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Abstract

Insulin gene (INS) mutations are associated with a rare form of maturity-onset diabetes of the young (MODY). Here, we
describe a proband with early-onset diabetes resulting from a heterozygous mutation in the promoter region of /NS and sum-
marize the clinical features of INS mutations caused by MODY (INS-MODY) reported in previous studies. The proband
presented with proteinuria, mild hyperglycemia, and hypertension at the age of 39 years old; he was negative for the glu-
tamic acid decarboxylase (GAD) antibody and had a family history of diabetes, including his father and aunt. The proband
underwent whole exome sequencing, and the mutation in the proband and his father was verified by Sanger sequencing. A
literature review was performed to examine all reported cases of INS-MODY to evaluate the clinical characteristics of the
probands. A heterozygous INS mutation (c.-332C > G) was detected in the proband and his father, and their phenotypes had
unique characteristics. Previous reports have described a total of 26 probands with 16 pathogenic mutations of the INS gene,
with clinical features that exhibit great inter- and intrafamilial variability, and onset ages ranging from 2 years, 10 months to
62 years; 88% of patients were diagnosed before 40 years of age. Heterozygous mutations in the promoter region affecting
the transcriptional activity of the /NS gene may increase the risk of early-onset diabetes in adults, with patients presenting
phenotypes that are very similar to type 2 diabetes, and genetic testing is needed to identify these individuals.

Keywords Diabetes - Insulin gene - INS - MODY 10

Introduction

The insulin (/NS) gene encodes preproinsulin, which com-
prises the signal peptide, insulin B-chain, C domains, and
insulin A-chain. In addition to affecting the transcription
and translation of insulin, mutations in the /NS gene can also
affect all steps of insulin biosynthesis in pancreatic B-cells
[1], including endoplasmic reticulum (ER) targeting and
translocation of preproinsulin, folding of proinsulin in the
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ER, trafficking and processing of proinsulin, and the binding
of insulin to its receptor. In addition, misfolded proinsulin
deposition in the ER can lead to ER stress and pancreatic
B-cell apoptosis [2, 3], further promoting the occurrence of
diabetes.

Pathogenic mutations of the /NS gene are associated with
a broad spectrum of clinical manifestations, ranging from
severe neonatal onset diabetes to mild adult-onset hypergly-
cemia, suggesting that the products of different mutant INS
alleles behave differently and cause diabetes via different
mechanisms [1]. The clinical severity of INS mutations is
related to the nature of the specific mutations and the steps
of insulin biosynthesis affected by these mutations [4, 5]. In
addition to autosomal recessive /NS gene mutations that can
cause permanent neonatal diabetes mellitus (PNDM), domi-
nant mutations also contribute to the causation of PNDM
[6], dominant and recessive /NS gene mutations account for
approximately 12% of diagnosed PNDM cases [7], and some
maturity-onset diabetes of the young (MODY)-type diabe-
tes cases are caused by heterozygous /NS gene mutations
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(INS-MODY or MODY 10). A series of cis-sequence ele-
ments and their homologous DNA-binding factors in the
INS promoter region together ensure cell specificity and the
rate of INS transcription [8]. Herein, we report the case of an
early-onset diabetes patient carrying a heterozygous variant
in the promoter region of the /NS gene.

Materials and methods
Case report

The proband was a 49 year-old male who had hyperglycemia
and hypertension for 10 years. Details of the laboratory tests
were defined as previously described [9]. In 2012, he pre-
sented at our hospital with proteinuria and hematuria, with
a fasting glucose level of 5.86 mmol/L and HbAlc reading
of 6.2% (44.26 mmol/mol). For the next six years, his fast-
ing blood glucose level ranged from 5.18—7.09 mmol/L. In
2018, he was referred to the Department of Endocrinology
and Metabolism of Peking University People’s Hospital for
elevated fasting glucose levels. No diabetic ketoacidosis
was observed. His body mass index (BMI) was 27.8 kg/
m?, and the following indices were recorded: fasting glu-
cose 7.3 mmol/L, fasting insulin (Fins) 19.3uU/ml, fasting
C-peptide (FCP) 4.21 ng/ml, and HbAlc 7.2% (55.19 mmol/
mol). His glutamic acid decarboxylase (GAD) antibody test
result was negative. The proband had good glycemia con-
trol for several years by diet, and his fasting insulin levels
were not low, so even he had only measured the GAD anti-
body, the proband was diagnosed with type 2 diabetes and
started taking SGLT?2 inhibitors for proteinuria and diabetes

