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Purpose of review

Neonatal diabetes mellitus (NDM) is a rare disorder in which 80-85% of infants diagnosed under
6 months of age will be found to have an underlying monogenic cause. This review will summarize what is
known about growth and neurodevelopmental difficulties among individuals with various forms of NDM.

Recent findings

Patients with NDM often have intrauterine growth restriction and/or low birth weight because of insulin
deficiency in utero and the severity and likelihood of ongoing growth concerns after birth depends on the
specific cause. A growing list of rare recessive causes of NDM are associated with neurodevelopmental
and/or growth problems that can either be related to direct gene effects on brain development, or may be
related to a variety of co-morbidities. The most common form of NDM results in spectrum of neurological
disability due to expression of mutated KATP channels throughout the brain.

Summary

Monogenic causes of neonatal diabetes are characterized by variable degree of restriction of growth in
utero because of deficiency of insulin that depends on the specific gene cause. Many forms also include a
spectrum of neurodevelopmental disability because of mutation-related effects on brain development.
Longer term study is needed to clarify longitudinal effects on growth into adulthood.
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Neonatal diabetes mellitus (NDM) is a rare disorder
for which several studies support an incidence in
therange of 1:90000-160 000 [1]. Patients present
during infancy with clinically significant persis-
tent hyperglycemia (blood glucoses generally
greater than 250 mg/dl) without alternative cause
and that requires treatment [2]. Although type 1
and type 2 diabetes are polygenic disorders, several
large international cohort studies have found that
80-85% of patients diagnosed with diabetes under
6 months ofage have highly penetrant variantsin 1
of almost 30 genes now identified. Mutations in
these genes are most often sporadic but may be
inherited in an autosomal dominant fashion,
although many of the genes are associated with
rare recessive forms of neonatal diabetes. Nearly all
forms involve beta-cell insufficiency that may be
because of a disruption of development or progres-
sive destruction, as well as impaired insulin secre-
tion and/or action [3].

Recent studies suggest that a small fraction of
patients diagnosed under 6 months may actually
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have autoimmune type 1 diabetes rather than a
monogenic cause [4], whereas after 6 months of
age, the majority of patients will have autoimmune
diabetes and only rarely will patients be found to
have a monogenic form of diabetes [5]. Unlike other
types of diabetes occurring at later ages, the cardinal
signs of diabetes (polyuria, polydipsia) are very dif-
ficult to recognize and can be falsely reassuring in
infants; consequently, these patients may experi-
ence a delay in diabetes diagnosis, with one United
States study showing that two-thirds of neonatal
diabetes patients had diabetic ketoacidosis at the
time of presentation [6].
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Growth and development

KEY POINTS

e Most forms of neonatal diabetes are characterized by a
variable degree of low birth weight that depends on
the specific cause, reflecting the role of insulin as a
growth factor in utero.

o KATP-related NDM is characterized by a spectrum of
neurodevelopmental difficulties that is highly dependent
on the specific mutation.

e Rare recessive causes will often have severely low birth
weights as well as other syndromic features that
sometimes includes severe brain malformations.

e Causes involving pancreatic agenesis or hypoplasia
are also characterized by pancreatic exocrine
insufficiency that results in frequent failure-to-thrive and
longer term growth concerns.

e Monogenic causes of autoimmune diabetes often
involve other autoimmune conditions, such as
enteropathy that often lead to ongoing growth
difficulties as well as short stature.

