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Summary
Single gene mutations cause ~1% of all cases of diabetes and most individuals
are diagnosed under 35 years of age. However, the majority of cases of
monogenic diabetes are misdiagnosed as type 1 or more frequently type 2
diabetes. This project targeted the challenges in the diagnosis and management of
monogenic diabetes through these specific aims:
1. Elucidate the incretin effect in sulphonylurea-treated KATP-related diabetes
2. Expand the clinical phenotype, improve genetic diagnosis and therapeutic
options of established monogenic forms of diabetes
3. Identify novel monogenic causes of diabetes
Insulin secretion response was studied in 5 adult sulphonylurea-treated subjects
with KCNJ11-diabetes in comparison to 5 matched controls. We found that
KCNJ11 subjects had higher glucose levels overall, including fasting
hyperglycaemia, higher peaks, and delayed normalization following OGTT and
during isoglycaemic glucose infusions. Overall insulin and C-peptide responses
were not different during OGTT or IGI, but the change from baseline to peak levels
was greater in controls. Insulin and C-peptide levels returned to baseline in
controls but remained elevated in subjects after 4 hours.
Through examination of patients within the Monogenic Diabetes Registry, the
clinical phenotypes of those with mutations within GCK, KCNJ11 and EIF2AK3
have been expanded. Additionally the treatment algorithms and diagnostic options
for neonatal diabetes mellitus have been challenged. Novel causes of diabetes
were identified, including a novel intronic INS mutation leading to diabetes through
novel mechanisms and a mutation within H19 leading to diabetes and Russell
Silver Syndrome.
A precise genetic diagnosis enables targeted therapy, leads to improved quality of
life and aids in diagnosis of diabetes in other family members including earlier
diagnosis in children. These studies have expanded our understanding of the
pathogenesis, diagnosis and treatment of a variety of poorly studied forms of
diabetes.
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Introduction
1.1 Overview of monogenic forms of diabetes
Diabetes mellitus (DM) is a genetically and phenotypically heterogeneous set of
metabolic diseases. The most common forms, type 1 and type 2, have
susceptibility determined by variation at a number of different genes, none of
which alone is sufficient to cause diabetes (1). However, it is estimated that ~1%
of patients with DM have a form of monogenic diabetes, that is caused by a single
gene mutation (2). In the United States, where the prevalence of diabetes mellitus
is soaring with 9.3% of the population affected and a total health cost of $245
billion, monogenic causes could account for as many as 3-500,000 cases of
diabetes (3,4). One clinical challenge is to identify those patients with diabetes
who should have genetic testing and how those genes should be tested.
Clinicians are confronted by an expanding and confusing list of diverse monogenic
causes of diabetes (5). In broad terms the monogenic forms of diabetes can be
clinically divided into MODY (maturity onset diabetes of the young) and neonatal
diabetes (NDM). These terms can be confusing as they include an everexpanding list of gene causes that differ in important ways with respect to
presentation, treatment, and associated conditions.
Monogenic diabetes in children and adults can present clinically in a variety of
ways. The clinical phenotype can be markedly different despite many of these
genes being globally referred to as monogenic, NDM or MODY genes. These
genes and the clinical presentations due to their deleterious mutations are
summarized in Table 1.1. The simplest clinical approach to the newly diagnosed
patient is to question the pathogenesis of his or her diabetes and subsequently the
presumed aetiology of each patient’s diabetes should be challenged at each
clinical visit. This is particularly important as the number of individuals affected by
diabetes increases worldwide and with fewer patients with diabetes attending
subspecialty care (6).
The term MODY has been used to describe a monogenic form of non-ketotic, noninsulin dependent diabetes with onset before 25 years of age with 2-3
consecutively affected generations. MODY is a confusing term as it now includes
diseases caused by defects within at least 11 separate genes that differ in
!
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important ways in presentation, treatment, and associated conditions.
Additionally, use of traditional criteria accounts for less than 50% of individuals
with a genetic diagnosis of MODY that fit this classic description (7,8). A broader
criteria based on children and young adults diagnosed with DM with atypical
features with presumed type 1 or type 2 diabetes is likely a more effective strategy
for identifying patients for screening (9).
The term NDM has been used to describe hyperglycaemia requiring insulin
therapy with the first 6 months of life and this condition invariably has a
monogenetic aetiology (10). A growing list of over 20 gene causes have been
identified (5) and, albeit at a much lower frequency, mutations in some of these
genes may result in hyperglycaemia that presents after 6 months of age (11,12).
The more common clinical presentations of monogenic diabetes, the genes
associated with each, and an approach to special aspects of their treatment are
described below.
1.2 Familial fasting hyperglycaemia: GCK-related hyperglycaemia
A history of stable asymptomatic mild fasting hyperglycaemia is most consistent
with a heterozygous inactivating mutation in the glucokinase gene (GCK), also
known as GCK-MODY or MODY2 (13). The population prevalence is estimated at
1 in 1000 individuals (14). Glucokinase catalyzes the conversion of glucose to
glucose-6-phosphate, a key step in glucose metabolism and the regulation of
insulin secretion. While mutations within this gene are not typically associated with
significant complications, misdiagnosis can result in inappropriate dietary
restriction and pharmacotherapeutic intervention (15). Other features often also
include hyperglycaemia in multiple first-degree family members, autosomal
dominant inheritance, hyperglycaemia in non-obese individuals, and HbA1cs in the
range of 5.5-7%. While usually stable, hyperglycaemia may sometimes progress
with time and elevated glucose levels (5.5 – 8 mmol/L, 100-144 mg/dL) are
typically initially noted during routine screening of blood or urine or during oral
glucose tolerance testing for gestational diabetes. Family members are often
treated with widely varying treatments before diagnosis, from intensive insulin
therapy to diet alone, yet HbA1c values are generally not significantly altered by
any treatment (16). Drug therapy can usually be withdrawn but with possible
benefits of intervention during pregnancy if the foetus does not inherit the maternal
!
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GCK mutation (17,18). In individuals in whom diabetes progresses there is usually
another cause such as co-existing obesity or another form of insulin resistance
associated with type 2 diabetes (T2D). Other forms of diabetes, including
transcription factor forms of monogenic diabetes, may also present initially with
mild fasting hyperglycaemia. Careful attention should be paid to the family history
and a search for other causes is indicated if DNA sequencing does not reveal any
significant mutations that alter the function of GCK.
Diet and exercise is an approach to management but will not make a significant
impact on glycaemic control. Glucose monitoring should be limited to occasional
capillary blood glucose and HbA1c measurements. Obesity and other conditions
leading to increased insulin resistance may require treatment if there is an
increase in HbA1c levels. Therapeutic targets should be individualized, taking the
patient’s baseline HbA1c into account, along with age and other underlying
factors.
1.3 Transcription factor diabetes
The more common transcription factor forms of monogenic diabetes include
HNF4A, HNF1A and HNF1B -related diabetes (also known as HNF4A-, HNF1Aand HNF1B-MODY or MODY1/3/5). Other rare transcription factor forms of
monogenic diabetes are listed in Table 1.1. The key features are: young adult
onset, absence of autoimmunity associated with type 1 diabetes, usually nonobese, dominant inheritance if familial, usually detectable C-peptide. Progression
does occur, with all of the complications associated with type 1 and T2D if poor
control of blood sugar has been present. Since these genes have a wide
expression in many tissues, extra-pancreatic features can be found. These include
developmental abnormalities of genitourinary organs associated with HNF1B
mutations and hepatic adenomas with HNF1A mutations.
The most frequent causes of transcription factor diabetes in published series are
mutations in HNF1A, followed by HNF4A. These forms of diabetes are often
misdiagnosed and incorrectly treated with insulin (19). The financial cost of genetic
testing, limited access to testing, and a lack of knowledge about monogenic
diabetes likely contribute to the misdiagnosis (7).
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Kidney involvement such as congenital abnormalities or cysts should lead to
analysis of HNF1B. In addition to missense and nonsense mutations, small
insertions, deletions and exon duplications as well as complete or partial gene
deletions and large genomic rearrangements have been reported for HNF1B, and
can be missed by conventional sequencing methods (20). If these genes lack
diabetes-associated mutations, consideration can then be given to the more rare
causes of non-obese, antibody-negative young adult onset diabetes. Some of
these rare forms of monogenic diabetes are listed in Table 1.1.
In the absence of a significant family history and relatively recent onset, latent
autoimmune diabetes in adults (LADA) should also be considered and anti-GAD65
and anti-IA2 antibodies levels obtained. Large pedigrees, novel mutations, and
specific questions should be referred to an academic centre with specific
expertise. It is also helpful to obtain C-peptide measurements with simultaneous
glucose levels. Typically these patients have inappropriately low C-peptide levels
whereas individuals with high C-peptide levels may be demonstrating a failure to
compensate for insulin resistance associated with such conditions as Cushing
syndrome, acromegaly, or Hepatitis C Virus HCV infection (21,22).
HNF1A and HNF4A mutations show particular sensitivity to low dose oral
sulphonylurea therapy (23). Some HNF1A and 4A patients report that such
therapy was tried and discontinued due to hypoglycaemia, but when initiated at
low-doses sulphonylurea therapy is well tolerated and has significant advantages
over insulin therapy (24). Older patients may no longer respond to sulphonylureas
necessitating the initiation of insulin. Since these patients are not usually insulin
resistant, insulin sensitizers are unlikely to be of benefit and may even be
contraindicated due to off target effects. The efficacy of incretin agonists or
dipeptidylpeptidase IV (DPPIV) inhibitors has not yet been fully evaluated in this
situation but they have been used successfully to supplement sulphonylurea
therapy in some patients (25). Insulin is likely to be the best therapy for HNF1B
mutations and in diabetes mellitus caused by other genes in this category, but few
of the other mutations have been carefully studied for response.
1.4 Syndromic forms of monogenic diabetes
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In these conditions diabetes is part of a broader clinical syndrome rather than
being the sole presenting manifestation of the gene defect. Some of the more
recognisable forms that present outside of infancy are outlined here.
Mitochondrial mutations, principally the tRNA mutations that are known to cause
MELAS syndrome (mitochondrial encephalopathy with stroke-like episodes), and
maternally inherited diabetes and deafness (MIDD), are distinguished by evidence
of maternal inheritance. The varied clinical manifestations due to heteroplasmy,
defined as the unequal distribution of mitochondria to organs during early
development, can result in widely differing phenotypes even within a single
pedigree. Sequencing the mitochondrial genome should pay particular attention to
the mtDNA A3243G mutation (26,27).
Wolfram syndrome, previously termed DIDMOAD because of the occurrence of
diabetes insipidus, diabetes mellitus, optic atrophy and deafness, is now
associated with mutations within WFS1 (28,29). This gene encodes a ubiquitously
expressed transmembrane protein, which is located primarily in the endoplasmic
reticulum (ER). High levels in the brain, retina and pancreatic islet account for the
neurological and endocrine manifestations. WFS1 mutations cause a variety of
progressive features, with central nervous system involvement being most
pronounced, in which progression of brainstem and optic atrophy is inexorable.
Insulin remains the mainstay of diabetes treatment in these conditions. A second
form associated with mutations in WFS2, a different protein that may also be
associated with ER function has been reported in a very small number of families
(30).
Three rare monogenic causes of insulin resistance are also associated with
diabetes. These are mutations in the insulin receptor gene, forms of lipoatrophic
diabetes, and mutations in the peroxisome proliferator activated receptor γ gene
(PPARG). Mutations in the insulin receptor gene (INSR) result in congenital insulin
resistance syndromes. Typically heterozygous mutations result in type A insulin
resistance while the homozygous form can cause Donohue and RabsonMendenhall syndromes (31,32). Individuals with Donohue and RabsonMendenhall syndrome rarely survive beyond infancy while type A insulin
resistance typically present in adolescence marked insulin resistance. Some
evidence suggests that treatment with recombinant leptin or IGF-1 may be helpful
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(33). Mutations in the lamin A/C gene LMNA are associated with the autosomal
dominant lipoatrophy (Familial Partial Lipodystrophy of the Dunnigan type
(FPLD2)), or recessive forms of congenital generalized lipoatrophy (SiepBerardinelli syndrome), and other syndromes as well. It is important to recognise
syndromes due to LMNA mutations as there is a potential role for treatment with
thiazoladinediones and they have a variety of significant associated conditions
(34-37). Familial T2D of early onset with insulin resistance may be caused by
mutations in the gene encoding PPAR gamma. These rare mutations can cause
severe insulin resistance, partial lipodystrophy, T2D, and hypertension and may be
treatable with leptin (38-40).
1.5 Neonatal diabetes mellitus
Persistent hyperglycaemia occurring at a very early age has long been termed
neonatal diabetes mellitus (NDM). Genetic causes predominate as the aetiology of
diabetes diagnosed before the age of 6 months but a small fraction of those
diagnosed at later ages may also be found to have similar single gene mutations
(41). The onset of diabetes often goes undetected and a delayed diagnosis is then
made in a catastrophic setting with marked hyperglycaemia with or without
ketoacidosis and high morbidity. Transient forms where insulin-requiring diabetes
spontaneously resolves between 6-18 months of life, make up approximate half of
cases (42). Autoimmune type 1 diabetes is unusual in infancy, so while NDM is a
rare condition, the yield from targeted genetic testing is high (43). Clinicians are
faced with an expanding list of over 20 identified genetic causes of NDM but many
of these are syndromic, with clinical clues that can direct genetic testing (5). NDM
was historically treated with insulin but studies over the last decade have in many
cases clarified the underlying molecular mechanism and pointed to disease
specific therapy.
Certain features, such as birth weight below the 10th percentile (especially in the
presence of maternal diabetes), also suggest a genetic cause. Features may also
include, depending on the gene and the precise mutation, developmental delay,
learning disorders, speech disorders, muscle weakness (such as with climbing
stairs), and seizures. Occasionally multiple family members may be found to also
have either early onset, relapsing, or non-obese young adult appearance of
diabetes, but most cases are sporadic.
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1.5.1 Transient neonatal diabetes (TND)
The term transient neonatal diabetes is misleading as many patients develop
permanent hyperglycaemia later in life, usually in the teen years. The most
common cause of TND is due to abnormalities of chromosome 6q24. 6q24-TND is
caused by genetic or epigenetic changes affecting the expression of genes at the
6q24 locus. Overexpression of PLAGL1 and HYMAI can result from a number of
mechanisms including: uniparental disomy of chromosome 6 (UPD6),
submicroscopic duplication of the paternal 6q24 allele or isolated loss of maternal
methylation at the differentially methylated region at 6q24. UPD6 does not carry an
increased risk of recurrence in future offspring, as it is sporadic event in embryonic
development. There is a 50% chance of offspring inheriting the submicroscopic
duplication of the paternal 6q24 allele, while loss of maternal methylation is a
poorly understood phenomenon with an unknown aetiology and an unknown
inheritance risk. In addition to recurrence of hyperglycaemia in later years, those
with 6q24-TND may sometimes develop significant hypoglycaemia during the
remission period (44).
In the neonatal period patients are typically treated with insulin therapy. When
6q24-TND recurs later in life, the best treatment is uncertain but many patients are
managed with insulin (45). There is a paucity of data on endogenous insulin
production and the use of insulin secretagogues or other oral agents in the
treatment of this condition (46-48).
Rare autosomal recessive mutations in ZFP57 can give rise to multiple loci with
loss of methylation (49,50). Targeted methylation testing must be employed to
identify abnormalities of chromosome 6q24 to identify 6q24-TND as exome
sequencing will not identify these changes. Transient neonatal diabetes not
caused by abnormalities of chromosome 6q24 is frequently due to mutations in the
ABCC8 and KCNJ11 but mutations in INS and HNF1B can also rarely give rise to
transient neonatal diabetes (48,51).
1.5.2 Permanent neonatal diabetes (PND)
Activating heterozygous mutations in KCNJ11 and ABCC8 genes, encoding the
two subunits of the ATP-sensitive potassium (KATP) channel, are the most
common causes of diabetes in the first months of life (52-54). The KATP-sensitive
potassium channel is well described as a key molecular switch in the beta cell,
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closing in response to generation of ATP following glucose metabolism. Identifying
subjects with heterozygous activating mutations of this gene is of significant
clinical value as oral sulphonylurea treatment can routinely replace insulin therapy
with improvement of glycaemic control (41,52,55-58). Mutations can disrupt the
KATP channel to varying degrees and result in a broad range of phenotypes.
Clinical severity ranges from isolated transient neonatal diabetes to the most
severe cases affected by neurodevelopmental disability, seizures, and insensitivity
to sulphonylurea treatment (52,55,58-61). Most but not all of the mutations in
ABCC8 and KCNJ11 can be treated by high dose sulphonylurea therapy (in offlabel use in patients under 18 years of age in all countries). Incremental increases
in doses of sulphonylureas, up to relatively high doses depending on the specific
mutation 0.5-2.5mg/kg/day), are administered in divided doses with gradual insulin
withdrawal to stimulate beta cell function.
Some patients with KATP related NDM also exhibit a spectrum of
neurodevelopmental and behavioral problems. These vary from mild learning
disorders to more severe mutations resulting in cognitive dysfunction or seizures
(62). This syndrome of developmental delay, epilepsy and neonatal diabetes is
referred to as DEND or when less severe, intermediate DEND (iDEND).
These non-diabetes related impairments are likely to also be due to mutated KATP
channels, as these are widely expressed in the brain (63). There is a correlation
between the degree of the inability of the channels to close, resistance to blockade
with sulphonylureas in vitro, and the severity of the neurological disorder.
Mutations in these genes that result in decreased channel function cause the
opposite condition, hyperinsulinemia with hypoglycaemia, which is usually
homozygous or compound heterozygous and recessive (64-66).
After KATP channel mutations due to alterations in KCNJ11, the next most
common known genetic cause of permanent neonatal diabetes is mutations in the
insulin gene (INS) itself. These mutations are also rare causes of young adult
onset T2D and ketosis-prone T1b diabetes, usually negative for the presence of
diabetes-associated islet autoantibodies (11). INS mutations are presumed to
result in a mutated translational product giving rise to ER stress and beta cell
death (67).
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Mutations within an expanding list of other genes may also lead to insulin
insufficiency and NDM through failure of normal development of the pancreas,
development of early-onset autoimmunity or mutated translational products
causing ER stress (Table 1.1).
1.6 Study Aims and Outline
Despite the recent advances in our understanding of monogenic forms of diabetes,
clinical barriers to improving the diagnosis and therapy for monogenic diabetes
persist. This project targets the challenges in the clinical recognition, genetic
diagnosis and management of monogenic diabetes through the following specific
aims:
•

Elucidate the incretin effect in sulphonylurea-treated KATP-related diabetes

•

Expand the clinical phenotype, improve genetic diagnosis and therapeutic
options of established monogenic forms of diabetes

•

Identify novel monogenic causes of diabetes

The result of the studies pertaining to these aims are divided into the following
chapters
•

Studies Expanding the Clinical Phenotypes of Monogenic Diabetes

•

Studies Examining the Utility of Various Molecular Genetic Techniques in
Diabetes Mellitus

•

Studies Examining the Treatment Options in Monogenic Diabetes

Table 1.1 Genes associated with monogenic diabetes
AD autosomal dominant; AR autosomal recessive; DM diabetes mellitus; IUGR
intrauterine growth restriction; NDM neonatal diabetes mellitus; MODY maturity
onset diabetes of the young; SGA small for gestational age. Rare diseases
associated with variable diabetes penetrance are not included.
Gene

Inheritance Clinical features

Genetic disorder of glucose metabolism
GCK

AD

MODY2: Stable, non-progressive elevated fasting
blood glucose; typically does not require treatment;
microvascular complications are rare; small rise in 2hour glucose level on OGTT (<54 mg/dL; <3mmol/L).

Genetic disorders of gene expression
HNF1A
!

AD

MODY3: Progressive insulin secretory defect with
27

presentation in adolescence or early adulthood;
Lowered renal threshold for glucosuria; Large rise in
2-hour glucose level on OGTT (>90 mg/dL;
>5mmol/L); Sensitive to sulphonylureas.
HNF4A

AD

MODY1: Progressive insulin secretory defect with
presentation in adolescence or early adulthood; May
have large birth weight and transient neonatal
hypoglycaemia; Sensitive to sulphonylureas.

HNF1B

AD

MODY5: Developmental renal disease (typically
cystic); genitourinary abnormalities; atrophy of the
pancreas; hyperuricaemia; gout.

PDX1

AD

MODY4: Rare, diabetes appears to be mild.

AR

NDM: SGA; diarrhea; malnutrition; parents have
PDX1-MODY (MODY4).

NEUROD1

AD

MODY6: Rare.

AR

NDM: Cerebellar hypoplasia; deafness.

KLF11

AD

MODY7: Rare.

PAX4

AD

MODY9: Rare.

BLK

AD

MODY11: Rare.

PCBD1

AR

MODY-like: Rare; Progressive insulin secretory
defect

GATA6

AD

NDM: Pancreatic hypoplasia; gastrointestinal and
cardiac malformations.

GLIS3

AR

NDM: Congenital hypothyroidism; glaucoma; kidney
cysts; hepatic fibrosis.

PAX6

AR

NDM: Brain malformations; microcephaly;
micropthalmia; panhypopituitarism.

NEUROG3

AR

NDM: SGA; severe intractable congenital diarrhea.

PTF1A

AR

NDM: Pancreatic hypoplasia; cerebellar hypoplasia.

RFX6

AR

NDM: SGA, intestinal atresias; gall bladder
hypoplasia/aplasia; diarrhea.

NKX2.2

AR

NDM: Rare.

MNX1

AR

NDM: Rare; Pancreatic hypoplasia.

Genetic disorder of ion channels
ABCC8

AD

NDM: IUGR; responsive to sulphonylureas.

KCNJ11

AD

NDM: IUGR; possible developmental delay and
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seizures; responsive to sulphonylureas.
Genetic disorder of insulin synthesis
INS

AD

NDM: IUGR.
MODY10: Rare.

Genetic disorders of ER stress/cell death
EIF2AK3

AR

NDM: Wolcott-Rallison Syndrome: epiphyseal
dysplasia; exocrine pancreatic insufficiency.

WFS1

AR

Variable age of DM diagnosis (3 weeks to 14years):
Rare; Optic atrophy; deafness; diabetes insipidus.

IER3IP1

AR

NDM: Rare;Microcephaly with simplified gyral pattern;
infantile epileptic encephalopathy.

TRMT10A

AR

MODY: Rare; short stature; microcephaly.

Epigenetic disorders of the beta cell
6q24

AD for

Transient NDM: IUGR; macroglossia; umbilical

(PLAGL1,

paternal

hernia.

HYMA1)

duplications Mechanisms include UPD6, paternal duplication or
maternal methylation defect

ZFP57

AR

Transient NDM: Rare; IUGR; macroglossia.

Genetic disorder of glucose transport
SLC2A2

AR

NDM: Rare; hepatomegaly; proximal tubular
nephropathy.

Primary genetic disorder of auto-immunity
FOXP3

X-linked

NDM: IPEX syndrome (Immunodysregulation
Polyendocrinopathy Enteropathy X-linked):
autoimmune diabetes; autoimmune thyroid disease;
exfoliative dermatitis.

STAT3

AR

NDM: Autoimmune diabetes; autoimmune
enteropathy; short stature; eczema

Genetic disorder of insulin secretion
SLC19A2

AR

NDM: Rare; Thiamine-responsive megaloblastic
anemia; deafness.

Disease of the exocrine pancreas
CFTR

AR

Variable age of DM diagnosis: Pulmonary disease;
exocrine pancreatic dysfunction; decreased insulin
production; insulin resistance.