Table 1 The laboratory test of the proband in the last decade

in 2020. His laboratory data for the last decade are detailed
in Table 1. The patient’s father and paternal aunt were diag-
nosed with type 2 diabetes; however, his aunt had died with-
out genetic testing.

The study protocol was approved by the Ethics Commit-
tee of Peking University People’s Hospital (China). Written
informed consent was obtained from the proband and his
father.

Genetic screening

Genetic screening was performed at MyGenostics Inc.
(Beijing). All DNA samples were extracted from peripheral
blood samples. The GenCap Human Exon V4 capture chip
(MyGenostics, China) was used for whole exome sequenc-
ing of the proband sample, which was performed using the
Ilumina HiSeq2500 system. The rare variant of INS was
validated by Sanger sequencing in both the proband and his
father.

Literatures review

A literature search was performed in the following data-
bases: PubMed, ClinVar, and the Human Gene Mutation
Database for mutant /NS gene-induced MODY (as of
January 2022). The search terms were “INS gene,” “Insu-
lin gene,” “Maturity-onset diabetes of the young 10” and
“MODY 10.” All articles published in English reporting
patients with the following criteria were included: (1) INS
mutations classified as pathogenic or likely pathogenic
according to the guidelines recommended by the American
College of Medical Genetics and Genomics (ACMG); (2)

2012-2 2012-7 2014-1 2015-6 2016-8 2017-11 2018-5 2020-11* 2021-3 2021-6 2021-12 2022-3
FPG, mmol/l 5.86 54 6.52 6.59 6.43 7.09 73 7.03 59 6.64 6.4 6.37
Fins, uU/ml / / / / / / 19.3 18.11 / / 11.78 /
HbAlc, % 6.2 59 / / / / 72 6.6 5.9 6 6.2 6.4
HbAlc, mmol/mol 4426 4098 / / / / 55.19  48.63 4098  42.08  44.26 46.45
UA, umol/l 418 481 473 478 474 425 394 389 328 402 353 391
TG, mmol/l 1.64 2.2 1.94 1.9 2.07 2.66 2.44 2 1.27 1.44 1.28 1.51
TCHO, mmol/l 4.17 4.1 4.09 4.48 4.83 4.31 4.9 4.58 4.56 4.42 4.55 4.82
LDL-c, mmol/l 2.62 2.6 2.53 2.98 3.34 2.71 3.21 2.85 2.86 1.76 2.82 3.19
HDL-c, mmol/l 0.77 0.87 0.82 1 0.99 0.94 1.04 1.03 1.06 1.14 1.14 1.11
UACR, mg/g / / / / / / / 322.62 100.67 7194  92.15 63.78
24-h proteinuria, g/day 0.86 0.77 0.36 0.54 0.71 0.55 / 0.44 / 0.18 / /
eGFR, ml/min/1.73m? 95.09 90.06 8728 9622 8401  79.96 90.99 7523 93.03  68.78  94.25 80.2

FPG, fasting plasma glucose; HbAlc, hemoglobin Alc; Fins, fasting serum insulin; 7G, triglyceride, TCHO, total cholesterol, LDL-c, low-
density lipoprotein cholesterol; HDL-c, high-density lipoprotein cholesterol; UACR, urinary albumin/creatinine ratio, eGFR, estimate glomerular

filtration rate
The proband began taking a SGLT?2 inhibitor after this follow-up
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non-autoimmune diabetes and non-neonatal diabetes; (3) no
treatment dependent on insulin and/or measurable C-peptide
at least one year after diagnosis of diabetes.

