effect was reported. However, a genetic variation
may be identified as the true cause of DM in 2-5% of dia-
betics [1-4]. Monogenic DM cases comprise maturity-onset
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diabetes of the young (MODY), neonatal DM (NDM), and
some rare diabetic syndromes. The most common is MODY.
NDM is rare, as reported in 1 per 90,000 live births in
Europe [5]. Monogenic diabetic forms should be suspected
in cases without classic type 2 DM or type 1 DM clinical
findings or diabetics with intense family history, and genetic
studies should be planned.

NDM is generally defined as DM emerging in the first 6
months after birth. Temporary or permanent types may be
present. The most common causes of NDM are KCNJ11,
ABCCS, and INS heterozygous gene mutations. Homozygote
INS mutations may create a clinical course very similar to
type 1 DM [6]. Some other genes had also been identified to
cause NDM. NDM has a lower heritability rate than MODY
[7].

The term “MODY” was first used in 1975 [8]. However,
mutations responsible for this DM form were revealed in
the 1990s [9]. With the use of new-generation sequencing
devices in recent years, recognising genes related to dis-
ease has increased. Finally, 14 MODY-related genes were
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identified. However, not all the 14 forms of ‘MODY’ are
indeed true MODY.

Whether some rare MODY types like MODY 7,8,9,11
are indeed MODY is debatable [10].

Especially for diabetics under 45 years old, the fre-
quency of MODY reaches up to 5%, and 80% of these
cases were misdiagnosed as type 1 DM or type 2 DM
[11]. Genetic confirmation of the diagnosis of MODY may
lead to managing more appropriate treatment approaches.
While some monogenic DM forms respond to sulfonylu-
rea treatment very well, newer drugs such as DPP4 and
SGLT2 inhibitors are also being studied to manage MODY
[10]. Identification of new MODY mutations and reporting
of their clinical data contribute to a better understanding of
the MODY phenotypes and may provide developing more
improved therapeutic approaches.

In this article, we present analysis results of a gene
panel including 23 genes and the clinical characteristics of
cases. This study aimed to contribute to knowledge about
the genotype-phenotype relationship in monogenic DM.

Methods

This single-centre study included 36 patients whose gene
analysis was performed between January 2018 and Decem-
ber 2019. Analyses were performed in a University Medi-
cal Genetic laboratory with the new-generation sequencing
method after DNA isolation from the peripheral blood.
Results were assessed with Ion reporter v. 5.6 and IGV
software. The panel included genes related to MODY
and NDM and some genes related to hyperinsulinemic
hypoglycemia.

The pathogenicity of the mutations was classified accord-
ing to the American College of Medical Genetics and
Genomics criteria [12]. The Clinvar, HGMD, and Varsome
databases were also used to assess mutations. In silico analy-
sis was also performed using SIFT, MutationTaster, Human
Splicing Finder, Mutation Assessor, and Polyphen2software.
GERP score, DANN score, and GnomAD frequency were
also employed for the assessment of variations.

In this study, the following 23 genes were investigated:
HNFIA, GCK, HNF4A, PDXI, HNFI1B, NEURODI, KLF11,
ZFP57, PAX4, INS, BLK, ABCCS8, KCNJ11, RFX6, HADH,
SLCI16A1, FOXP3, G6PC2, NEUROG3, GLIS3, NKX2-2,
GLUDI, and INSR.

The clinical history and laboratory results of the patients
were obtained from the hospital records. MODY’s clinical
diagnosis was defined as follows: DM diagnosis at a young
age, positive family history (autosomal dominant inheritance
observed in at least two or three generations), absence of
C-peptide negativity, and lack of f-cell autoimmunity [13].
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Statistical data analysis used SPSS version 23.0 soft-
ware (IBM Corp., Armonk, NY, USA). The mean and
standard deviation values were used for descriptive
statistics.

Results

Thirty-six patients referred for the genetic study were
assessed in this study. Of all the participants, 25 were
female (69.5%), and 11 were male (30.5%). The mean age
was 31.4 + 15.5 years.

Thirty patients had analysis requested with suspicion of
monogenic DM, two paediatric patients had hypoglycemia
suspicion, and the reason for analysis could not be identi-
fied in four patients.