CEL
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MODY8: Rare; Atrophy of the pancreas; exocrine
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pancreatic dysfunction.
Mitochondrial disorders
MT-TL1, MT- Maternally
TK, MT-TE

MIDD: Maternally inherited diabetes and deafness.

inherited

Iron deposition within beta cells
HFE

AR

Variable age of DM diagnosis: Hepatic disease; skin
pigmentation; arthropathy; hypogonadism in males;
cardiomegaly.
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Study Design and Methods
2.1 Subject Selection
Subjects with neonatal diabetes or with a clinical and/or family history suggestive
of MODY or syndromic forms of diabetes were consented for participation through
the University of Chicago Monogenic Diabetes Registry
(http://monogenicdiabetes.uchicago.edu/registry/) (68). Longitudinal information
regarding the diagnosis and treatment of diabetes, other medical problems or
complications, family history and genetic testing results, is collected on study
participants through surveys and medical records. For all available time points, key
data gathered includes age, weight, HbA1c, and medication information. A
neonatal diabetes phenotype was defined as persistent hyperglycaemia requiring
treatment diagnosed under 1 year of age. A MODY phenotype was defined as
diabetes diagnosed under 35 years of age in a non-obese individual with either a
linear family history of diabetes or the absence of diabetes-related autoantibodies.
All subjects were consented for participation through protocols approved by the
Institutional Review Board at the University of Chicago.
2.2 DNA Isolation
Genomic DNA was isolated from patients’ saliva or blood samples using the
Oragene OG-300 non-invasive saliva sampling kit (DNA Genotek Inc., Ottawa,
ON, Canada) or the PureGene DNA isolation kit (Qiagen Inc, Valencia, CA)
according to the manufacturer’s instructions. DNA integrity was verified using a
Qubit Fluorometer (Life technologies, Darmstadt, Germany). DNA from deceased
subjects was isolated from snap-frozen tissue, (mostly spleen) or from formalin
fixed paraffin embedded tissue using Puregene Gentra Tissue Kit (Qiagen) and
purified using the Genomic DNA Clean & Concentrator kit (Zymo Research).
2.3 Next-generation sequencing
The targeted NGS approach was based on a HaloPlex enrichment (Agilent
Technologies, Santa Clara, CA, USA) followed by MiSeq Illumina NGS. HaloPlex
probes were designed following Agilent’s recommendations to enrich all exons,
plus 10-bp at each end, of the 36 selected genes previously associated with NDM,
MODY and very rare syndromic forms of diabetes mellitus (69,70). HaloPlex
enriched Illumina libraries were obtained following Agilent’s recommendations with
the exception that the gDNA-probe hybrids were amplified using the KAPA HiFi
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HotStart PCR kit (KAPA Biosystem) (1X KAPA HiFi Fidelity GC buffer, 0.8 mM
dNTPs, 1 µM PCR primers, 20 µM Acetic Acid and 1U of KAPA HiFi HotStart
polymerase), and the following program in the Applied Biosystems 2720
thermocycler: 98°C for 2 minutes; 21 cycles of 98°C for 30 seconds, 60°C for 30
seconds and 72°C for 1 minute; followed by 72°C for 10 minutes then hold on 8°C.
HaloPlex enriched Illumina libraries were quantified using the Agilent 2100
Bioanalyzer, multiplexed (8 samples) and 150PE sequenced on the Illumina
MiSeq system following Agilent’s recommendations. Data from each sequence run
was de-multiplexed and reads aligned to the reference human genome (hg18)
using the Burrows-Wheeler Aligner (version 0.6.2). Reads in the regions of the
genome that are susceptible to alignment artifacts due to the presence of
repetitive sequences were locally realigned using GATK (version 1.0.5506).
The NGS data analysis and variant calling was performed using an in-house
custom-developed bioinformatics pipeline and a commercial software package
(NextGENe, Softgenetics, State College, PA). Variants were called using Atlas2
(71). Variant analysis (20x coverage; 10x in male X and Y chromosomes) was
performed. To identify novel variants, ANNOVAR (72) was used to filter out
variants in either dbSNP 129 or the July 2010 release of 1000 genomes. Raw
variant calls were filtered based on various quality metrics such as depth, quality
by depth score and directional bias. Variants were then annotated in regards to
their positions in transcripts of interest, position relative to the coding sequence,
consequence for the protein or mRNA and a collection of direct and indirect
evidentiary tools and databases including NCBI dbSNP, 1000 Genomes Project,
Exome Sequencing Project (ESP) GERP, Conseq, PolyPhen-2, SIFT and the
Human Gene Mutation Database (HGMD). Variants predicted to be damaging
were confirmed by Sanger sequencing.
Novel variants that cause splice junction alterations, nonsense or frameshift indel
changes were interpreted as “pathogenic” according to the ACMG guidelines for
interpretation of sequence variations (73). The functional significance of remaining
variants were evaluated using the prediction algorithms incorporated in the
analysis pipeline. Novel, nonsynonymous changes with a GERP score >3.0,
and/or a SIFT score <0.05, and/or a Polyphen-2 score of >0.85, or occurring in a
functional domain of the protein, as well as in-frame changes were interpreted
either as “likely pathogenic” or “variant of unknown clinical significance” based
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partly on which genes they are identified in and the inheritance pattern of the
genes. Variants with an allele frequency ≥1% in the 1000 Genomes Project and
NCBI dbSNP databases were interpreted as “benign changes”.
2.4 Whole Exome Sequencing (WES)
The VCHrome capture reagent (Roche NimbleGen, Madison, WI, USA;
http://www.nimblegen.com) was used for targeted exome capture using a HiSeq
2000 instrument (Illumina, San Diego, CA, USA; http://www.illumina.com) and
using standard chemistry recommended by the manufacturer. Read mapping was
performed using Burrows-Wheeler aligner (74), and variants were called using
Atlas2 (71). By design, at least 80% of the exome was covered 20 x. Analysis was
performed using QIAGEN’s Ingenuity® Variant Analysis™ software
(www.qiagen.com/ingenuity) from QIAGEN Redwood City. Variants with a minor
allele frequency > 3% in 1000 Genomes (phase 1 data released April 4) and 2012
v3 NHLBI ESP6500 (data released June 2012) were removed. We further
considered variants that were missense, non-synonymous or annotated to a splice
junction. Analyses were restricted to known monogenic diabetes genes and genes
known to interact with the products of these known monogenic diabetes genes to
further prioritize variants. Highly variable genes were also excluded. Variants were
filtered for three potential modes of inheritance: autosomal recessive, possible de
novo, and compound heterozygous.
2.5 Sanger sequencing
All sequence variants with putatively deleterious effects were confirmed by
conventional Sanger sequencing in both forward and reverse directions on a
3730xl DNA Analyzer (Life Technologies, Grand Island, NY). Sequence analysis
was performed using Mutation Surveyor software version 3.01 (SoftGenetics,
State College, PA).
2.6 Testing for 6q24-related transient neonatal diabetes (6q24-TND)
6q24-TND was diagnosed using methylation sensitive PCR and duplication was
confirmed using microsatellite analysis using standard methods and published
microsatellite markers (49,75). Diagnostic genetic testing was performed at the
University of Southampton through a research collaboration by the Wessex
regional genetics laboratory, UK or through the University of Chicago Genetic
Services Laboratory (76).
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2.7 Human genomic DNA constructs
Using a 1,431 base pair fragment of genomic DNA cloned from heterozygous
carrier of the INS mutation (c.187+241G>A), wild-type and mutant human insulin
gene constructs were created containing the exon 1, 2 and 3 and both introns by
PCR using targeting primers with additional restriction enzyme sites. After
constructs (wild type and mutant) were confirmed by direct DNA sequencing they
were subcloned into pcDNA3.1 vector.
2.8 Lymphoblastoid and INS-1 cell lines
We created Epstein-Barr virus immortalized human B lymphocytes using
published protocols (77). Rat insulinoma INS-1 cells (passages 70-74), were
grown in 5% CO2 at 37 °C in RPMI 1640 supplemented with 10 mM HEPES, 2 mM
L-glutamine, 1 mM sodium pyruvate, 0.05 mM beta-mercaptoethanol, 10% FBS,
100 IU/ml penicillin and 100 µg/ml streptomycin. 1 x 106 INS-1 cells in 6 well plates
were transfected with 4 µg of pcDNA3.1 wild-type (WT) or c.187+241G>A INS
gene constructs using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Total RNA
was isolated from 24 hours post-transfection cells using Trizol (Invitrogen) and
cDNA synthesis was performed using oligo dT-primer and Superscript® III FirstStrand Synthesis System (Invitrogen).
2.9 Facilities and human subjects protection
The Kovler Diabetes Center, Directed by Dr. Philipson, in the Section of
Endocrinology, Diabetes and Metabolism at the University of Chicago handles
over 10,000 outpatient visits per year. The laboratory space is approximately
20,000 sq ft primarily in the Knapp Center for Biomedical Discovery (KCBD) as
well as Billings Hospital and the Peck Pavilion. The University of Chicago
Institutional Review Board (IRB) has granted approval for the projects within this
thesis. The IRB protocol numbers relevant to these studies are 6858, 15617B and
16935B. Neither participants nor researchers reported any significant adverse
events throughout the course of these studies.
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Pathophysiology of Monogenic Forms of diabetes
I sought to gain a better understanding of the pathophysiology of genetic defects
causing human beta-cell dysfunction. Discovering how patients with mutations in
these genes respond to different therapies could lead to improved understanding
of diagnosis and treatment, and potentially also for those with more common
polygenic forms of diabetes. I chose to examine how insulin secretion is regulated
in KCNJ11-related diabetes, as this is not fully understood; to attempt to identify
novel genetic causes of diabetes; and to extend our limited understanding of the
pathological changes seen in monogenic forms of diabetes.
3.1 The incretin effect in sulphonylurea-treated KATP-related diabetes
3.1.1 Background
Activating mutations in KCNJ11, encoding the Kir6.2 subunit of the ATP-sensitive
potassium channel (KATP), are the most common monogenic cause of neonatal
diabetes, but the mechanisms by which sulphonylurea-treated individuals exhibit
excellent glycaemic control remain poorly understood. We sought to fully
characterise the insulin response to glucose and assess the role of GLP-1 in
insulin secretion in KATP channel monogenic diabetes. A previous study of a
small number of recently diagnosed sulphonylurea-treated KCNJ11-diabetes
patients found robust insulin secretion in response to oral but not intravenous
glucose load (53).
3.1.2 Methods
Subjects with established KCNJ11-diabetes were enrolled through University of
Chicago Monogenic Diabetes Registry. Age, BMI and sex matched controls were
recruited by the University of Chicago Clinical Research Center using targeted
flyers placed in public areas throughout the University. Participants were excluded
if they met any of the following criteria
•

Pregnant

•

History of acute medical illness or chronic conditions including: cardiac
failure, renal insufficiency (estimated glomerular filtration rate <50 ml/min),
hepatic insufficiency (known cirrhosis or hepatitis), chronic obstructive
pulmonary disease, gastrointestinal disorders causing malabsorption,
history of pancreatitis, known hypersensitivity to GLP-1 agonists (e.g.,
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Exenatide (Byetta or Bydureon) or Liraglutide (Victoza)), anaemia (Hct <
36%), or uncontrolled hypertension
•

Any history of diabetes or pre-diabetes in controls

We characterised insulin secretion in sulphonylurea-treated KCNJ11-diabetes
subjects 18 years and older, compared to age, sex and BMI-matched controls by
evaluating insulin secretion in response to oral glucose tolerance testing (OGTT)
followed by intravenous isoglycaemic glucose infusion (IGI). The later mimics the
glucose profile from the oral challenge and thereby provides a quantification of the
incretin effect. All subjects adhered to their regular diet (and sulphonylurea doses,
if applicable) and refrained from exercise for 3 days before the studies. Each
KCNJ11-diabetes subject underwent an OGTT, an IGI, a repeat IGI with an
infusion of GLP-1 and an OGTT with an infusion of the GLP-1 antagonist Exendin
9-39 (Ex9). Ex9 was chosen to allow determination of the degree to which
glucose-stimulated insulin secretion in these patients is specifically dependent on
endogenous GLP-1 signaling. The study design is outlined in Figure 3.1.1.
The OGTT was always completed on day one and the OGTT with Exendin
completed on day four. The day selected for each IGI (with or without GLP-1) was
randomized. Each paired KCNJ11-diabetes subject and matched control subject
underwent the study procedures in the same order. All participants had a 4-day
stay in the Clinical Resource Center of the University of Chicago Institute for
Translational Medicine, where all study procedures took place.
OGTT protocol: At time 0, participants were given an oral glucose load of 75 g.
Blood samples for plasma glucose, insulin, C-peptide and glucagon concentrations
were collected at −30,−10, 0, 10, 20, 30, 60, 90, 180, 240 min.
IGI protocol: An intravenous infusion of glucose (20% dextrose) was used to
reproduce the plasma glucose profile during OGTT. Accuracy was assured by
repeatedly measuring plasma glucose concentrations, which allowed frequent
adjustments of the infusion rate according to deviations from the profile that was to
be mimicked. Adjustment were made, if necessary, for possible enteric
recirculation of glucose as discussed by Rizza and colleagues (78). Blood samples
were drawn as described for the OGTT.
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The GLP-1 (7-36) amide acetate salt (Bachem, Germany) used is a synthetic
version of the endogenous GLP-1. Ex9 is a related compound known to inhibit the
receptor through which GLP-1 acts. The GLP-1 infusion commenced at 1.2
pmol/kg/min 30 minutes before the IGI was started and continued for an additional
180 minutes of the IGI. Ex9 was infused at 400 pmol/kg/min and was started 10
minutes before the start of the repeat OGTT and continued for the first 90 minutes
of the OGTT. Doses were chosen based on the manufacturer’s recommendation
and previous studies to ensure adequate suppression to the insulinotropic effect of
endogenous GLP-1 and completely antagonized the glucagonostatic effect GLP-1
(79). Figure 3.1.1 is a schematic representation of the study design.

Figure 3.1.1 Schematic of study design
3.1.3 Results
Five adult sulphonylurea-treated subjects with KCNJ11-diabetes and 5 healthy
controls matched for gender, age and BMI, underwent OGTT and IGI (Table
3.1.1). One subject failed to perform the repeat OGTT with Ex9 (Subject 1). There
were no serious adverse events with only one subject and one control complaining
of mild nausea during infusion of IGI with GLP-1 and in neither instance was the
study suspended nor did a participant wish to discontinue the infusion of GLP-1.
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We successfully mimicked the glucose profile from the oral challenge via
intravenous glucose (Figure 3.1.2 panel A-B, Figure 3.1.3 panel A-B). We found
that KCNJ11 subjects had higher glucose levels overall, including fasting glucose
levels, higher peak glucose levels, and delayed normalization following OGTT and
during IGI compared to controls (p<0.05 by paired t-tests).
Detailed results of the dynamic testing of subjects and controls are outlined in
Table 3.1.2 and Figures 3.1.2-4. Overall insulin and C-peptide responses, as
measured by area under the curve (AUC), were not different during OGTT or IGI,
but the change from baseline to peak levels was greater in controls (p<0.05 by
paired t-tests). Insulin and C-peptide levels returned to baseline in controls but
remained elevated in subjects by the end of 4 hours (Figure 3.1.2 panel E-H).
Controls responded to GLP-1 with a large increase in AUC and peak levels of both
insulin and C-peptide. The response to GLP-1 was not mirrored in the KCNJ11
subjects (Figure 3.1.3 panel E-H). Glucagon levels were not statistically different
between KCNJ11-diabetes subjects and controls in each study.
3.1.4 Discussion
KATP-related neonatal diabetes can be successfully treated with oral
sulphonylurea therapy in place of insulin (53,65). Previous work from our group
clearly established a relationship between older age at the time of sulphonylurea
initiation and need for higher doses required and with greater need for additional
glucose lowering medications (80). In this study we sought to understand the
factors influencing insulin secretion in sulphonylurea-treated KCNJ11-diabetes
subjects.
Sulphonylurea-treated KCNJ11-diabetes patients demonstrated increased
stimulation of insulin secretion elicited by oral as compared with intravenous
administration of glucose under similar plasma glucose levels. The insulin
response to oral and intravenous glucose was blunted and prolonged compared to
controls. Co-administration of GLP-1 resulted in a mild increase in insulin secretion
but markedly less so than that seen in controls. Longitudinal studies will clarify the
utility of non-sulphonylurea based treatments, including incretin based therapies,
in KATP-related diabetes.
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Clinically significant hypoglycaemia is rare in sulphonylurea treated KCNJ11
patients but the prolonged insulin response seen in these studies could explain the
reports of sporadic hypoglycaemia (81). Mild to severe neuropsychological
impairments are found in KCNJ11 patients, irrespective of their individual point
mutation (82). Early initiation in the course of the patient diabetes may have
neurodevelopmental benefits in addition to facilitating the need for a lower dose of
sulphonylurea and therefore reduce the risk of hypoglycaemia (80,83). Further
study of the neurodevelopmental and neuropsychological impairments associated
with KATP-related diabetes is needed to establish their aetiology.
Only adults were examined in this study and each was transitioned off insulin in
their teens or early adulthood. It is unclear if earlier initiation of sulphonylurea
therapy could have preserved beta cell function. In mouse models, protracted
periods of beta cell inactivity or inexcitability appears to result in a reduction in the
number of beta cells (84,85). With the advent of more rapid next-generation
sequencing techniques and with most patients now being treated with
sulphonylurea in infancy, future studies to determine the benefits to pancreatic
function with earlier sulphonylurea treatment may be possible (10,86).
Given that most of the genes causing monogenic diabetes have been associated
with Type 2 diabetes through GWAS, better understanding of the pathophysiology
of genetic defects causing human beta-cell dysfunction and how patients with
mutations in these genes respond to different therapies could lead to improved
diagnosis and treatment for those with more common polygenic forms of diabetes
(87).
* This study (3.1) has not yet been published. I acquired the clinical, biochemical
and genetic data. Siri Atma Greeley and I supervised the clinical studies
performed at the University of Chicago. Siri Atma Greeley designed the study and
Kristen Wroblewski assisted with statistical analysis.
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Table 3.1.1 Subjects with KCNJ11-related diabetes studied
KCNJ11

Glyburide Dose

Age at transition Age at testing

Mutation

(mg/kg/day)

(years)

(years)

Subject 1 (F)

V59M

1.2

14.08

20.04

Subject 2 (M)

R201C

0.24

13.37

19.20

Subject 3 (M)

R201H

1.16

27.55

33.55

Subject 4 (M)

R201C

2.29

24.65

25.11

Subject 5 (F)

R201H

0.73

23.13

25.48
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Table 3.1.2 Results of dynamic testing
Control
2

Subjects

P value

BMI (kg/m )

23.3 ± 2.8

23.1 ± 3.9

NS

Age (years)

27.1 ± 5.5

24.7 ± 5.7

NS

Peak Glucose (mmol/L)

8.7 ± 0.9

14.4 ± 1.6

<0.001

Peak Glucagon (pg/mL)

101.4 ± 4.1

123.5 ± 20.6

NS

Peak Insulin (ng/mL)

63.9 ± 20.2

37.0 ± 25.3

0.08

Peak C-peptide (pmol/L)

2.9 ± 0.5

1.9 ± 0.9

NS

Peak Glucose (mmol/L)

8.9 ± 0.5

14.5 ± 2.1

<0.005

Peak Glucagon (pg/mL)

84.5 ± 12.1

109.4 ± 24.0

NS

Peak Insulin (ng/mL)

27.0 ± 11.0

26.4 ± 17.5

NS

Peak C-peptide (pmol/L)

1.5 ± 0.3

1.3 ± 0.6

NS

Volume of dextrose infused (mls)

226.8 ± 61.7

259.4 ± 93.3

NS

Peak Glucose (mmol/L)

8.7 ± 1.2

14.7 ± 2.3

<0.005

Peak Glucagon (pg/mL)

82.1 ± 11.5

115.4 ± 24.1

0.10

Peak Insulin (ng/mL)

425.9 ± 247.0

56.4 ± 18.6

<0.05

Peak C-peptide (pmol/L)

7.3 ± 1.8

2.8 ± 0.4

<0.005

Volume of dextrose infused (mls)

1117.6 ± 212.4

614.5 ± 111.2 <0.05

Peak Glucose (mmol/L)

8.9 ± 1.4

16.6 ± 2.5

<0.05

Peak Glucagon (pg/mL)

102.9 ± 23.9

131.5 ± 15.4

NS

Peak Insulin (ng/mL)

62.6 ± 13.6

29.7 ± 25.4

<0.05

Peak C-peptide (pmol/L)

2.8 ± 0.4

1.6 ± 1.1

NS

OGTT

IGI

IGI–GLP-1

OGTT-Ex9 (n=4)

Numbers listed are mean ± SD. P values are from paired t-tests. NS, not
statistically significant
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Figure 3.1.2 Hormonal response to OGTT and IGI in controls and KCNJ11
subjects
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Figure 3.1.3 Hormonal response to OGTT and IGI with infusion of GLP-1 in
controls and KCNJ11 subjects
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Figure 3.1.4 Hormonal response to OGTT with and without infusion of Ex9 in
controls and KCNJ11 subjects
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3.2.1 Intronic INS mutation causing diabetes through novel mechanisms
Diabetes mellitus in neonates nearly always has a monogenic aetiology, as
autoimmune mediated type 1 diabetes is rarely seen before 6 months of age (5).
Causal variations in the coding regions and splice sites of over 20 genes have
been described. INS mutations are one of the most common causes of neonatal
diabetes mellitus (11). Heterozygous dominant, compound heterozygous, and
homozygous recessive mutations within the gene have been described leading to
hyperglycaemia, hyperinsulinemia or hyperproinsulinemia (67). Dominant
mutations are thought to cause diabetes by the creation of a translated product
that induces the unfolded protein response, leading to ER stress and ultimately
beta cell apoptosis (88,89). Those few mutations associated with hyperinsulinemia
or hyperproinsulinemia are typically not associated with dysglycaemia (67).
The underlying genetic cause remains unknown in 20-30% of neonatal diabetes
cases (10,58) and the University of Chicago Monogenic Diabetes Registry was
established to identify novel aetiological genetic mechanisms in families with
suspected monogenic diabetes, in addition to following families with known forms
of monogenic diabetes. Here we outline the identification of a deep intronic INS
mutation causing diabetes through a novel mechanism.
We studied a proband born at 36 weeks gestation after induction for concern
about severe intrauterine growth retardation and small for gestational age with a
birth weight of 1740 g (<1st percentile; -2.6 SD) and length of 46 cm (5th
percentile), despite maternal gestational diabetes requiring insulin therapy
throughout the 3rd trimester. The proband and parents are of South East Asian
origin. Any potential consanguinity was initially not reported but the parents
subsequently acknowledged that they are first cousins. In addition to the mother’s
gestational diabetes, others in the family also have a history of non-obese
diabetes, all with BMIs less than 25 kg/m2 (Figure 3.2.1). The proband was noted
to have severe hyperglycaemia from the first day of life and he has required
subcutaneous insulin since. Ultrasonography revealed a structurally normal
pancreas but C-peptide (which reflects endogenous insulin production) was
undetectable. Further assessments of endogenous insulin production found that
insulin was repeatedly undetectable in the fasting and post-prandial states, as well
as in response to an empiric trial of glyburide using a modified published protocol
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(maximum dose of 1 mg/kg/day) (53).
The proband was reassessed at 3.4 years of age and despite his low birth weight,
he had exhibited excellent post-natal catch-up growth, such that he had grown
steadily between the 10th and 25th percentiles since approximately one year of
age, with a weight of 13.9 kg (23rd percentile) and height of 93 cm (10th percentile).
In order to stimulate any possible endogenous beta cell function, his insulin pump
therapy was suspended and blood samples were drawn 30 minutes following a
meal. Amylin is co-secreted with C-peptide and insulin by the human beta cell with
a linear correlation between plasma levels of each of these beta cell products.
Amylin levels are virtually absent in individuals with type 1 diabetes mellitus (90).
Although his C-peptide was again undetectable (<0.033 pmol/L) despite an
elevated glucose level of 368 mg/dL (20.4 mmol/L), his amylin level was readily
detectable (10.06 pmol/L). This contrasted to C-peptide and amylin of 0.58 pmol/l
and 5.52 pmol/l with a glucose of 110 mg/dl (6.1 mmol/L) in his mother
(heterozygous) and a C-peptide and amylin of 0.62 pmol/l and 11.85 pmol/l with a
glucose of 92 mg/dl (5.1 mmol/L) in a control subject. These data suggest that
despite the absence of endogenous insulin and circulating C-peptide, viable beta
cells were able to manufacture, package and release significant amounts of
amylin. Antibodies associated with type 1 diabetes were undetectable (Anti-GAD,
Anti-IA2, Anti-Insulin and Anti-ZnT8).
After Sanger sequencing, performed soon after clinical diagnosis with diabetes,
failed to reveal coding or splice site mutations within the most common known
neonatal diabetes associated genes, the proband was further tested and found to
be negative for mutations in any of 36 genes included in our NGS monogenic
diabetes gene panel (86). Whole exome sequencing (WES) was performed and
initial review did not reveal any potentially pathogenic variants. However, given the
recent description of the heterozygous INS gene c.188-31G>A intronic variant
leading to neonatal diabetes (91), we examined intronic regions of genes
associated with neonatal diabetes. A novel homozygous deep intronic INS variant
was fortuitously found in the proband (c.187+241G>A). This region was not
captured by WES in the parental samples but both were subsequently found to be
heterozygous for the variant by targeted sequencing. The heterozygous mother
required insulin to treat gestational diabetes during all three of her pregnancies.
The proband’s maternal grandmother is also heterozygous for the variant and
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developed insulin requiring diabetes mellitus at 45 years of age. The proband has
two healthy brothers, one of whom is heterozygous for the mutation and one who
does not carry the mutation. Other family members were not available to provide
DNA but a maternal aunt and uncle were diagnosed with insulin requiring diabetes
mellitus at 28 and 36 years of age respectively.
The novel c.187+241G>A mutation creates a donor 5’ splice site. In silico analysis
to predict the mutant mRNA product suggests the splicing machinery will
preferentially recognise the new splice site and read 237 bp of intron 2 as exonic
sequence (Figure 3.2.2A Supplementary Figure 3.2.1A). This proposed truncated
482 bp mRNA product (Abnormal Transcript 1, Figure 3.2.3) is predicted to
undergo nonsense-mediated mRNA decay triggered by a premature termination
codon.
We sought to identify any transcriptional products resulting from this novel intronic
mutation. No insulin RT-PCR product was detected from the proband’s
lymphoblastoid cell line or blood. Wild type insulin was found in both the control
and mother. An additional product (Abnormal Transcript 1), matching the size of in
silico predicted mutant mRNA, was weakly detected in the maternal blood sample
(Figure 3.2.2B).
We assessed the expression of transcripts derived from wild-type and mutant
human insulin gene constructs containing all three exons and both introns
transfected into INS-1cells (Figure 3.2.3). RT-PCR of the mutant construct
revealed two new transcripts without the wild-type transcript. Sequencing
confirmed Abnormal Transcript 1 to be the predicted alternatively-spliced
transcript. We also detected an additional transcript without a stop codon resulting
from insertion of a 79 nucleotide pseudoexon following exon 2 through use of a
native potential 3’ acceptor site (Abnormal Transcript 2, Figure 3.2.3). There is no
evidence that this cryptic ectopic acceptor site is used in the control. We also
examined insulin gene expression in cycloheximide treated INS-1 cells and found
a 7.25±0.21 relative fold increase in Abnormal Transcript 2 while Abnormal
Transcript 1 was not visible following cycloheximide treatment (Figure 3.2.3).
These data supports the prediction that Abnormal Transcript 2 likely undergoes
non-stop mediated decay rather than the rapid nonsense mediated decay
predicted for Abnormal Transcript 1 (92).
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Although rapid advancements over the last decade have led to the discovery of
mutations in over 20 genes as causing neonatal forms of monogenic diabetes, the
genetic aetiology is not found in 20-30% of cases (86). Pathogenic intronic
mutations are typically within or adjacent to conserved splice sites and are readily
detected through Sanger sequencing of PCR amplicons targeting exons. Deeper
intronic mutations may be missed through traditional techniques as demonstrated
by the previously reported intronic point mutation in ABCC8 which also creates of
a pseudo-exon (93). Our study highlights the possibility that mutations within even
the deepest stretches of the non-coding regions may be the next frontier for
explaining the molecular pathophysiology of heritable diseases.
Mutations in the INS gene are one of the most common causes of neonatal
diabetes. Most other insulin gene mutations, including the only other known
intronic mutation (heterozygous c.188-31G>A), lead to misfolded proteins that
increase ER stress and beta cell death (89,91). Deletions and recessive mutations
that lead to reduced insulin biosynthesis have also been described as rare causes
of neonatal diabetes (51,94). We describe the first deep intronic homozygous
mutation leading to altered splicing and creation of two unstable mutant
transcripts. This unusual homozygous mutation causes failure of any translated
INS product in otherwise viable beta cells, it provides an ideal system to study the
role of endogenous insulin production in the development, function and
maintenance of beta cells and other islet cell types. Utilization of this mutation
represents an excellent model for examining the degradation of mRNAs with
premature stop codons and those that lack a stop codon.
The prospect of advances in antisense gene therapy in combination with
transplantation of insulin-producing pancreatic beta cells from stem cells in vitro
offer hope for novel therapeutic interventions for individuals with INS mutations
and other monogenic forms of diabetes (95). The frequency of deep intronic
mutations in diabetes related genes remains unknown but this study and others
demonstrate that intronic mutations may represent the aetiology for neonatal
diabetes cases without an established diagnosis (91,93).
We describe a novel mechanism for diabetes due to a deep intronic mutation
leading to both a cryptic donor and acceptor site within the insulin gene, predicted
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to undergo nonsense and non-stop mediated decay respectively. Haploinsufficiency of insulin has been suggested to contribute to the risk for diabetes in
heterozygous individuals (94). Thus, our discovery extends the current
understanding of how diabetes occurring in neonates may have broader
implications for those with insulin deficiency leading to diabetes later in life.
* Much of this section (3.2) is derived from a paper published in the Journal of
Medical Genetics (PMID 26101329) that Soo-Young Park and I co-authored (joint
first authors). I acquired the clinical, biochemical and genetic data and drafted the
manuscript. Soo-Young Park designed and performed the in-vitro studies. Siri
Atma Greeley supervised the study.

