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Abstract

Congenital hyperinsulinism is a disorder affecting the pancreatic beta cell, where
insulin is inappropriately secreted during hypoglycaemia. It often appears within the
first few weeks of life, and can have a severe impact on a neonate’s health and
development. It is a genetically heterogeneous disorder, with 10 genes reported to
cause isolated hyperinsulinism, and 28 known causes of syndromic hyperinsulinism.
This thesis aimed to gain novel insights into the clinical and genetic basis of
congenital hyperinsulinism, using the large cohort of individuals referred for genetic
testing in Exeter.

The first section of this thesis introduces the clinical, molecular, and genetic basis of
congenital hyperinsulinism, along with how genetic testing and clinical management
are carried out. The following section describes how the cohorts included in this

thesis were recruited.

In Chapter 1, | used clinical features commonly observed in the early stages of
hyperinsulinism, including birth weight, response to treatment, and biochemical
measurements, in order to identify the likelihood of individuals having a mutation in
either ABCC8 or KCNJ11, the two most common causes of monogenic
hyperinsulinism. | identified that an increased birth weight and failure to respond to
diazoxide, the first line treatment for hyperinsulinism, are highly predictive of a
mutation in one of these two potassium channel genes. These features can be used
to predict an individual’s likelihood of carrying one of these mutations, which may

have an impact on their medical management.

In Chapter 2, | identified eleven cases of coinciding Down syndrome and congenital
hyperinsulinism, and performed a review of the clinical features of these individuals
in order to identify the links between these two disorders. | identified that the
prevalence of Down syndrome in the Exeter hyperinsulinism cohort is around four
times higher than that found in the general population. From the review of clinical
details, | found that non-genetic risk factors for hyperinsulinism were present in the
majority of cases: these risk factors included complications of gastric surgery,
chemotherapy treatment for acute lymphoblastic leukaemia, prematurity, and intra-
uterine growth restriction. This indicated that the link between Down syndrome and
hyperinsulinism was most likely based in these non-genetic risk factors.



In Chapter 3, | identified tandem duplications in the vicinity of the gene KDM6A in
three patients. Point mutations and deletions in KDM6A are known to cause Kabuki
syndrome and syndromic hyperinsulinism but there have been no reports of
duplications causing disease. | used genetic and epigenetic analyses, including
publically available data, in order to predict the likelihood that these duplications
were leading to a loss of function, and therefore to disease. In one case, a frameshift
leading to a premature stop codon was detected. In two cases, | performed analysis
of DNA methylation data and compared it to known cases of Kabuki syndrome,
showing that one duplication was likely to be pathogenic, while the other did not
have evidence to support that conclusion.

In Chapter 4, | identified individuals with clinical features suggestive of a disorder of
DNA methylation, and performed whole genome sequencing in order to identify
novel causes of syndromic hyperinsulinism. By this method, | identified two
individuals with a protein-truncating variant in the gene MAGEL?2, known to cause
Schaaf-Yang syndrome. | identified that previous reports of the endocrine features of
this disorder have indicated a predisposition towards hypoglycaemia, though this is
caused by growth hormone deficiency in some cases. Ultimately, | believe these two
cases of hyperinsulinism, in addition to one previously reported in the literature,
provide sufficient evidence to include MAGELZ in genetic testing panels for

hyperinsulinism.

In summary, this thesis has resulted in a better understanding of the clinical,
molecular, and genetic basis of congenital hyperinsulinism. This understanding is
vital, as it can inform medical management, identify new genes involved in insulin
secretion pathways, and inform on the development of new treatments for this
disorder. The work presented in this thesis expands our understanding of the most
common cause of congenital hyperinsulinism, as well as identifying novel causes of
syndromic hyperinsulinism, and helps us to determine avenues which should be
followed in further studies of this disorder. It will also inform the development of
guidelines for the management of monogenic hyperinsulinism, and inform on the

genes that should be included in routine sequencing panels for this disorder.
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Organisation of thesis

As a number of chapters in this thesis are based on work published or prepared for
publication, each chapter is preceded by a statement of the work completed by
myself and acknowledgements of co-authors.

