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ABSTRACT

BACKGROUND: Currently, there is an increase in the incidence of diabetes mellitus throughout the world, including
the steadily increasing number of rare, genetically determined forms of diabetes. Of particular interest are monogenic
forms, including neonatal diabetes mellitus, which is a rare heterogeneous disease that manifests, as a rule, in the first
6 months of a child’s life, characterized by a severe labile course and a high risk of complications. Neonatal diabetes
mellitus is a rare heterogeneous disease that usually manifests itself in the first 6 months of a child’s life, character-
ized by a severe, labile course and a high risk of complications. Currently, more than 25 genes are known, mutations
in which cause both permanent and transient neonatal diabetes mellitus, as well as syndromic variants of this disease,
which are of particular interest due to their severity and polymorphic clinical picture. In this regard, timely verification of
the diagnosis is of particular importance.

AIM: The aim of this study is to increase the efficiency of diagnosis of neonatal diabetes mellitus based on the analysis
of anamnestic, clinical, laboratory and molecular genetic characteristics of patients.

MATERIALS AND METHODS: 14 patients with transient and permanent neonatal diabetes mellitus were examined.
RESULTS: 11 (78.6%) patients had isolated neonatal diabetes, in three of them the disease was verified in the structure
of hereditary syndromes (Wolcott-Rallison syndrome, IPEX syndrome and Donohue syndrome). According to molecular
genetic analysis, 14 variants were found in the genes ABCC8, KCNJ11, GCK, GATA6, WFS1, CACNATD, EIF2AK3, FOXP3,
PAX4, INSR, IGF1R, three of which were not previously described in the literature.

CONCLUSIONS: The clinical heterogeneity identified in patients is determined primarily by the diversity of verified vari-
ants in causative genes. New variants in the CACNATD and IGFIR genes that may be associated with the development
of NDM, remain poorly understood and require further research.

Keywords: neonatal diabetes mellitus; monogenic diabetes; gene IGFTR; gene CACNAITD; Walcott—Rallison syndrome;
IPEX syndrome; Donohue syndrome.
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AHHOTALNA

AxTtyanbHocTb. B HacTosiLiee BpeMs 0TMeyaeTca pocT 3aboseBaeMoCTW caxapHbiM AvabeToM BO BCEM MUpe, B TOM Yuche
HEYKJIOHHO YBESIMYMBAETCS YMCIIO PELKMX, FeHETUYecKM 0bycnoBnieHHbIX dopM auabeta. Ocobbii MHTEpeC NpeacTaBnsoT
MOHOreHHble hOpMbl, B TOM YMCNE HeOHaTaNbHbIA CaxapHblii AnabeT, npefcTaBnAwLLMA coboii peKoe reteporeHHoe 3a-
boneBaHue, MaHUeCTUpYIOLLIEe, KaK NPaBUIIO, B NEpPBbIe 6 MEC. KM3HW pebeHKa, XapaKTepu3yoLLEeecs TAKENbIM 1abubHbIM
TEYEHMEM W BbICOKMM PUCKOM PasBUTUS OCTIOXHEHW. B HacTosLlee Bpems n3BecTHo bonee 25 reHoB, MyTaLMM B KOTOPbIX
BbI3bIBAIOT KaK MepMaHEeHTHbIW, TaK U TPaH3UTOPHBINM HEOHATasNbHbIA caxapHbili AnabeT, a TakKe CUHAPOMabHbIe BapyaH-
Tbl 3T0r0 3aboneBaHus, NpeAcTaBNsLLME 0CODbIA MHTEPEC BBULY MX TSKECTU M MOAMMOPGHOCTU KITMHUYECKON KapTUHbI.
B cBA3M ¢ 3TMM 0c0BYH0 BaXHOCTbL NPeACTaBNSET CBOEBPEMEHHAA BepuUbMKaLmMsa auarHosa.

Llenb — noBbicuTb 3 HEKTUBHOCTL AMArHOCTUKW HEOHATA/IbHOrO CaxapHoro AuabeTta Ha 0CHOBE aHaM3a aHaMHECTUYECKMX,
K/IMHWUKO-NabopaTopHbIX M MOMNEKYNAPHO-TeHeTUYeCKMX 0C0beHHOCTEN NaLMEeHTOB.

Matepuanel u Metoabl. 06cnefoBaHo 14 nauMeHTOB € TPaH3UTOPHBIM W MEPMAHEHTHbIM HeOHaTasbHbIM CaxapHbIM aua-
beTom.

Pe3ynbTathl. 1301MpoBaHHbIl HeoHaTanbHbIl auabet umenm 11 (78,6 %) nauveHToB, y Tpoux 3abonesaHne BepUdULMpo-
BaHO B CTPYKType HaCNneACTBEHHbIX CMHAPOMOB (cuHApoM YonkoTTa — PannucoHa, IPEX-cuHApOM M cuHOpPOM [lOHOXbIO).
Mo naHHBIM MONEKYNAPHO-reHeTMYECKOro aHanu3a obHapyxeHo 14 BapuaHToB B reHax ABCC8, KCNJ11, GCK, GATA6, WFST,
CACNAID, EIF2AK3, FOXP3, PAX4, INSR, IGFTR, Tpn 13 KOTOpbIX paHee He OnucaHbl B IUTepaType.