Nineteen different variants were detected in 19 of 36
cases. Nine patients had more than one variant. Seven
variants were novel. Thirteen of the mutations were inter-
preted as variant of uncertain significance, likely patho-
genic or pathogenic. A total of 20 cases met the MODY
clinical criteria, and mutations were identified in 11 (55%)
of them. Four mutation-positive cases with diabetes did
not meet all of the MODY criteria. The other four patients
with the mutation also did not fully meet the DM diag-
nostic criteria. Of the 16 patients with negative mutation
analysis, nine met the clinical criteria for MODY and were
considered to have mutation-negative MODY (Figure 1).
One patient with hyperinsulinemic hypoglycemia was
identified to have a mutation of the HADH gene, but he
was not evaluated in the analyses of this study.

Mutations were present on HNFIA in three patients,
HNF4A in one, KLF11 in one, PDX] in six, ABCCS8 in
seven, GLIS3 in six, XFP57 in five, GCK in four, GLUD]1
in three, NKX2-2 in one, and INSR in one. The clinical
features of the cases are shown in Table 1, and database
analyses of the detected mutations are shown in Table 2.

Glucokinase (GCK) mutation

Four patients had GCK mutations. One of the patients was
28 years old and was diagnosed with DM at age 13. The
HbAlc value was 6.8% with diet alone. The two other
patients were a mother and daughter in family B. Both
were not using pharmacologic agents for DM treatment.
The mother had HbA 1c value of 6.9%, while the daughter
had 7.1%. The fourth patient had GCK and ABCC8 muta-
tions. The patient was 4 years old and diagnosed with DM
at age 2. HbAlc value was 6.4% with diet alone. There was
no family history of DM.
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Fig. 1 Distribution of analyzed
cases according to mutation
status and diagnosis
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HNF1A mutation

Three patients had HNFIA mutation. One of the patients
with HNFIA mutation had anti-GAD positivity, and the
C-peptide was at unmeasurably low levels, so she was diag-
nosed with type 1 DM. The other two patients with HNFI1A
mutation were a mother and a daughter. The daughter was
33 years old and had no DM with an HbAlc of 5.1%. The
mother was 64 years old without DM.

Family A

Family A was identified to have multiple gene mutations.
Genetic analysis was performed for seven family members,
and six were identified to have mutations. The proband was
23 years old and diagnosed with DM 4 years ago. Her last
HbA1c was 5.3% with diet alone. The proband’s mother was
46 years old and had DM for 15 years with HbAlc of 6.8%
under both insulin and oral anti-diabetic (OAD) treatment.
The mother had diabetic polyneuropathy and coronary artery
disease. A sibling of the proband, diagnosed at age 16, had
DM for 5 years. The HbAlc value was 6.5% with insulin and
OAD treatment. Another sibling was diagnosed at age 17
and had DM for 8 years, and his HbAlc value was 4.8% with
insulin treatment alone. The maternal aunt of the proband
was 42 years old and had DM. Another maternal aunt of the
proband was 40 years old without a DM diagnosis.

KLF11 mutation
A new mutation was identified on the KLFII gene in a

57-year-old woman diagnosed with DM at age 10. Her last
HbA1c value was 8.0% with OAD and insulin treatment. She

CLINICAL DIAGNOSIS

had diabetic proliferative retinopathy and diabetic polyneu-
ropathy. There was a family history of MODY with typical
three generations.

NKX2-2 mutation

A new mutation was identified on the NKX2-2 gene in a
43-year-old patient diagnosed with DM 6 years ago. The
HbA1c value was 7.5% with OAD treatment alone. There
was a typical family history of MODY.

HNF4A mutation

One patient had HNF4A mutation. Simultaneous GLIS3
mutation was also identified. The patient was 23 years old
and diagnosed with DM 7 years ago. The HbA 1c value was
10.1% with OAD treatment alone. There was a typical family
history of MODY.

ABCC8 mutation

All seven patients with the ABCCS8 mutation also had a
mutation in another gene. Three different mutations were
identified for the ABCC8 gene, and two of these were new
mutations.