Figure 3.2.1 Pedigree of family and sequence traces of wild-type, heterozygous
and homozygous carriers of the novel INS intron 2 mutation. Closed and shaded
symbols represent individuals with diabetes and gestational diabetes respectively.
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A.
INS c.187+241G>A
new donor +237

B.

Figure 3.2.2 Transcript resulting from the novel INS intron 2 mutation
A. c.187+241G>A is predicted to create a potential mutant donor splice site at
c.187+235. Image from Alamut v2.3 (Available at: http://www.interactivebiosoftware.com/). B. RT-PCR of blood from heterozygous mother
(c.187+241G>GA), control and homozygous proband (c.187+241G>A). Wild type
insulin was found in both the control and mother. An additional product (Abnormal
Transcript 1), matching the size of in silico predicted mutant mRNA, was weakly
detected in the maternal blood sample
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Figure 3.2.3 Wild-type and mutant insulin gene expression in INS-1 cells.
(A) RT-PCR of RNA isolated from INS-1 cells 24 hours post-transfection with wildtype and mutant INS gene constructs. Results shown are representative of three
independent experiments. (B) A schematic diagram showing the pattern of
alternative splicing that generates the aberrant transcripts from the mutant INS
gene. (C) INS-1 cells were transfected with pcDNA3, wild-type INS and mutant
INS (c.187+241G>A) gene constructs. RT-PCR was used to measure expression
of human insulin with 30 cycles of PCR and TBP mRNA following treatment with
100 mM of cycloheximide for 3 hours that was started 24 hours post-transfection.
(D) The level of mRNA of wild-type INS and mutant INS prior to cycloheximide
treatment was normalized to a value of 1. The fold change in expression following
treatment is shown. The mean ± SEM from three independent experiments is
shown.
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3.3 H19 duplication resulting in Russell Silver Syndrome (RSS) and atypical
diabetes mellitus
3.3.1 Background
Russell Silver syndrome (RSS) is characterised by intrauterine growth retardation
accompanied by postnatal growth deficiency (96). Affected individuals are short
and may have distinctive facial features including a small triangular shaped face
due to a prominent forehead and small jaw. RSS has a diverse phenotype and can
be caused by several chromosomal mechanisms resulting in an imbalance in
growth regulating genes.
3.3.2 Subject and Methods
We studied an individual with features suggested of RSS without an established
genetic aetiology. The proband was a 19 years old Caucasian man with RSS, who
was referred to the endocrine services at the University of Chicago for
management of his atypical diabetes mellitus. He presented with diabetic
ketoacidosis at 12 years of age. His initial HbA1c was 107.7 mmol/mol (12%) and
he was commenced on mixed insulin twice daily and has maintained a HbA1c of
less than 63.9 mmol/mol (8%) since. Past medical history revealed previous
treatment with enteral feeding tube placement in infancy but no history of
enteropathy, malabsorption or celiac disease. There is no history of autoimmune
disease or diabetes in his family.
His birth weight was 2 lbs. following induction at 33 weeks gestation for
intrauterine growth retardation. Pre and post-natal growth retardation coupled with
a triangular facies, frontal bossing and crowded teeth prompted the clinical
diagnosis of RSS. He had very mild developmental delay, walking at 19 months
and maintained a C grade average throughout school having being delayed in
school for one year. He has subsequently completed higher-level education,
gaining an associate degree. His height has remained below the 3rd centile
despite a three-year course of human growth hormone from age eleven years.
Radiographs of his hands at fifteen years of age showed almost complete fusion of
the phalangeal and metacarpal metaphases. At his most recent clinical
assessment, he was eleven inches shorter than his predicted final height based on
mid parental height and his BMI was 18.9 kg/m2. There was no clinical evidence of
insulin resistance at any stage.
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Prior to commencing growth hormone at 11 years of age his stimulated growth
hormone (12.0 ng/ml), IGF-1 (253 ng/ml) and bone age were found to be within
the normal range while his LH, FSH and testosterone were within the prepubertal
range. Testosterone levels within the pubertal range were noted at 12 years of
age. His IGF-2 level was 320 ng/ml at 14 years of age (245-737 ng/ml). His insulin
requirements have fallen from 1.5 units/kg/day at diagnosis to 0.7 units/kg/day. Cpeptide has been detectable since diagnosis with a level of 0.57 pmol/ml at 19
years of age (serum glucose was 10.3 mmol/l (185 mg/dl) and HbA1c was 64
mmol/mol (8.0%)). No detectable anti GAD, ICA or insulin antibodies have been
noted at any stage, he has remained euthyroid and he has a non DR3/4 HLA
status.
3.3.3 Genetic testing results
DNA microsatellite analysis using polymorphic markers from chromosome 7
showed biparental inheritance of chromosome 7. Chromosome analysis was
performed on PHA stimulated peripheral blood lymphocytes using standard Gbanding techniques at a resolution of at least 400 bands per haploid genome. The
karyotype of the proband revealed an apparently balanced translocation between
the chromosome 2 and chromosome 11 involving bands q37.1 and p15.5
respectively: 46,XY,t(2;11)(q37.1;p15.5) (Figure 3.2.4). Microarray analysis was
performed using the Affymetrix CytoScan HD SNP array platform. This array
includes 2.67 million markers for copy number (CN) analysis (approximately
750,000 SNP probes and 1.9 million non-polymorphic probes) for an average
intergenic probe density of one probe per 880 bases and an overall (gene and
non-gene backbone) probe density of one probe every 1,148 bases. Following
hybridization, the images were extracted and analyzed using the Affymetrix
Chromosome Analysis Suite software (ChAS 2.1.0). Genomic copy number
imbalances are observed as the deviation of the log2ratio value from the value of 0
(CN=2) (Figure 3.3.1). The quality of each experiment was assessed using three
independent QC metrics provided by ChAS software (snpQC, mapd and waviness
QC) as well as DNA quality. The SNP array demonstrated duplication of H19 at
the 11p15.5 breakpoint.
3.3.4 Discussion
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The first descriptions of RSS were reported in the middle of the last century
(97,98). Patients are characterised by low birth weight, asymmetry and growth
restriction. The cardinal clinical features are intrauterine growth retardation (IUGR)
with postnatal growth deficiency (children are usually below the 5th centile for
height and weight), normal head circumference (relative macrocephaly), fifth-finger
clinodactyly and limb-length asymmetry (96). Additional features that may be
present in patients with RSS and help in its diagnosis include: delayed bone age,
small triangular face, precocious puberty with early fusion of epiphyseal plates,
brachydactyly, camptodactyly, café-au-lait spots and reduced arm span. Ill defined
diagnostic criteria and broad clinical spectrum associated with RSS clouds
calculation of the true incidence, however it is estimated at a frequency of
1/100000 births (99). To date over 400 patients have been described with this
disease (100).
The genetic causes of Russell-Silver syndrome are complex, most frequently
involving abnormalities in the region 11p15 of chromosome 11 containing genes
such as H19 and IGF2 having great significance in the control of fetal growth.
Usually these mutations are spontaneous with only few reports of familial
inheritance. The human 11p15 chromosome contains the H19/IGF2 domain which
is regulated by Imprinting Control Region 1 (ICR1) (101). IGF2 encodes insulinlike growth factor 2 that is a potent ubiquitous fetal growth factor, promoting the
growth and proliferation of cells in many different tissues. Although the IGF2 gene
is highly active during fetal development, it is much less active in the adult body.
H19 has no identifiable protein product but is thought to modulate the expression
of other genes including IGF2 through a noncoding transcript (102,103). Altered
methylation of IGF2 has been demonstrated in the absence of H19 (104). Parentspecific genomic imprinting of both the H19 and IGF2 genes are influence but the
H19 differentially methylated region (H19 DMR), also known as the imprinting
control region 1 (ICR1).
The paternally inherited ICR1 allele does not allow binding of the zinc finger
protein CCCTC-binding factor (CTCF). CTCF acts as an insulator, allowing the
shared enhancers downstream of H19 access to the promoters of IGF2 and
stimulating their activation (105). The maternally allele of ICR1 is unmethylated
allowing activation of the H19 promoter. In RSS, loss of paternal methylation at
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ICR1 results in loss of expression of the paternally expressed growth promoter
IGF2.
About 60% of individuals with RSS have hypomethylation of the paternal
imprinting control region 1 (ICR1) of chromosome 11p15.5, which is associated
with a concomitant decrease in IGF2 expression (106). Numerous submicroscopic
chromosomal disturbances have been described in RSS patients; among them,
11p15 disturbances: maternally inherited duplication covering part of the IGF2/H19
domain including H19 and ICR1 but not IGF2 (107), maternal duplication with a
second imprinting control region (ICR2) (108), paternal deletion and translocation
with breakpoints in the H19/IGF2 enhancer region (109). Less frequently maternal
uniparental disomy of chromosome 7 can result in RSS.
There are a growing number of recognised monogenic causes of diabetes and
they represent 1-2% of all forms of diabetes (2,5). Previous reports have
associated mutations in the 11p15.5 locus with hyperglycaemia. Grønskov et al.
reported a patient with balanced translocation (karyotype 46,XX,t
(1;11)(p36.22;p15.5)) who had atypical diabetes without many of the clinical
features associated with RSS (109). Murphy et al. reported a 20'year old woman
with severe hypomethylation at IGF2 and H19 differentially methylated regions
with impaired fasting glucose in the presence of a low BMI (19.2'kg/m2) (110).
Beta cell apoptosis has been associated with reduced IGF2 expression, while
IGF2 supplementation in animal models with reduced IGF2 expression may
promote expansion of beta cells mass (111,112). In adult mice, IGF2 expression in
intimately tied to beta cell regeneration (113).
While duplications in IGF2 have been reported to cause RSS, this is the first
patient with a H19 duplication resulting in RSS. In addition this is the second
reported case of antibody negative, c-peptide positive diabetes in a patient with
disruption of the 11p15.5 locus. Mutations within the H19/IGF2 domain may
represent a monogenic cause of diabetes and could be considered in those with
atypical diabetes and growth disorders.
* This study has not yet been published. I acquired the clinical, biochemical and
genetic data and drafted the manuscript. The array-comparative genomic
hybridization was performed by Carrie Fitzpatrick (Director, constitutional
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cytogenetics and cytogenomics laboratory, University of Chicago). Louis Philipson
supervised the study.

Figure 3.3.1 Partial karyotype analysis of proband with apparent balanced
translocation between the chromosome 2q37.1 and chromosome 11p15.5.

Figure 3.3.2 Array-comparative genomic hybridization demonstrating duplication of
H19
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3.4 Histopathological Characterisation of Monogenic Diabetes Mellitus
3.4.1 Background
Single gene mutations cause approximately 1% of all cases of diabetes with most
cases diagnosed at less than 35 years of age (2,19). Many of the more common
monogenic forms of diabetes lead to a progressive insulin secretory defect.
Evidence of impaired beta-cell function has been demonstrated even in mutation
carriers prior to the development of hyperglycaemia (114-116).
Over twenty genes have been associated with monogenic diabetes and the
majority encode proteins that play a critical role in pancreatic beta-cell
development and/or function (5). Our current understanding of the pathogenesis of
the various forms of monogenic diabetes is primarily based on the study of mouse
models and clinical phenotyping. There have been few descriptions to date on the
histopathological changes seen in human pancreata of those with monogenic
forms of diabetes. We sought to identify cases within the Network for Pancreatic
Organ Donors with Diabetes (nPOD) with a potential monogenic cause for
diabetes to help further our understanding of the pathological processes
underpinning these less common forms of diabetes.
3.4.2 Subjects and Methods
nPOD actively seeks organ donors with established diabetes mellitus to recover
and characterise pancreata and other organs from cadaveric organ donors. These
biospecimens are made available to investigators for collaborative studies aimed
at addressing questions related to the natural history and pathogenesis of diabetes
mellitus.
We sought to identify donors from nPOD who were selected for genetic testing if
they met any of the following criteria;
a) Diabetes mellitus diagnosed under 35 years of age without detectable
antibodies associated with T1DM
b) Described as having type 1 diabetes but with evidence of c-peptide production 5
years after diagnosis
c) Diabetes mellitus diagnosed under 1 year of age irrespective of antibody
results.
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Donor pancreas and spleen preparation for histopathological examination has
been previously described (117). DNA was isolated and genetic testing performed
using an in-house next-generation sequencing (NGS) panel for the detection of
mutations in over 30 genes (see methods section). Those found to have a
potentially deleterious variant within one of the studies genes were compared with
controls with multiple antibody positive type 1 diabetes. Comparison focused on
immunohistochemistry, islet morphology, size and numbers, α-cell and β-cell
composition and presence of inflammation.
3.4.3 Results
The nPOD dataset was accessed and 310 case histories were reviewed and 38
cases met the inclusion criteria. Three donor’s samples were unavailable or
unsuitable for analysis. In 25 donors no variants of significance were identified
within the studied genes while the remaining 10 tested donors had a potentially
damaging heterozygous variants in at least one gene associated with diabetes or
lipodystrophy. The clinical and genetic details of each donor are described in
Table 3.4.1. The histopathological changes seen in each of these donors are
outlined in Table 3.4.2. An example of the histopathological examination of
pancreatic tail of donor, ID 7, found to have the p.Thr10Met HNF1A variant.
3.4.4 Discussion
Diabetes mellitus is a complex and heterogenous group of diseases. The
combination of detailed examination of pancreata removed for research studies
immediately after death and the improved NGS techniques affords us an
opportunity to learn more about many poorly understood forms of diabetes. Our
data demonstrates the varied pathological process underlying monogenic forms of
diabetes. We found that variants within monogenic diabetes and lipodystrophy
genes are common and that deleterious mutations may be misdiagnosed as more
common forms of diabetes. While many of the variants found are of uncertain
clinical significance, and indeed are likely to include variants that are rare
polymorphisms within diabetes associated genes, three of the variants (HNF1A,
KCNJ11 and LMNA) identified are likely be either pathogenic or at least
contributed to the individuals diabetes.
Heterozygous inactivating mutations of hnf1a in mouse models fail to mirror the
HNF1A-MODY phenotype in humans (118,119). Functional studies have been
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performed on a significant number of HNF1A mutations but predicted
pathogenicity is often determined based on clinical phenotype, co-segregation of
variants with disease and protein prediction software (120). The variant identified
in this study has previously been associated with HNF1A-MODY (121,122).
Smaller islets with a reduced number of insulin staining cells were noted. However
numerous insulin staining beta cells were identified despite an over two decade
history of presumed type 2 diabetes.
LMNA encodes the nuclear laminar proteins which, if mutated, are thought to
induce cellular structural disruption leading to accumulation of potentially cytotoxic
immature proteins and ultimately premature cell death (123). Mutations in LMNA
have been associated with a wide range of heritable metabolic disorders ranging
from lipodystrophy, cardiomyopathy, muscular dystrophies and progeria (124-126).
These mutations cause a weakening of the nuclear envelope which appears to
destabilize the structure of the adipocyte nucleus and lead to premature cell death
(127). The variant identified (rs267607591) in this study has previously been
associated with lipodystrophy and was discovered in an individual with known
cardiomyopathy at a young age. Insulin and glucagon staining cells remained
plentiful with mild fatty infiltrate seen in this donor who had been treated as having
type 1 diabetes. It is unlikely therefore that he was ever given a trial of
thiazolidinedione as it is not typically used in the treatment of type 1 diabetes.
Heterozygous mutations of the KCNJ11 gene encoding a subunit of the ATPsensitive potassium channel (KATP) can result in either diabetes (activating
mutations) or hyperinsulinism with hypoglycaemia in early life (inactivating
mutations). The variant identified in this study has previously being associated with
congenital hyperinsulinism (128). Typically hyperinsulinism is only seen when the
mutation is found in the homozygous state, however there is data to support the
contention that in the heterozygous state the variant reduces KATP channel
activity and may disrupt glucose homeostasis (128,129). Despite 28 years of
presumed type 1 diabetes, scattered medium to small islets that stained positive
for insulin were identified.
There are unavoidable limitations in interpreting the clinical significance of many of
the listed variants given the limited clinical data available. However the frequency
of variants within diabetes and lipodystrophy associated genes is noteworthy and
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indeed some of the variants identified in this study have previous been reported or
published as pathogenic.
3.4.5 Conclusions
The combination of detailed examination of pancreata removed for research
studies immediately after death and improved NGS techniques afforded us an
opportunity to learn more about many poorly understood forms of diabetes.
Variants within monogenic diabetes and lipodystrophy genes are common, while
deleterious mutations may be misdiagnosed as more common forms of diabetes.
* This study (section 3.4) has not yet been published. It was performed in
conjunction with teams at the University of Chicago and nPOD. I designed the
study, selected cases to study, reviewed each case history and drafted the above
manuscript. I assisted with DNA isolation, genetic testing and reviewed the
variants identified. DNA isolation and sequencing was performed at the University
of Chicago using our next generation sequencing panel (see section 5.1)
Histopathological study of pancreatic tissue was performed by the team at nPOD.
Siri Atma Greeley supervised the study.

CD3/Insulin

Ki67/Glucagon

Figure 3.4.1 Histopathological examination of pancreatic tail of donor with the
p.Thr10Met HNF1A variant. An example of the weak insulin staining in an islet that
stained positive for both insulin and glucagon.
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Table 3.4.1 Genetic and clinical details
AA, Amino acid; CVD, Cerebrovascular disease; DKA, diabetic ketoacidosis; DM,
diabetes mellitus.
ID
1

Gene
BLK

Variant; Transcript;

PolyPhen

AA Change

Score

c.139C>G; NM_001715.2;

0.001

Leu47Val

Diabetes History

Cause of
Death

33 year old African American

Head

male with a 17 year history of

Trauma

DM
2

KCNJ11

c.868G>A; NM_000525.3;

1.000

Val290Met
3

MNX1

c.1066C>T;

BBS2

c.691A>G; NM_031885.3;

0.915

c.584A>G; NM_152384.2;

76 year old Caucasian male

CVD

with 50 year history of DM
0.730

Lys231Glu
BBS5

CVD

with 28 year history of DM

NM_005515.3; Pro356Ser
4

40 year old Caucasian male

31 year old Hispanic male

CVD

with 15 year history of DM
0.505

Asp195Gly
5

LMNA

c.898G>A; NM_005572.3;

0.955

Asp300Asn

26 year old African American

Anoxia

female with 15 year history of
DM, cardiomyopathy and
cardiac failure

UCP2

c.803C>G; NM_003355.2;

0.008

Ala268Gly
6

UCP2

c.860T>C; NM_003355.2;

0.990

Met287Thr
BLK

c.116C>T; NM_001715.2;

44 year old Caucasian Male

Anoxia

15 year history of DM
0.552

Pro39Leu
7

HNF1A

c.29C>T; NM_000545.5;

0.965

Thr10Met
8

GLIS3

c.1863C>G;

AKT2

c.365A>G; NM_001626.3;

0.999
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c.3034G>A;

13 year old Caucasian male

CVD

with 5 year history of DM
0.000

Tyr122Cys
10

Anoxia

with 20 year history of DM

NM_152629.3; His621Gln
9

45 year old hispanic male

34 year old Hispanic male

CVD

with 21 year history of DM
0.992

12 year old Caucasian

NM_000208.2;

female with 9 year history of

Val1012Met

DM
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DKA

Table 3.4.2 Histopathological changes
ID

Gene

AA Change

Histopathology

1

BLK

Leu47Val

Ins+/Gluc+ islets, variable intensity, most islets positive. High Ki-67
islets primarily non-beta cells. Very mild, diffuse CD3+ acinar
infiltrates. Calcification of vascular walls. Mild, mutlfiocal autolysis.

2

KCNJ11

Val290Met

Gluc+ islets with scattered medium to small islets that are insulin+.
Moderate Ki67+ acinar cells. Acinar atrophy with increased fibrosis

3

MNX1

Pro356Ser

Ins-/Gluc+ islets, reduced size and numbers. Mild infiltrate, Low
Ki67 acinar cells. Minimal vascular disease.

4

BBS2

Lys231Glu

Ins+ islets. Mild to moderate chronic pancreatitis. Moderate
interlobular adipose tissue. Atherosclerosis mild, focal.

5

BBS5

Asp195Gly

LMNA

Asp300Asn

Ins+ (highly)/Gluc+ islets, numerous. Mild fatty infiltrate. Multifocal,
mild ductular dysplasia. CVD- moderate.

6

UCP2

Ala268Gly

UCP2

Met287Thr

Ins-/Gluc+ islets, reduced density. Acinar atrophy moderate to
severe with prominent nerve fibers and diffuse chronic pancreatitis
(CD3+ infiltrates).

7

BLK

Pro39Leu

HNF1A

Thr10Met

Ins+ (weak)/Gluc+ islets, numerous but small sized. Mild acinar
atrophy.

8

GLIS3

His621Gln

Ins+/Gluc+ islets (reduced numbers but present throughout all
blocks to date), glucagon+ only islets (pseudoatrophic). Insulitis
present particularly in the pancreatic tail. Low normal Ki67 islets
and acinar cells. Hydropic degeneration in scattered islets within
most regions.

9

AKT2

Tyr122Cys

Ins+/Gluc+ islets within normal frequency per region. Severe
multifocal amyloid deposition noted. Acute (duct plugging) and
chronic pancreatitis (moderate, periductal and inter/intralobular
fibrosis). Moderate acinar fatty infiltrates and atrophy. Moderate
atheromatous cardiovascular disease with multifocal calcification
noted.

10

INSR

Val1012Me

Ins+ (very rare)/Gluc+ islets present. Numerous scattered single

t

alpha cells or in very small islets (clusters). Insulitis in the
pancreatic body. Periductular, lobular fibrosis mild. Very mild acinar
atrophy.