BoiBogpl. BoisBneHHas y nauMeHTOB KIMHUYECKas reTeporeHHOCTb onpefenseTcs NpemMMyLLecTBeHHO pa3Hoobpasuem Bepu-
(GU1LMpPOBaHHbIX BapUaHTOB B Kay3aTUBHBbIX reHax. HoBble BapuaHTbl B reHax CACNATD v IGF1R, koTopble MOTyT ObITb accoLy-
MpOBaHbI C pa3BuTHEM AuabeTa, 0CTalOTCA Maon3yyeHHbIMU M TPEDYHOT AanbHENLLEro UCCTef0BaHUA.

KnioueBble cnoBa: HeoHaTasbHbIN caxapHbIA AnabeT; MoHOreHHbI fuaber; reH IGFIR; ren CACNAID; cuHppoM YonkoTTa —
Pannucona; IPEX-cuHapoM; cuiapom [loHoXbHo.
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EDITORIAL

BACKGROUND

Neonatal diabetes mellitus (NDM) is a rare and het-
erogeneous group of diseases characterized by chronic
hyperglycemia in the first six months of a child’s life. In
some children, the presence of mutations in the causative
gene aids in the diagnosis of NDM between the ages of
6 and 12 months [8, 20, 32]. The incidence of NDM re-
portedly ranges between 1:90,000 to 1:500,000 live new-
borns, with a higher prevalence in isolated populations,
such as in Middle Eastern countries (1:21,000-1:29,000),
due to the persistence of inbreeding.

Currently, two principal forms of NDM are recognized,
transient neonatal diabetes mellitus (TNDM) and perma-
nent neonatal diabetes mellitus (PNDM), in addition to
syndromal variations of this condition. TNDM is charac-
terized by clinical and laboratory remission after mani-
festation of the condition. It is also associated with a high
risk of readmission in adolescence. In PNDM, remission
of the disease does not occur [2, 5, 20, 24].

NDM is a monogenic form of diabetes mellitus (DM).
Currently, more than 25 genes are associated with its de-
velopment (ABCC8, KCNJ11, GCK, GATA4, GATAé, PDX1,
EIF2AK3, FOXP3, GLIS3, INS, insulin receptor (INSR), HNF1B,
IER3IP1, PTF1A, NEUROD1, NEUROG3, RFXé, SLC2A2,
SLC19A2, WFST, ZFP5, KCNMAT, and CACNAI1D) [20, 33].
Furthermore, chromosomal aberrations of the imprinted
locus in 6q24 (uniparental disomy of chromosome 6, du-
plication of the paternal copy of chromosome 6, and hypo-
methylation of the ICR copy of the maternal chromosome
6q24) have been identified as a cause of TNDM [5, 20, 32].

A substantial proportion of NDM cases are attributed
to genetic alterations in the KCNJ11 and ABCC8 genes.
These genes encode proteins involved in the ATP-depen-
dent K* channels in pancreatic B-cells and regulate insu-
lin secretion in response to glucose levels [20].

The glucose transporter GLUT2 facilitates the en-
try of glucose into B-cell, where it is metabolized. This
metabolic process results in the accumulation of ATP,
which inhibits ATP-dependent K* channels and causes
their closure. The depolarization of the cell membrane
and subsequent increase in the concentration of Ca** ions
within the cell induce insulin secretion. The activation of
mutations in the KCNJ11 gene, which encodes the Kiré.2
subunit, and in the ABCC8 gene, which encodes sulfo-
nylurea receptor-1 (SUR1), distorts the closure of the
ATP-dependent K* channel. Consequently, the K* chan-
nels remain open, resulting in the insufficient stimulation
of insulin release into the bloodstream in response to
hyperglycemia [13, 25, 32].

Heterozygous inactivating mutations in the INS gene,
which decrease proinsulin function and cause premature
apoptosis of the pancreatic B-cells, are less prevalent
in NDM [20, 32]. Furthermore, inactivating mutations in
the GCK gene, which encode a key B-cell enzyme in the
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insulin secretion pathway, may cause NDM. These muta-
tions are either homozygous or compound heterozygous.
A reduction in enzyme activity results in an elevated
threshold for B-cell sensitivity to glucose and a concomi-
tant decrease in insulin secretion. The synthesis of the
altered GCK disrupts glycogen accumulation in the liver
and accelerates gluconeogenesis, which increases glu-
cose production at physiological insulin concentrations
and elevates fasting hyperglycemia [1, 4].

The development of NDM due to mutations in the
EIF2AK, FOXP3, IER3IP1, and WFSI genes is a con-
sequence of B-cell death [5, 20]. Some NDM forms
are caused by mutations in the GATA family of genes.
The GATA6 gene is expressed in tissues of endodermal
and mesodermal origin, including the intestine, lung,
heart, and pancreas. This explains the formation of de-
fects in these organs and systems. Moreover, the GATAé
and GATA4 genes play a role in the regulation of post-
embryonic function of the pancreatic acinar cells. In such
instances, NDM may be associated with congenital hypo-
thyroidism and cardiovascular malformations [33].