INR mutation

A new mutation was identified for the /NR gene in a 4-year-
old patient with DM diagnosis at age 2. She was receiving
basal and bolus insulin treatment, and the last HbA1lc value
was 7.7%. The mother or father had no DM.
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Table 1 Mutation results and
clinical data of the patients

@ Springer

Patient number Variant Clinic status Family Salient features
P1 ABCC8 c.2116+39T>A DM (+) A Age: 23 Tre:Diet
GLIS3 ¢.1056G>C HbAlc: %5.3
GLUDI1 ¢.200T>C
PDX1 ¢.246T>C
P2 ABCC8 c.21164+39T>A DM (+) A Age: 16 Tre:OAD+insulin
GLUDI1 ¢.200T>C HbAlc: %6.5
PDX1 ¢.246T>C
ZFP57 ¢.1103A>T
P3 GLIS3 ¢.1056G>C DM (+) A Age: 17 Tre:insulin
PDX1 ¢.246T>C HbAlc: %5.8
ZFP57 ¢.1103A>T
P4 ABCC8 c.2116+39T>A DM (-) A
PDX1 ¢.246T>C
ZFP57 ¢.1103A>T
P5 ABCC8 ¢.2116+39T>A DM (+) A Age: 29 Tre:Diet
GLIS3 c.1056G>C HbAlc: %6.5
PDX1 ¢.246T>C
ZFP57 ¢.1103A>T
P6 ABCC8 ¢.2116+39T>A DM (+) A Age: 31 Tre:OAD+insulin
GLIS3 ¢.1056G>C Comp: neuropathycoroner
PDX1 ¢.246T>C arter disease
ZFP57 ¢.1103A>T HbAlc: %6.8
P7 GCK c.91A>T p.k31* DM (+) B Age:20 Tre:Diet
HbAlc: %6.9
P8 GCK c.91A>T p.k31* DM (+) B Age:6 Tre:Diet
HbAlc: %7.1
P9 HNF1A ¢.1108-27C>T DM (-) C
P10 HNF1A ¢.1108-27C>T DM (-) C Tre:Diet
HbAlc: %5.1
P11 KLF11 c.514G>A DM (+) - Age:10 Tre:Diet+insulin
Comp: retinopathy
Neuropathy
HbAlc: %8
P12 GCK ¢.895G>C DM (+) - Age: 13 Tre:Diet
Comp: neuropathy
HbAlc: %6.8
P13 NKX2-2 c.*73G>A DM (+) - Age: 35 Tre:OAD
HbAlc: %7.5
P14 HNF4A ¢.725G>A DM (+) - Age: 16 Tre:OAD
GLIS3 ¢.1585C>G HbAlc: %10.1
P15 ABCCS8 ¢.1259T>G DM (+) - Age: 2 Tre:Diet
GCK ¢.547G>A HbAlc: %6.4
P16 GLIS3 ¢.893C>A T1 DM - Tre: Insulin
HbAlc: %7.8
P17 HNF1A ¢.1108-27C>T T1 DM - Tre: Insulin
HbAlc: %7.5
P18 ABCCS8 c.1332+4delC DM (-) -
GLUD1 ¢.1568G>A
P19 INSR ¢.1777G>T T1 DM - Age: 2 Tre:Insulin

HbAlc: %7.7

DM diabetes mellittus, HbA Ic last glycosylated haemoglobin, Tre treatment, Comp Complicatio
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be detected since birth; however, no significant progression
is expected over the years [9]. Pharmacological treatment for
those with GCK mutations may not help in lowering blood
sugar [18]. The diagnoses were made during childhood in
this study, and the serum glucose levels were not very high.
Patients had mild progression of DM and were managed
with diet and lifestyle changes. Two patients (mother and
daughter; P7, P8) had mild DM findings despite having
¢.91A>T non-sense mutations. Similarly, those with het-
erozygous non-sense or frameshift mutations of the GCK
gene may have mild progression of clinical DM [18].

P12, with family history and mild serum glucose eleva-
tion, meet the typical MODY type 2 diagnosis. The iden-
tified GCK ¢.895G>C variant was previously reported as
pathological.

P15 was the case that identified the GCK and ABCCS8
mutations together mentioned above but was considered
indeterminate MODY due to the absence of family his-
tory. The identified GCK ¢.895G>C variant was previously
reported as pathological. The ABCCS c.1259T>G variant
was interpreted as pathogenic in most in silico analyses, but
this patient’s clinical course was consistent with MODY type
2.