Introduction

The introduction of this thesis is split into two parts. The first section discusses the
molecular basis of isolated HI, along with the histology that results from mutations in
ABCC8 and KCNJ11. It also discusses syndromic forms of hyperinsulinism, and the
medical and surgical management of this disorder. The second part is a review
published in Frontiers in Endocrinology, written with Dr. Matthew Johnson and Prof.
Sarah Flanagan. This review looks at the isolated and syndromic causes of
congenital hyperinsulinism, along with discussing different methodologies used to
investigate the genetics of patients with congenital HI.

Cohort Recruitment

This section discusses the methods by which the cohorts studied in this thesis were
recruited, and the ethics under which this was conducted.

Chapter 1

Chapter 1 is an article published in the European Journal of Endocrinology titled
“Birth weight and diazoxide unresponsiveness strongly predict the likelihood of
congenital hyperinsulinism due to a mutation in ABCC8 or KCNJ711”. In this study,
we used statistical methods to determine which clinical features were the strongest
predictors of a mutation in ABCC8 or KCNJ11, the most common causes of

congenital hyperinsulinism.
Chapter 2

Chapter 2 is an article published in Pediatric Diabetes titled “Increased referrals for
congenital hyperinsulinism genetic testing in children with trisomy 21 reflects the high
burden of non-genetic risk factors in this group”. In this study, we identified an
increased prevalence of individuals with Down syndrome in a hyperinsulinism
genetic testing cohort compared to the general population, and performed a

retrospective study in order to determine the cause of this increase in prevalence.
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Chapter 3

Chapter 3 is an article prepared for publication in Clinical Epigenetics titled “DNA
methylation data can support the pathogenicity of duplications within the KDMG6A
gene”. In this study, we identified patients with duplications in KDM6A, a gene known
to cause Kabuki syndrome, and confirmed the pathogenicity of two of these
duplications by studying the episignature of these patients, and comparing it to that

of patients with truncating and missense mutations causing Kabuki syndrome.
Chapter 4

Chapter 4 is an article prepared for publication in Pediatric Diabetes titled “Loss of
function variants in the maternally imprinted gene, MAGELZ2 are a rare but important
cause of congenital hyperinsulinism”. In this study, we identified the second and third

cases of mutations in MAGELZ2 causing congenital hyperinsulinism.
Conclusions

This chapter discusses the key findings of the four data chapters described above,
and puts them in the context of wider research into the genetics and epigenetics of
congenital hyperinsulinism. It also discusses the issues faced in the course of the
research that produced this thesis and how these issues were confronted, along with
future avenues of research to expand on the work presented in this thesis.
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Introduction
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Structure of introduction

This introduction is structured in two sections. The first part provides an overview of
how congenital hyperinsulinism (HI) is managed, both in general and specifically
within the UK, including its clinical diagnosis and medical and surgical management.
It also includes details on the underlying biology of HI, the differences between
transient and persistent forms of the condition, and how the underlying genetics
impact on the age at onset.

The second part of the introduction takes the form of a review article written for ‘The
Problem of Childhood Hypoglycemia’, a research topic that was published in
Frontiers in Endocrinology. This review covers what is already known about the
various genetic causes of HI, along with how different genomic methodologies are
used in the diagnosis of this disorder, including Sanger sequencing, targeted next-

generation sequencing panels, and whole genome/exome sequencing.



17

Introduction part 1
The underlying biology of isolated HI

Congenital hyperinsulinism (HI) results from the over-secretion of insulin at times of
hypoglycaemia, and this generally results from defects in pathways of insulin
secretion from the pancreatic beta cell. Many of the known genetic causes of Hl,
particularly those which lead to isolated disease, include genes whose protein
products are critical for the normal function of these pathways. The following section
describes the normal process of insulin secretion, with notes on where this pathway

is disrupted in congenital hyperinsulinism.