NDM is distinguished in the structure of rare inher-
ited syndromes associated with mutations in the genes:
EIF2AK3, Wolcott—Rallison syndrome; FOXP3, immunode-
ficiency, polyendocrinopathy, enteropathy, X-linked (IPEX)
syndrome; SLC2A2, Fanconi-Bickel syndrome; SLCT9A2,
Rogers syndrome; KCNJ11, DEND syndrome; GLIS3, NDH
syndrome; KCNMAT, Liang—Wang syndrome; and /NSR,
Donohue syndrome [5, 10, 23, 33].

NDM in Walcott-Rallison syndrome may manifest with
concomitant growth retardation, skeletal epiphyseal dys-
plasia, and severe liver pathology, including hepatitis and
liver failure. Other components, such as exocrine pancre-
atic insufficiency, hypothyroidism, recurrent infections,
developmental delay, and renal failure, including acute
kidney injury, which significantly worsens the patient’s
prognosis, are less common [5, 31].

(IPEX) syndrome is an autoimmune polyglandular
syndrome that is characterized by a triad of autoimmune
enteropathy, polyendocrinopathy, and skin and mucous
membrane lesions. In addition to PNDM, the syndrome
is associated with marked developmental delay, primary
immunodeficiency, autoimmune thyroid disease, and less
frequently autoimmune cytopenia, pneumonitis, nephritis,
hepatitis, arthritis, myositis, and alopecia [5, 11].

Donohue syndrome, also known as leprechaunism, is
a severe form of insulin resistance due to biallelic muta-
tions in the INSR gene. This syndrome is characterized by
a severe course of illness with pronounced clinical symp-
toms and an unfavorable prognosis. The primary clini-
cal and laboratory characteristics of insulin resistance
syndromes include the presence of acanthosis nigricans,
a marked elevation in plasma insulin levels in the ab-
sence of obesity, androgen excess, and, in most cases,
the emergence of NDM [3].
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The heterogeneity of genetic mutations in NDM, the
polymorphism of its clinical manifestations, and the wide
spectrum of organ and system damage observed in syn-
dromal forms necessitate the timely verification of the
diagnosis using molecular genetic testing (MGT). This al-
lows for the identification of the mechanism of cellular
damage and personalization of the patient’s treatment.

In our study, we have presented the results of the
clinical, laboratory, instrumental, and molecular genetic
examinations as well as treatment results of 14 pa-
tients with NDM associated with mutations in the ABCC8,
KCNJ11, GCK, GATA6, WFS1, CACNA1D, EIF2AK3, FOXP3,
PAX4, INSR, and IGFTR genes.

In this study, we aimed to improve the efficiency of
NDM diagnosis by analyzing the anamnestic, clinical,
laboratory, and molecular genetic characteristics of the
patients.

MATERIALS AND METHODS

A total of 14 patients with NDM were followed up at
St. Petersburg’s State Pediatric Medical University, which
belongs to the Ministry of Health of Russia. Of the 14 pa-
tients, 5 (35.7%) were boys and 9 (64.3%) were girls.
The age of the patients at the time of the study ranged
from 2 months to 21 years, which corresponded to the
follow-up period (mean age, 6 years).

A comprehensive examination of all the children was
performed, and it encompassed an analysis of the anam-
nestic data (including age of manifestation and hereditary
history), anthropometric measurements, and nutritional
status of the newborns (using Fenton and INTERGROWTH
21 sex-based nomograms). Additionally, biochemical
and hormonal blood analyses were performed (including
estimation of insulin and c-peptide levels). The glucose
levels were monitored using continuous flash monitoring
systems.

MGT was conducted in 12 patients (85.7%) at the med-
ical genetic laboratory of St. Petersburg State Pediatric
Medical University, Department of Hereditary Endocri-
nopathies of the National Medical Center of Endocrino-
logy, and Laboratory of prenatal diagnostics of hereditary
and congenital human diseases of the D.0. Ott Research
Institute of Obstetrics, Gynecology, and Reproductology,
Russian Federation. The remaining two patients are cur-
rently undergoing MGT.

In a majority of the patients, MGT was performed via
next generation sequencing (NGS) for mutations from the
DM-hyperinsulinism targeting panel of 46 genes (ABCCS,
AKT2, ALMS1, ARMC5, BLK, CACNAID, DIS3L2, EIF2AK3,
FOXA2, GATAé, GCG, GCGR, GCK, GLIS3, GLUD1, GPC3,
HADH, HNF1A, HNF1B, HNF4A, IGF1, IGF1R, INS, INSR,
KCNJT1, KDM6A, LIPE, MC3R, MC4R, NEUROD1, NSDI,
PAX4, PDX1, PGMT1, PIK3CA, PPARG, PPP1R3A, PTF1A, RFXé,
SH2B1, SIM1, SLC16A1, TUB, UCP2, WFS1, and ZFP57).
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In two children, MGT was performed via direct Sanger
sequencing of individual genes (GCK and KCNJTT).
In one patient with IPEX syndrome, targeted sequencing
was performed using the primary immunodeficiency and
hereditary anemias genetic panel, which encompasses
368 genes associated with persistent immune dysfunc-
tion. Furthermore, MGT was conducted in five parents
from three families. The pathogenicity of mutations was
assessed using international recommendations of the
American College of Medical Genetics and Genomics and
the Russian guidelines for NGS data interpretation [6].
All data were statistically analyzed using Statistica
(version 10; StatSoft, USA). The data are presented as
medians and lower and upper quartiles (Me [@,, Q,]) or
means and minimum (min) and maximum (max) values.