The most common causes of neonatal diabetes
are because of activating heterozygous mutations in
either of the two genes encoding subunits of the
pancreatic beta-cell KATP channel (KCNJ11 and
ABCCS8), or mutations in insulin gene (INS) itself.
Phenotypically, neonatal diabetes may be transient
but the majority of causes lead to permanent neona-
tal diabetes. Transient neonatal diabetes is most often
because of overexpression of genes at chromosome
6q24 but can also be because of mild KATP mutations.
Although patients with transient forms of neonatal
diabetes will experience a remission of their diabetes
usually within the first few months of life, an uncer-
tain but high percentage of these patients will have
recurrence of the diabetes later in life, usually in
adolescence or young adulthood. Due to a dimin-
ished availability of insulin, all forms of neonatal
diabetes are associated with a variable degree of
growth restriction that may be apparent prenatally
and/or postnatally. In addition, many forms of neo-
natal diabetes are also associated with a spectrum of
neurodevelopmental disability that in most cases is
thought to be because of extra-pancreatic manifes-
tations of the underlying gene disorder rather than a
result of the diabetes. Of note, the more common
MODY forms of monogenic diabetes are typically
diagnosed in adolescence and young adulthood,
when growth and development are already reaching
maturity; therefore, for this review, we will restrict
the discussion to neonatal forms of monogenic dia-
betes, where most forms are associated with signifi-
cant effects on growth and/or development.
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A majority of individuals with most forms of neo-
natal diabetes will have a history of intrauterine
growth restriction (IUGR) or low birth weight,
described as small for gestational age (SGA), which
is thought to be because of insulin deficiency in utero
[7]. Growth is governed by a complex network of
endocrine signals and is related to nutrient avail-
ability [8]. Multiple studies have shown that longi-
tudinal growth is impaired in children with diabetes
[9-11], with some having described catch-up
growth when those with poorly controlled diabetes
achieve improved glycemia [12,13].

The effects of monogenic diabetes on growth
have not yet been well studied in a longitudinal
fashion but early consequences are apparent in
those with neonatal forms of monogenic diabetes.

Fetal insulin secretion is a key growth factor,
especially in the third trimester when the weight of
the fetus increases greatly. Insulin stimulates fetal
growth by increasing the mitotic drive and nutrient
availability for tissue accretion [14]. Insulin defi-
ciency in fetal sheep reduces growth rate by 50—
60% during the last 30 days of gestation [15]. Clear
clinical evidence of the role of insulin in human
fetal growth is newborn macrosomia associated with
diabetes in pregnancy that was proposed by Peder-
sen [16] in the 1950s to be a consequence not of
increased glucose but rather by higher fetal insulin
secreted in response to maternal hyperglycemia.
Maintaining euglycemia (and consequent fetal pro-
duction of insulin) in pregnancy lowers the risk of
macrosomia [17]. It has been shown that a subset of
macrosomic infants born to mothers without diabe-
tes have higher insulin levels in cord blood [18].

It is, therefore, not surprising that most patients
with all forms of neonatal diabetes will have low
birth weight, and in those more severely affected,
there will often be concerns about fetal growth
during the pregnancy, especially in the third trimes-
ter (Table 1).

The prenatal and postnatal growth was followed
in 49 patients with KCNJ11 mutations. Birth weight
SDS (Standard deviation score) was greatly reduced
—1.73 (—3.68 to 1.41) but there was significant
postnatal catch-up soon after initiation of insulin,
and normalization to population levels occurring by
9-12months of age. Interestingly, severity of low
birth weight did not correlate with severity of muta-
tion (by in-vitro studies); however, those with the
most severe neurological phenotype (developmen-
tal delay, epilepsy and neonatal diabetes, or DEND
syndrome) were the only group who did not exhibit
significant catch-up growth [19]. This study also
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suggested that other forms of neonatal diabetes were
characterized by more extreme deficiency of insulin
in utero, including six patients with homozygous
GCK mutations [birth weight SDS —2.75 (-3.63 to
—1.3)], 29 6q24-related NDM babies [-2.94 (—4.42
to —0.38)], as well as a small group of rare recessive
causes who were the most significantly SGA (1
PDX1, 1 HNF1B, 3 PTF1A, SDS -5 to —2.5).