GLUTZ2, encoded by the SLC2AZ2 gene, is the major glucose sensor in the pancreatic
beta cell (1). High glucose influx into the beta cell is maintained due to this protein
having a low substrate affinity (2). After entering the beta cell, glucose is
phosphorylated. Unlike most mammalian cell types, where this process is
undertaken by the hexokinase 1 enzyme (encoded by the HK7 gene), in beta cells
this occurs through the hexokinase 4 enzyme (glucokinase), encoded by the GCK
gene (3). This enzyme is the rate limiting step in glucose-stimulated insulin secretion
because of two factors. Firstly, it has a lower affinity for glucose relative to other
members of the hexokinase family, and secondly, it is not inhibited by the presence
of glucose-6-phosphate, the product of this enzymatic reaction, which allows it to
continue to function at times when glucose levels are high (3). Disruption of this
process, as a result of activating mutations in the GCK gene, or non-coding
mutations leading to inappropriate expression of the HK7 gene, can lead to HI by
introducing a glucose sensor to the beta cell with increased affinity for glucose (4, 5).

This process is depicted graphically in Figure 1.
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Figure 1 - A graphical depiction of the process of glucose-stimulated insulin secretion from the
pancreatic beta-cell. Red boxes indicate proteins that when dysregulated can cause congenital

hyperinsulinism.

The process of glycolysis leads to the production of pyruvate, which is an important
substrate for the tricarboxylic acid cycle, by which the mitochondria produce ATP (6).
This increased concentration of ATP leads to an increase in the cell's ATP/ADP
ratio, resulting in the closure of voltage-gated potassium (KATP) channels at the
cellular membrane. This leads to depolarisation of the cell plasma membrane,
followed by the opening of voltage-gated calcium channels. This influx of Ca?* then
leads to the exocytosis of granules containing insulin. This signalling pathway shows
the vital role of ion channels, and the genes that encode them in the process of
glucose-stimulated insulin secretion, with genes such as ABCC8, KCNJ11, and
CACNA1D all involved in this pathway. Disruption of all these genes can cause Hl
(7-9).

Substrates other than glucose can trigger the secretion of insulin, and disruption of

these ‘alternative’ pathways can also lead to HI. For example, the presence of
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glutamine and leucine, as free amino acids, can lead to an increase in insulin
secretion (10). Leucine activates the glutamate dehydrogenase enzyme, encoded by
the GLUD1 gene. After glutamine is converted into glutamate in the cytosol of the
cell, the glutamate dehydrogenase enzyme acts to convert it to a-ketoglutarate,
which can be used in the tricarboxylic acid cycle to produce ATP, thereby triggering
the closure of KATP channels and the release of insulin as described above (11).
Disruption of this process as a result of activating mutations in GLUD1, or

inactivating mutations in the HADH gene, leads to HI (12, 13).

Syndromic HI and its causes

While the most common causes of congenital HI lead to an isolated pancreatic
phenotype, there are 28 described syndromes where Hl is reported to occur. A list of
the syndromes is included in Part 2 of this introduction, but some of the causes most
relevant to this thesis are discussed in detail in this section.

Syndromic HI can have a wide range of genetic aetiologies: this includes
chromosomal abnormalities (aneuploidies), such as Turner syndrome (14) and Patau
syndrome (15), large CNVs, such as those that lead to Usher syndrome (16) and
Chromosome 9p deletion syndrome (17), disorders of genomic imprinting in the case
of Beckwith-Wiedemann syndrome (18), and disorders caused by single nucleotide
changes. This last category includes Kabuki syndrome (19), Sotos syndrome (20),
and Rubinstein-Taybi syndrome (21), all of which are known to lead to changes in
DNA methylation, along with wider effects on the epigenetic machinery (22).