Results

A heterozygous mutation (c.-332C > G) in the promoter region
of INS was detected in the proband and his father (Fig. 1).
Whole exome sequencing revealed no other mutation of known
monogenic diabetes. According to the ACMG guidelines, this
mutation can be classified as likely pathogenic (PS3[8], PM2).

INS-MODY is a relatively rare type of MODY. The clini-
cal features of the proband found in this study were similar
to those of type 2 diabetes, and it is difficult to distinguish
him from type 2 diabetes without genetic testing. There-
fore, we reviewed the previous literatures to find the clini-
cal characteristics of patients with INS-MODY. A total of

A ’ g = g

26 probands with 16 pathogenic mutations of /NS gene of
INS-MODY have been reported in the literature, including
one with intronic mutations, two with nonsense mutations,
two with frameshift mutations, and 21 with heterozygous
mutations (Fig. 2). According to the provided clinical data
for probands with pathogenic /NS mutations, 92% (24/26)
were diagnosed with diabetes, 88% (21/24) of which were
diagnosed before 40 years of age, 71% (17/24) of which
were diagnosed before 25 years of age, and 63% (15/24) of
which were treated with insulin. All of the probands carried
heterozygous mutations and the inheritance pattern of their
families was autosomal dominant. The clinical features of
these cases are summarized in Table 2. There was a signifi-
cant difference between the different probands. The youngest
age at diagnosis was 2 years and 10 months, and the oldest
age was 62 years (Supplementary Table 1). Two probands
were on a diet to maintain good blood glucose control,
and four probands were on insulin but with poor glycemic

NT

Fig. 1 DNA sequences of the /NS mutation c.-332C > G found in the
proband (A) and his father (B). C Indicates pedigrees of the proband.
The solid symbol: diabetes status; empty symbol: normoglycemic
subject. Arrow indicate the proband. The /NS mutation c.-332C>G

c.-332C>G

OHA+Insulin
DR, DN

NM
49
39
OHA
Microalbuminuria

status is shown under each symbol: NM as heterozygote and NT as
not tested. The text below indicates the following: present age, age
of onset, treatment, diabetic complications. OHA: oral hypoglycemic
agents. DR: diabetic retinopathy. DN: diabetic nephropathy

c.188-31G>A

D ——
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Fig.2 A schematic of INS gene structure and the position of the pathogenic mutations of INS-MODY reported in previous studies and this
study. Marked in red: the mutation of the proband found in this study (c.-332C>G)
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Table 2 Clinical features of

. . Proband Mutation Age of diagnosis, years BMI, kg/m? Treatment
probands with INS pathogenic
mutations of INS-MODY 1 A2T 31 / OHA
reported in previous study 2 47(IGT) 24.54 )
3 62 24.21 OHA
4 54 28.94 No
5 34 23 OHA
6 57 23.1 OHA
7 L30M 17 25.9 OHA + insulin
8 R55C 9 20.2 Insulin
9 10 20.8 Insulin
10 7 / Insulin
11 R6H 20 249 OHA
12 R6C 15 24.1 OHA + insulin
13 V42A 6 15.2 Insulin
14 R46Q 20 23.9 No
15 E93K 11 / Insulin
16 Q78fs 14 27.4 Insulin
17 G73fs 15 23.3 OHA + insulin
18 R46Q 13 214 Insulin
19 G328 2 years 10 months 16 Insulin
20 A23S 6 years 8 months 16.4 Insulin
21 R46X 17 24.8 OHA
22 8 20.9 Insulin
23 G44R 17(IFG) 21.3 /
24 29 223 Insulin (pregnancy)
25 P52L 40 22.7 OHA
26 c.188-31G>A 3 24 Insulin

IGT, impaired glucose tolerance; OHA, oral hypoglycemic agents; /FG, impaired fasting glucose

control [HbAlc>9% (74.86 mmol/mol)]. Complications of
INS-MODY have been reported in only five families; dia-
betic retinopathy, neuropathy, and microalbuminuria were
reported in a proband with a 30-year history of diabetes,
while metabolic cataract, nephropathy, and neuropathy were
reported in another patient with a frameshift mutation.