The most common cause of neonatal diabetes is
activating heterozygous mutations in the KCNJ11
or ABCCS8 genes that encode the two KATP channel
subunits [3]. The KATP channel is a hetero-octa-
meric structure composed of four SUR1 subunits
(type 1 regulatory sulfonylurea receptor, encoded
by ABCCS8) surrounding four Kir6.2 subunits
(inwardly rectifying potassium channel, encoded
by KCNJ11) that form a central pore. Glucose metab-
olism leads to generation of ATP that binds to the
KATP channel and causes closure, with consequent
depolarization of beta cell membrane that results in
insulin secretion. These patients have the KATP
channels inappropriately open even in the presence
of hyperglycemia preventing the depolarization of
cell membrane and secretion of insulin. Impor-
tantly, the vast majority of patients with these
mutations can be treated with high-dose oral sulfo-
nylurea monotherapy instead of insulin injections
with greatly improved glycemic control but without
significant hypoglycemia [20-22].

Early studies showed that these patients present
with low birth weight, with 58% of patients having a
birth weight at or below the 3rd percentile. Patients
who did not have severe neurologic symptoms had a
clear catch-up growth after birth, and their weights
and heights were normally distributed on follow-up
after a mean of 9.3 years [19].

Neurodevelopment in KATP neonatal
diabetes

Certain forms of neonatal diabetes are clearly associ-
ated with a variety of neurodevelopmental impair-
ments. Although this includes several of the rare
syndromic forms that directly affect brain develop-
ment, the most common form of NDM is also associ-
ated with a spectrum of problems that can present at
different ages. Those with KATP-related NDM exhibit
a range of impairments that can include learning
disorders, significant cognitive dysfunction and seiz-
ures [23]. Multiple factors could be contributing to
the neurodevelopmental delay but the main consid-
erations are whether they are due primarily to the
diabetes and/or disability related to the severe onset
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of disease as an infant, or rather may be because of
direct effects of the mutations that are separate from
the diabetes. It is important to note that mild cogni-
tive dysfunction has been described in long-standing
type 1 and 2 diabetes, for example, difficulties in
learning and memory, mild degrees of cognitive
and motor slowing, decrease in attention and execu-
tive functioning. Studies of both forms of diabetes
have demonstrated neural slowing, increased cortical
atrophy, microstructural abnormalities in white mat-
ter tracts, with such findings being associated with
chronic hyperglycemia, recurrent hypoglycemia,
diabetic ketoacidosis, hypertension, microvascular
complications and macrovascular disease [24-26].
As KATP neonatal diabetes patients face similar
degrees of hyperglycemia and hypoglycemia, it is
possible that such fluctuations may have a greater
impact on an early developing brain, especially dur-
ing treatment with insulin before a molecular diag-
nosis allows for treatment with sulfonylureas that
allow for greater control of glycemia.

In contrast, several lines of evidence strongly
suggest that most of the neurodevelopmental dys-
function is because of direct effects of mutated Krp
channels that are widely expressed in the brain. The
exact role of Kyrp channels in the human central
nervous system (CNS) has not been fully explained,
rodent studies propose that they are important for
glucose sensing and may be involved in seizure
propagation [27,28]. Karp channels are expressed
in multiple brain areas, including cerebellum that
has function in motor coordination, language and
executive function [29,30].

Firstly, a mouse model of KATP-NDM has dem-
onstrated that a phenotype including weakness was
dependent on brain expression of mutant channels
[31]. More importantly, the severity of neurological
phenotype in humans is highly correlated to specific
mutations, many symptoms show at least a mild
degree of improvement after treatment with sulfo-
nylureas [32]. One study suggested that earlier treat-
ment may result in improved outcome [33];
however, a very recent study with patient stem-cell
derived cerebral organoids suggests early disruption
in the development of cortical neuronal network
and may limit approaches to improve outcome
[347].