RESULTS AND DISCUSSION

Anamnestic, clinical, and laboratory characteristics
of the patients with NDM

In the study, four patients (28.6%) were diagnosed
with TNDM, eight (57.1%) were diagnosed with PNDM,
and two (aged 2 and 4 months) required insulin therapy.
In three patients (21.4%), DM was associated with rare
hereditary syndromes. The genealogical data of the pa-
tients with NDM are presented in Table 1.

Three patients (21.4%) exhibited aggravated hered-
ity in the first and second line of descent (Table 1).
The mother of patient 4 was diagnosed with gestational
DM, and her cousin had type 1 DM. In patient 5, a homo-
zygous mutation in the GCK gene was observed, and the
monogenic DM form was verified in the father, mother,
grandfather, and uncle on the father's side, as well as
in the maternal grandmother. The parents of patient 7,
who had previously been diagnosed with type 1 DM, pos-
sessed a heterozygous mutation in the WFST gene, which
was identical to that observed in the proband. Addition-
ally, other relatives of the proband exhibited a history of
DM as follows: maternal grandmother, type 2 DM without
obesity; paternal aunt, type 2 DM being treated with oral
antidiabetics; paternal cousin, type 1 DM.

In four families, DM was exclusively identified in sec-
ond line relatives. Marriage between close relatives was
noted in three families. Data on the hereditary nature of
NDM in our study were similar to those of previous stud-
ies [14, 20].

The analysis of anamnestic data revealed an aggra-
vated perinatal anamnesis of the following conditions:
threat of pregnancy termination (n =5, 35.7%), anemia
(n =1, 7.1%), exacerbation of chronic pyelonephritis
(n=1, 7.1%), and multiple pregnancy (n =2, 14.3%).
Two mothers had already been diagnosed with DM be-
fore the pregnancy, while one mother was diagnosed
with gestational DM. Six (42.9%) children were born
prematurely. The presence of adverse antenatal factors
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Table 1. Genealogical data of patients with neonatal diabetes mellitus
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Tabnuua 1. MeHeanornyeckme AaHHbIE NALMEHTOB C HEOHATANIbHBIM CaxapHbIM [mabeToM

Family history of diabetes

Patient No. / in first-degree relatives /

Family history of diabetes

in second-degree relatives / . .
Consanguineous marriage /

N® nauvenTa Gene / TeH OtarouleHHas HacneacTBeH- | OTarolwleHHas HacneacTBEeH- KpOBHOPOACTBEHHBIA 6paK

HOCTb MO CaxapHOMy AuabeTy | HOCTb MO caxapHOMy AuabeTy

Y POLCTBEHHWUKOB 1-/ IMHUW | Y POACTBEHHUKOB 2-11 IMHUU
1 ABCC8 - + -
2 KCNJT1 - - -
3 KCNJ11 - - -
4 ABCC8 + GCK + + -
5 GCK + + +
6 GATAé - - -
7 WFST + + -
8 EIF2AK3 - - +
9 CACNATD + PAX4 - + -
10 FOXP3 - - -
11 INSR - - -
12 - - - -
13 IGFIR - + +
14 - - + -

made it challenging to confirm the diagnosis due to the
high prevalence of transient disorders of carbohydrate
metabolism in the neonatal period.

Anthropometric data analyses revealed that four pa-
tients were born with a weight lower than the normal
weight for their gestational ages. Two patients were born
with a very low birth weight, and three were born with an
extremely low birth weight. A weight deficit (below the
3rd percentile) was observed in seven newborns (50%),
four of whom were born prematurely. Three patients ex-
hibited signs of intrauterine growth retardation, which
may be attributable to an intrauterine insulin deficiency
[14, 20].

In 11 children (78.6%), the disease manifested dur-
ing the first month of life. In the remaining three chil-
dren (21.4%), a later onset was observed. The median
age of NDM manifestation was 9 days of life (range,
1-52.5 days), with a minimum age of 1 day and a maxi-
mum age of 4 months. In 13 children, elevated glu-
cose levels (mean, 31.4 + 8.1 mmol/L) were observed.
The insulin and/or C-peptide levels were low in six pa-
tients (42.9%). The principal clinical and laboratory pa-
rameters of the patients are presented in Table 2.

Neonatal diabetes mellitus

A total of 12 children (85.7%) exhibited a severe and
unstable course of DM at the time of onset. Ultimately,
11 patients (78.6%) had to be transferred to the inten-
sive care unit (ICU). The primary indication for admis-
sion to the ICU was the need for intensive metabolic

DAl https://doiorg/1017816/PED1515-18

support. A majority of the children exhibited multiorgan
damage, with involvement of the respiratory and central
nervous systems, during the pathological process. One
patient with NDM remained in the ICU for an extended
period following surgical treatment for congenital heart
disease.

The development of classic diabetic ketoacidosis was
observed in only one patient with PNDM that was caused
by a mutation in the KCNJ11 gene. However, periodic ap-
pearance of ketones in the urine was noted in four chil-
dren at the time of disease onset and during its course,
while the acid-base status remained normal.