Ins+, insulin staining positive; Gluc+, glucagon staining positive.
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Expanding the Clinical Phenotypes of Monogenic Diabetes
I sought to examine and extend the clinical features associated with a number of
single gene mutations that lead to diabetes mellitus. I choose to study phenotypic
features of the most common form of MODY (GCK-MODY) and the most prevalent
autosomal dominant (KCNJ11-diabetes) and autosomal recessive (EIF2AK3diabetes) forms of neonatal diabetes.
4.1 Neuropsychological impairments associated with KCNJ11-related diabetes
4.1.1 Background
Neonatal diabetes mellitus (NDM) is a predominantly monogenic disorder and
occurs in approximately 1 in 90,000-160,000 live births (130,131). There are an
expanding list of over 25 genes identified associated with NDM but many of these
are syndromic, with clinical clues that can direct genetic testing (5). Heterozygous
activating mutations in the ATP-sensitive potassium (KATP) channel genes
KCNJ11 and ABCC8 are the most common causes of permanent NDM and
usually allow for treatment with oral sulphonylureas (SU) instead of insulin (53,65).
Many patients with KATP-related NDM also exhibit a spectrum of
neurodevelopmental problems, from mild learning disorders to significant cognitive
dysfunction as well as seizures (62). These developmental impairments are likely
due to mutated KATP channels that are widely expressed in the brain; however,
the possibility that early diabetes and consequent glycaemic excursions could
contribute to such dysfunction has not been addressed in a systematic fashion
(132). Further evidence for the role of KATP channel activity in pathogenesis of
these neurological problems is that sulphonylurea treatment can produce
measureable improvement in neurodevelopmental outcomes in some patients
(133). Those with the constellation of developmental delay, epilepsy and neonatal
diabetes have been referred to as having DEND or intermediate DEND (iDEND).
While those without obvious neurodevelopmental impairment have been
considered to have neonatal diabetes in isolation, it remains unclear whether
these patients might also have milder cognitive dysfunction (134).
We used a variety of behavioural and neuropsychological assessments to
compare children with KCNJ11-related NDM (with and without DEND/iDEND) with
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healthy sibling controls. We aimed to identify appropriate early behavioural and
developmental measures to aid clinicians and families confronted by this common
genetic form of neonatal diabetes. We hypothesized that those without gross delay
would also have differences in at least some measures in comparison to sibling
controls.
4.1.2 Methods and subject selection
Subjects with KCNJ11-related permanent NDM and their unaffected siblings were
consented for participation through the University of Chicago Monogenic Diabetes
Registry (http://monogenicdiabetes.uchicago.edu/registry/). The Registry collects
longitudinal information regarding diagnosis and treatment of diabetes, other
medical problems or complications, family history of diabetes, and results of
genetic testing through surveys and medical records. All subjects were consented
for participation through protocols approved by the Institutional Review Board at
the University of Chicago.
We carried out standardised neuropsychological and behavioural assessments
that allowed for scaled scores comparable across a wide range of ages, thus
allowing for a larger number of subjects to participate. These measures included
Wechsler Abbreviated Scales of Intelligence (WASI-II), Delis-Kaplan Executive
Function System (D–KEFS) Trail Making Test, Wechsler Adult Intelligence Scale
(WAIS-IV) Digit Span subtest, Wechsler Intelligence Scale for Children (WISC-IV)
Digit Span subtest and Wechsler Individual Achievement Test (WIAT-III) (Table
4.1.1). Parental report forms of the Behavior Assessment System for Children
(BASC-2), the Behavior Rating Inventory of Executive Function (BRIEF) and the
Vineland Adaptive Behavior Scales were also used.
Subjects were divided into three groups based on clinical phenotypes: KCNJ11related NDM with global developmental delay (DEND or iDEND); KCNJ11-related
NDM without global developmental delay; and healthy sibling controls. Subjects
were considered to have global developmental delay if they were previously
reported to have significant delays in two or more developmental domains: gross
motor, fine motor, speech and language, cognition, personal and social
development, or activities of daily living.
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Results are expressed as mean ± standard deviation unless indicated. Data from
pre-school Behavior Rating Inventory of Executive Function assessment (BRIEFP) for children aged 2-5 years was combined with data from the BRIEF
assessments completed by parents for those aged 5–18 years. Data was analyzed
using Graphpad Prism 6 (GraphPad Software, CA, USA,
http://www.graphpad.com). Nonparametric analyses were performed using the
Kruskal-Wallis ANOVA test or Mann–Whitney U test for group comparisons. Group
differences were considered significant if P<0.05.
4.1.3 Results
Twenty-three subjects with KCNJ11-related NDM, including nine with global
developmental delay (7 V59M, 1 V59A and 1 Y330C) and fourteen without global
delay (7 R201H, 3 R201C, 1 W68C, 1 E322K, 1 R50Q, and 1 A174G), and twenty
sibling controls participated in the study (Table 4.1.2). The majority of individuals
with KCNJ11-related NDM with global developmental delay were unable to
complete the assessments of intellectual and executive functioning due to the
severity of their delay.
Assessments of intellectual and executive function
We compared ten subjects with KCNJ11-related NDM without global
developmental delay and ten sibling controls (Table 4.1.3). Only two subjects with
KCNJ11-related NDM with global developmental delay were able to complete
some assessments of intellectual and executive functioning, with scores
consistently lowest of all those assessed (data not shown).
Individuals with KCNJ11-related NDM without global developmental delay had
significant differences in executive functioning, especially when compared to
sibling controls (Table 4.1.3). Those with mutations in KCNJ11 had reduced
general intellectual ability based on both the matrix reasoning and vocabulary
assessments of the WASI-II. The KCNJ11 group was also noted to perform worse
in the areas of visual scanning speed, number sequencing and letter sequencing
assessed through the D-KEFS Trail Making Test. The WISC-IV revealed gross
deficits in auditory working memory in those with a KCNJ11 mutation, with the
WISC-IV Digit Span test revealing difficulty with manipulation of verbal information.
Word reading difficulties were also evident in those with mutations, as assessed
by the WIAT-III.
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Behavioural assessments
We used dedicated behavioural assessments to compare six subjects with
KCNJ11-related NDM with global developmental delay, nine subjects with
KCNJ11-related NDM without global developmental delay, and fourteen sibling
controls. Those with KCNJ11-related NDM, both with and without global
developmental delay, had significant differences in behavioural symptoms (Tables
4.1.4 and 4.1.5). Individuals with mutations in KCNJ11 demonstrated global
deficits across four metacognition scales of executive functioning and also
exhibited an inability to control impulsive behaviour as assessed using the BRIEF.
Those with mutations in KCNJ11 have a tendency to avoid social contact and
display a reduced ability to adapt in new circumstances. Behavioural
characteristics reported on the BASC-2 more frequently in those with KCNJ11
mutations are: immature behaviour, gross mood swings, bizarre thoughts, other
unusual and severe behaviours, and being considered “odd”. Vineland-II results
suggested significant deficits in all subdomains of daily living skills (personal,
domestic and community) in those with KCNJ11-related NDM.
4.1.4 Discussion
To our knowledge, this series represents the largest and most comprehensive
study of neuropsychological and behavioural dysfunction of individuals with
KCNJ11-diabetes, and is the first to provide detailed information on sibling
controls. Our data support previous reports of those with KATP mutations noting a
variety of neurodevelopmental problems that are likely due to direct effects of
mutated KATP channels that are widely expressed in the brain (132).
As expected, those patients with a history of readily apparent global
developmental delay (consistent with iDEND/DEND phenotype) had gross
neurodevelopmental deficits that precluded their ability to complete many of the
instruments utilized in our study. The more novel finding of our study is that the
individuals who have mutations not associated with global developmental delay
also had a milder degree of neurodevelopmental dysfunction. Intellectual and
academic domains were significantly different between those with KCNJ11-related
NDM without global developmental delay and sibling controls: specifically IQ,
vocabulary development (both on WASI-II), and reading achievement (WIAT-III).
Individuals with KCNJ11-related NDM without delay had lower performance than
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sibling controls in all measures of academic achievement, although a statistically
significant difference was found only for reading scores. Compared to sibling
controls, subjects with KCNJ11-related NDM without global delay showed
difficulties in many areas of executive functioning on several different measures
that we utilized: planning, organizing, strategizing, paying attention to and
remembering details, and managing time and space. Thus patients with KCNJ11related NDM who are not phenotypically categorized as having developmental
delays may still have significant deficits in several critical neurodevelopmental
areas. Although these patients appear in most cases able to have reasonably
normal overall function, a better understanding of their underlying struggles would
allow for more effective individual supports and/or accommodations. For example,
the sibling controls had a higher-than-average level of achievement for IQ on the
WASI-II (111.0+/-8.3), while the KCNJ11 patients without global delay were lower
than average (91.1+/-11.3). Larger sample sizes may better define such group
differences and identify subtle differences within mutation subtypes.
When analyzing behaviour, communication, socialization, and motor skills, several
significant differences were noted between patients with KCNJ11-related NDM
with and without global delay and sibling controls. Subjects with KCNJ11-related
NDM showed more problematic behavioural traits including: externalizing
behaviour problems, hyperactivity, somatization, atypicality, withdrawal,
adaptability, and difficulty with activities of daily living. Executive functioning
weaknesses seen in individuals with mutations in KCNJ11 likely contribute to the
behavioural and academic problems reported by their parents on other
standardised rating scales. While specific impairments in hand-eye tracking have
been noted, our study and others would suggest more global deficits are
associated with KATP mutations (135,136).
Although prior evidence strongly suggests that specific KATP channel mutations
impart different degrees of neurodevelopmental impairment, because previous
reports have been inconsistent in the degree of impairment exhibited by
individuals with specific mutations, we chose to categorize subjects according to
overall developmental phenotype: those with or without global developmental
delay. The fact that all patients with certain KCNJ11 mutations previously
associated with significant impairment (e.g. V59M) were in the global delay
category further supports the notion that impairment is mutation-dependent;
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however, our study also shows substantial inter-individual variation among those
with the same mutation and thus emphasises the need to study larger numbers of
subjects over time to delineate the factors influencing neurodevelopmental
outcome, such as the age of initiation of sulphonylurea therapy.
Careful characterisation of the mutation specific neurodevelopmental problems
may allow us to determine the potential beneficial cognitive effects of SU treatment
over time. KATP channels are widely expressed in the brain (63) and just as SU
therapy usually leads to dramatic improvements in glycaemic control, several
reports have documented improvements in various aspects of neurologic function
following SU treatment, though not in all cases (53,134,136-140). Although many
factors such as severity of illness at diabetes diagnosis, frequency of
hypoglycaemic episodes and long-term degree of glycaemic control may influence
the severity of neurodevelopmental impairment in addition to the patient’s
response to SU, one important limiting factor may be the degree to which SU
drugs are able to penetrate the blood brain barrier and remain in cerebrospinal
fluid (141). In this regard, one recent imaging study suggests that SU can do so at
least to some degree in that cerebral perfusion is improved with administration of
SU in patients with KATP channel mutations (142). Another key consideration is
that earlier initiation of SU treatment during a potential window of plasticity during
early brain development may be critical for optimal neurodevelopmental benefit, as
suggested by our previous data showing better outcome on one specific measure
in those treated at a very young age (83).
We have shown recently that the age at which the SU is started also has a
considerable effect on the success of the treatment on glycaemic control, with
older patients needing a higher dose of medication to achieve a comparable level
of glycaemic control (80). This suggests some greater difficulty in overcoming
long-term changes that may have occurred in beta cell function during the many
years during which channel closure was not possible and insulin secretion did not
occur. In the same way, it would be expected that significant changes in
neurodevelopmental pathways occur over time as a result of the lack of channel
closure in the brain and it is likely that not all of these chronic changes will be
reversible. It has been suggested that early initiation with higher doses of SU may
be needed to ensure a high enough concentration to allow effective closure of
KATP channels widely present within the brain (143). Mutated KATP channels
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causing diabetes might also lower the excitability of key neurons, thereby inhibiting
their function or that of entire pathways in the brain. The study was not powered to
investigate the impact of the proband(s) relative position within a family. Future
studies could include control groups with isolated pancreatic agenesis or an insulin
gene mutation.
While further study is required to determine the best pharmacological intervention,
our data can be used to counsel families and guide structured
neurodevelopmental assessments and treatments based on the initial genetic
diagnosis in patients with neonatal diabetes. Further study of these defects and
how they respond to SUs may reveal details of neuronal control of the behaviors
and functions we studied.
4.1.5 Conclusions
The results of this large series suggest that a multidisciplinary approach to
neurodevelopmental testing and support should be provided for all children with
KCNJ11-related diabetes, even those without obvious difficulties. In order to
ensure such appropriate surveillance and treatment measures are taken, families
should be made aware of the potential for neurodevelopmental and behavioural
sequalae. Future longitudinal studies aimed at assessing the neurodevelopmental
trajectories for each patient will give us further insight into this interesting genetic
form of diabetes. In addition, larger collaborative studies may identify mutationspecific and treatment-related outcomes. We encourage clinicians to refer children
for standardised assessments of behaviour and development, including evaluation
of motor, cognitive, communicative, adaptive, and executive functioning, starting
from an early age.
* Much of this section (4.1) is derived from a paper published in the Diabetic
Medicine (PMID 27223594). Neuropyschological testing was carried out by a team
led by Megan Scott (Department of Psychiatry and Behavioral Neuroscience, The
University of Chicago, Chicago). I selected families for study, assisted with the
neuropsychological testing, compiled and analysed the data and drafted the
manuscript. Siri Atma Greeley supervised the study.
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Table 4.1.1 Cognitive and behavioural assessment instruments
Age Group

Test / Subtest

(years)

Behavior Assessment System for Children
(BASC-2)
Behavior Rating Inventory of Executive
Function (BRIEF)
Vineland Adaptive Behavior Scales

Measuring

2 - 21

Behaviour

2 - 18

Executive Function

2+

Communication,
Socialization, Motor Skills

Wechsler Abbreviated Scales of Intelligence
(WASI-II)
•

Matrix Reasoning

•

Vocabulary

6+

Intellectual Function

8+

Executive Function

6 - 16

Executive Function

16 +

Executive Function

4+

Academic Achievement

Delis-Kaplan Executive Function System (D–
KEFS)
•

Trail making

Wechsler Intelligence Scale for Children
(WISC-IV)
•

Digit span

Wechsler Adult Intelligence Scale (WAIS-IV)
•

Digit span

Wechsler Individual Achievement Test
(WIAT-III)

!

•

Word reading

•

Spelling

•

Numerical operations
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Table 4.1.2 Study participants
KCNJ11-related

KCNJ11-related

NDM with global

Sibling controls

NDM without delay

developmental
delay
n

9

14

20

Age at SU initiation

1.13 (0.43-8.35)

6.04 (1.24-13.73)

N/A

Age at Assessment

7.21 (5.83-12.90)

11.44 (6.52-17.93)

9.23 (6.70-11.16)

Female (%)

5 (55.6)

8 (57.1)

10 (50.0)

Mutations

7 x V59M

7 x R201H

N/A

1 x V59A

3 x R201C

1 x Y330C

1 x R50Q, W68C,
A174G, E322K

SU, sulphonylurea
N/A, not applicable
Median and Interquartile ranges in parentheses
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Table 4.1.3 Assessments of intellectual and executive function
KCNJ11-related

Sibling controls

P

NDM without
delay
WASI-II (n)

10

9

-IQ

91.1±11.3

111.0±8.3

<0.005

-Matrix reasoning

47.9±7.1

55.1±8.9

NS (0.09)

-Matrix vocabulary

48.1±4.5

58.8±6.4

<0.01

D-KEFS (n)

9

7

8.0±2.2

11.7±2.7

<0.01

8.2±3.0

11.57±2.4

<0.05

8.0±2.5

11.0±4.7

<0.05

7.6±2.8

9.86±3.3

NS

9.9±1.6

10.6±3.9

NS

9

9

-Backward

7.7±2.4

11.4±2.2

<0.005

-Forward

7.6±1.8

10.7±1.6

<0.005

-Combined

7.1±1.9

11.0±1.7

<0.001

WIAT-III (n)

10

10

-Numerical

93.7±11.5

102.5±14.7

NS

-Spelling

99.9±14.3

103.3±15.3

NS

-Reading

95.9±9.5

110.4±11.0

<0.01

(Scaled Score)
-Condition 1
Visual scanning
-Condition 2
Number sequencing
-Condition 3
Letter sequencing
-Condition 4
number-letter
switching
-Condition 5
Motor speed
WISC-IV (n)
(Standard Scores)

(Standard Scores)

NS, Not statistically significant
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Table 4.1.4 Behavior Assessment System for Children (BASC-2)
KCNJ11-related

KCNJ11-

Sibling

ANOVA

KCNJ11-

NDM with global

related NDM

controls

P value

related NDM

developmental

without delay

without delay

delay
BASC-2 (n)

vs. Controls

6

9

14

59.3±8.2

51.4±8.0

46.5±11.1

<0.05

NS

46.3±9.0

52.0±9.5

46.3±11.4

NS

NS

61.2±10.3

50.7±7.6

45.1±9.2

<0.05

NS

33.7±15.4

50.3±10.5

52.4±9.5

NS

NS

(T scores)
-Externalization
Problems
-Internalization
Problems
-Behavioural
Symptoms Index
-Adaptive Skill

(0.08)
-Mean score of

58.2±7.9

49.0±4.5

46.4±7.0

<0.05

NS

36.5±13.4

52.1±7.9

52.2±7.9

NS

NS

BSI
-Mean score of
adaptive skills

(0.07)

-Hyperactivity

65.3±12.7

51.2±8.5

50.4±15.2

<0.05

NS

-Aggression

52.0±6.4

51.6±7.7

45.6±9.9

NS

NS (0.09)

(0.06)
-Conduct

54.3±8.2

50.0±17.5

43.5±10.0

NS

NS

-Anxiety

42.5±11.1

55.9±12.3

50.1±8.8

NS

NS

-Depression

53.8±13.8

51.6±7.7

47.3±9.4

NS

NS

-Somatization

52.3±7.0

47.1±6.5

43.6±11.6

<0.05

NS

-Atypicality

63.8±13.3

49.6±8.4

43.7±4.6

<0.005

NS (0.09)

-Withdrawal

56.0±8.2

48.1±9.2

42.9±4.5

<0.05

NS

-Attention

64.8+14.0

50.1+11.1

48.1+11.2

NS

NS

Problems

Problems

(0.05)

-Adaptability

37.7±5.4

48.9±10.5

52.3±8.9

<0.05

NS

-Social Skills

43.8±15.4

51.8±9.1

54.6±9.8

NS

NS

Leadership Skills

36.7±13.8

52.3±13.1

56.5±7.8

NS

NS

(0.08)
-ADL

30.2±14.7

48.4±9.5

50.7±10.4

<0.05

NS

-Functional

33.5±14.8

51.4±12.5

49.6±8.1

NS

NS

Communication

NS, Not statistically significant
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Table 4.1.5 Behavior Rating Inventory of Executive Function (BRIEF) and
Vineland Adaptive Behavior Scales

BRIEF (n)

KCNJ11-

KCNJ11-

Sibling

ANOVA

KCNJ11-

related NDM

related NDM

controls

P value

related NDM

with global

without delay

without delay

developmental

vs Controls

delay

P value

5

10

14

-Inhibit

71.6±10.6

59.2±13.7

50.0±11.9

<0.05

NS (0.09)

-Shift

61.4±9.4

54.3±10.4

46.9±8.8

<0.05

NS

-Emotional

61.8±13.2

50.4±12.2

49.6±10.3

NS

NS

72.3±7.1

61.3±13.1

48.2±11.7

<0.01

<0.05

-Plan/Organize

64.4±10.7

59.7±14.7

48.1±12.7

<0.05

<0.05

-Megacognition

71.5±6.8

59.9±11.4

47.5±12.8

<0.01

<0.05

-Global

72.8±6.8

59.3±12.3

47.6±12.1

<0.005

<0.05

7

11

7

-Receptive

12.0±6.2

14.5±4.7

16.0±2.1

NS

NS

-Expressive

9.4±4.2

12.5±3.9

17.3±3.3

<0.01

<0.05

-Written

11.3±8.2

12.1±3.1

15.7±3.7

<0.05

NS (0.07)

Communication

75.3±33.9

89.8±20.2

109.4±19.2

<0.05

<0.05

-Personal

9.1±4.4

16.0±4.6

16.4±3.5

<0.05

NS

-Domestic

11.0±3.2

12.7±3.5

15.9±1.9

<0.05

<0.05

-Community

8.3±4.2

13.7±3.2

17.9±1.6

<0.001

<0.05

Daily Living

69.7±16.8

94.7±15.7

110.0±14.1

<0.005

NS

-Interpersonal

10.3±2.4

12.0±4.0

16.9±1.9

<0.01

<0.05

-Play & Leisure

8.6±2.9

13.0±3.7

15.1±2.4

<0.01

NS

-Coping

10.7±3.2

16.7±3.0

16.7±1.8

<0.05

NS

Socialization

66.0±7.8

95.2±16.0

107.7±10.9

<0.005

NS

Adaptive

69.7±19.8

94.8±18.0

107.7±16.5

<0.05

NS

(T scores)

Control
-Working
Memory

Executive
Composite
Vineland (n)
(SS)

Skills

Behaviour
Composite

NS, Not statistically significant. SS, Standard Scores
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4.2 GCK-MODY in the US National Monogenic Diabetes Registry: Frequently
Misdiagnosed and Unnecessarily Treated
4.2.1 Background
GCK-MODY (also known as maturity-onset diabetes of the young type 2, MODY2)
has a prevalence of 1 in 1000 individuals (14). It is due to mutations in the GCK
gene encoding glucokinase, which catalyzes the conversion of glucose to glucose6-phosphate, a key step in glucose metabolism and the regulation of insulin
secretion. Even small alterations in the enzymatic capacity of GCK can increase
the glucose threshold for glucose stimulated insulin release (144). Functional
assessment of mutations within GCK have demonstrated that protein instability or
disrupted enzyme kinetics are the primary causes of hyperglycaemia (145-147).
Heterozygous inactivating mutations in GCK result in mild, persistent typically
asymptomatic fasting hyperglycaemia, ranging from 100-144 mg/dL (5.5 – 8
mmol/L) (13). Pathogenicity of variants is typically determined by extensive family
history and functional studies are required (148). Hundreds of mutations leading to
hyperglycaemia have been identified within GCK, many without formal functional
studies and benign variants have been primarily found within the regions of the
protein encoded by the three different tissue specific promoter-derived exons
(exons 1 a,b,c) (149,150). GCK-MODY is not associated with the significant microor macrovascular complications common to other forms of hyperglycaemia (15).
Glucose-lowering therapy is not required, except possibly during pregnancy,
meaning treatment can be discontinued in most individuals following genetic
diagnosis (16). Misdiagnosis as type 1, type 2 or gestational diabetes and the
high costs of genetic testing are barriers to acquiring an accurate diagnosis. We
have previously demonstrated the potential economic benefits of genetic testing
for the most common forms of monogenic diabetes, including GCK-MODY (151).
In this study we assess rates of detection of GCK-MODY based on clinical
features, demography and treatment patterns of individuals referred for testing and
suspected to have GCK-MODY within the US Monogenic Diabetes Registry.
Previous descriptions of GCK-MODY have mainly occurred in Northern European
populations and mainly reflect Caucasians, in large part owing to the ethnic
makeup of the regions under study. Current national practice guidelines suggest
that ethnicity should be a consideration when selecting those for genetic testing
(152). However, there has been concern that racial minorities may be
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underrepresented in MODY registry cohorts (153). Given the diverse racial and
ethnic representation in the Unites States and the higher burden of diabetes in
ethnic minorities, we sought to ascertain the ethnic makeup of those with GCKMODY in the US monogenic diabetes registry. Finally we estimate the relative
frequency of variants within GCK across a variety of ethnic groups using the
Exome Aggregation Consortium in order to determine if this large dataset
suggests that race specific differences exist in the prevalence of heterozygous
variants likely to result in GCK-MODY.
4.2.2 Subjects & Methods
Monogenic Diabetes Registry
Subjects with established monogenic diabetes and those with a high clinical
suspicion of having monogenic diabetes were consented for participation in the
IRB-approved Monogenic Diabetes Registry
(http://monogenicdiabetes.uchicago.edu) (68). We performed research genetic
testing for mutations within GCK on those with suspected monogenic diabetes
who met the following criteria:
Chronic mild fasting hyperglycaemia (100-140 mg/dl, 5.55-7.75 mmol/l) and
HbA1c <7.8% (<62 mmol/mol)
plus
A linear three generation family history of hyperglycaemia or diabetes
mellitus
or
BMI less than 30 kg/m2 in adults and BMI below the 95th percentile in
children and age at diagnosis less than 30 years.
Sanger sequencing was performed for all coding exons and tissue specific
promoter regions and 20 bp of flanking intronic sequences of GCK. Only subjects
from the US were included in this analysis. For all available time points, key data
was gathered and included clinical and family information, race and ethnicity, age,
weight, hemoglobin A1c (HbA1c) and medication information collected using
surveys and medical records.
With the participant’s consent, research-based genetic testing results were
conveyed to his/her supervising clinician. All participants were encouraged to seek
confirmatory clinical genetic testing through their primary care providers.
Supervising clinicians and participants were given access to published data on
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outcomes after treatment discontinuation in confirmed case of GCK-MODY,
showing that treatment does not alter HbA1c (16).
Exome Aggregation Consortium
The Exome Aggregation Consortium includes exome data on 60,706 unrelated
individuals from large-scale sequencing projects as part of various diseasespecific and population genetic studies (154). All missense variants or loss of
function variants in exons 2-10 (or adjacent splice sites) of GCK were identified
from the Exome Aggregation Consortium (http://exac.broadinstitute.org). Tissue
specific promoter regions (exons 1 a,b,c) were excluded from analysis due to the
possibility of benign polymorphisms in these regions (149). All affected individuals
were heterozygous for GCK mutations. The relative allele frequency and projected
frequency of GCK-MODY in each ethnic group was determined. The allele
frequency was calculated using the average number of alleles assessed across
each of the variants found. Variants identified through Exome Aggregation
Consortium and the Registry were checked against published polymorphisms and
mutations, while novel variants were classified as highly likely to be pathogenic if
they were nonsense mutations, frameshift mutations or if they affected an amino
acid conserved through evolution.
4.2.3 Results
Monogenic Diabetes Registry
The clinical details of all subjects are shown in Table 4.2.1. A total of 966 families
with known or suspected monogenic diabetes have been consented for
participation in the Monogenic Diabetes Registry. We selected 117 probands with
a phenotype consistent with GCK-MODY for research-based sequencing of GCK.
A deleterious heterozygous mutation in GCK was found in 64 (54.7%) of these. A
further 18 probands followed with GCK-MODY had a pre-existing genetic
diagnosis at registration. The Registry now follows 157 individuals (82 families)
with hyperglycaemia due to GCK mutations. Initial genetic testing was performed
on a research basis in 82.8% of subjects. Of 61 mutations identified through the
Registry, ten (16.4%) were novel (Supplementary Tables 1 and 2). Probands
found to have pathogenic mutations within GCK were younger at clinical diagnosis
of hyperglycaemia compared to those who were GCK negative.

!

78

The majority of subjects with GCK-MODY were referred by physicians (79.7%),
with the remainder discovering the study through Internet searching. The
probands’ supervising clinicians were primarily subspecialists with 75.6% of
subjects under the care of paediatric or adult endocrinologists. Excluding insulin
used solely during pregnancy, almost half of subjects (49.0%) were treated with at
least one glucose-lowering agent for a minimum of 3 months. Supervising
clinicians were advised that pharmacotherapy could invariably be safely
discontinued. The majority of subjects (79.2%) discontinued drug therapy as a
direct result of genetic testing, whereas 3 subjects chose to continue on drug
therapy. As expected for GCK-MODY, there was no difference in follow-up Hb1Ac
of individuals, including those discontinuing pharmacotherapy following genetic
diagnosis (Table 4.2.1).
The median time between clinical diagnosis of hyperglycaemia and genetic testing
results in probands was 2.8 years (assessed only in the 71 probands diagnosed
after 1992, when GCK mutations were established as a cause of MODY) (155). A
minority (6.1%) of probands reported no family history of hyperglycaemia. There
were 263 first-degree relatives of probands identified with hyperglycaemia. To
date, only 123 (46.8%) of these relatives have undergone genetic testing, with
117/123 (95.1%) of those tested found to share the proband’s mutation.
Families referred to the registry with a GCK-MODY phenotype were predominantly
Caucasian. The racial and ethnic distribution of the registry was compared with US
population estimates and diabetes specific racial distribution to identify which
groups may be underestimated (Table 4.2.2). African American, Latino and Asian
subjects made up only 6.0%, 6.8% and 7.7% respectively, of Registry probands
with a GCK phenotype, despite these groups having a higher prevalence of
diabetes within the US population as a whole (12.8%, 13.2% and 9% respectively)
(3). The proportion of probands found to have a GCK mutation through research
based testing was similar across each ethnic/racial group.
Exome Aggregation Consortium
Of 60,706 unrelated individuals sequenced as part of various disease-specific and
population genetic studies within the Exome Aggregation Consortium, there were
178 individuals identified with 91 different variants in exons 2-10 known or
predicted to be associated with GCK-MODY, with 55 of these variants being novel
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(Tables 4.2.3 and 4.2.4). Similar to previous reports we found there were no
significant clustering of variants in GCK with many variants only found in a single
individual without any published functional studies performed to assess its effect
on enzyme kinetics or protein stability (149). The average allele frequency across
the entire populations was 0.001466 giving a predicted incidence of GCK-MODY
of 2.932 per 1000 individuals. Two variants, p.Val101Met and p.Asp217Asn, were
seen with disproportionally higher frequency within the Latino and European
groups studied. Given the relatively minor amino acid changes and frequency of
both variants, these may represent benign polymorphisms and and if discounted
would reduce the average allele frequency to 0.001153 giving a predicted
incidence of 2.306 GCK-MODY of per 1000 individuals. Variants predicted to be
damaging were found in each ethnic group. Relative to the European population
studied, GCK mutations were found at a higher frequency in Latinos and African
populations (Table 4.2.5).
4.2.4 Discussion
Misdiagnosing GCK-MODY as other forms of diabetes is frequent (156). This
study demonstrates that a high detection rate is possible if candidates for genetic
testing are chosen based on clinical phenotype and supports similar findings in
studies outside of the US (157). Variable awareness of genetic forms of diabetes
and unequal consideration of and access to genetic testing are potential reasons
that the majority of monogenic diabetes goes unrecognised (7).
Although most individuals with GCK-MODY within the Registry were under the
care of endocrinologists, the majority did not have a genetic diagnosis at referral.
The rising incidence of diabetes in the US is not being met with a concomittant rise
in clinical endocrinologists (6). This will result in more patients primarily receiving
care for diabetes from primary care clinicians. Our data show that efforts must be
made to ensure that all healthcare providers supervising diabetes treatment
recognise the cardinal clinical features that should prompt GCK genetic testing.
The majority of participants in this study had research-based genetic testing rather
than clinical/commercial testing. The delays in securing an accurate molecular
genetic diagnosis in monogenic diabetes are multifactorial, but the high costs of
commercial testing and failure of insurance providers to cover testing costs are
significant contributors (10). Genetic testing for the most common monogenic
!