Kabuki syndrome is a disorder where HI has been described as a presenting feature,
meaning that it is the reason for which an individual might seek medical attention
leading to their eventual diagnosis (23). A consensus statement on Kabuki syndrome
in 2019 identified that the disorder is characterised by distinctive facial dysmorphism,
developmental delay, and infantile hypotonia, with HI presenting in infancy
considered to be “supportive” of a diagnosis of Kabuki syndrome (24). There are two
known genetic causes of Kabuki syndrome, with loss of function mutations in the
KMT2D gene (25) accounting for around 90% of genetic diagnoses. The remainder
are due to loss of function mutations in KDM6A (26). HI is reported to occur at a
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higher rate in individuals with KDM6A mutations than those with KMT2D mutations
(24).

Both the KDM6A and KMTZ2D genes play a role in the epigenetic machinery (27),
with KMT2D methylating the H3K4 mark (28), while KDM6A demethylates the
H3K27 mark (29). Both these changes in methylation are reported to lead to an
increase in gene expression. As a result of their role in the epigenetic machinery,
Kabuki syndrome can be identified by a pattern of DNA methylation, also known as
an episignature (30). These episignatures have been identified for 42 disorders at
the time of writing, including Sotos syndrome and Rubinstein-Taybi syndrome, and

can be used to aid in the diagnosis of these disorders (22).

Hyperinsulinism in the United Kingdom

Congenital hyperinsulinism is a complex condition requiring specialised care through
a multidisciplinary team led by an expert paediatric endocrinology service. The
management of HI, particularly medically unresponsive Hl is challenging. The
nationally designated HI service in the United Kingdom is commissioned on behalf of
the NHS and comprises of two specialist centres: Great Ormond Street Hospital for
Children NHS Foundation Trust in London and The Northern Congenital
Hyperinsulinism Service (NORCHI). NORCHI comprises of two centres, the Royal
Manchester Children’s Hospital (RMCH) and Alder Hey Children’s Hospital (AHCH)
in Liverpool. These centres offer the gold standard of care to neonates with HI, with
a particular focus on ensuring normoglycaemia using 1V glucose initially, and then
with drugs such as diazoxide or octreotide. These centres are equipped to perform
18-F-DOPA PET scanning, which allows for the identification of focal or diffuse
disease, and they work extremely closely with the NHS Genomics Laboratory in
Exeter, which performs genetic testing for Hl for all individuals referred within the

England and Wales.

The existence of two clinical centres for HI treatment and one genetic testing
laboratory allows for large studies that identify the incidence of this disorder in the
UK. Through these collaborations, a 2020 study identified the minimal incidence of
HI in the UK to be 1 in 28,389 (31). This is comparable to other estimates of the
incidence of HI in outbred European populations, with estimates ranging from 1 in
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27,000 in Ireland to 1 in 50,000 in the Netherlands (32-34) (Figure 2). There are also
examples of populations with a higher incidence of HI: for example, in Central
Finland the incidence increases to 1 in 3,200 as a result of two common founder
mutations in the ABCC8 gene. In Saudi Arabia the incidence was shown to be 1 in
2,675 which is likely to result from an increase in recessively inherited disease as a

result of the high rates of consanguineous unions in the population (Figure 2).
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Figure 2 — The reported incidence of HI in 6 studies. Black bars indicate populations with increased

rates of HI, while grey bars indicate outbred populations.

Diagnosing neonatal hypoglycaemia and HI

As hypoglycaemia often presents in the neonatal period in cases of HI, it can be
challenging to obtain a diagnosis, particularly as neonates are unable to
communicate their symptoms, thus rendering traditional diagnostic thresholds such
as Whipple’s triad difficult to utilise (35). The initial symptoms of HI are often non-
specific, such as poor feeding and lethargy (36). However, if the presence of severe
hypoglycaemia goes unrecognised, the consequences can include seizures, coma,
and long-term neurological sequelae (37). As such, it is vital to identify neonatal
hypoglycaemia, and HI, at the earliest possible stage to enable the best medical

management and ensure the best outcome for the individual.
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Birth weight can in some cases help to identify newborns who are at high risk of
having hypoglycaemia and congenital HI. Insulin acts as a fetal growth factor in
utero, and consequently individuals who are over secreting insulin in utero will have
an increased birth weight. This is often observed in individuals with monogenic HI
who have pathogenic variants in a gene affecting the glucose-stimulated insulin
secretion pathway (e.g. ABCC8, KCNJ11, CACNA1D) (38-41) highlighting the
importance of this pathway in foetal insulin secretion.