The development of diabetic ketoacidosis in children
with NDM is not a typical occurrence due to antiketo-
genic effect as a result of excessive hyperglycemia and
severe dehydration, as well as the distinctive metabolic
processes in newborns [5]. Therefore, diabetic ketoacido-
sis should be differentiated from a hyperosmolar hyper-
glycemic state, which is characterized by the absence of
ketosis and acidosis [19].

There have been a few reports \ ketoacidosis, inclu-
ding severe ketoacidosis in patients with NDM. In one pa-
tient from India with a homozygous variant in the EIFZAK3
gene and a diagnosis of Walcott-Rallison syndrome, the
onset of NDM was complicated by the development of
diabetic ketoacidosis [30].

This demonstrates the need for a more compre-
hensive analysis of the underlying pathogenic mecha-
nisms and the anti-ketogenic effect in this specific age

group.
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Molecular genetic characteristics of the patients with
NDM

The MGT of the 12 patients (85.7%) revealed 14 differ-
ent mutations in the following causative genes: ABCCS,
KCNJ11, GCK, GATA6, WFS1, CACNA1D, EIF2AK3, FOXP3,
PAX4, INSR, and IGFIR. Two patients exhibited paired
mutations in two distinct genes in the DM-hyperinsulin-
ism target panel. In three pediatric patients (patients 8,
10, 11) with mutations in the EIF2AK3, FOXP3, and INSR
genes, syndromal forms of NDM were identified. Two ad-
ditional patients (patients 12 and 14) are currently un-
dergoing molecular genetic confirmation. The molecular
and genetic characteristics of the patients with NDM are
presented in Table 3.

Activation of mutations in the genes that encode ATP-
dependent K* channels (KCNJ11 and ABCC8) were iden-
tified in four patients. Two children (patients 2 and 3)
with permanent forms of NDM exhibited mutations in the
KCNJ11 gene. One deletion and one missense mutation
were identified as the possible pathology. Two additional
probands with the transient form of NDM exhibited mis-
sense mutations in the ABCC8 gene. A child with TNDM,
which was caused by a pathogenic mutation in the caus-
ative gene (patient 1), experienced a relapse in DM at the
age of 12 years after a prolonged clinical and laboratory
remission. However, another child (patient 4), who had a
previously undescribed missense mutation of uncertain
clinical significance and a GCK gene mutation, exhibited
clinical and laboratory remission.

The observed diversity of phenotypes, including the
occurrence of TNDM and transient forms, is likely at-
tributable to the varying degrees of gene expression.
Most authors have suggested that there is a high risk
of relapse in TNDM after prolonged clinical and labora-
tory remission, a phenomenon that was observed in our
patient [5, 9].

In our study, there was one familial case of DM as-
sociated with a GCK gene mutation (patient 5). A homo-
zygous inactivating mutation, p.Q347X (p.1039C>T), was
identified in the proband, which resulted in the devel-
opment of PNDM. A similar heterozygous mutation was
identified in the proband’s mother, father, and maternal
grandmother, indicating an autosomal dominant mode of
inheritance. The child’s mother and father are closely re-
lated. The proband’s mother, father, and maternal grand-
mother were diagnosed with diabetes mellitus at an older
age of 17, 32, and 26 years, respectively. The proband’s
mother and grandmother are being treated with an insu-
lin regimen comprising basal and bolus doses, whereas
the diabetes in the father and his relatives is being man-
aged through dietary adjustments.

The have been numerous reports of heterozygous mu-
tations in the GCK gene that can cause MODY2-type dia-
betes. Large cohort studies conducted in different coun-
tries have demonstrated that MODY2-type is the most
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prevalent monogenic form of DM (incidence, 32%-77.5%),
with a ranking of first or second [7, 26].

Homozygous and compound heterozygous inactivat-
ing mutations in the GCK gene are relatively uncom-
mon. However, analogous cases of NDM associated with
gene mutations have been documented. In one study in
Oman, seven children with PNDM that was caused by the
¢.292C>T and ¢.781G>A mutations in the GCK gene were
identified. The ¢.292C>T mutation was identified in five
related probands [12].

A rare heterozygous pathogenic mutation, c.1477C>T
(p. Argh93*), was identified in patient 6 with PNDM, con-
genital heart disease (aortic stenosis at the isthmus,
patent ductus arteriosus, and patent foramen ovale), in-
guinal hernia, and congenital hypothyroidism. This muta-
tion leads to the formation of a stop codon. MGT of the
proband’s parents revealed the absence of analogous
mutations in the GATA6 gene, indicating the occurrence
of a de novo mutation. The anamnesis revealed that the
girl was born prematurely with a low birth weight and ex-
hibited intrauterine growth retardation. Previous studies
have also demonstrated low body weight and stunting,
including at birth, in patients with GATAé gene mutations
[21, 33]. In addition to NDM, the child exhibited signs of
exocrine insufficiency. A multispiral computed tomogra-
phy of the abdominal cavity revealed gallbladder aplasia
and pancreatic hypoplasia. The child is currently being
treated with an insulin pump and enzymes.