In addition to numerous case studies, we and
others have published larger cohort studies that
have documented a spectrum of neurodevelopmen-
tal dysfunction that depends greatly on specific
mutation. We assessed neuropsychological and
behavioral dysfunction in 23 patients with KCNJ11
mutations with and without global developmental
delay treated with sulfonylurea and 20 healthy sib-
ling controls [35]. Results showed that patients who
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have mutations not associated with global develop-
mental delay (R201H, for example) had a mild
degree of neurodevelopmental dysfunction that
was would be difficult to distinguish from normal,
but was significantly reduced compared with their
siblings: specifically intelligent quotient (IQ),
vocabulary development (WASI-II), and reading
achievement (WIAT-III), as well as lower perfor-
mance in all measures of academic achievement
and executive functioning. A survey study of parents
also revealed a greater likelihood of attention-deficit
hyperactivity disorder (ADHD), school dysfunction
and sleep disturbance [36]. Several other studies
have documented similar findings among similar
patients in other countries [37-39].

CNS features have not been reported as often
among those with ABCC8 mutations, which more
often cause transient neonatal diabetes. A recent
study of 24 patients with sulfonylurea-treated
ABCCS8-PNDM found that 62% patients were
reported to have CNS features before and after trans-
fer to sulfonylureas including developmental delay
in 48%, learning difficulties in 52% and ADHD in
38%. Seven of 13 patients exhibited improvement in
neurological features after starting sulfonylureas
[40™].

The most common cause of transient neonatal dia-
betes is overexpression of genes at chromosome
6q24, resulting from three known mechanisms:
paternal uniparental disomy of chromosome 6,
paternally inherited duplication of 6q24 and mater-
nal methylation defects [41]. Although these
patients experience transient diabetes, they tend
to be among the most severely affected in utero. A
large cohort study showed that most patients are
born small for gestational age, with a mean weight
and adjusted birthweight SD of 2001g and —2.5,
respectively [42]. Likely because of concerns about
fetal growth and low birth weight, they are most
often diagnosed with diabetes within the first few
days of life. Although patients are most often treated
initially with insulin, some patients respond to sul-
fonylurea during the neonatal phase [43,44]. One
cohort study showed that all children with IUGR
experienced catch-up growth, with height and
weight being normal at 2years of age [45]. After
remitting in infancy, diabetes recurs in most
patients later in life. One study of four participants
showed that diabetes after recurrence was respon-
sive to sulfonylurea with or without other noninsu-
lin therapies with good glycemic control at
reevaluation at least 5 months later [46]. Although
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these patients all had a neonatal history of SGA/
IUGR, their adult heights and BMIs (21.7 and
31.4kg/m? were not low, consistent with early
recovery of most of the beta-cell dysfunction. A
relatively small fraction of patients with 6q24-
TNDM may have other associated clinical character-
istics, such as congenital heart disease, deafness,
neurologic features including epilepsy and renal
malformations, though these seem more likely
when defects in maternal methylation affect multi-
ple imprinted loci beyond just 6q24 [42].

Heterozygous mutations in the INS cause protein
misfolding leading to retention and accumulation
in endoplasmic reticulum (ER) and/or other subcel-
lular compartments, resulting in ER stress and even-
tual beta-cell apoptosis [47]. In one large study, INS
was sequenced in 1044 patients with diabetes diag-
nosed before 2 years of age, MODY, or young-onset
type 2 diabetes and found that 12% of patients with
PNDM had INS mutations [48]. Patients had mildly
reduced birth weights, consistent with in-utero
growth retardation because of reduced insulin secre-
tion. The median birth weight was 2.7 kg (range 1.7-
3.9), corresponding to the sixth percentile (range
<1st to 87th). Neurodevelopmental delay has not
been described in patients with INS mutation but
some patients exhibit other neuropsychiatric prob-
lems that are common in all forms of diabetes, such
as depression and anxiety.

Rarely PNDM is because of pancreatic hypoplasia or
agenesis. Failure-to-thrive and ongoing growth con-
cerns are common in these patients whose diabetes
is further complicated by pancreatic exocrine insuf-
ficiency with or without other features.