In 2015, the Pediatric Endocrine Society presented a suite of recommendations on
the evaluation and management of individuals with persistent hypoglycaemia in the
paediatric setting (35). In the initial stages, they suggest evaluation of those with a
plasma glucose level measured under 3.3 mmol/L on a laboratory quality assay, and
that neonates at high risk of persistent hypoglycaemia are evaluated after 48 hours
following their birth to assess them after the period of transitional glucose regulation.
They listed seven features considered to indicate neonates at a high risk of
persistent hypoglycaemia: symptomatic hypoglycaemia, being large for gestational
age, perinatal stress, premature or postmature delivery, being the infant of a diabetic
mother, a family history of a genetic form of persistent hypoglycaemia, or signs of a
congenital syndrome (35).

Transient and persistent HI

While persistent HI, which lasts longer than six months, is usually considered most
likely to be a monogenic disease, transient HI, which remits within the first few
months of life, can result from many factors. In transient HI it is important to
differentiate between disease and normal transitional neonatal hypoglycaemia, a
commonly observed phenomenon which occurs within the first few days of life (42).
In contrast transient HI persists longer than transitional neonatal hypoglycaemia, and
usually results from perinatal stress, including intrauterine growth restriction and
prematurity, along with maternal factors such as pre-eclampsia and diabetes (43).
This perinatal stress-linked HI is generally understood to remit spontaneously within
the first three to six months of life (44). However, without treatment transient HI can

have many of the same outcomes as in those individuals with persistent HI, with
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around 30% of individuals with transient HI reported to have some form of abnormal
neurodevelopment (45).

HI can also occur later in life as a result of many different factors unlinked to a
monogenic cause of HI. One of the best recognised of these is dumping syndrome,
where iatrogenic hypoglycaemia occurs as a result of gastric surgery, particularly in
children (46). This results from the increased speed at which food passes into the
small intestine in individuals who have undergone certain forms of gastric surgery,
such as fundoplication, leading to hyperglycaemia, which is quickly met by increased
insulin secretion, which leads to post-prandial hypoglycaemia occurring around 1-3
hours after a meal (47) (Figure 3). Another disorder which can be misdiagnosed as
congenital Hl is insulinoma. An insulinoma is defined as a tumour of insulin-secreting
cells in the pancreas, and they are the most common endocrine tumour of the
pancreas (48, 49). Insulinomas are not generally caused by germline changes in an
individual’s genetics, though in a small proportion of cases mutations can be
identified in genes such as MEN1 (50).

Reduced gastric Rapid Qellvery Rap!d N . Post-prandial
of nutrients to absorption of Hyperinsulinaemia )
volume hypoglycaemia
duodenum glucose

Figure 3 — The process of how reduced gastric volume resulting from gastric surgery can lead to post

prandial hypoglycaemia, known as dumping syndrome.

Persistent HI is usually defined as HI lasting longer than six months, and is
considered likely to be a monogenic disease, with around 50% of individuals having
an identified monogenic cause. The genetics and testing approaches for persistent
HI will be discussed further in the second part of this introduction.