80

diabetes causes has historically been based on Sanger sequencing of multiple
genes in a sequential manner. Less time consuming and potentially less costly
diabetes-focused next-generation gene panels may improve access to testing
(86,158,159). Additionally, decreased health care expenditures for those with
confirmed GCK-MODY relative to those misdiagnosed with other diabetes types
that require pharmocological intervention should prompt increased access to and
insurance coverage of genetic testing. Our data clearly demonstrate how finding a
GCK mutation in a patient also has implications for other family members. While
mutations can occur spontaneously, those mutations will be inherited in
subsequent generations in an autosomal dominant manner. The mild
hyperglycaemia that is a feature of heterozygous GCK mutations allows
identification of family members who should undergo genetic testing.
Our data show frequent inappropriate use of drug therapy in patients with GCKMODY in the US. Similar to other studies, glycaemic control of individuals after
cessation of pharmacotherapy following genetic diagnosis did not change (16).
Our previous model approximated the impact of diagnosing GCK-MODY in the
US, using lower treatment rates and did not take cascade testing of first-degree
relatives into account; therefore, the true cost benefit of an accurate molecular
genetic diagnosis was likely underestimated (151). The impact of a genetic
diagnosis on quality of life has not been firmly established, but studies
demonstrating the rarity of any significant diabetes related complications and the
safe withdrawal of drug treatment without a worsening of hyperglycaemia suggest
a positive effect (15).
The majority of Registry participants with a GCK-MODY phenotype self-identified
as Caucasian and there was underrepresentation of a number of ethnic minorities
when compared to the greater US population and race-specific diabetes rates.
Using the largest publically accessible exome database, we find that variants in
GCK are found in an ethnically diverse population. It is difficult to estimate the true
frequency of GCK-MODY from this dataset as it included a number of diabetesspecific studies and pathogenicity can not be ascribed to all GCK variants (148).
However, the relative frequency of GCK-MODY causing mutations in our cohort
would suggest that GCK-MODY is at least as prevalent in ethnic minorities as in
Caucasians. Thus, this condition may frequently go unrecognised in populations
(Latino, African American and Asian) that have a high burden of type 2 diabetes as
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demonstrated by our Registry and previous studies (19). The reasons for
underrepresentation of minorities within the Registry is likely to be multifaceted but
may include differing awareness and perceptions of diagnostic diabetes genetic
testing as well as decreased self and/or physician referral to the Registry for ethnic
minorities as compared to non-Hispanic whites in the US. This may be influenced
by current national practice guidelines which include ethnicity as a consideration
when identifying monogenic diabetes in children (152). Futures studies are needed
to address equity in diabetes precision medicine for GCK-MODY and other forms
of monogenic diabetes.
The higher overall incidence of mutations in GCK found in the exome dataset is
likely due to the number of contributing projects that included a significant number
of patients with diabetes (supplemental table 3). Other series have shown a higher
rate of GCK-MODY diagnosis in a paediatric population compared to adult
populations (19,160). Our relatively young cohort may have improved the ability to
recognise those appropriate for GCK testing. However, other groups have also
demonstrated the feasibility of identifying GCK-MODY using simple clinical criteria
while accounting for age (161).
Partial or whole gene deletions of GCK make up a minority of cases of GCKMODY, but may be missed using Sanger sequencing alone (162) because
deletions longer than the PCR amplicons also are not detected due to a lack of
amplifification; however, they may not always be identified through multiplex
ligation-dependent probe amplification either (163). Thus, despite a high detection
rate, a minority of GCK mutations due to deletions may have been missed by
Sanger sequencing alone. The variable allele coverage in the exome dataset
reflects some of the difficulties with whole exome sequencing. Areas of high G and
C content and regions with repetitive elements can be harder to sequence and
copy-number variations can be difficult to assess.
4.2.5 Conclusions
Our data show a high detection rate of GCK-MODY is possible based on clinical
phenotype within a US population. This study provides evidence that GCK-MODY
is frequently misdiagnosed and inappropriately treated, which leads to
unnecessary healthcare costs. Targeted testing leads to a high rate of detection in
family members of an affected individual. We also demonstrate that GCK-MODY
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may be under-recognised in racial minorities, potentially contributing to inequities
in personalized genetic medicine in diabetes and to overall diabetes care
disparities. It is important that healthcare policy makers prioritize recognition of
monogenic diabetes and access to genetic testing, with particular attention to
equitable utilization of genetic testing resources for the estimated 310,000 affected
Americans.
* Some (the data pertaining to the US Monogenic Diabetes Registry) of this
section (4.2) is derived from a paper published in Acta Diabetologica (PMID
26101329) that Rochelle Naylor (Assistant Professor of Pediatrics, University of
Chicago) and I co-authored (joint first authors). Rochelle Naylor and Louis
Philipson supervised this study and the published paper. Rochelle Naylor and I
designed the study. I collected and analysed the data and drafted the manuscript.
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Table 4.2.1 U.S. Monogenic Diabetes Registry Participants
GCK-positive Subjects
n
Female
Birth weight
HbA1c prior to genetic testing
HbA1c post genetic diagnosis
Pharmacotherapy
(>3 months duration)
None/ Not reported
At least one agent
More than one agent
Metformin
Insulin
Sulphonylurea
Proband age at
hyperglycaemia diagnosis
Proband time to genetic
diagnosis
Proband’s supervising
clinician
Paediatric
endocrinologist
Adult Endocrinologist
Family Medicine
Internist
Paediatrician
Obstetricians

157 (82 probands)
85 (54.1%)
3062g (2839-3374g)
6.4% (6.2-6.7%) /
46 mmol/mol (44-50
mmol/mol)
6.3% (6.1-6.5) /
45 mmol/mol (43-48)
80 (51.0%)
77 (49.0%)
20 (12.7%)
38 (24.2%)
33 (21.0%)
17 (10.8%)
14.0 yrs (7.3-26.8yrs)

GCK-negative
Probands
53
33 (62.3%)
3333g (2910-3520g)
6.1% (5.9-6.4%) /
43 mmol/mol (41-46
mmol/mol)
n/a

2.8 yrs (1.1- 6.2 yrs)

38 (71.7%)
15 (28.3%)
2 (3.8%)
4 (11.3%)
5 (9.4%)
3 (5.7%)
23.2 yrs. (10.0-31.8
yrs)
n/a

34 (41.4%)

24 (45.3%)

28 (34.2%)
8 (9.8%)
5 (6.1%)
5 (6.1%)
2 (2.4%)

26 (49.0%)
2 (3.8%)
1 (1.9%)
0
0

Data are median (interquartile range), n (%).
Table 4.2.2 Racial and ethnic distribution of Registry probands with a GCK
phenotype but without an established genetic cause at registration
Racial/Ethnic Group

Probands

2013 US
population

Diabetes in
the US* (3)

117
67.5% (79)
6.8% (8)
6.0% (7)
7.7% (9)
0

GCK
positive
54.7% (64)
57.0% (45)
50.0% (4)
57.1% (3)
44.4% (4)
0

All
Caucasian
Latino
African American
Asian
American Indian and
Alaska Native
Native Hawaiian and
Other Pacific Islander
Unreported/Mixed

62.6%
15.1%
13.9%
6%
2%

7.6%
12.8%
13.2%
9.0%
15.9

0

0

0.4%

n/a

12.0% (14)

50.0% (7)

n/a

n/a

*Age-adjusted percentage of people aged 20 years and older
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Table 4.2.3 Mutations identified through the Exome Aggregation Consortium.
Publically available datasets including ClinVar and LOVD were examined to determine if variants were previously reported (Accessed on 3rd
October 2015)

!

splice donor

Total
Allele
Count
1

European
(NonFinnish)
1

p.Gln18Arg

missense

1

7:44193002 G / A

p.Arg36Trp

missense

7:44192980 C / T

p.Arg43His

missense

7:44192966 C / T

p.Glu48Lys

7:44192946 A / C

Variant Position

Protein
Consequence

Annotation

African

East Asian

European
(Finnish)

Latino

Other

South
Asian

Previously
Reported

7:44228507 C / A

c.45+1G>T

0

0

0

0

0

0

Yes

7:44193055 T / C

1

0

0

0

0

0

0

No

3

2

1

0

0

0

0

0

Yes

1

0

0

0

0

1

0

0

Yes

missense

5

4

0

0

0

0

0

1

No

p.Ser54Arg

missense

1

0

0

0

1

0

0

0

No

7:44192933 G / A

p.Pro59Ser

missense

1

1

0

0

0

0

0

0

Yes

7:44192929 G / A

p.Thr60Ile

missense

1

0

0

0

0

0

0

1

Yes

7:44192921 G / A

p.Arg63Cys

missense

3

3

0

0

0

0

0

0

No

7:44192920 C / T

p.Arg63His

missense

1

0

0

0

0

0

0

1

No

7:44191949 T / C

p.Glu95Gly

missense

1

1

0

0

0

0

0

0

No

7:44191944 C / T

p.Gly97Arg

missense

4

3

0

1

0

0

0

0

No

7:44191932 C / T

p.Val101Met

missense

18

2

0

0

0

16

0

0

Yes

7:44191899 C / G

p.Glu112Gln

missense

1

1

0

0

0

0

0

0

No

7:44191893 C / T

p.Ala114Thr

missense

1

0

0

0

0

1

0

0

No

7:44191890 T / C

p.Met115Val

missense

1

0

0

0

0

0

1

0

No

7:44191889 A / T

p.Met115Lys

missense

1

0

0

1

0

0

0

0

No

7:44191889 A / G

p.Met115Thr

missense

1

0

0

0

0

0

0

1

No

7:44191884 C / T

p.Gly117Ser

missense

3

1

0

0

0

0

0

2

Yes

7:44191875 C / T

p.Glu120Lys

missense

1

1

0

0

0

0

0

0

No

7:44190668 C / T

p.Asp124Asn

missense

1

0

0

0

0

1

0

0

Yes

7:44190653 A / G

p.Cys129Arg

missense

1

1

0

0

0

0

0

0

No

7:44190644 C / T

p.Asp132Asn

missense

1

1

0

0

0

0

0

0

Yes
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7:44190623 T / A

p.Met139Leu

missense

1

0

1

0

0

0

0

0

No

7:44190605 G / A

p.Pro145Ser

missense

2

1

1

0

0

0

0

0

No

7:44190598 C / T

p.Gly147Asp

missense

1

0

0

0

0

1

0

0

Yes

7:44190578 C / G

p.Val154Leu

missense

1

1

0

0

0

0

0

0

No

7:44189629 G / A

p.Ala173Val

missense

1

0

1

0

0

0

0

0

No

7:44189587 T / A

p.Asp187Val

missense

1

1

0

0

0

0

0

0

No

7:44189585 C / T

p.Ala188Thr

missense

1

0

0

1

0

0

0

0

Yes

7:44189582 T / C

p.Ile189Val

missense

2

0

0

0

0

0

0

2

No

7:44189572 C / T

p.Arg192Lys

missense

2

0

2

0

0

0

0

0

No

7:44189570 C / G

p.Gly193Arg

missense

1

0

1

0

0

0

0

0

Yes

7:44189433 A / G

p.Met202Thr

missense

1

1

0

0

0

0

0

0

Yes

7:44189415 G / A

p.Ala208Val

missense

1

1

0

0

0

0

0

0

Yes

7:44189407 T / C
7:44189400 CAGG
/C
7:44189392 C / T

p.Ile211Val

1

1

0

0

0

0

0

0

No

1

1

0

0

0

0

0

0

Yes

p.Glu216Lys

missense
inframe
deletion
missense

4

3

0

1

0

0

0

0

No

7:44189389 C / T

p.Asp217Asn

missense

20

19

0

1

0

0

0

0

No

7:44189362 C / T

p.Val226Met

missense

1

1

0

0

0

0

0

0

Yes

7:44187429 G / A

p.Thr228Met

missense

1

0

0

0

0

1

0

0

Yes

7:44187396 T / C

p.Gln239Arg

missense

4

0

0

4

0

0

0

0

Yes

7:44187370 C / T

p.Glu248Lys

missense

1

0

0

0

0

0

0

1

Yes

7:44187363 C / T

p.Arg250His

missense

1

0

1

0

0

0

0

0

No

7:44187355 C / T

p.Val253Ile

missense

2

1

0

0

0

0

0

1

No

7:44187346 C / T

p.Glu256Lys

missense

1

1

0

0

0

0

0

0

Yes

7:44187339 C / T

p.Gly258Asp

missense

1

0

0

1

0

0

0

0

Yes

7:44187331 C / T

p.Gly261Arg

missense

1

1

0

0

0

0

0

0

Yes

7:44187328 C / T

p.Asp262Asn

missense

1

0

0

0

0

1

0

0

No

7:44187289 G / A

p.Arg275Cys

missense

4

1

1

0

1

0

0

1

Yes

7:44187288 C / T

p.Arg275His

missense

1

1

0

0

0

0

0

0

No

p.Ser212del
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7:44187277 C / G

p.Glu279Gln

missense

12

0

11

0

0

1

0

0

Yes

7:44187277 C / A

p.Glu279Ter

stop gained

1

1

0

0

0

0

0

0

No

7:44187276 T / C

p.Glu279Gly

missense

3

0

0

0

0

3

0

0

Yes

7:44187267 G / A

p.Ala282Val

missense

1

1

0

0

0

0

0

0

No

7:44187259 C / G

p.Gly285Arg

missense

1

1

0

0

0

0

0

0

No

7:44187249 A / C

p.Leu288Arg

missense

1

1

0

0

0

0

0

0

No

7:44186152 A / C

p.Val310Gly

missense

1

1

0

0

0

0

0

0

No

7:44186129 C / A

p.Gly318Trp

missense

1

0

0

0

0

0

0

1

Yes

7:44186117 C / T

p.Glu322Lys

missense

1

1

0

0

0

0

0

0

No

7:44186113 T / C

p.Gln323Arg

missense

1

1

0

0

0

0

0

0

No

7:44186101 C / T

p.Arg327His

missense

1

0

0

1

0

0

0

0

Yes

7:44186093 A / C

p.Phe330Val

missense

1

0

1

0

0

0

0

0

No

7:44186086 G / A

p.Thr332Met

missense

1

0

0

1

0

0

0

0

No

7:44186060 A / T

c.1019+2T>G

splice donor

1

1

0

0

0

0

0

0

Yes

7:44185324 G / C

p.Thr342Arg

missense

1

0

1

0

0

0

0

0

No

7:44185277 G / A

p.Arg358Ter

stop gained

1

1

0

0

0

0

0

0

No

7:44185244 G / C

p.Arg369Gly

missense

1

0

0

0

1

0

0

0

No

7:44185244 G / A

p.Arg369Cys

missense

1

1

0

0

0

0

0

0

Yes

7:44185241 C / A

p.Ala370Ser

missense

1

0

1

0

0

0

0

0

No

7:44185231 C / G

p.Ser373Thr

missense

2

0

0

0

0

0

0

2

No

7:44185209 G / T

p.His380Gln

missense

1

1

0

0

0

0

0

0

Yes

7:44185208 T / G

p.Met381Leu

missense

1

0

0

0

0

0

0

1

No

7:44185202 A / C

p.Ser383Ala

missense

1

1

0

0

0

0

0

0

No

7:44185201 G / T

p.Ser383Ter

stop gained

1

1

0

0

0

0

0

0

Yes

7:44185189 G / A

p.Ala387Val

missense

1

0

0

0

0

0

0

1

Yes

7:44185160 G / A

p.Arg397Cys

missense

1

1

0

0

0

0

0

0

Yes

7:44185154 C / T

p.Glu399Lys

missense

1

0

0

0

0

0

0

1

No

7:44185150 T / C

p.Asp400Gly

missense

1

1

0

0

0

0

0

0

No
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7:44185149 G / C

p.Asp400Glu

missense

2

0

0

0

0

0

0

2

No

7:44185148 C / T

p.Val401Ile

missense

2

0

0

0

0

0

0

2

No

7:44185109 T / C

p.Lys414Glu

missense

1

0

0

0

0

1

0

0

Yes

7:44184851 G / A

p.Arg428Cys

missense

1

1

0

0

0

0

0

0

No

7:44184847 C / T

p.Arg429Lys

missense

2

0

2

0

0

0

0

0

No

7:44184842 T / C

p.Thr431Ala

missense

3

0

3

0

0

0

0

0

No

7:44184827 T / C

p.Ile436Val

missense

1

1

0

0

0

0

0

0

No

7:44184809 C / T

p.Glu442Lys

missense

2

2

0

0

0

0

0

0

No

7:44184769 A / T

p.Val455Glu

missense

4

4

0

0

0

0

0

0

Yes

7:44184747 C / T

p.Met462Ile

missense

1

1

0

0

0

0

0

0

No

7:44184747 C / A

p.Met462Ile

missense

3

3

0

0

0

0

0

0

Yes

7:44184742 C / T

p.Gly464Asp

missense

1

1

0

0

0

0

0

0

No
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Table 4.2.4 Mutations identified through the Monogenic Diabetes Registry.
Publically available datasets including ClinVar and LOVD were examined to determine if variants were previously reported (Accessed on 3rd
October 2015).
Nucleotide change
c.37A>T
c.45+1G>T
c.106C>T
c.128 G>A
c.128G>C
c.131G>A
c.146C>A
c.148_153del5
c.214G>A
c.370G>A
c.370G>C
c.389T>C
c.449T>A
c.451T>C
c.478G>A
c.483+2_483+16del15
c.521C>T
c.523G>A
c.544G>A
c.554T>C
c.571C>T
c.572G>A
c.616A>C
c.617C>T
c.619G>T
c.626C>T
c.645C>A

!

Protein Consequence
p.Lys13X
p.?
p.Arg36Trp
p.Arg43His
p.Arg43Pro
p.Gly44Asp
p.Thr49Asn
p.His50fs
p.Gly72Arg
p.Asp124Asn
p.Asp124His
p.Ile130Thr
p.Phe150Tyr
p.Ser151Pro
p.Asp160Asn
p.?
p.Ser174Leu
p.Gly175Arg
p.Val182Met
p.Leu185Pro
p.Arg191Trp
p.Arg191Gln
p.Thr206Pro
p.Thr206Met
p.Val207Leu
p.Thr209Met
p.Tyr215X

Families Affected
1
1
2
1
1
1
1
1
1
2
1
1
1
1
1
1
1
1
4
1
1
1
2
2
1
2
1

Ethnicity
Non-Hispanic White
Non-Hispanic White
Non-Hispanic White (2)
Hispanic
Non-Hispanic White
Unreported
Unreported
Non-Hispanic White
Asian
Non-Hispanic White (2)
Unreported
Non-Hispanic White
Non-Hispanic White
African American
Non-Hispanic White
Non-Hispanic White
Non-Hispanic White
Non-Hispanic White
Non-Hispanic White (4)
Non-Hispanic White
Asian
Unreported
Non-Hispanic White (2)
Non-Hispanic White (2)
Non-Hispanic White
Non-Hispanic White (1)/ Unreported (1)
Mixed
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Previously Reported
No
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
No
Yes
Yes

c.660C>A
c.667G>A
c.667G>C
c.676G>A
c.678_681het_delGGGT
c.680-2A>C
c.683C>T
c.689G>A
c.695C>A
c.706G>A
c.752T>G
c.756C>G
c.766G>A
c.768G>C
c.772G>A
c.775G>A
c.781G>A
c.787T>C
c.824G>T
c.841T>C
c.863+1G>A
c.867T>G
c.871A>G
c.881G>A
c.952G>A
c.1003del18
c.1019+1G>A
c.1112G>T
c.1129C>T
c.1136C>A
c.1160C>A

!

p.Cys220X
p.Gly223Ser
p.Gly223Arg
p.Val226Met
p.Val226fs
p.?
Thr228Met
p.Cys230Tyr
p.Ala232Asp
p.Glu236Lys
p.Met251Arg
p.Cys252Trp
p.Glu256Lys
p.Glu256Asp
p.Gly258Ser
p.Ala259Thr
p.Gly261Arg
p.Ser263Pro
p.Arg275Leu
p.Ser281Pro
p.?
p.Tyr289X
p.Lys291Glu
p.Gly294Asp
p.Gly318Arg
p.Val335fs
p.?
p.Cys371Phe
p.Arg377Cys
p.Ala379Glu
p.Ala387Glu

1
1
2
4
1
1
3
1
1
1
1
1
1
1
1
1
3
4
1
2
1
1
1
1
1
1
1
2
1
1
1

Non-Hispanic White
Non-Hispanic White
Non-Hispanic White (2)
Non-Hispanic White (4)
Non-Hispanic White
Non-Hispanic White
Non-Hispanic White (2)/ Unreported (1)
Non-Hispanic White
Asian
Unreported
Non-Hispanic White
Non-Hispanic White
Non-Hispanic White
Non-Hispanic White
Hispanic
Non-Hispanic White
Non-Hispanic White (2)/ Unreported (1)
Non-Hispanic White (4)
Non-Hispanic White
Non-Hispanic White (2)
Non-Hispanic White
Non-Hispanic White
African American
Unreported
Non-Hispanic White
Hispanic
Hispanic
Non-Hispanic White (2)
Non-Hispanic White
African American
Asian
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Yes
Yes
Yes
Yes
No
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No
No
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes

c.1163G>A
c.1178T>C
c1340_1368del29

!

p.Gly388Asp
p.Met393Thr
p.Arg447fs

1
1
1

Non-Hispanic White
Non-Hispanic White
Unreported

91

Yes
Yes
Yes

Table 4.2.5 Racial and ethnic distribution within the Exome Aggregation
Consortium
Population

Average Number
of Allele
Assessed
63404.4

Allele
Frequency

GCK per 1000
Individuals

Relative risk

0.00136

2.71

1

15703.9

0.00134

2.67

Latino

10957.1

0.00246

4.93

African

9763.4

0.00287

5.74

East Asian

8354.8

0.00144

2.87

European
(Finnish)
Other

5948.2

0.00050

1.01

854.9

0.00117

2.34

0.9886 (0.67351.451)
1.623* (1.167 2.257)
1.843* (1.3352.544)
1.052 (0.61871.788)
0.3927 (0.12911.195)
0.8637 (0.12286.073)

European
(Non-Finnish)
South Asian

*p<0.01 (95% Confidence Intervals shown in parentheses)
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4.3 Expanding the Clinical Spectrum of EIF2AK3 Neonatal Diabetes Mellitus
4.3.1 Introduction
Wolcott-Rallison syndrome (WRS) is a rare autosomal recessive disorder caused
by mutations in EIF2AK3, a gene encoding the pancreatic eukaryotic initiation
factor-2alpha kinase protein (PEK/PERK) (164). EIF2AK3 is located on
chromosome 2p12, and is highly expressed in pancreatic islet cells. PEK/PERK is
an endoplasmic reticulum protein that responds to an increase in misfolded
proteins. It inactivates via phosphorylation the alpha subunit of EIF2 (eukaryotic
translation-initiation factor 2), resulting in a general down-regulation of protein
synthesis. PEK/PERK is also involved in G1 growth arrest.
WRS is typically seen in consanguineous families and presents initially with
neonatal diabetes mellitus (NDM) and later bone pathologies that manifest in the
first few years of life: multiple epiphyseal dysplasia, a short trunk to arm span ratio,
osteopenia, and bone demineralization (165). The most common feature of WRS
is neonatal diabetes followed by then skeletal dysplasia and liver failure but other
clinical findings may include developmental delay, mental retardation, renal
dysfunction, cardiac abnormalities, exocrine pancreatic dysfunction, and
neutropenia resulting in frequent infections (166). The appearance and severity of
these additional clinical findings is highly variable even among patients with the
same mutation or within the same kindred (167). This suggests that the clinical
features of EIF2AK3 mutations are susceptible to environmental factors and/or
modifier genes. In this study we describe individuals without a history of
consanguinity found to have mutations in EIF2AK3 resulting in NDM.
4.3.2 Research Design/Methods
Patients with permanent NDM without an established genetic aetiology were
identified through the Monogenic Diabetes Registry
(http://monogenicdiabetes.uchicago.edu). Twenty-six probands diagnosed with
diabetes at less than six months of age without a reported history of consanguinity
were studied. Genomic DNA was extracted from peripheral leukocytes or saliva
using standard methods. Initial genetic testing for mutations in the KCNJ11, INS
and ABCC8 genes did not provide a cause of diabetes. Sixteen children had
testing using a targeted panel for selective enrichment of a set of 36 genes known
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to play a role in monogenic diabetes (86). Ten children had whole exome
sequencing carried out using standard methods.
Supervising clinicians of children found to have deleterious EIF2AK3 mutations
were advised by Monogenic Diabetes Registry to perform basic biochemical,
haematological and radiographical investigations. Clinicians are also advised to
perform serial assessments of both renal and liver function and further skeletal
imaging if clinical indicated. All variants found were confirmed by Sanger
sequencing and testing was offered to all immediate family members. All subjects
were consented for participation through protocols approved by the Institutional
Review Board at the University of Chicago.
4.3.3 Results
Three probands were identified with homozygous deleterious mutations within
EIF2AK3: p.Gln920*, p.Pro683Hisfs, and p.Ile422Asnfs (2 through WES and 1
through NGS panel). The first subject had a nonsense mutation that changed
amino acid 920, glutamine, to a stop codon. The second and third subjects had
frameshift mutations. None of these mutations have been previously reported.
Sanger sequencing of family members confirmed the p.Ile422Asnfs mutation in a
male sibling.
None of the four children affected had skeletal deformities, epiphyseal dysplasia,
hepatic complications, or reported consanguinity at the time of diagnosis of
diabetes. All were born full-term. Patient UC0365A was reported at the fifth centile
for height, but had been consistently at this level since birth. His parents also later
reported mild speech delay. Patient UC0194A, one of the two affected siblings,
reported delays in speech and motor skills, but with therapy was able to participate
in normal educational activities and sports.
Patient UC0194A died at 5 years from an unrelated cause as a result of E. coli
septicaemia following a diarrheal illness. Patient UC0194A had been well with no
medical problems prior to this illness and neutropenia was not reported. His
affected sibling (Patient UC0194D) is currently age 5 years with minor speech
delays, but no other medical problems besides diabetes. Patient UC0054A has no
reported medical problems aside from diabetes at age 8. Each patient’s clinical
information is summarized in Table 1.
!
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4.3.4 Discussion
EIF2AK3 mutations have been associated with significant bone and liver
pathology. Typical bone pathologies have been described previously as: multiple
epiphyseo-metaphyseal dysplasia, a short trunk to arm span ratio and bone
demineralization (165,166,168). Hepatic dysfunction in WRS manifests as
recurrent acute episodes of cytolysis, with or without cholestasis. These episodes
usually remit spontaneously, and their severity is variable but they have been
associated with multi-organ failure and death. Chronic liver dysfunction may result
in older patients (166). Our patients were found to be devoid of skeletal
manifestations and other pathologies associated with WRS when reviewed at ages
that typical WRS liver and bone pathologies have been described. The cases
presented here confirm and expand upon the variability of the disease previously
reported (167).
WRS patients have been reported to develop recurrent hypoglycaemic episodes,
most likely as a consequence of liver dysfunction, with impaired gluconeogenesis
(169). Though the severity of liver dysfunction can be variable, knowing what to
expect in a patient with WRS is important. We would suggest liver function should
be closely monitored all those with EIF2AK3-related diabetes patients with isolated
neonatal diabetes without known cause. The prognostic implications are uncertain
but the risk of hepatic failure may be lower in children with a milder phenotype.
The typical features of WRS syndrome previously described with a constellation of
symptoms relating to the bone and liver may not always be present (170).
Although the established phenotype of EIF2AK3 includes these features, it may
not be required to obtain a genetic diagnosis. In some patients, some of the
clinical manifestations may be missing due to the young age of the patient, and
death may occur before the full diagnosis of WRS is performed (166). Global
developmental delay and pachygryia have been attributed to EIF2AK3 mutations
but are also seen with increased frequency in children born to consanguineous
parents (171,172). It is uncertain if the mild speech and motor delays noted in 3 of
the children in our cohort were due solely to the EIF2AK3 mutations.
Consanguineous marriages are uncommon in Western Europe and North
America, whereas in many other parts of the world consanguineous marriage
predominates (173,174). Parents may not be as forthcoming with their family
!
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history in countries where consanguineous mating is illegal and socially
unacceptable. A history of consanguinity may be unknown, not sought or not
reported (175). Therefore, we cannot always rely on family history to raise
suspicion for autosomal recessive causes of neonatal diabetes. Genetic diagnosis
for this syndrome is generally performed only after the full clinical picture develops
or in family with known or suspected consanguinity (165,167). It is important to
recognise the need for early genetic testing when diabetes presents in isolation in
any child. This study highlights the benefits of next-generation sequencing
technologies which allow clinicians to examine a large array of genes
simultaneously negating reliance on variable supporting clinical features
(86,158,159).
4.3.5 Conclusions
We report four subjects with three novel mutations, whose presentation is unlike
that previously described in WRS. Homozygous EIF2AK3 mutations can present
with diabetes without development of epiphyseal dysplasia or other cardinal
features associated with WRS (170). EIF2AK3 mutations should be considered in
children with neonatal diabetes, with or without the other features of WRS and
irrespective of reported parental relatedness.
* This study (4.3) has not yet been published. I acquired the clinical data and
drafted the manuscript. Siri Atma Greeley designed and supervised the study.
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Table 4.3.1 Clinical characteristics of subjects with EIF2AK3 mutations.
Patient
UC0365A
UC0054A
UC0194A
UC0194D
Sex
Male
Male
Male
Female
Ethnicity
Hispanic
Hispanic
Asian
Asian
EIF2AK3
p.Q920*
p.Pro683Hisfs p.Ile422Asnfs p.Ile422Asnfs
mutation
Age at genetic
3
6
4
2
diagnosis (yrs)
Current age
3
8
Deceased,
5
(yrs)
aged 5
Age at diabetes 13
22
12
6
diagnosis (wks)
Gestational age 39
40
38
41
(wks)
Birth weight
2650
2920
3010
3075
(gms)
Height (%ile)
Below 5th
Below 5th
Below 5th
25th Centile
Bone features
None
None clinically None
None
(e.g. skeletal
clinically
clinically
clinically
dysplasia)
Shallow
acetabula
and small
proximal
femoral
epiphysis
Hepatic features None known None known
None known None known
Other medical
Seizures in
None
Minor speech Minor speech
problems
infancy. Mild
and motor
delay
speech
delays
delay.
Vitamin D
deficiency in
infancy