GATA6

Heterozygous inactivating mutations in GATA6 are
the most common cause of pancreatic agenesis/
hypoplasia [49]. In an early cohort of 24 patients
with GATA6 mutations, the median age at diagnosis
of diabetes was 2 days and median birth weight was
1588 g (less than first percentile). Pancreatic imag-
ing was consistent with agenesis or marked hypo-
plasia of the pancreas and patient studies
demonstrated severe exocrine pancreatic insuffi-
ciency [50]. Extrapancreatic features are also pres-
ent, with congenital heart defects being very
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common and often requiring surgical correction.
Additional features include congenital hypothy-
roidism, hepatobiliary malformations (gallbladder
agenesis and biliary atresia) and gut abnormalities
(intestinal malrotation and hernias). Insulin ther-
apy, as well as pancreatic enzyme replacement ther-
apy, is necessary for appropriate growth and
glycemic control. Patients may exhibit some degree
of neurocognitive dysfunction that may be at least
partly related to their multiple long-term comorbid-
ities that often require long-term hospitalization.

GATA4

In one study of five patients with neonatal diabetes
because of GATA4 mutations, endocrine phenotype
was variable: two patients had neonatal diabetes,
which remitted temporarily but relapsed later, while
two patients had permanent diabetes, and the fifth
patient was born prematurely, diagnosed with dia-
betes on the first day of life and died of multiple
organ failure at 4 days of age [51]. The four patients
with neonatal diabetes had low birth weight (less
than third centile) consistent with insulin defi-
ciency in utero. All patients were treated with insu-
lin. The pancreatic exocrine phenotype was also
variable. One patient had exocrine pancreatic insuf-
ficiency and received exocrine supplementation.
Also congenital heart malformations were present
and ranged from septal defects associated with pul-
monary stenosis to atrioventricular canal defect.
Developmental delay and neurocognitive defects
were reported in all patients.

PDX1

Bi-allelic PDX1 mutations are a very rare cause of
pancreatic agenesis leading to early diagnosis of
PNDM characterized by severe SGA [52]. Most
patients will be found to have severe pancreatic
exocrine insufficiency in addition to insulin-requir-
ing diabetes but other features are not usually pres-
ent. Some cases with hypomorphic compound
heterozygous mutations were not found to have
significant pancreatic agenesis or exocrine pancre-
atic insufficiency.

PTF1A

Homozygous truncating mutations in PTFIA cause
pancreatic agenesis and neonatal diabetes, often
with cerebellar agenesis [53]. Similar to patients
with coding mutations, patients with enhancer
mutations exhibited markedly reduced fetal growth
(SDS —3.42), as well as reduced longitudinal growth
during limited follow-up, possibly related to all
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patients also having exocrine pancreas insufficiency
[54]. Neurodevelopmental outcome was not well
characterized in these patients but some patients
had very severe neurodevelopmental problems,
including global neurodevelopmental delay, central
hypoventilation and total cerebellar agenesis while
others had mild neurodevelopmental delay with or
without microcephaly.

There is now a long list of genes important for beta-
cell development and/or function for which bi-alle-
lic mutations can cause neonatal diabetes, and often
involving neurodevelopmental and/or growth con-
cerns (Table 1).

EIF2AK3/Wolcott-Rallison syndrome

EIF2AK3 encodes the PERK protein that is responsi-
ble for regulating global protein synthesis as part of
the unfolded protein response in the endoplasmic
reticulum [55]. Bi-allelic mutations in EIF2AK3 are
the most common recessive cause of PNDM, with
many cases having been described in countries such
as India and Saudi Arabia [56,57]. As part of the
Wolcott—Rallison syndrome (WRS), patients fre-
quently exhibit other characteristics including
spondyloepiphyseal dysplasia, hepatic and renal
dystunction; birth weight is often normal or only
mildly reduced, age of diabetes diagnosis is quite
variable, and pancreatic exocrine insufficiency has
been described in some cases. A large fraction of
patients appear to have some degree of neurodeve-
lopmental impairment but this has not been well
characterized longitudinally [56-58]. Growth
impairment is often mentioned as a feature of
WRS but only in a few cases has short stature in
later childhood been described [56,57,59]; further
longitudinal studies will be needed to clarify the
extent of growth problems and its relationship to
other features, such as skeletal dysplasia and pan-
creatic exocrine insufficiency.