In addition to DM, mutations in the GATA family genes
are associated with the formation of congenital heart
defects, pancreatic malformations, hepatobiliary abnor-
malities, and other pathologies, including endocrine pa-
thologies (e.g., stunting, and hypothyroidism). De novo
mutations are more frequently observed in patients with
NDM and pancreatic agenesis than in patients with muta-
tions inherited from parents [33]. In general, extrapancre-
atic manifestations in patients with GATAé gene mutations
account for approximately 3% of NDM cases and > 50%
of pancreatic aplasia cases [17].

A heterozygous missense mutation, c.2327A>T
(p-Glu776Val), in the WFST gene was found in patient 7
who had TNDM. Given the aggravated heredity, MGT was
performed in the other family members. The proband’s
mother exhibited a similar WFST gene mutation. It was
not observed in any other family member. During the
study, no additional characteristic symptoms of Wolfram
syndrome were identified in the patient. However, given
the stage of manifestation of the syndrome components,
the child requires careful, dynamic observation.

Several authors have documented instances of iso-
lated diabetes in members of multiple families with
WFS1 gene mutations. In a study of 408 patients with
childhood-onset DM who required insulin therapy, WFST
gene mutations were identified in 22 probands (4.2%),
with a higher prevalence observed in patients from
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Table 3. Molecular genetic characteristics of patients with neonatal diabetes mellitus
Ta6nuua 3. MosekynsipHo-reHeTUYeCKas XapaKTepUCTUKA NaLMEHTOB C HEOHaTasbHbIM caxapHbIM AuabeTom
Amino acid Description in Allele Clinical
Patient Nucleotide / replace- Type the literature frequenc significance of
No./ | Gene/ | Hykneotup ment / Genotype / of variant / A" g y* ACMG variants /
0 (by gnomAD*) /
N2 naum- | TeH | (nonoeHue 3ameHa leHoTHN Tun Bapu- Onucaxune y KnuHuyeckas
acToTa annens
eHTa B K[HK) aMUHOKMC- aHTa B NUTEpaType + |3HauMMoCTb Bapu-
(no gnomAD*)
NoThI «+n/a=» aHToB no ACMG
1 ABCC8  c.4136G>A p. Heterozygote /  Missense / + 0.00001 Pathogenic /
Arg1379His  TeteposuroTa MucceHc MaToreHHbIN
2 KCNJ1T ¢.133_135del  p.Ala45del  Heterozygote / Deletion, no - - -
leteposurota  frameshift /
[leneuus,
6e3 capura
paMKu
3 KCNJ1T ~ ¢.988T>C p.Tyr330His  Heterozygote /  Missense / + - Likely pathoge-
leTeposurota MucceHc nic / BeposiTHo
naToreHHbIi
A GCK  c.483+26C>A  p.Lys252Asn  Heterozygote / Intron / + 0.00048 Likely benign /
+ leTeposurota WHTpoH - BeposTHo fobpo-
ABCC8 Ka4eCTBEHHBbI
€.756G>C Heterozygote /  Missense / - Uncertain
leTeposurota MucceHc significance /
HeonpepenexHas
3HaYMMOCTb
5 GCK c.1039C>T p.Gln347  Homozygous /  HoHceHc / + 0.00019 Pathogenic /
loMo3urota Nonsense MaToreHHbIN
6 GATA6  c1477C>T  p. Argh93*  Heterozygote /  Nonsense / + - Pathogenic /
leTeposurota HoHceHc MaToreHHbIN
7 WFST  ¢.2327A>T  p.Glu776Val Heterozygote /  Missense / + - Benign / [lobpo-
leTeposurota MucceHc Ka4eCTBEHHBbI
8 EIF2AK3  c.1912C>T p.Arg638*  Homozygous/ Nonsense / + - Likely pathoge-
l'omo3uroTa HoHceHc nic / BeposiTHo
MaToreHHbIN
9 CACNAID ¢.1189G>A  p.Val397lle  Heterozygote /  Missense / + 0.00003 Uncertain
+ leTeposurota MucceHc significance /
PAX4 HeonpepenenHas
3HauNUMOCTb
c. 467A>G:  His156Arg  Heterozygote /  Missense / + - Uncertain
leTeposurota MucceHc significance /
HeonpenenexHas
3HaYMMOCTb
10 FOXP3  c.11906>T  p.Arg397Leu Homozygous/  Missense / + - Likely pathoge-
loMo3uroTa MucceHc nic / BepostHo
MaToreHHbIN
" INSR c.G839A p.Cys280Tyr  Homozygous /  Missense / + - Likely pathoge-
loMo3urota Muccenc nic / BeposTHo
MaToreHHbI
13 IGFIR  c.3904A>T  p.Ser1302Cys Heterozygote /  Missense / - - Uncertain
leTeposurota MucceHc significance /
HeonpezenexHas
3Ha4MMOCTb
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consanguineous marriages [34]. A previous study has
also demonstrated the presence of a WFST gene mutation
in patients with classic Wolfram syndrome [16]. Muta-
tions in the WFST gene can manifest in numerous ways,
from isolated forms with a single component to Wolfram
syndrome, a severe and progressive disease with auto-
somal recessive inheritance. Wolfram syndrome is cha-
racterized by diabetes insipidus, non-sugar diabetes, op-
tic atrophy, and sensorineural hearing loss. It can lead to
severe degenerative disorders that result in respiratory
failure of central genesis, brainstem atrophy, and renal
failure [16].