!
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Diagnostic and Treatment Options in Monogenic Diabetes
I sought to examine the current diagnostic and treatment algorithms used in
monogenic diabetes. I also aimed to demonstrate the wide clinical variability, the
benefit of early diagnosis and potential use of alternative therapies in patients with
monogenic diabetes. I chose to study a gene panel-based Next-Generation
sequencing approach and examine and challenge the current treatment used in
neonatal forms of diabetes.

5.1 The Clinical and Diagnostic Utility of a Gene Panel-Based Next-Generation
Sequencing Approach in Monogenic Diabetes
5.1.1 Introduction
Monogenic diabetes mellitus includes a heterogeneous group of diabetes types
that are caused by mutations in one of an expanding list of genes (5). Inheritance
may be autosomal dominant, autosomal recessive, X-linked, maternally inherited
or mutations may be de novo. It is estimated that the monogenic forms of diabetes
together could represent as much as 1–2% of all cases of diabetes mellitus (2).
The main phenotypes suggestive of an underlying monogenic cause include
transient or permanent neonatal diabetes mellitus (TNDM or PNDM), maturityonset diabetes of the young (MODY) and rare diabetes-associated syndromes.
More than twenty genes highly expressed in the pancreatic beta-cell have been
identified in these monogenic subtypes, and many other genes have been
implicated in syndromes that often include diabetes. Several mechanisms of
dysfunction are involved including impairment of pancreatic beta-cell development
and/or gene expression, failure of glucose sensing, disruption of insulin synthesis,
disorders of ion channels and increased endoplasmic reticulum stress leading to
destruction of the beta-cell (4).
It is likely that the majority of patients with monogenic diabetes go unrecognised
(7) and continue to be misdiagnosed as type 1 or type 2 diabetes (176). In addition
to elucidating the aetiology of the patient’s diabetes and explaining other
associated clinical features, establishing the underlying monogenic cause can
provide important prognostic and therapeutic information. Attention has recently
focused on the most common forms of PNDM caused by heterozygous activating
mutations in the KCNJ11 and ABCC8 genes, which encode the protein subunits
!
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(Kir6.2 and SUR1) of the ATP-sensitive potassium (KATP) channel (53,65,177).
The majority of patients with KATP channel mutations may be treated successfully
with oral sulphonylureas alone in lieu of multiple daily insulin injections. This
transition results in improved glycaemic control and supports a crucial role for
genetic testing in all NDM patients (134,178). In addition, HNF1A and HNF4A
mutations cause forms of MODY that are often sensitive to low-dose
sulphonylurea therapy (23,24), while heterozygous mutations in the GCK gene
generally lead to a mild fasting hyperglycaemia that seldom needs treatment and
is not associated with significant complications (16,179). Thus, uncovering a
genetic basis by making an accurate molecular diagnosis is extremely important
for optimal treatment of these patients and may lead to dramatic improvement in
their quality of life. Moreover, once a mutation is established, at-risk family
members can be screened and predictive genetic testing can be offered to
relatives after appropriate genetic counseling. As monogenic diabetes is a
genetically heterogeneous group of disorders, the ability to use next-generation
sequencing (NGS) technology to sequence several genes simultaneously is a
potentially cost-effective means of increasing the rate of molecular diagnosis in
affected probands (158,159). In this study, we describe the development of the
first panel-based NGS assay for monogenic diabetes available in the United
States.
5.1.2 Methods
A total of 95 families were chosen through the University of Chicago Monogenic
Diabetes Registry to examine the utility of a panel-based next-generation
sequencing approach: 19 with known mutations and 76 with a clinically suggestive
phenotype but no known genetic aetiology.
The monogenic diabetes panel included the most common genes causing
NDM/MODY (ABCC8, GCK, HNF1A, HNF4A, HNF1B, INS, KCNJ11), genes
involved in less common known causes of NDM/MODY and congenital
hyperinsulinism (AKT2, BLK, CEL, CISD2, CP, EIF2AK3, FOXP3, GATA6, GLIS3,
GLUD1, HADH, KLF11, IER3IP1, INSR, NEUROD1, NEUROG3, PAX4, PDX1,
PTF1A, RFX6, SLC2A2, TBC1D4, WFS1, ZFP57) and genes involved in
extremely rare syndromic forms of diabetes mellitus (ALMS1, DCAF17, SLC19A2,
SLC29A3, PAX6) (Table 5.1.1). Only genes that had been proven to cause
disease were included in the panel.
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5.1.3 Results
A total of 372 exons in 36 genes were enriched using the HaloPlex technology and
sequenced with Illumina NGS. A mean depth of sequencing coverage >1000x was
observed and 99.3 ± 0.16 % of the targeted regions were successfully sequenced
with a depth of coverage >15x. All 20 pathogenic sequence changes were
identified in the 19 positive control samples. These included 14 base substitutions,
two-base duplications and four deletions ranging from 1 to 10 bases (Table 5.1.2).
352 of the 372 exons were fully sequenced in all samples, 11 exons in more than
half of the samples and 9 exons (in the ALMS1, CEL, CISD2, EIF2AK3, HNF4A
and PTF1A genes) were poorly sequenced in all positive control samples (Table
5.1.3).
Among the 76 patients with either neonatal diabetes or a MODY phenotype but
without an established genetic aetiology, a molecular genetic diagnosis was
obtained for 19 (25%) patients (Figure 5.1.1) 26 (46%) of 57 patients whose
sequencing did not reveal a mutation had been previously analyzed for some of
the more commonly seen forms of monogenic diabetes (Table 5.1.4). Among 32
patients with NDM a causative mutation was identified in 7 cases (22%) (Table
5.1.5 patients 20-26). The majority of the mutations identified in this study had
previously been reported. Examples include: the most common mutation in the
KCNJ11 gene c.602G>A (p.Arg201His) which causes oral sulphonylurearesponsive NDM (180), in a 41 year old female (Table 5.1.5, patient 20) diagnosed
with NDM at 6 months of age; the INS c.94G>A, p.Gly32Ser, mutation (11) in a 60
year old female (Table 5.1.5, patient 21) diagnosed at 9 months of age; the c.18831G>A sequence change in the INS gene (91) previously reported to affect proper
splicing of exon 2 in the INS gene identified in a patient with NDM diagnosed at 10
months of age (Table 5.1.5, patient 22). A novel, likely pathogenic c.204G>C
(p.Trp68Cys) change in the KCNJ11 gene was identified in a patient with NDM
(Table 5.1.5, patient 23) in the de-novo state. This sequence change affects a
highly conserved amino acid residue located in a functional domain of the Kir6.2
protein and it is predicted to be damaging by in-silico prediction tools (SIFT,
Polyphen-2). A different nucleotide change c.202T>C affecting the same codon
but resulting in a different amino acid substitution, p.Trp68Arg, has been
previously reported and functional studies demonstrated that like other NDM
mutations, it prevents channel closure and insulin secretion (181).
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Several atypical NDM cases were also identified. A 27 year old white male
presented with diabetic ketoacidosis at 6 months of age, with no family history of
diabetes, was found to be a carrier of two ABCC8 sequence changes (c.39899G>A and c.4174T>G) (Table 5.1.5, patient 24), which have been reported as
recessively inherited in patients with congenital hyperinsulinism (182,183). His
birth weight was 2722g at term and he is currently treated with 0.55units/kg/day of
insulin. Parents were not available to determine whether these sequence changes
were in cis or in trans in the patient. A novel truncating mutation in homozygous
state, c.2758C>T (p.Gln920*), in the EIF2AK3 gene was identified in a 3 year old
male with PNDM since 3 months of age (Table 5.1.5, patient 25). Mutations in the
EIF2AK3 gene have been associated with Wolcott-Rallison syndrome (WRS). This
patient had previously been extensively tested only for the more common
monogenic causes of NDM as there was no reported features suggestive of WRS
such as consanguinity, delayed growth, abnormal bone development, or hepatic
complications. Similarly, a rare case of a homozygous inactivating GCK mutation,
c.706G>A, p.Glu236Lys, was identified in a patient (Table 5.1.5, patient 26) with
NDM diagnosed at birth. This mutation had been previously reported in the
heterozygous state in two independent MODY2 families (149). The patient’s
parents were not known to be related or have diabetes. Both parents are
heterozygous for the mutation and are reported to have mild fasting
hyperglycaemia while the paternal grandfather was diagnosed with diabetes at 40
years of age. The family are from rural Mexico and the proband’s older sibling had
marked hyperglycaemia and died from presumed diabetic ketoacidosis in infancy.
Pathogenic sequence changes were found in 12 out of 44 patients with a MODY
phenotype (27%) (Table 5.1.5, patients 27-38). For all these patients the mutated
gene had not been analyzed previously. Two patients harbored missense
mutations in HNF1A that were previously reported in patients with MODY3
(121,184); the c.586A>G (p.Thr196Ala) identified in a 3 year old male patient with
“prediabetes” (Table 5.1.5, patient 28) was also found in his 12 year old brother
with a similar glucose pattern. Mutations in GCK were identified in 10/44 cases
with a MODY phenotype (23%) (Table 5.1.5, patients 29-38); 4 of the GCK
variants identified have not been described previously. The c.689G>A
(p.Cys230Tyr) variant affects a conserved amino acid residue located in a
functional domain of the glucokinase protein where other pathogenic missense
sequence changes have been described and it is predicted to be damaging by insilico prediction tools (SIFT, Polyphen-2). Of 10 probands identified with
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heterozygous GCK mutations, 8 had at least a three-generation linear history of
hyperglycaemia. Comprehensive family screening has begun and to date and 5
relatives have been confirmed to carry a heterozygous GCK mutation.
5.1.4 Discussion
Because monogenic diabetes is a genetically heterogeneous group of disorders,
selection of appropriate gene(s) to test is challenging when based solely on clinical
grounds. Pathogenic variants within several genes can present with a similar
phenotypic characteristics, while other features that are more gene specific may
not yet have manifested at the time of initial presentation with hyperglycaemia.
Despite these challenges, confirming a molecular diagnosis can be greatly
beneficial, especially for patients who can have their medical management
significantly changed based on an understanding of the underlying molecular
defect causing their diabetes (Table 5.1.5). Even in cases where drug therapy
remains unchanged, patients and families can benefit from having more specific
information about their diagnosis, such as the predicted clinical course and familial
risk, and receive genetic counseling.
Variable awareness of monogenic diabetes and unequal access to genetic testing
are potential reasons that the majority of those with monogenic diabetes go
unrecognised (7). Currently available genetic testing for the most common forms
of MODY and NDM is primarily based on Sanger sequencing of multiple genes in
a sequential manner, which is time consuming and potentially costly, and limits the
diagnosis to a few selected genes. Targeted single gene Sanger sequencing
remains the least costly option in cases with gene specific clinical features. If the
first round of single gene sequencing is negative, the cost of sequencing the other
genes may preclude further testing. Furthermore, the choice of genes to be tested
using this approach depends on the availability of reliable and comprehensive
phenotypic information and a detailed family history. We identified a mutation in
EIF2AK3 in a neonatal patient who did not yet exhibit epiphyseal dysplasia and
other characteristic features associated with Wolcott Rallison syndrome at the time
of diabetes diagnosis. We also found a rare homozygous mutation in GCK a
patient with diabetes diagnosed at birth for whom consanguinity was not reported.
These two examples demonstrate some limitations of the candidate gene
approach in that the diagnosis of some forms of monogenic diabetes is not always
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clear-cut and may be complicated by incomplete or absent clinical and/or family
history information.
The exponential growth in the fields of high-throughput capture and NGS has
made this approach among the most promising and economic techniques to
identify causative mutations in genetically heterogeneous diseases (185-187). In
this study, we describe a targeted NGS assay for the molecular diagnosis of
monogenic forms of diabetes. In total, 36 genes were simultaneously sequenced
with deep coverage. A genetic diagnosis was obtained for 19/76 (25%) patients in
whom testing had been limited to a subset of genes or had not yet been
performed. Among 32 patients with neonatal diabetes a causative mutation was
identified in 7 cases (22%). For the 3 patients with KATP channel mutations, the
test results are likely to allow them to be effectively managed with sulphonylurea
therapy instead of insulin injections.
A causative mutation was identified in 12 of 44 (27%) patients with a MODY
phenotype. Heterozygous inactivating GCK mutations result in mild elevations in
serum glucose levels with fasting serum glucose typically ranging from 100-144
mg/dL (5.5 – 8 mmol/L) (149). There is minimal deterioration of glycaemic control
over time and diabetes-related complications are rare, making drug therapy
unnecessary for most individuals (15,188). Those with HNF1A-MODY often exhibit
a marked sensitivity to oral sulphonylurea agents, which is the established first-line
therapy that results in equal or improved control as compared to insulin therapy
(23). Our data demonstrates that diagnosing an individual with MODY often allows
multiple members within a family to be screened with 5 relatives to date found to
have a MODY gene mutation.
In 75% of patients selected for testing, a genetic cause was not identified (Table
5.1.4). There is significant clinical overlap between monogenic diabetes and the
more common forms of diabetes but there are several other possible explanations
for this finding. Patients may harbor mutations in intronic or regulatory regions, or
large copy number alterations that are not covered by our method. The cause of
diabetes in some patients may be a mutation in a more recently described gene
not included in this current panel design. Another possibility is that these patients
have a hitherto unknown gene causing diabetes. Indeed, an alternative approach
would be to perform whole exome sequencing (WES) in lieu of testing specific
!
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genes in patients with suspected forms of monogenic diabetes, as recently
proposed (57,189). Johansson et al. performed WES in nine patients with
suspected MODY. They analyzed a pre-defined set of 111 genes implicated in
glucose metabolism and identified three pathogenic variants leading to a genetic
diagnosis in three patients in the ABCC8, HNF4A and PPARG genes (189).
Bonnefond et al. carried out WES in a patient with NDM and identified a novel de
novo mutation in the ABCC8 gene (57). While the use of WES and whole-genome
sequencing (WGS) and their implementation as a diagnostic tool is exciting, those
pathogenic sequence changes would have been identified with a gene-based NGS
panel approach at a lower cost and at a higher sensitivity and specificity due to
more adequate sequence coverage of the genes of interest. Indeed, coverage of
the genes that are known to be associated with the phenotype or disease of
interest in both WES and WGS is currently not comparable to the coverage
achieved with the gene-based NGS panel approach. WES and WGS also target a
much wider genomic area than panel-based targeted NGS and produce larger
amounts of sequence data to reach comparable per base coverage values.
Furthermore, due to their broader hypothesis-free approach, WES and WGS
provide a significantly larger number of variants of unknown clinical significance
(VOUS), so more detailed phenotypic information is needed to assist the
laboratory in analyzing and interpreting the results of testing. In addition to a larger
number of VOUS, WES and WGS may uncover genetic predisposition to
previously undiagnosed medical or psychiatric conditions that are unrelated to the
condition for which the patient is being assessed. Thus, one needs to carefully
consider the impact of incidental findings in genes known to cause diseases other
than the disease that prompted the initial genetic test. Consenting patients for
potential incidental findings with uncertain implications raises a number of ethical
and regulatory issues (190,191). A NGS panel approach can significantly reduce
these concerns reserving WES for cases with a high clinical suspicion for a
monogenic cause of diabetes but in which disease-targeted panel NGS testing has
not demonstrated evidence for a genetic aetiology.
The flexibility of our targeted strategy coupled with NGS allows for continued
refinement. We have recently changed the enrichment method to SureSelect
(Agilent Technologies) and obtained 100% coverage of the targeted regions with a
depth coverage >15x. The m.3243 region of the mitochondrial genome (where the
m.3243A>G mutation causes Maternally Inherited Diabetes and Deafness or
!
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MIDD) (192) was not tested due to the complexity of simultaneously
capturing/sequencing nuclear as well as mitochondrial loci. Because the
mitochondrial copy number is many times greater than the nuclear copy number
(and the rates of capture and sequencing are proportional), true mitochondrial
genome reads will grossly outnumber those observed for nuclear loci thus
significantly reducing their coverage. This is a propriety of the design and can be
altered easily—for example by reducing the density and the replication of RNA
baits targeting the mitochondrial genome (193). We are currently in the process of
optimizing the assay to include the m.3243A>G mutation in the next iteration of
this panel. In addition, recently described genes will be added to the panel — the
UCP2 and SLC16A1 genes associated with congenital hyperinsulinism (194-196)
and exercise-induced hyperinsulinism respectively (197), as well as the NKX2-2
and MNX1 genes recently associated with NDM (198).
Future directions will include the evaluation of algorithms for the detection of copy
number alterations (large intragenic deletions or duplications) using NGS data.
In summary we developed the most comprehensive monogenic diabetes panel
now available in the United States and demonstrated the effectiveness of multigene panel analysis in identifying an accurate genetic diagnosis in patients with
monogenic forms of diabetes and ultimately guiding appropriate pharmacotherapy.
Moreover, this approach allowed rapid diagnosis in those atypical cases that may
have been missed using a candidate gene base strategy in addition to expanding
established gene and mutation specific phenotypes.
5.1.5 Conclusions
Our focused approach utilizing a targeted gene panel for monogenic diabetes
exploits the improved testing speed and falling cost of NGS technology without
many of the difficulties associated with WES and WGS (e.g. informed consent,
cost, lower sensitivity and specificity, incidental findings, reporting obligations).
This demonstrates how NGS technology can be leveraged to improve genetic
testing for monogenic diabetes, which because of frequent resulting alterations in
treatment has been shown to be cost effective or even cost saving (151,199).
* Much of this section (5.1) is derived from a paper in Molecular Genetics and
Metabolism (PMID 25306193) that Gorka Alkorta-Aranburu and I co-authored
(joint first authors). Gorka Alkorta-Aranburu designed the primers and performed
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the genetic testing. I selected the subjects, acquired and collated the clinical data.
Gorka Alkorta-Aranburu (Genetic Services Laboratories, University of Chicago)
and I examined the variants identified and drafted the manuscript. Daniela del
Gaudio (Co-Director, Molecular Diagnostic Laboratory, University of Chicago) and
Siri Atma Greeley chose the genes to include in the panel and supervised the
study.
Table 5.1.1 NDM/MODY panel genes and conditions.
HIHGHH: hypoinsulinemic hypoglycaemia with hemihypertrophy; ALMS: Alstrom
syndrome; WFS2: Wolfram syndrome-2; WRS: Wolcott Rallison Syndrome, WSS:
Woodhouse-Sakati syndrome; IPEX: Immunodysregulation, polyendocrinopathy
and enteropathy, X-linked; sNDM: syndromic neonatal diabetes; HHF:
hyperinsulinemic hypoglycaemia, familial; PACHD: pancreatic agenesis and
congenital heart defects; NDHS: neonatal diabetes mellitus and congenital
hypothyroidism; MEDS: Microcephaly, epilepsy and diabetes syndrome; PACA:
NDM with pancreatic and with cerebellar agenesis; MFS: neonatal diabetes with
pancreatic hypoplasia, intestinal atresia and gallbladder aplasia or hypoplasia AKA
Martinez-Frias syndrome; TRMA: Thiamine-responsive megaloblastic anemia
syndrome; PHID: Histiocytosis-lymphadenopathy plus syndrome; FBS: FanconiBieckel syndrome; IRDM: insulin-resistant DM; WFS1: Wolfram syndrome-1.
aMode of inheritance: S, spontaneous; AD, autosomal dominant, AR, autosomal
recessive.
Gene
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Associated Clinical
Syndrome

RefSeq

Inheritance

ABCC8

NDM/MODY12/HHF1

NM_000352.3

(S or AD)/AD/ AR

AKT2

HIHGHH

NM_001626.3

AD

ALMS1

ALMS

NM_015120.4

AR

BLK

MODY11

NM_001715.2

AD

CEL

MODY8

NM_001807.3

AD

CISD2

WFS2

NM_001008388.4 AR

CP

Aceruloplasminemia

NM_000096.3

AR

DCAF17

WSS

NM_025000.3

AR

EIF2AK3

NDM/WRS

NM_004836.5

AR

FOXP3

NDM/IPEX

NM_014009.3

X-linked

GATA6

sNDM (PACHD)

NM_005257.3

AR

GCK

NDM/MODY2/HHF3

NM_000162

AR/AD/AD
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GLIS3

sNDM (NDHS)

NM_152629.3

AR

GLUD1

HHF6

NM_005271.3

AD

HADH

HHF4

NM_005327.4

AR

HNF1A

MODY3

NM_000545.5

AD

HNF1B

MODY5/sNDM

NM_000458.2

AD/ (S or AD)

HNF4A

MODY1

NM_000457

AD

IER3IP1

sNDM (MEDS)

NM_016097.3

AR

INS

NDM/MODY10

NM_000207.2

(S, AD or AR) AD

INSR

HHF5

NM_000208

AD

KCNJ11

NDM/MODY13/HHF2

NM_000525

KLF11

MODY7

NM_003597.4

AD

NEUROD1 MODY6/sNDM

NM_002500.3

AD/AR

NEUROG3 sNDM

NM_020999.3

AR

PAX4

MODY9

NM_020999.3

AD

PAX6

sNDM

NM_000280.3

AR

PDX1

NDM/MODY4

NM_000209.3

AR/AD

PTF1A

sNDM (PACA)

NM_178161.2

AR

RFX6

sNDM (MFS)

NM_173560

AR

SLC19A2

TRMA

NM_006996.2

AR

SLC29A3

PHID

NM_018344.5

AR

SLC2A2

FBS

NM_000340.1

AR

TBC1D4

IRDM

NM_014832.2

AD

WFS1

WFS1

NM_006005.3

AR

ZFP57

TNDM

NM_001109809.2 AR
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Table 5.1.2 Subjects with known mutations.
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Patient

Sex

Gene

Nucleotide

Amino Acid

Zygosity

1

M

ABCC8

c.3440T>G,

p.Leu1147Arg,

HET;

c.4135C>T

p.Arg1379Cys

HET

2

M

EIF2AK3

c.1267dup

p.Ile423Asnfs*26

HOMO

3

M

GATA6

c.1088_1098del

p.Gln363Argfs*96

HET

4

F

KCNJ11

c.602G>A

p.Arg201His

HET

5

F

KCNJ11

c.5T>C

p.Leu2Pro

HET

6

M

RFX6

c.779A>C

p.Lys260Thr

HOMO

7

F

FOXP3

c.1044+5G>A

p.?

HET

8

M

FOXP3

c.340C>T

p.Arg114Trp

HEMI

9

M

FOXP3

c.1227_1235del

p.Asp409_Leu411del

HOMO

10

M

GCK

c.449T>A

p.Phe150Tyr

HET

11

F

GCK

c.617C>T

p.Thr206Met

HET

12

M

GCK

c.766G>A

p.Glu256Lys

HET

13

M

HNF1A

c.476G>A

p.Arg159Gln

HET

14

M

HNF1A

c.872dup

p.Gly292Argfs*25

HET

15

F

HNF1A

c.862G>T

p.Gly288Trp

HET

16

F

HNF1A

c.872del

p.Pro291Glnfs*51

HET

17

M

HNF4A

c.416C>T

p.Arg134Gln

HET

18

F

INSR

c.1268+2T>C

p.?