GCK

Homozygous inactivating GCK mutations result in
complete deficiency of glucokinase, a major regula-
tor of glucose metabolism in pancreatic beta cells,
leading to permanent neonatal diabetes mellitus,
where heterozygous parents have GCK-MODY
[60]. These infants present with severe intrauterine
growth retardation that demonstrates the key role of
GCK for insulin secretion in utero. Patients are
treated with insulin, sulfonylureas can be added
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to increase basal and stimulated insulin secretion.
Although longer term follow-up is lacking, no sig-
nificant neurodevelopmental difficulties have yet
been reported.

NEUROD1

Biallelic mutations in NEURODI1 are a rare cause of
permanent neonatal diabetes that also includes cer-
ebellar hypoplasia, sensorineural deafness, visual
impairment and learning difficulties [61]. Patients
were diagnosed with diabetes within the first
2months of life but had concerns for intrauterine
growth retardation (birth weights 1490 and 2230g
at 34 and 38weeks of gestation, respectively),
reflecting severely reduced insulin secretion in utero.
Several other rare recessive causes are frequently
characterized by low birth weights and a variety
of syndromic features that sometimes includes
direct effects on brain development (Table 1).

A growing list of genes important for immune func-
tion have been described as causes of autoimmune
diabetes in infancy along with other immune dysfunc-
tion. Several other rare causes not discussed here have
limited information on growth and development.

Immunodysregulation,  Polyendocrinopathy,
Enteropathy X-linked (IPEX) syndrome is caused
by mutations in the FOXP3 gene, which isimportant
in regulatory T-cell function. The clinical course can
be highly variable but diabetes is often the first
feature, along with other endocrinopathies, enter-
opathy and exfoliative dermatitis. In addition to
insulin deficiency, they will often have intractable
diarrhea with villous atrophy leading to failure to
thrive. One cohort described diabetes as the initial
feature, with onset varying from 3 days to 3 months
of life [62]. Birth weight appeared to correlate with
disease severity as it was markedly reduced only in
the two patients who died early in infancy. Gastro-
intestinal manifestations varied in severity from
mild diarrhea to severe enteropathy. Patients with
full IPEX can have very severe neonatal course
requiring stem cell transplant; however, other
patients will exhibit a more mild course where dia-
betes is the main feature [63].

STAT3 activation leads to impairment of the
development of regulatory T cells, where heterozy-
gous STAT3 mutations can cause neonatal diabetes
along with other autoimmune dysfunction. All five
patients in one cohort had IUGR, thought to be
because of insulin deficiency secondary to intra-
uterine autoimmune destruction of beta cells [64].
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Later in infancy, some patients developed autoim-
mune enteropathy, autoimmune interstitial lung
disease, juvenile-onset arthritis and primary hypo-
thyroidism. All patients exhibited short stature later
in life (likely related to multiple clinical comorbid-
ities) but did not exhibit significant neurodevelop-
mental dysfunction.

Biallelic LRBA mutations cause common vari-
able immunodeficiency-8 and had been described in
some patients presenting with neonatal diabetes. In
one cohort of 10 patients with diabetes within the
first 15 months of life, birth weight was variable and
not all the patients had concerns for IUGR during
pregnancy [65]. Other autoimmune disorders were
present and included hematological manifestations,
autoimmune enteropathy and hypothyroidism.
Patients with these mutations often have very severe
complications during infancy and the mortality rate
is elevated. Neurodevelopmental growth was not
well described but one of the patients was reported
to have right hemiparesis and neuromotor retarda-
tion later in infancy.

Neonatal diabetes results from mutations in almost
30 different genes that play key roles in beta-cell
and/or pancreatic development, as well as often
involving other organs, such as brain. The mono-
genic disorders serve as models of rare human
genetic disease that provide the opportunity for
better understanding of molecular pathophysiol-
ogy. Although many genotype-phenotype associa-
tions have been described, longer term outcome
studies will be needed to further elucidation many
remaining uncertainties, such as effects on
adult height.
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