A biallelic (homozygous) mutation, ¢.1912C>T (p.Arg638%),
in the EIFAK3 gene was identified in patient 8. This mu-
tation is responsible for the development of PNDM in
a patient with Walcott—Rallison syndrome, a rare genetic
disease. The parents, who are closely related, also un-
derwent an MGT, which revealed a similar heterozygous
EIFAK3 mutation in both parents. In such patients, the
substitution of p.Arg638* in the gene’s coding region re-
sults in the formation of a stop codon at the 638th posi-
tion. Although the female infant (patient 8) in our study
was born at term with a normal weight (3100 g) and body
length (49 cm), she exhibited a disproportionate physique
that was characterized by a moderate shortening of the
upper and lower extremities. In this patient, the DM and
respiratory viral infection manifested acutely, at the
age of three months. The clinical manifestations of the
Walcott—Rallison syndrome, including skeletal dysplasia,
stunting, and growth SDS (-3.1), became apparent at ap-
proximately two years of age. A delay in psycho-verbal
development and chronic hepatitis with marked hyperfer-
mentemia (ALT, 4164.4 mU/L and LDH, 2275 U/L) were
also observed in the patient. Furthermore, the DM course
was unstable, with episodes of severe hypoglycemia.

There have been several single reports of the dis-
ease, which differ in terms of components and the age
of their manifestation. In addition to DM, chronic hepa-
titis, including acute liver failure, renal failure, exocrine
pancreatic dysfunction, anemia, and neutropenia are fre-
quently observed in this disease. Furthermore, there have
been reports of stunting, severe delay in psychomotor
development, and cerebellar ataxia. Biallelic mutations
in the EIF2AK3 gene are the underlying cause of this rare
autosomal recessive syndrome [31].

A rare combination of two missense mutations of un-
certain significance, c. 467A>G (p.His156Arg) in the PAX4
gene and c.1189G>A (p.Val397Ile) in the CACNAID gene,
was identified in a patient with PNDM and congenital neu-
rosensory hearing loss. This male infant (patient 9) was
born at 36 weeks of gestation with a low for gestational
age birth weight. The NDM manifested on day 13 of life.
It was labile and required prolonged intravenous insulin
injections. Subsequently, he was transitioned to a sub-
cutaneous insulin injection regimen via an insulin pump.
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Presently, the need for insulin is discernible in instances
of concurrent illnesses or dietary irregularities.

Since the early 2000s, there have been numerous
studies on the function of the PAX4 and CACNATD genes,
including their association with carbohydrate metabo-
lism disorders. In 2007, the initial findings of a study ex-
amining the correlation between pathogenic PAX4 gene
mutations and onset of MODY-type DM, subsequently
named as MODY, were published [27]. Individual cases
of MODY?9 in children and young adults have been docu-
mented. The youngest reported case of MODY9 in China
is a 19-month-old male with a heterozygous missense
mutation (c.487>T) in exon 7 of the PAX4 gene [35].
The precise role of the CACNATD gene in the patho-
genesis of carbohydrate metabolism disorders remains
to be elucidated. This gene reportedly encodes L-type
calcium channels, which are essential for the function-
ing of pancreatic B-cells. Thus, the potential association
between CACNATD gene mutations and the development
of type-2 DM is currently being investigated. Numerous
studies have already evaluated the association between
CACNATD gene mutations and the development of con-
genital hyperinsulinism, degenerative diseases of the ner-
vous system, epilepsy, autism spectrum disorders, and
hearing impairment [29]. However, there have been no
reports of NDM associated with c.467A>G (p.His156Arg)
mutation in the PAX4 gene and/or c.1189G>A (p.Val397Ile)
mutation in the CACNATD gene.

A hemizygous missense mutation, c.1190G>T
(p.Arg397Leu), was identified in a patient’s FOXP3 gene,
which is located in the DNA-binding C-terminal forkhead
domain. This mutation was observed in patient 10 and
was determined to be pathogenic by the primary predic-
tive programs. A similar mutation in the causative gene
was identified in the proband’s mother. From the first
day of life, the child exhibited hyperglycemia, with blood
glucose levels reaching a peak of 33.6 mmol/L. Additio-
nally, metabolic acidosis was observed. The hyperglyce-
mia was accompanied by glucosuria (up to 2000 mg/dL)
and moderate ketonuria (1.5 mmol/L). The patient was
diagnosed with NDM. Further examination revealed a
severe autoimmune enteropathy with autoimmune thy-
roiditis, specific skin lesions, anemia, and eosinophilia.
The child was also diagnosed with congenital primary im-
munodeficiency. The autoimmune nature of DM and auto-
immune thyroiditis were corroborated by the findings of
the immunologic study. The concentration of antibodies
against TPO and GAD were 243.9 Med/mL (normal range,
0-30) and 1.29 U/mL (normal range, 0.0-1.0), respec-
tively. Antibodies against ICA were also present (normal
range, 0.0-1.0). Considering the presence of autoimmune
thyroiditis, severe enteropathy, primary immunodeficien-
cy, and pronounced eosinophilia in a child with NDM, IPEX
syndrome was considered. The MGT findings confirmed
the diagnosis [11].
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Till date, over 70 pathogenic mutations of the FOXP3
gene have been identified. FOXP3 is a transcription factor
that affects the activity of regulatory T cells, which are
responsible for maintaining autotolerance. Consequently,
mutations in this gene can lead to the development of
multiple autoimmune diseases and severe primary im-
munodeficiency. In severe cases, this can cause septic
complications and even death [5, 15, 22]. This was ob-
served in our patient.