HOM

19

M

PDX1

c.188del

p.Pro63Argfs*60

HET
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Figure 5.1.1 Summary of unknown samples analyzed and results
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Table 5.1.3 Exonic regions of low coverage (depth <15x).
Gene-Exon

!

Patient (number of bases with <15x)

Exon length (bp,
base pairs)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

ALMS1-10

1906

31

34

34

34

34

31

34

31

34

48

34

34

34

31

34

34

31

31

34

ALMS1-16

1204

0

0

0

0

0

0

0

47

0

0

40

0

0

0

0

0

0

48

0

ALMS1-8

6146

0

2

2

2

2

2

2

2

2

0

2

2

2

2

2

2

2

2

2

CEL-1

116

116

116

116

116

116

116

116

116

116

116

116

116

116

116

116

116

116

116

116

CEL-11

819

63

17

63

196

150

80

66

162

178

14

0

114

168

196

177

178

96

96

33

CEL-5

172

0

0

0

0

0

0

0

0

0

30

0

0

0

0

0

0

0

0

0

CEL-9

245

181

181

180

181

180

172

150

166

181

161

154

181

181

181

181

181

153

181

157

CISD2-3

131

102

102

102

102

131

102

102

102

102

102

102

102

131

102

131

102

102

102

102

EIF2AK3-8

164

2

2

0

2

2

2

0

2

2

2

2

2

2

2

2

2

2

2

2

EIF2AK3-9

262

0

0

0

2

2

0

0

0

0

0

0

2

2

0

2

0

0

0

0

FOXP3-9

192

39

0

0

0

0

0

0

0

0

0

39

0

0

0

0

0

0

0

0

GATA6-2

1176

0

0

0

174

0

29

0

0

29

227

0

33

50

0

0

33

0

0

0

GLUD1-1

486

0

0

0

0

0

0

0

0

0

0

14

0

0

0

0

0

0

0

0

HNF4A-7

197

0

12

0

12

12

12

7

12

12

12

2

12

12

12

12

12

12

12

12

INSR-9

209

0

0

0

0

0

0

0

14

0

14

0

0

0

0

0

0

0

0

14

KLF11-1

83

0

0

0

0

0

0

0

0

0

19

0

0

0

0

0

0

0

0

0

PAX6-13

127

0

0

0

25

0

0

0

0

25

0

0

25

25

0

25

0

0

0

0

PDX1-2

487

0

0

0

9

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

PTF1A-1

825

5

5

2

122

5

2

5

5

5

0

6

5

9

5

0

61

5

5

2

RFX6-1

264

0

0

0

11

0

0

0

11

0

0

11

0

4

0

0

11

0

0

11
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Table 5.1.4 Summary of the 57 patients with no identified monogenic aetiology.
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F
M
M
M
M
F
F
M
M
M

Raceethnicity
W
W
W
W
AAm
W
W
W
AS
M

Age at
Diagnosis
6 months
7 weeks
7 months
Birth
7 months
5 months
6 months
8 months
2 months
5 months

11

F

W

12
13
14
15
16
17
18
19
39
40
41
42
43

F
M
F
F
M
M
M
M
F
M
F
F
M

H
Unk
W
W
W
W
W
W
W
W
W
W
W

Patient

Sex

1
2
3
4
5
6
7
8
9
10

Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin

Generations with
Hyperglycaemia
1
1
1
2
1
1
2
2
1
1

10 years

Insulin

2

1.5 months
3 months
13 years
14 years
16 years
33 years
25 years
4 years
20 years
7 months
1 year
4 years
2 months

Insulin
Insulin
Insulin
Insulin
Insulin
Diet
Insulin
Diet
Insulin
Insulin
Insulin
Insulin
Insulin

1
1
3
2
3
3
1
2
3
1
1
1
2

Drug therapy
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Previous Sanger Sequencing
KCNJ11, INS, ABCC8
KCNJ11, INS, ABCC8, FOXP3
KCNJ11, INS, ABCC8, FOXP3
KCNJ11, INS, ABCC8, PDX1, GCK
KCNJ11, INS, ABCC8
KCNJ11, INS, ABCC8
KCNJ11, INS, ABCC8
INS, KCNJ11, ABCC8
KCNJ11, INS, ABCC8, FOXP3
KCNJ11, INS, ABCC8,
KCNJ11, INS, ABCC8, HNF1A, HNF4A, HNF1B,
PDX1, GCK
KCNJ11, INS, ABCC8, PDX1
KCNJ11, INS, ABCC8, FOXP3
HNF1A, HNF4A, HNF1B, ABCC8, INS
HNF1A, HNF4A, HNF1B
ABCC8, HNF1A, HNF4A, HNF1B, INS
None
None
ABCC8, HNF1A, HNF4A, HNF1B
HNF1A
None
HNF1A, HNF4A
None
KCNJ11, INS, ABCC8, PDX1

44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
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M
F
M
M
M
F
M
M
M
M
F
M
M
F
F
M
M
F
F
M
F
F
F
F
M
F
F
F

W
AAm
W
W
Unk
W
H
W
H
W
AAm
AAm
W
W
AAm
W
W
W
W
W
H
W
W
H
W
W
W
AAm

2 years
6 months
13 years
28 years
16 years
19 years
24 years
20 years
2 years
6 months
8 years
5 months
30 years
8 months
15 years
31 years
34 years
32 years
10 years
10 years
16 years
4 months
33 years
Birth
Birth
8 months
11 years
12 years

Diet
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Metformin
Insulin
Sulphonylurea
Insulin
Insulin
Diet
Metformin/ Sitagliptin
Diet
Insulin
Insulin
Insulin/ Metformin
Insulin
Metformin/ Sitagliptin
Insulin
Insulin
Insulin
Metformin/ Sitagliptin
Insulin/ Sulphonylurea/

4
1
2
2
2
1
2
1
1
1
1
3
2
1
3
3
3
2
3
1
4
2
5
1
1
1
3
3

112

HNF1A, HNF4A
KCNJ11, INS, ABCC8
None
None
None
ABCC8, HNF1A, HNF4A, HNF1B
HNF1A, HNF4A, HNF1B
None
KCNJ11, INS, ABCC8
KCNJ11, INS, ABCC8
None
KCNJ11, INS, ABCC8, PDX1, GCK
None
None
None
None
None
None
None
None
None
ABCC8, INS, KCNJ11
None
None
KCNJ11, INS, ABCC8, FOXP3
None
None
None

72
73
74
75
76

M
F
M
F
M

W
W
W
AS
H

22 years
19 years
5 months
26 years
0.5 month

Metformin
Insulin/ Sulfonlyurea
Insulin
Insulin
Sulphonylurea
Insulin

3
3
2
3
1

AAm- African American, AS-Asian, H- Hispanic of any race, W- White, Unk- Unknown
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HNF1A, HNF4A
None
None
None
KCNJ11, INS, ABCC8

Table 5.1.5 Summary of the 19 pathogenic sequences identified in this study.
a
Genetic results may allow transition to more appropriate drug therapy or discontinuation of drug therapy
^ Novel to this study AAm- African American, AS-Asian, H- Hispanic of any race, W- White
† Previously screened for mutations within INS, KCNJ11, ABCC8 and the 6q24 locus.
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Patient

Sex
F

Raceethnicity
H

20
21

F

22

M

Gene

Nucleotide
Change
c.602G>A

Amino acid

Zygosity

KCNJ11

Reference
Sequence
NM_000525.3

HET

Age at
Diagnosis
6 months

Drug
therapy
Insulina

Generations with
Hyperglycaemia
1

p.Arg201His

W

INS

NM_000207.2

c.94G>A

p.Gly32Ser

HET

9 months

Insulin

1

W

INS

NM_000207.2

c.188-31G>A

p.?

HET

10 months

Insulin

1

a

1

23

F

AS

KCNJ11

NM_000525.3

c.204G>C^

p.Trp68Cys

HET

24

M

W

ABCC8

NM_000352.3

25†

M

H

EIF2AK3

NM_004836

c.3989-9G>A;
c.4174T>G
c.2758C>T^

p.?;
p.Phe1392Val
p.Gln920*

HET;
HET
HOMO

26

M

H

GCK

NM_000162.3

c.706G>A

p.Glu236Lys

HOMO

1.5
months
6 months

Insulin

Insulina

1

3 months

Insulin

1

Birth

Insulin

1

a

1

27

M

W

HNF1A

NM_000545.5

c.391C>T

p.Arg131Trp

HET

10 years

Insulin

28

M

W

HNF1A

NM_000545.5

c.586A>G

p.Thr196Ala

HET

3 years

None

3

29

F

W

GCK

NM_000162.3

c.863+1G>A^

p.?

HET

5 years

None

3

30

F

W

GCK

NM_000162.3

c.148del^

HET

11 years

Metformina

3

31

M

W

GCK

NM_000162.3

c.544G>A

p.His50Metfs*
6
p.Val182Met

HET

4 years

Insulina

1

32

M

W

GCK

NM_000162.3

c.616A>C

p.Thr260Pro

HET

17 years

None

3

33

M

W

GCK

NM_000162.3

c.626C>T

p.Thr209Met

HET

11 years

None

3

34

F

W

GCK

NM_000162.3

c.676G>A

p.Val226Met

HET

39 years

2

35

F

W

GCK

NM_000162.3

c.689G>A^

p.Cys230Tyr

HET

25 years

Metformin/
Sitagliptina
Metformin/
Sitagliptin/
Sulphonylur
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3

eaa
36

!

F

W

GCK

NM_000162.3

c.787T>C

37

M

H

GCK

NM_000162.3

c.1003del^

38

M

AAm

GCK

NM_000162.3

c.1112G>T

p.Ser263Pro
p.Val335Cysfs
*18
p.Cys371Phe
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HET

23 years

Metformina

3

a

4

HET

6 years

Metformin

HET

8 years

None

4

5.2 Sulphonylurea Treatment Before Genetic Testing in Neonatal Diabetes
5.2.1 Background
Persistent hyperglycaemia occurring at a very early age has long been termed
neonatal diabetes mellitus (NDM), although it is often diagnosed after the first few
weeks of life. Infants diagnosed within the first 6 months of life are especially likely
to have an underlying monogenic cause but a small fraction of those diagnosed at
later ages may also be found to have similar single gene mutations (41). Studies
of European populations provide incidence estimates of 1 in 90,000-160,000 live
births, representing approximately 0.2% of paediatric diabetes cases (41,130,131).
Approximately half of cases will have permanent NDM, while the remainder will be
transient (42). Autoimmune type 1 diabetes is unusual in infancy, so while NDM is
a rare condition, the yield from targeted genetic testing is high (43). Clinicians are
faced with an expanding list of over 20 identified genetic causes of NDM but many
of these are syndromic, with clinical clues that can direct genetic testing (5).
Although NDM was historically treated with insulin, studies over the last decade
have in many cases clarified the underlying molecular mechanism and pointed to
disease specific therapy.
Heterozygous mutations of the genes KCNJ11 and ABCC8 encoding the two
subunits of the ATP-sensitive (KATP) channel account for approximately 50% of
cases of permanent NDM (53,65,134). As KATP channel closure is a key step in
insulin secretion, diabetes in these patients results from inappropriate activation of
the channels which fail to close in response to the usual signal of rising plasma
glucose and the resulting rise in intracellular ATP (177,200). In most patients with
KATP-related diabetes, oral sulphonylurea therapy permits insulin secretion
through ATP-independent closure of overly active mutated channels
(53,54,134,201). A few other relatively common heterozygous causes include
mutations in the insulin gene (INS) itself, and GATA6 mutations causing
pancreatic agenesis (11,202). Insulin remains the mainstay of treatment for these
causes as well as the many other rare recessive causes, although in a few cases
sulphonylureas have been used with limited success (203).
Even accounting for the high cost of clinical genetic testing, transitioning neonatal
diabetes patients with KATP channel mutations to sulphonylurea therapy results in
significant cost savings due to improved glycaemic control, quality of life and
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decreased complications (199). Furthermore, our recent data has suggested that
early sulphonylurea treatment could ameliorate the neurodevelopmental disability
experienced by many of these patients (83).
Clinicians treating a baby recently diagnosed with neonatal diabetes are faced with
the question of whether to attempt treatment immediately with sulphonylurea or to
await approval for and completion of genetic testing. In this study we sought to
examine the practice of clinicians treating empirically treating infants with
sulphonylurea therapy. Following a retrospective review of data from the University
of Chicago Monogenic Diabetes Registry, we consider the potential benefits and
risks of a trial of sulphonylurea therapy before genetic testing results are available.
5.2.2 Patients and Methods
Subjects with diabetes diagnosed before one year of age consented for
participation through the University of Chicago Monogenic Diabetes Registry
(http://monogenicdiabetes.uchicago.edu/registry/) through which longitudinal
information regarding the diagnosis and treatment of diabetes, other medical
problems or complications, family history and genetic testing results, is collected
through surveys and medical records. All subjects were consented for participation
through protocols approved by the Institutional Review Board at the University of
Chicago.
Genetic testing was completed either commercially by the referring clinicians or
was performed on a research basis at the University of Chicago. DNA used for
research based testing was isolated from blood or saliva samples. Standard
Sanger methodology was used to sequence the protein-coding regions of
KCNJ11, ABCC8, INS and other genes causing NDM. Testing for 6q24-related
transient neonatal diabetes (6q24-TND) was performed either commercially or
through a research collaboration by the Wessex regional genetics laboratory, UK.
5.2.3 Results
We assessed 154 subjects within the Monogenic Diabetes Registry who were
diagnosed with diabetes by 6 months of age. 118 (77%), of those studied have
had an underlying monogenic cause identified. 95% of NDM subjects with KCNJ11
or ABCC8 mutations were found to have successfully achieved insulin
independence through sulphonylurea use. Since July 2006, the median time from
!

117

clinical diagnosis of NDM to a genetic test diagnosis (either research or clinical)
was 10.4 weeks (range 1.6 to 58.2 weeks).
We identified nine probands within the Monogenic Diabetes Registry who were
diagnosed with diabetes by 6 months of age and were given an empiric trial of
sulphonylurea (glyburide/glibenclamide in all cases) before genetic testing results
were available (Table 5.2.1). These attempts at treatment were performed in an
inpatient setting using published protocols while awaiting either commercial or
research genetic testing results (53). Six patients were successfully transitioned off
insulin therapy within 6 days of initiation of oral sulphonylurea, while two cases
continued to require supplemental insulin for 14 days and 11 days after glyburide
was started (UC0212 and UC0425, respectively). One case (UC0224) was given
increasing doses of glyburide for five days up to 1.0 mg/kg/day, at which point he
continued to require replacement dose of insulin and his C-peptide levels (as a
measure of endogenous insulin secretion) remained undetectable, so
sulphonylurea treatment was discontinued. Five patients who successfully
switched to sulphonylurea were subsequently found to have a mutation in KCNJ11
(p.Gly53Asp, p.Arg50Pro, p.Arg201His, and p.Arg201Cys) or ABCC8
(p.Val1523Met). Three patients were found to have chromosome 6q24-related
transient neonatal diabetes (6q24-TND) and all demonstrated the expected
remission of diabetes within weeks of diabetes diagnosis. Interestingly, they
exhibited a variable response to sulphonylurea: one case was able to stop insulin
injections within one day of glyburide initiation and continued on glyburide
monotherapy for 79 days until diabetes remission, whereas the other two cases
continued to require insulin for 14 days and 11 days after the glyburide was started
and diabetes remission occurred within 5 days and 10 days of insulin cessation.
The only proband for whom a genetic cause has yet to be revealed tested
negative for known gene causes and remains on exclusive insulin therapy. No
significant adverse effects of sulphonylurea therapy were reported in any of the
cases. Glyburide doses in those with 6q24-TND were gradually reduced and
discontinued by the supervising clinicians in response to mild hypoglycaemia.
5.2.4 Discussion
Genetic testing is mandatory in any case of neonatal diabetes as it informs
medical decision-making, familial recurrence risk, information on possible
associated clinical features, and long-term prognosis. Commercial testing is
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available for the most common gene causes of permanent neonatal diabetes and
some causes of transient neonatal diabetes. However, barriers to implementation
of universal genetic testing – at least in the United States – include the high cost
that leads to frequent denial of medical insurance coverage for genetic testing, as
well as lack of provider knowledge regarding the importance of testing and which
genes to test. We hypothesized that such factors might lead to delay of
sulphonylurea treatment in patients with potentially sulphonylurea-responsive
NDM. Indeed, the current study demonstrates that even since the recent genetic
discoveries in neonatal diabetes revealed the importance of genetic testing, there
is a median delay of 10.4 weeks from the time of diabetes diagnosis to genetic
diagnosis, with a range from 1.6 to 58.2 weeks. The inordinate delay seen in many
cases supports a consideration of attempting sulphonylurea therapy in newlydiagnosed neonatal diabetes cases. The current study reports on the outcome of
seven cases for whom clinicians implemented a clinical trial of glyburide before
genetic testing results were available. Five out of seven cases had a favorable
response to treatment and, importantly, the two cases without a clear response
appeared to suffer no ill effects from the treatment.
Sulphonylurea treatment in this setting is not without potential known or unknown
risks and the pros and cons should be weighed before considering an empiric trial
(Table 5.2.2). Sulphonylureas, like many other medicines, are not FDA approved
for use in young patients (particularly neonates), nor at the higher doses typically
required by those with KATP channel mutations (204). Despite this, the data to
date suggest that sulphonylurea use is well tolerated with few adverse events
(205,206) and is highly efficacious in that glycaemic control improves dramatically
after switch to sulphonylureas in responsive cases of NDM (53). To our
knowledge, no severe adverse events have been reported in the use of
sulphonylureas in NDM. Gastrointestinal side effects are commonly reported in
older patients (207). These symptoms were not reported in the current series,
perhaps because they are less apparent in neonates. Dental discoloration related
to high dose glyburide use has been described in older patients and appears to be
manageable by dental cleanings (206). The most common major side effect
associated with sulphonylureas in type 2 diabetes is hypoglycaemia. However,
there have been very few reported severe hypoglycaemic episodes in KATP
channel mutation patients successfully treated with sulphonylurea monotherapy,
suggesting that the risk of hypoglycaemia is decreased compared to insulin
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therapy, and may be less than in those using sulphonylureas for type 2 diabetes
(54,81). Caregivers should be cautioned that NDM may be transient and that
iatrogenic hypoglycaemia may be caused by a trial of SU therapy. Hypoglycaemia
in neonates can be difficult to recognise and treat. We advocate continued glucose
monitor in neonates that have successfully transitioned, particular during time of
illness or if the child is irritable, listless, feeding poorly, tremulous, unresponsive or
has a seizure. A molecular genetic diagnosis should be established as early as
possible as this may give an indication as to whether the hyperglycaemia is likely
to be transient.
Careful monitoring is required to avoid severe hyperglycaemia and ketosis during
the transition, particularly in those who do not have an adequate response to
sulphonylurea. Several forms of monogenic diabetes are caused by mechanisms
that would not be amenable to sulphonylurea treatment, such as mutations in the
gene encoding insulin, and genes associated with pancreatic agenesis or beta cell
development, most of which are rare autosomal recessive causes (6). It would
thus be prudent to first assess for the presence of the pancreas (usually by
ultrasound) and elicit any history of potential consanguinity. We would
recommend not proceeding with a trial if there is a clear history of consanguinity or
pancreatic hypoplasia/agenesis. Early additional features that suggest rare causes
not expected to respond to sulphonylurea treatment include unremitting diarrhea,
cerebellar hypoplasia/agenesis, microcephaly, gastrointestinal or cardiac
malformations (Figure 5.2.1). It is important to emphasise use of a protocol that
maintains adequate glucose control so as not to compromise patient safety. If a
sufficient dose is reached (most KATP mutations would be expected to show a
response to 1 mg/kg/day of glyburide) and no response is apparent (by glucose
values or measurable increment in C-peptide levels) then the trial should be
abandoned. An initial twice-daily dose of 0.1 mg/kg/dose can typically be
increased each day so as to achieve a dose of 1 mg/kg/day within 5-6 days. If a
responsive mutation is later found by genetic testing, then a repeat attempt can be
arranged. Of note, some non-KATP forms of NDM may also respond at least
partially to sulphonylureas, such as the cases of 6q24-TND reported here.
However, in some of these cases the diabetes itself may remit during treatment,
making the true effectiveness of the treatment uncertain.
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An important possible negative consequence of an empiric sulphonylurea trial is
that family expectations for success may be unrealistic and treatment failure could
result in great disappointment. However, families may appreciate that the
treatment was attempted even if it does not work. This highlights the importance of
including the family in the decision making about whether a trial should be
considered. It also emphasises the need for genetic testing to provide further
explanation for treatment failure.
Insulin management of diabetes is complicated, especially in infants, and requires
extensive training that often requires days of education during the initial inpatient
admission before the patient is safe for discharge. The transition protocol calls for
appropriate glucose control with continued insulin injections while the
sulphonylurea dose is increased. We would suggest that training of family
members regarding insulin administration proceed during this time in case the
transition is not successful. However, sulphonylurea therapy would be predicted to
be effective in nearly half of cases and would provide great relief to families facing
the prospect of taking home a baby with diabetes, especially for those who may
have limited education, resources and support.
Transition from insulin to sulphonylurea therapy has been done safely in hundreds
of cases with established KATP-related diabetes worldwide using an established
inpatient protocol (53). The protocol allows for increase to a sufficiently high dose
within 5 days, although the transition could take place in as little as 2 days given
that younger patients often require a lower dose. Since glyburide is an inexpensive
generic medication, transition to oral therapy also reduces medical costs
compared to insulin injections, even accounting for an elective 5-day inpatient
admission at the time of transition (199). If the transition took place during the
initial admission when diabetes was diagnosed, it is possible that such a policy
would reduce the overall costs associated with length of stay; however, additional
data would be needed to demonstrate whether this is the case.
It is possible that our results are most applicable to the US, where barriers remain
to obtaining genetic testing with appropriate cost reimbursement. Regardless of
where they live, we encourage clinicians and families to contact the established
national/international monogenic diabetes registries for consultation on treatment
and to ensure longitudinal follow-up of these rare forms of diabetes. We echo the
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concerns of others that a successful trial of sulphonylurea does not obviate the
need for genetic testing, which should be pursued without delay in all patients with
NDM (208). There are few instances in medicine where genetic testing has such a
dramatic and immediate impact on both treatment and clinical outcome. We urge
policy makers within the United States and other countries to improve access to
genetic testing for all individuals with NDM.

Treatment with sulphonylureas at later ages appears to be associated with
increased sulphonylurea dose requirements and reduced chance of achieving
independence from exogenous insulin (53,134,209). But perhaps the most
compelling reason to ensure that sulphonylurea treatment is initiated as early as
possible is the potential beneficial effect on neurodevelopmental outcome. A
sizeable proportion of KATP channel mutations are associated with a spectrum of
neurodevelopmental impairment, likely due to expression of mutated channels in
the brain, where their function is poorly understood (63). Developmental delay,
epilepsy, and neonatal diabetes (DEND) and intermediate DEND are frequently
described in some children with KATP channel mutations (4,18). Milder
developmental coordination problems and attention deficits can also be found in
those without DEND or intermediate DEND (29). Just as sulphonylureas restore
channel function in beta cells, case reports have also suggested improvement in
neurodevelopmental effects following treatment. Given that brain development
continues through infancy and beyond, any possible beneficial consequence of
sulphonylurea treatment may be most pronounced at the earliest ages (137,138).
Indeed, we previously showed that visuomotor performance on standardised
testing in KCNJ11 subjects later in life was associated with initiation of
sulphonylurea therapy before one year of age (83). Larger studies are needed to
determine if early SU intervention and higher SU dosing will have implications for
the more subtle developmental problems seen in individuals with KATP channel
mutations.
5.2.5 Conclusion
We have shown that genetic testing results in newly diagnosed NDM are often
delayed. We report the outcome of nine patients who underwent empiric treatment
with sulphonylureas before genetic testing results were available. Such treatment
was successful in the majority of cases and none of the cases were associated
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with any adverse events, even when it failed. Although genetic testing remains
mandatory in all cases of NDM, sulphonylurea treatment before such results are
available can be considered due to several potential benefits, including improved
neurodevelopmental outcome.
* Much of this section (5.2) is derived from a paper published in the Journal of
Clinical Endocrinology and Metabolism (PMID 25238204). As first author, I
collected the data and drafted the manuscript. Siri Atma Greeley designed and
supervised the study.
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Table 5.2.1 NDM patients given an empiric trial of SU before genetic testing
results were available.
N/A: not applicable; DM: diabetes mellitus; Dx: diagnosis. For KCNJ11 the
nucleotide sequence is based on NCBI reference sequence NM_000525.3 and for
ABCC8 the nucleotide sequence is based on NCBI reference sequence
NM_000352.3.
Time from

Time from

Time from SU trial

DM Dx to

DM Dx to

to insulin

SU trial

genetic dx

discontinuation

3 days

60 days

6 days

UC0212 14 days

6 days

75 days

14 days

6q24-TND

UC0224

Birth

28 days

N/A

N/A

N/A*

UC0403

Birth

6 days

213 days

0 days

UC0425

4 days

1 day

43 days

11 days

UC0439

Birth

3 days

28 days

4 days

UC0610

4 days

5 days

77 days

3 days

UC0693

4 days

2 days

252 days

0 days

UC0781

1 day

14 days

121 days

1 day

Subject

Age of

ID

DM Dx

UC0193

Birth

Mutation
KCNJ11
p.Gly53Asp

ABCC8
p.Val1523Met
6q24-TND
KCNJ11
p.Arg50Pro
KCNJ11
p.Arg201Cys
KCNJ11
p.Arg201His
6q24-TND

* Genetic testing failed to identify cause of neonatal diabetes and SU trial was
unsuccessful
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Table 5.2.2 Pros and cons of empiric sulphonylurea trial before genetic testing
results are available.
Pro
!

Con

May ameliorate

!

Inappropriately high family

neurodevelopmental disability

expectations leading to

in some cases

disappointment (and possibility of

!

Could shorten inpatient stay

increased cost) if attempt fails

!

If successful will reduce overall

!
!

!

!

Molecular diagnosis may guide

treatment costs

treatment based on reported SU

Much easier to give pills than

response in patients with identical

insulin

mutation

Safety profile of SU use in

!

Risk of hypoglycaemia during

children remains excellent to

transition and in those with

date

transient forms of NDM

Genetic testing approval,

!

SU not FDA-approved for use in

results and/or interpretation

infants (also the case for many

could cause delay

forms of insulin)
!

Unknown long-term risks of SU use

!