Discussion

This is the first report of a patient with early-onset diabetes
due to a heterozygous mutation (c.-332C > G) in the pro-
moter region of the INS gene. The compound heterozygous
mutations c.-332C > G and c.-331C > G were first discovered
in a pedigree of neonatal diabetes [8].

The most dominant /NS mutations are located in the proin-
sulin domain and disrupt the oxidative folding of the protein,
leading to the misfolding of proinsulin in the ER. Misfolded
proinsulin accumulates in the ER, disrupts ER protein homeo-
stasis, induces ER chronic stress, and leads to beta cell apop-
tosis [1, 10]. In addition, misfolded proinsulin can interact
abnormally with co-expressed wild type proinsulin through
the proinsulin dimerization interface, impairing the folding
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and ER export of wild type proinsulin, which reduces insulin
production and leads to insulin-deficient diabetes [11, 12].
Mutations resulting from the deletion of INS, inacti-
vation of promoters, and deletion of translation initiation
can disrupt transcription and translation of the INS gene.
Although both INS alleles have been shown to cause neona-
tal diabetes [8], these recessive INS mutations have also been
reported to be associated with early-onset diabetes [13]. The
¢.-332C > G mutation is located between E1 and A1, and
this sequence is conserved in a subpopulation of mamma-
lian species. Multiple base mutations adjacent to this muta-
tion impair INS promoter activity [14]. A previous study
reported that the parents of a proband with neonatal diabetes
carried the c.-332C > G mutation but did not have diabetes.
However, it was not stated in the article whether the par-
ents had performed glucose tolerance tests, and the reported
proband had neonatal diabetes, it is possible that his parents
were younger and thus not old enough to obtain abnormal
glucose tolerance readings. In addition, previous studies
have indicated that the mutations c.-331 (C>G, C> A) and
¢.-332C > G can decrease INS transcriptional activity by
up to 90%. The proband in the current study carrying this
heterozygous mutation (c.-332C > G) also had early-onset
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diabetes. Together, these data suggest that the compound
heterozygous mutation (c.-332C> G and c.-331C > G) can
induce neonatal diabetes, while the c.-332C > G heterozy-
gous mutation on its own can be a pathogenic mutation trig-
gering early-onset diabetes in adults. Recessive INS muta-
tions that cause neonatal diabetes might also function as
dominant /NS mutations that cause MODY phenotypes.

Previous reported cases have revealed that the clinical fea-
tures of patients with /NS mutations exhibit large inter- and
intrafamilial variability, ranging from mild adult-onset hyper-
glycemia to an onset age of under 3 years old requiring insulin
treatment. Even in patients with the same mutations or in the
same pedigree, the onset age of diabetes ranged from child-
hood to middle age, and even some individuals without diabe-
tes at the time of the study (Supplementary Table 1), suggest-
ing that other genetic and environmental factors, including the
degree of misfolded proinsulin accumulation and individual
differences, may contribute to differences in the clinical fea-
tures of INS-MODY. The proband of this study was found to
have hyperglycemia at the age of 39 years and was overweight,
exhibiting microalbuminuria, occasional hyperinsulinemia,
hypertriglyceridemia, and low HDL-c levels, suggesting that
diabetes in this pedigree results from the INS gene mutation
against a background of insulin resistance. In addition, the
patient’s father exhibited later onset of diabetes, suggesting
that environmental factors, such as age and lifestyle, might
have contributed to the development of diabetes in these cases.
Because the clinical phenotype of this heterozygous mutation
in the promoter region is very similar to that of type 2 diabetes,
it is difficult to diagnose such patients if genetic testing is not
performed. Thus, screening a larger pool of patients with early-
onset diabetes may reveal factors that could serve as indicators
whether genetic testing should be performed.

In summary, this study highlights the utility of heterozygous
mutations in the promoter region of the INS gene, and sug-
gests that heterozygous mutations affecting the transcriptional
activity of INS may increase the risk of early-onset diabetes in
adults, indicating that genetic testing is needed in such patients.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13410-023-01205-4.
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