A pathogenic homozygous variant of the INSR gene,
c.G839A: p.c280y (HGMD: CH010893), which has been
previously described in insulin resistance type A [3], was
located in exon 3 of the B-subunit of the insulin recep-
tor. This variant was identified in patient 11, who had
been diagnosed with Donohue syndrome. From birth, the
child exhibited multiple developmental microanomalies,
including macrocephaly, disproportionate physique, limb
shortening, muscular hypotrophy, acanthosis nigricans,
hypertrichosis (pubic and axillary hair), telarche, macro-
genitalism, and hypertrophied clitoris. Furthermore, an
umbilical hernia and a permanent repositionable rectal
prolapse were also observed. Pronounced signs of facial
dysmorphism, which have been described as “elfin-like
facies” (high forehead, large protruding eyes, wide back
of the nose, wide nostrils, and gingival hyperplasia),
were also noted. A multispiral computed tomography re-
vealed a congenital heart defect (pulmonary artery valve
stenosis) and multifollicular ovaries.

From the first month of life, the patient exhibited hy-
perglycemia, necessitating the initiation of insulin ther-
apy. Subsequent data from a blood hormonal study re-
vealed prohibitively high levels of insulin and C-peptide.
The insulin levels exceeded 302.0 plU/mL (normal range,
2.0-25.0) and the C-peptide levels exceeded 16.0 ng/mL
(normal range, 0.5-3.2). Glycemic monitoring dem-
onstrated considerable variability in the blood glucose
levels with a proclivity for hypoglycemia (range, 1.7-
22.0 mmol/L). Subsequently, the child was transitioned
to biguanides, which resulted in the stabilization of blood
glucose levels within the target range.

Our study results confirm those of previous studies,
which have demonstrated that biallelic mutations in the
a- and/or B-subunits of the INSR gene are associated
with a severe polymorbid course and poor prognosis
(3, 10].

Another rare, previously undescribed, heterozy-
gous mutation [HG38, chr15:98957242A>T, ¢.3904A>T
(p.Ser1302Cys); NM_000875.5] in the IGF1R gene was
identified in patient 13 who was diagnosed with NDM
and congenital hypothyroidism. This mutation’s clinical
significance is considered to be uncertain according to
the major genetic prediction databases. Currently, there
is evidence indicating a correlation between IGFTR gene
mutations and both intrauterine and postnatal growth
retardation, as well as an increased risk of developing
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cancer. Reports on carbohydrate metabolism disorders
associated with /GF1R gene mutations are predominantly
in the form of single clinical observations [18]. A review
of the literature revealed no data on the development of
NDM in patients with /GFTR gene mutations.

CONCLUSIONS

A majority of the study participants exhibited isolated
NDM (78.6%). In three children, the disease was associat-
ed with a hereditary syndrome. We found that the clinical
heterogeneity of NDM is determined by several factors.
Among these, genetics is the most significant factor, and
it determines the diversity of phenotypes. In our study,
MGT identified 14 distinct variants in the causative genes.
However, the role of novel CACNATD and IGF1R gene
mutations in the development of NDM remains poorly
understood and requires further investigation. Our study
findings indicate that early verification of the NDM form
via molecular genetic analysis allows for the determina-
tion of the pathogenetic mechanisms of the disease that
induce carbohydrate metabolism disruption. This, in turn,
will enable the development of a personalized treatment
plan, prediction of the disease course, and prevention of
severe complications.
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A0NOSTHATESIbHAS! UHOOPMALIUA

BbnaropsapHocT1. ABTOpbI BbipaXaloT 61aroaapHoOCTb BCEM CO-
TPYAHWKaM U cneupmanmcTam, NpoBOAMBLLMM MONEKYNIAPHO-TEHETH-
yeckoe uccneposanue B MHL PO OIEY «HMULL sHmoKpuHonorum»
MuH3gpasa Poccum (Mocksa) n OTBHY «HWW ATAP um. [.0. OtTa»
(CaHkT-INeTepbypr), nauMeHTaM M UX POLCTBEHHUKAM.
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Bknap aBTopoB. Bce aBTOpbl BHEC/IW paBHbIi CYLLECTBEH-
HbI BK/1ag, B pa3paboTKy KoHLenuuu, NpoBeAeHne UCCieoBaHus
M MOArOTOBKY CTaTbi, MPOYNM M OA0BpPUIM PUHANBHYI0 BEpCUIo
nepes nybnukauuen.

WUcTouHuk cduHaHcupoBaHusa. MoneKynspHo-reHeTMyeckoe
UCCef0BaHWe BbIMOSHEHO B TOM YUCIE B paMKax NporpamMbl
«Anbda-3Hpo» npu duHaHcoBon noppepxke «Anbda-Ipynn»
u doHpa «KAD».
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