HNFIA mutation was identified in three patients. HNFIA
mutations cause the frequently encountered MODY type 3
[19]. One of these patients (P17) had been interpreted as
type 1 DM due to C-peptide negativity and positive anti-
GAD antibody. This patient had HNFIA c.1108-27C>T
mutation in the intronic region, which was considered
benign. The other two patients were a mother and daugh-
ter (P9, P10) with HNFI1A ¢.1108-27C>T intronic region
mutation. One of these patients had pre-DM emerging only
with weight gain. These cases did not fully meet the DM
diagnostic criteria; analysis was requested because of a fam-
ily history of severe DM. These two cases were considered
in the non-DM group, and this mutation was interpreted as
benign because of the lack of obvious DM diagnosis.

We identified the KLF11 gene mutation, a rare cause of
MODY, in P11. KLFI1 regulates PDXI transcription in
pancreatic beta cells [9]. Our 57-year-old patient had been
diagnosed with DM at age ten and did not have adequate
blood sugar control despite both OAD and intensive insulin
treatment. She also had diabetic neuropathy and proliferative
retinopathy. Very few cases were related to KLF-11 mutation
[20]. A study screening patients with obesity reported that
one patient had a KLF1] variant. The 16-year-old patient
was reported to have hyperlipidemia accompanied by mild
DM progression [21]. Considering that our patient had com-
plicated DM, KLF11 mutations might be associated with
severe disease progression.

In family A, mutations were identified in six of seven
patients analysed, and five had DM (P1, P2, P3, P5, P6).
Interpreting the phenotype-genotype correlation was difficult

because multiple mutations were identified in this family.
This family may be considered PDXI mutation associ-
ated with MODY type 4, but family analysis showed that
patient—healthy individual segregation was partly consist-
ent with the PDXJ ¢.246T>C variant. This mutation was
assessed as VUS. All six family members with the muta-
tion had ¢.246T>C synonymous variant on the PDX1 gene.
The PDX1 gene is an important transcription factor gene for
pancreas development and beta-cell maturation. MODY type
4 families are scarce. Generally, affected family members
are diagnosed at a young age, and the majority may require
insulin [10]. Autoantibodies against PDX] may also cause
type 1 DM [22]. The identified PDX1 variant was not found
in the Clinvar database, and it was assessed as likely benign
in the Varsome database. However, it was predicted to affect
the splice region in the Human Splicing Finder database.

The ABCCS8 ¢.2116+39T>A variant identified in five
members of the family A (P1, P2, P4, P5, and P6) was in
the intronic region and not reported in the Clinvar database.
This gene codes sulfonylurea receptor 1 (SUR1) subunits in
the ATP-susceptible potassium channel and thus plays a role
in regulating insulin secretion [23]. ABCCS8 mutations were
first associated with MODY type 12 in 2012, and it may also
cause NDM [24]. MODY type 12 families may be obese
and overweight. They respond well to sulfonylurea treatment
[25]. In this study, the family members had average weight.
Additionally, it was predicted not to affect the splice region
in the Human Splicing Finder database, and this mutation
was assessed as VUS.

The GLIS3 c.1056G>C variant is also identified in four
family A members. GLIS3 is a member of the GLIS fam-
ily of Kriippel-like zinc finger transcription factors. It is
dominantly expressed in the pancreas, thyroid, and kidneys.
Mutations in GLIS3 cause an NDM syndrome character-
ised by congenital hypothyroidism and polycystic kidney.
Variants are reported at high rates among those with type 1
DM and type 2 DM. It works with the PDX1 gene in insulin
gene transcription control [26]. However, this GLIS3 gene
mutation was not detected in P2, who has moderate DM.
Clinvar database reported this mutation in a neonate with
DM and congenital hypothyroidism and interpreted as VUS.
This variant was not predicted to affect the splice region in
the Human Splicing Finder database, and this mutation was
assessed as VUS.