Second attempt needed if initial trial
fails but genetic testing reveals a
KCNJ11 or ABCC8 mutation
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Diabetes mellitus diagnosed
under 6 months of age

Establish euglycemia and seek
expert help regarding diagnosis
and management

Urgent genetic testing

Pancreatic hypoplasia/agenesis,
history of consanguinity or
syndromic features?
(e.g. diarrhea or CNS malformation)

No

Yes

Consider empiric trial of SU

Successful trial of SU

Await genetic testing results

Unsuccessful trial of SU

Treat based on underlying monogenic
etiology (including a retrial of SU if
KATP channel mutation found)
or
Consider additional genetic testing if
no monogenic cause found

Ensure genetic diagnosis
is established

Figure 5.2.1 Decision algorithm for an empiric trial of sulphonylurea.
CNS: central nervous system; SU: sulphonylurea. International monogenic
diabetes registries can be contacted (http://monogenicdiabetes.uchicago.edu and
http://www.diabetesgenes.org) if local expert help is unavailable.
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5.3 Sulphonylurea Treatment of Chromosome 6q24-related Transient Neonatal
Diabetes (6q24-TND)
5.3.1 Background
Chromosome 6q24-related transient neonatal diabetes (6q24-TND) is a rare form
of diabetes with an estimated incidence of 1 in 200,000-500,000 live births
(45,130,210). It is caused by overexpression of the maternally imprinted genes
PLAGL1 and HYMAI. It has been suggested that defects related to the 6q24 locus
are responsible for 70% of all cases of transient neonatal diabetes mellitus
(41,211) and that 40-60% of neonatal diabetes is transient (130,212). The term
transient neonatal diabetes can be misleading as many patients develop
permanent hyperglycaemia later in life (45).
6q24-TND is caused by genetic or epigenetic changes affecting the expression of
genes at the 6q24 locus. Overexpression of the PLAGL1 (also known as ZAC) and
HYMAI can result from uniparental disomy of chromosome 6 (UPD6),
submicroscopic duplication of the paternal 6q24 allele or isolated loss of maternal
methylation at the differentially methylated region at 6q24. UPD6 is a sporadic
event in embryonic development without an increased risk of recurrence in future
offspring. In patients with submicroscopic duplication of the paternal 6q24 allele,
there is a 50% chance of offspring inheriting the duplication. Isolated loss of
maternal methylation is a poorly understood phenomenon with an unknown
aetiology and uncertain recurrence and inheritance risk. There are also rare
autosomal recessive conditions which give rise to multiple loci with loss of
methylation (49,50).
In the neonatal period patients are typically treated with insulin therapy. When
6q24-TND recurs later life, the best treatment is uncertain but many patients are
managed with insulin (45). There is a paucity of data on endogenous insulin
production and the use of insulin secretagogues or other oral agents in the
treatment of this condition (46-48). We sought to characterise the beta cell function
and glucose homeostasis in patients with 6q24-TND and assess their response to
sulphonylurea (SU) therapy. We also aimed to safely transition subjects off insulin
therapy if possible.
5.3.2 Subjects, design, setting and statistical analysis
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Those adults within the University of Chicago Monogenic Diabetes Registry with
6q24-TND leading to transient neonatal diabetes and recurrence of
hyperglycaemia requiring insulin therapy later in life were invited to participate in a
trial of SU therapy. All subjects were consented for participation through protocols
approved by the institutional review board at the University of Chicago.
Subjects who were available to come to Chicago were admitted to the Clinical
Research Center for dynamic studies before and after initiation of SU. We sought
to characterise the insulin secreting potential and also the response to SU therapy
in adults with 6q24-TND. A mixed meal test (MMT) and arginine stimulation test
(AST) were performed on day one and day five. All insulin products were withheld
on the morning of day one. Metabolic testing was performed in the morning
(between 7 and 10 A.M.) after an eight-hour overnight fast, without food or drink
(with the exception of water). Subjects ingested 7 mL/kg (maximal 360 mL) of
BOOST® High Protein (237 mL or 8 fluid ounces containing 33 g carbohydrate, 15
g protein, and 6 g fat, 240 kcal, http://www.boost.com) as quickly as possible,
preferably within 5 minutes. Samples for glucose and C-peptide were obtained at
0, 5, 10, 15, 20, 30, 40, 50, 60, 75, 90, 120, 150 and 180 minutes. Arginine was
infused 185 minutes after commencing the MMT. A single dose of 5 g of arginine
hydrochloride was infused over thirty seconds. Glucose and C-peptide samples
were obtained at 184, 187, 188, 189, 190, 192, and 195 minutes. Plasma glucose
measurements were made on whole blood using a YSI glucose analyzer (Yellow
Springs Instrument, Yellow Springs, OH, USA). Plasma C-peptide was measured
by electrochemiluminescence immunoassay.
A five-day course of glyburide (glibenclamide) was initiated aiming to achieve
euglycaemia with a maximum target dose of 1 mg/kg using a modified published
protocol used successfully for those with mutations affecting the ATP-sensitive
potassium channel (53). All insulin was withdrawn as tolerated before a repeat
MMT and AST performed on day five. Patients were discharged on glyburide
therapy alone and rapid acting insulin as required. Additional oral agents were
subsequently added if needed to achieve complete insulin independence. HbA1c
was recorded prior to metabolic testing and at least 3 months following cessation
of insulin therapy.
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Data was analyzed using GraphPad Prism software, version 6 (San Diego, CA,
USA, http://www.graphpad.com). Repeated measures analysis of variance
(ANOVA) was used to identify differences in metabolic variables between
treatment conditions. Statistical significance was considered at p < 0.05.
5.3.3 Results
166 individuals with an established genetic cause of neonatal diabetes were
identified within the monogenic diabetes registry. The majority of patients had
mutations within KCNJ11 (48.8%), ABCC8 (13.3%) or INS (15.7%). Of 21 (12.7%)
subjects with 6q24-TND, all 6 who were currently over 18 years of age reported
recurrence of hyperglycaemia requiring insulin therapy. 3 adults (UC153A, UC90A
and UC277A) were available for dynamic studies while a fourth patient (UC702A)
was transitioned to oral SU therapy as an outpatient. Their clinical details are
outlined in table 1. None of the available patients were on SU therapy in the sixmonth period prior to the study and all had UPD6 as the underlying genetic cause
of 6q24-TND.
When comparing MMT before SU with those after a five-day course of SU, there
was no difference in the serum glucose (Figure 1). C-peptide values were
significantly higher in subjects following a course of SU (p<0.05 by repeated
measures ANOVA). Similarly, serum glucose during AST was not significantly
different before and after SU. The C-peptide response was again higher following
a course of SU (p<0.01 by repeated measures ANOVA).
All four subjects successfully transitioned from insulin therapy to oral medications.
Glycaemic control remained stable or improved following transition. All subjects
remained on SU. One subject also required metformin while two subjects required
a combination of metformin and sitagliptin (Table 1).
5.3.4 Discussion
The best treatment for patients with relapsed 6q24-TND is uncertain with insulin
appearing to be the treatment of choice (45). One study has demonstrated
impaired beta cell function in response to hyperglycaemia but relatively preserved
insulin secretion in response to glucagon in patients with 6q24-TND (213). Despite
this data suggesting that pharmacotherapy to promote endogenous insulin
production could be effective, many of these patients are treated with insulin. Our
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study is the first to directly measure the endogenous beta cell response to SU in
these patients. Our data suggests that agents that promote non-glucose
dependent insulin release may represent treatment alternatives to insulin therapy.
All four of our subjects were successfully transitioned from insulin therapy to SU
therapy alone or a combination of other oral agents.
SU therapy has been used safely and effectively in other forms of diabetes for
decades (e.g. type 2 diabetes, KCNJ11-NDM and HNF1A-MODY) (53,214,215).
SU therapy in type 2 diabetes has raised concerns in terms of hastening of beta
cell failure (216); however, our data and other reports would suggest that insulin
therapy may not be required for many years after relapse of diabetes in these
patients (46,47). The long-term efficacy of SU therapy for 6q24-TND, particularly
at doses higher than typically used in type 2 diabetes, remains uncertain.
Interestingly, three of our four cases showed benefit from metformin although only
one had a BMI over 30. Two of those on metformin were also treated with a DPP4
inhibitor, which increases endogenous insulin production by raising incretin levels.
Such agents may be of use in 6q24-`tnd but this requires further study.
In the neonatal period, high dose SU therapy has been successfully used for the
treatment of ATP-sensitive potassium channel (KATP) mutations, based on the
effect of SU on closing these channels (53). The pathogenesis of hyperglycaemia
due to 6q24-TND is not well understood but is clearly distinct from KATP-NDM;
however, there are anecdotal reports of SU use in the neonatal period without any
negative sequelae (10). Transgenic mice overexpressing the human genes
PLAGL1 and HYMAI to mimic the genotype seen in humans have abnormal
glucose tolerance. This model suggests that diabetes may be related to decreased
levels of transcription factors (Pdx1, Ngn3, Pax6) and a reduction in beta cell mass
at birth (1).
The pathogenesis of hyperglycaemia and true incidence of relapse in 6q24-TND
are uncertain with a variable course of DM in the neonatal period and later life.
There appears to be an eventual compensatory increase in beta cell number but is
inadequate to maintain normal glucose homeostasis later in life in the mouse
model (217). Recent data in humans would also suggest that some patients may
be at risk of significant hypoglycaemia during the remission period and point
toward some element of beta cell dysfunction rather than simply an overall
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reduction in cell number (44). Further evidence of abnormal regulation of insulin
production in response to glucose levels is also seen later in life (217).
All registry participants diagnosed with 6q24-TND who are currently over 18 years
of age reported recurrence of hyperglycaemia and were treated with insulin. Each
received a genetic diagnosis in adulthood despite the classical features seen in
the neonatal period. Reports suggesting that 6q24-TND is responsible for 40-50%
of all cases of neonatal diabetes (212,218). 6q24-TND is therefore likely
underrepresented in our registry (12.7% of cases) and remains an infrequently
recognised form of diabetes despite the 6q24 locus being associated transient
neonatal diabetes for almost 20 years (219). Our data suggests that 6q24-TND
may be mistaken for other forms of diabetes when hyperglycaemia recurs outside
the neonatal period. Failure to correctly identify the underlying genetic aetiology
results in a missed opportunity to offer individualized pharmacotherapy.
5.3.5 Conclusions
6q24-TND may be mistaken for other forms of diabetes when hyperglycaemia
recurs outside the neonatal period. A careful birth and neonatal history is important
when assessing all patients “newly” diagnosed with diabetes as it may suggest an
underlying genetic cause. Correctly identifying the specific genetic diagnosis can
have a significant impact on clinical management and therapeutic strategies. We
for the first time demonstrate that insulin secretion in subjects with 6q24-TND
improves in response to SU The exact pathogenic mechanisms leading to
diabetes in 6q24-TND remain incompletely understood but our data suggests that
clinicians should consider non-insulin based therapies.
* Some of this section (5.3) is derived from a paper published in Diabetes Care
(PMID 25998302). As first author, I collected the data and drafted the manuscript.
Siri Atma Greeley designed and supervised the study.
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Table 5.3.1 Subject’s clinical details.
UPD6- Uniparental disomy of chromosome 6
UC90A

UC153A

UC277A

UC702A

Genetic defect

UPD6

UPD6

UPD6

UPD6

Sex

Female

Male

Female

Female

Gestational age (weeks)

33

34

40

38

Birth weight (grams)

1280

2470

2240

1810

Age at initial DM diagnosis

1

1

1

1

4

7

6

3

13

12

27

12

20

23

29

28

26.28

31.38

21.66

29.44

0.59

0.73

0.41

0.76

-Glyburide

0.59 mg/kg

0.53 mg/kg

0.13 mg/kg

0.23 mg/kg

-Sitagliptin

100 mg

100 mg

-

-

-Metformin

2g

2g

-

1.5g

HbA1c at cessation of insulin

8.2%

7.8%

7.2%

9.9%

HbA1c at Reassessment

7.1%

6.6%

7.3%

7.5%

5

8

17

6

(days)
Age at DM remission
(months)
Age at DM recurrence
(years)
Age at cessation of insulin
(years)
BMI at cessation of insulin
(kg/m2)
Insulin dose at transition
(units/kg)
Medications at
reassessment

-Months off insulin
therapy
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A

B
16

6

Off SU
On SU

C-peptide (ng/ml)

Glucose (mmol/L)

14
12
10
8
6
4

4

2

2
0

p< 0.05*
0

60

120

0

180

Minutes

0

60

120

C

D
16

6

Off SU
On SU

C-peptide (ng/ml)

14

Glucose (mmol/L)

180

Minutes

12
10
8
6
4

4

2

2
0

p< 0.01*
0

5

0

10

0

Minutes

5

10

Minutes

Figure 5.3.1 Metabolic testing.
A-B) Mixed meal test glucose (A) and C-peptide (B) levels. C-D) Arginine
stimulation test glucose (C) and C-peptide (D) levels. Values are expressed as
mean ± SEM. * Repeated measures ANOVA used to identify differences in
metabolic variables between treatment conditions.
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General Discussion
Diabetes mellitus affects an estimated 29 million Americans, yet a clear genetic
aetiology has not been established for the two major forms of the disease that
affect the vast majority of patients. On the other hand, the natural history and
pathogenesis of many of the single gene (monogenic) causes found in a minority
of patients have been extensively studied. They are spectacular examples of the
personalized genetic medicine approaches highlighted in the recent State of the
Union Address of President Obama (220). The primary objectives of these studies
were to extend the current understanding of the pathogenesis, clinical phenotypes,
treatment options and improve the diagnostic techniques available for monogenic
forms of diabetes.
6.1 Genetic testing options
The most common monogenic forms of diabetes were identified over two decades
ago but the recent advances in molecular genetic testing have allowed for more
widespread use of testing. Next-generation sequencing (NGS) technology has
redefined the practice of molecular diagnosis of human diseases is quickly
becoming standard practice in clinical laboratories. NGS allows several genes to
be sequenced in parallel at a significantly decreased cost per gene.
The plethora of complex testing options now available and the ambiguity of genetic
testing results can thus be intimidating and inhibitory for physicians unfamiliar with
genetic testing. Single-gene testing is often most appropriate for conditions with
distinctive clinical features and minimal locus heterogeneity. Sanger sequencing,
which is based on selective incorporation of chain-terminating dideoxynucleotides
by DNA polymerase during DNA replication, remains the gold-standard for singlegene testing. GCK-MODY (MODY2) is an example of a monogenic form of
diabetes with a distinctive clinical phenotype and it is an ideal candidate for singlegene testing as it is the least costly option for patients and clinicians on a per gene
basis. Choosing the most appropriate genes to test based on clinical grounds
alone can be challenging as many patients do not fit neatly into the classic
phenotypic description (7). Pathogenic variants within multiple genes can present
with a similar phenotype, while other pathognomonic features may not yet have
manifested at the time of initial presentation with hyperglycaemia.
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Sequential single-gene testing can be time consuming and costly while limiting the
diagnosis to a few selected genes. Additionally, insurance providers are not
inclined to cover the cost of repeated genetic tests. Clinicians faced by an atypical
phenotype should therefore consider a broader approach and options that allow
assessment of multiple genes simultaneously. NGS techniques allow for large
amounts of genomic information to be gathered quickly at a substantially lower
cost per gene. NGS platforms facilitate high-throughput sequencing by producing
thousands or millions of sequences in parallel. NGS-based gene panel testing
provides a comprehensive and feasible approach for genetically heterogeneous
disorders. A number of dedicated monogenic diabetes targeted gene-panels have
been described and they have a higher sensitivity and specificity due to more
adequate sequence coverage of the genes of interest (86,158). Whole exome
sequencing (WES, targets only coding regions of genes) and whole genome
sequencing (WGS, an attempt to sequences the entire genome) have the
advantage of being unbiased regarding what set of genes is analyzed but unlike
gene panel testing they are compromised for coverage given the breadth of the
targeted region.
Clinicians ordering genetic testing should be aware that there are a number of
important types of mutations that may be missed or not be assessed through
exon-based sequencing technologies alone and that additional testing made be
required. Sequencing-based technologies can readily identify small insertions or
deletions but partial or whole gene deletions may be missed so they are often
complemented with other tests, such as array-comparative genomic hybridization,
to simultaneously detect exon-level copy number changes in targeted genes (162).
The identification of deletions is particularly important when assessing families
with cystic kidney disease and a HNF1B-MODY (MODY5) phenotype. As NGS
technologies improve they will be used to detect large deletions or duplications if
deep, even coverage of the target genes can be maintained.
Aside from deletions there are other mutations to consider. Genetic testing for
overexpression of the imprinted genes PLAGL1 and HYMAI, associated with
transient neonatal diabetes, is based on DNA methylation analyses within the
differentially methylated 6q24 (49). We have demonstrated the utility of using a
combined next-generation sequencing and a Methylation-Specific Multiplex
Ligation-dependent Probe Amplification approach in the diagnosis of 6q24
!

135

abnormalities (76). Maternally inherited diabetes and deafness due to mutations
within mitochondrial DNA, which may go undiagnosed if only genomic DNA is
sequenced. Table 6.1 outlines the advantages and disadvantages of the genetic
tests available for monogenic forms of diabetes.
Table 6.1 Genetic Testing Options
Tests

Advantages

Disadvantages

Sanger Sequencing

Cheap

Limited to the target gene(s)

Limited interpretation

Large heterozygous

challenges

deletions may be missed

Dedicated Monogenic

Excellent coverage of

Higher cost

Diabetes NGS Gene

known monogenic DM

Larger interpretation

Panels

genes

challenges

Allow for expansion as Some panels may not
new genes are

identify deletions

identified
Whole Exome Sequencing

Potential for novel

More complex informed

and Whole Genome

gene discovery

consent

Sequencing

Increasing coverage

Higher costs

of exons (and introns

Increased complexity of

with WGS)

analysis/ interpretation
Increased risk of incidental
findings
Increased reporting
obligations
Incomplete coverage of
some known monogenic
diabetes genes
Difficulty is assessing areas
of high G and C content and
regions with repetitive
elements

Deletion/Duplication

Cheap

Limited to the target gene(s)

Analysis (e.g. Multiplex

Limited interpretation

Ligation-dependent Probe

challenges

Amplification)
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Methylation dedicated

Cheap

Limited to a few phenotypes

PCR for the 6q24-TND

Parental samples needed to
identify then exact
mechanism

6.2 Patient selection and interpretation of genetic testing results
Choosing the appropriate genetic test is critical and clinicians are encouraged to
seek expert help when ordering tests and interpreting results. A negative report
can be falsely reassuring and further genetic testing may not be pursued. Negative
testing result should prompt re-evaluation of the underlying pathogenesis and in
certain instances additional genetic testing may be warranted. Each result should
be reviewed while acknowledging the limitations of the test performed. Identifying
patients with a potential monogenic etiology can be challenging. The rapid
increase in those with diabetes in the United States has not been met by an
increase in the number of specialists (6). Therefore it is important for all clinicians
supervising the treatment of patients with diabetes to recognise atypical forms of
diabetes and choosing the appropriate patients to test.
For those patients diagnosed with diabetes less than 6 months of age, a genetic
aetiology is highly likely and further testing is prudent. The rapid advancement in
the fields of high-throughput capture and NGS has made clinical WES and WGS
more affordable and when parental samples are available can be considered for
these select patients negative for mutations in established monogenic diabetes
genes. In those with a MODY phenotype or children diagnosed after 6 months of
age, the yield from testing genes not included in most of the target panels or
through methylation, deletion and mitochondrial DNA analysis is limited.
A large number of genetic variations identified within diabetes-associated genes
are novel. This present clinicians with the challenge of interpreting previously
unreported variants of uncertain clinical significance (VUS). There are a number of
straightforward strategies to investigating a VUS within a diabetes- associated
gene. The initial step should be to see if the patient’s phenotype matches previous
reports of mutations within that gene. It is important to determine a pre-test
probability, even if conceptual, for a mutation within specific genes associated with
diabetes. A thorough search of the established databases (e.g. ClinVar, LOVD and
1000 genome), published literature and monogenic diabetes registries should
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follow to determine if the variant is truly novel and to determine relative frequency
in large populations. In-silico pathogenicity prediction tools can also aid with
defining the pathogenicity of variants (e.g. SIFT, Polyphen).
Many of the mutations identified in monogenic diabetes genes are novel
(149,221). Thus clinicians are regularly faced with previously unreported variants
of uncertain clinical significance (VUS) and they should try to stratify the likely
pathogenicity based on a few key questions, as follows:
•

Does the phenotype match previous reports of mutations within that gene?

It is important to determine a pretest probability, even if conceptual, for a mutation
within specific genes associated with diabetes.
•

Has this variant been described previously?

A comprehensive search of the established databases, published literature and
monogenic diabetes registries is invaluable to determine if this variant is truly
novel and to determine relative frequency in large populations.
•

Is the change predicted to be damaging to the protein?

An assessment of how well a nucleotide is conserved and in-silico analysis of
protein function can help interpretation. This can be accomplished with several
commercial software packages. Similarly, splicing prediction software can help as
some mutations create new intron splice donor or acceptor sites or eliminate
critical existing sites.
•

How was the variant inherited?

To assess this other family members will need to be tested. Many monogenic
forms of diabetes have near 100% penetrance and variants should therefore cosegregate with the diabetes. Ensuring relatedness is critical when using this
approach and occasionally cryptic relatedness of the parents is uncovered which
must be considered carefully when reporting such information. Family members
may share the genotype but have differing phenotypes. Ensuring relatedness is
critical to this approach. Occasionally cryptic relatedness of the parents is
uncovered which must be considered carefully when reporting such information.
!
Genetic counselors are an invaluable resource for any family being considered for
genetic testing. Unfortunately the majority of families with monogenic forms of
diabetes may not have access to a dedicated counselor and this onus then falls on
the other clinical staff to supervise pre and post testing counseling. Clinicians and
families should be encouraged to engage with national and international teams
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with experience in these rare conditions. These teams will usually offer to help
inform families/clinicians of the medical, psychological and familial implications of
each genetic disease in addition to guiding the appropriate approach to testing and
interpretation of results. Often the ordering physician will be primarily supervising
the patient’s diabetes care but it is important for families to realise that many of the
monogenic forms of diabetes have extra-pancreatic manifestations.
6.3 Impact of studies on clinical phenotype and pathogenesis of monogenic forms
of diabetes
We have demonstrated that sulphonylurea-treated KCNJ11-diabetes patients have
increased stimulation of insulin secretion elicited by oral as compared with
intravenous administration of glucose. Compared to controls insulin response is
blunted and prolonged with minimal increase noted following administration of
GLP-1. It is clear that insulin release in these patients is glucose dependent and
this seems unlikely to be mediated primarily through the incretin system. Early
recognition and initiation of sulphonylurea may improve the outlook for these
patients while addition of incretin based therapies looks to be limited value.
These studies have also demonstrated that mutations within KCNJ11 result in a
wide variety of neurodevelopmental and behavioural sequalae (82). The detailed
standardised behavioural and developmental assessments used offer a template
for clinicians treating these patients. This work would suggest that assessments of
behaviour and development, including evaluation of motor, cognitive,
communicative, adaptive, and executive functioning, should be performed at
regular intervals in all those with KCNJ11-related diabetes. Continued researcher
engagement with patients and families affected by this rare form of diabetes has
allowed us to provide unique emotional support and informational support in
addition to gaining a deeper understanding of the extra-pancreatic sequelae (222).
We identified and characterised a novel mechanism for diabetes due to a deep
intronic mutation within the insulin gene. This mutation lead to creation of both a
cryptic donor and acceptor site which are predicted to undergo nonsense and nonstop mediated decay respectively. In addition to extending our understanding of
how neonatal diabetes may be caused, these studies point to the value of whole
exome sequencing in cases of neonatal diabetes of unknown aetiology. Haploinsufficiency of insulin may contribute to the risk for diabetes in heterozygous
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individuals and thus may have broader implications for those with insulin
deficiency leading to diabetes later in life.
As outlined above, determining the pathogenicity of a novel variant can be difficult.
A number of the studies in this work highlight this difficulty.
•

The discovery of a H19 in association with Russell Silver Syndrome and
atypical diabetes

•

The high frequency of variants within diabetes and lipodystrophy associated
genes seen in cases from the Network for Pancreatic Organ Donors with
Diabetes

•

The high frequency of variants within GCK found through the Exome
Aggregation Consortium

Clinicians will be faced with the issue of pathogenicity with the rising use of nextgeneration techniques and WES/WGS use becomes the norm in clinical practice.
These studies would indicate that a pragmatic approach, as suggested above, to
patient selection, genetic test choice and result interpretation is important.
6.4 Impact of studies on the treatment of monogenic forms of diabetes
These studies have aided the development and validation of the most
comprehensive genetic tests available for monogenic forms of diabetes for
clinicians in the United States of America (76,86). We have demonstrated that
earlier initiation of disease specific treatment can reduce the treatment burden for
patients (80). We have shown that genetic testing results in newly diagnosed NDM
are often delayed and examined the potential benefits and pitfalls of commencing
treatment while awaiting genetic testing results (10).
Through these studies, we have for the first time demonstrate that insulin secretion
in subjects with 6q24-TND improves in response to SU (223). While exact
pathogenic mechanisms leading to diabetes in 6q24-TND remain incompletely
understood but our data suggests that clinicians should consider non-insulin based
therapies.
6.5 Conclusions and potential future work
In addition to the continuing search for novel genetic causes of diabetes, future
work could include
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•

Larger collaborative studies may identify mutation-specific and treatmentrelated outcomes

•

Examine the potential use of agents that bind to SUR1 but cross the blood
brain barrier for those with KATP channel mutations

•

Investigating the frequency of deep intronic mutations in diabetes related
genes remains

•

Metabolomics studies – metabolomics studies of patients without diabetes
and patients with monogenic forms of diabetes may provide a better
understanding of diabetes per se;

•

Behavioral and psychological assessment for patients with KCNJ11
mutations to probe the extent, range and natural history of CNS dysfunction
as a model for other neurodevelopmental disorders such as autism
spectrum disorder

•

Induced pluripotent stem cells derived from patients with monogenic
diabetes may offer insights into beta-cell development, proliferation and the
role of certain transcription factors as well as gene-specific diabetes
complications

•

Investigating antisense gene therapy in combination with transplantation of
insulin-producing pancreatic beta cells from stem cells for individuals with
INS mutations and other monogenic forms of diabetes

•

Biological and functional studies of novel genes identified

•

Biomarker studies to improve patient selection for genetic testing

•

Develop national screening guidelines for monogenetic diabetes

•

Develop national treatment guidelines for each genetic form of diabetes

Monogenic diabetes is an example of the exciting, growing translational field of
diabetes genetics research. The wide mix of genetic aetiologies, pathophysiology
and clinical phenotypes seen in monogenic diabetes are mirror by the wideranging studies performed as part of this work. The list of genes associated with
diabetes is expanding and the proposed diagnostic and treatment algorithms will
need to cater for this change. While the demands on clinicians supervising
diabetes care are large, these studies highlight the relative frequency of variants
found within diabetes associated genes and the dramatic impact of an accurate
diagnosis.
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