Another variant identified in family A was a c.1103A>T
missense variant on the ZFP57 gene. The ZFP57 gene
codes a transcription factor necessary to adequately sus-
tain methylation during early embryonic development.
ZFP57 mutations are reported to be associated with mul-
tiple locus-imprinting disorders in transient NDM [27].
However, the phenotype effect of this gene on the juvenile
and adult periods is unknown. The ZFP57 c.1103A>T
variant was reported as VUS in the Varsome database and
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was predicted to affect the splicing region in the Human
Splicing Finder database. However, this variant was not
detected in the proband but was detected in the non-dia-
betic P4. It was interpreted as benign in most in silico
analyses.

Additionally, two of the five family A members with DM
were identified to have GLUD1 ¢.200T>C variant. GLUD1
ensures the synthesis of glutamate dehydrogenase, a mito-
chondrial matrix enzyme included in the tricarboxylic acid
cycle. Mutations were associated with familial hyperinsu-
linemic hypoglycemia [28]. Most in silico analyses assessed
this mutation as pathogenic.

In family A, possible mutations on other unexamined
genes may be associated with DM development. Multiple
mutations may also have an additive effect on DM progres-
sion [29].

HNF4A ¢.724G>A mutation was identified in P14.
HNF4A encodes a nuclear transcription factor. Patho-
genic mutations are associated with MODY type 1.
HNF4A mutations comprised 7.5% of MODY cases in a
new study from Mediterranean countries, including Tur-
key [15]. MODY type 1 cases were generally diagnosed
in the young adult period, progressed over time, and may
require multiple OAD or insulin treatments [30]. P14 was
diagnosed in the adolescent period and had high HbAlc
levels despite intense treatment. The identified mutation
was interpreted as pathogenic in most in silico analyses.
This patient also had c.1585C>G missense mutation on
the GLIS3 gene. This variant was interpreted as pathologi-
cal in most in silico analyses.

P16 had GLIS3 c.893C>A variant. This variant is gener-
ally interpreted as VUS, while it was assessed as benign in
the Clinvar database. This patient was diagnosed with type
1 DM due to intense insulin treatment, C-peptide negativity,
and lack of family history.

P13 was identified to have ¢.*73G>A intronic region
mutation on the NKX2-2 gene. This gene is a transcription
factor gene related to pancreas development. Mutations are
associated with NDM [31]. This patient met the MODY
clinical criteria; however, he was diagnosed with DM in
adulthood. This variant is interpreted as LB; however, it is
in the 3’ untranslated region and may have acted by altering
the gene’s RNA stability and expression level.

P18, without DM, had ABCCS8 c.1332+4delC intronic
region deletion. Some cases are assessed as benign and VUS
in the Clinvar database. According to the Human Splicing
Finder prediction algorithm, this mutation is predicted to
affect splicing. However, it was not considered to affect DM
development because P18 had no DM. This patient was also
identified to have GLUD] ¢.1568 G>A missense mutation.
A case of hyperammonemia hyperinsulinemia syndrome was
reported in the Clinvar database. However, the clinical find-
ings of this patient were not consistent with hypoglycemia.

@ Springer

P19 was identified to have INSR c¢.1777G>T missense
mutation. INSR gene mutations may cause severe insulin-
resistant syndromes and hyperinsulinemic hypoglycemia
[32]. However, no clinical case has been reported. P19
was diagnosed with DM at age 2 years and has used insu-
lin since then. Her mother and father did not have DM.
Clinical findings were not consistent with insulin resist-
ance. The C-peptide level was slightly low, but autoanti-
body tests could not be obtained. The diagnosis was not
definite for this patient, but she was considered to have
type 1 DM.

Although we analysed all 23 MODY-related genes in all
cases, our major limitation was the limited number of cases
from a single centre. Another limitation is that mutations in
the deep intronic regions of the regulatory sequences and
large copy changes could not be detected due to the limita-
tion of our method.

Conclusion

This study analysed data from a single centre in Tur-
key and aimed to contribute to the phenotype-genotype
correlation in monogenic DM. We detected some new
mutations and reviewed the clinical findings of previ-
ously known mutations. We found that a mutation can
be detected in only half of clinically diagnosed MODY
patients, and some mutation carriers do not have all of
the classic MODY traits. These findings highlight a broad
clinical and genetic spectrum of monogenic DM. Detect-
ing new genes and new mutations is critical for a better
understanding this form of DM and may improve the indi-
vidualised treatment approach.
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