Associations between genetic aetiologies and age at Hl onset

The age at presentation of HI in an individual is influenced by the genetic aetiology
with the majority of patients with disease-causing variants in the KATP channel
genes present in the first few days of life (51). This early age at diagnosis is not
consistently observed in all genetic causes of HI. Pathogenic mutations in GLUD1
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cause HI which often presents later in infancy or early childhood. One study of a
Finnish HI cohort reports the diagnosis of GLUD1 mutations occurring in a range of
4-31 weeks, while another study focussed on neurological outcomes reported
diagnosis as late as 34 years (52, 53). In addition, the Finnish study also reported
individuals being diagnosed with HI caused by mutations in SLC76A71 between 1.5
and 2.5 years of life, along with an individual diagnosed with HI caused by a
mutation in the GCK gene at 8 years of life (52). These later diagnoses may also be
influenced by the underlying biology of these genetic aetiologies. GLUD1 is activated
by the presence of leucine, and this pathway of insulin secretion may become more
active after birth, therefore leading to a later onset in some cases. GCK mutations
can also lead to wide range in the age at onset of HI. In these cases the severity of
the disease is likely to be associated with the effect of the mutation on the enzymatic
function of the GCK protein (54). Finally, as SLC16A1 mutations are linked to a
phenotype of exercise-induced HI (with hypoglycaemia occurring around half an hour
after a period of anaerobic exercise), it is possible that these mutations are not
detected earlier in life as a result of babies not performing anaerobic exercise,
meaning that the HI does not present until later in life (55).

Medical management of HI

The treatment of HI begins with the administration of intravenous glucose, to quickly
stabilise a patient’s blood glucose levels. After this there are very few treatments
available that can be used to effectively manage hyperinsulinism.

Diazoxide is generally used as the first line medical treatment for hyperinsulinism.
This drug binds to the SUR1 component of the KATP channel where it acts to
prevent the channel from closing (51). A failure of the channel to close keeps the
cellular membrane in a hyperpolarised state, which prevents opening of the calcium
channels and thereby inhibiting insulin secretion. However, this drug does not have a
universal response. In particular, individuals with mutations in ABCC8 or KCNJ11
that disrupt either the function or the presence in the membrane of the KATP
channel are less likely to respond to diazoxide, as the mechanism by which this drug
acts is unable to occur (56). In addition, diazoxide has serious side effects that
prevent the drug from being used in some individuals. These include pulmonary
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hypertension, oedema, and neutropenia (57). Furthermore, the drug is also not
available in some countries. Other medical treatments can be used, such as
octreotide, a somatostatin receptor analogue (58), though side effects can also occur
in octreotide treatment, including elevation of liver enzymes that resolves transiently,
along with gallbladder pathologies (59). Recently, some reports have suggested the
use of nifedipine (60) and sirolimus (61) to treat hyperinsulinism though others have
suggested that success rates with these drugs are variable (60, 62). As such, given
the prevalence of diazoxide unresponsiveness in Hl, it is vital that more drugs are

developed with which HI can be safely treated.

The histology of HI

HI can occur in distinct histological forms, including diffuse, focal and more rarely
atypical histology. These forms are difficult to differentiate in a clinical setting as
shown in unpublished data presented in Table 1. Both birth weight and insulin are
seen to be higher in those with diffuse disease, but this cannot be used to define
discrete cut-offs in these metrics for clinical use as a result of the overlap in the
ranges. A determination of whether focal or diffuse disease is present is vital for
individuals with diazoxide-unresponsive hyperinsulinism, as it will inform on medical
management, such as whether 18-F-DOPA PET CT scanning is needed, and
whether lesionectomy, in the case of focal disease, can be performed to cure the
disease. Children with diazoxide-unresponsive disease are most likely to have a
KATP channel mutation as these mutations disrupt the function of the channel that
diazoxide acts on: as a result, | will be focussing on KATP channel mutations in this

section.
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Diffuse histology, n=129 | Focal histology, n=122 | P=
Age of diagnosis (days) 2(1-=7) 2 (1-14) 0.103
Corrected birth weight (g) | 4281 (3729 — 4736) 3836 (3484 — 4273) 0.0001
Female sex 61 (47.3%) 44 (36.1%) 0.075
Insulin (pmol/l) 178.7 (88.2 — 347.1) 115.2 (57.3 — 253.2) 0.0086
Glucose (mmol/l) 1.5(1.1-1.9) 1.6 (1.2-2.1) 0.111
Diazoxide responsive 23 (31.1%) 11 (17.7%) 0.074

Table 1 — Unpublished data showing the differences between diffuse and focal disease in HI. Bold

indicates features significantly different between the two groups.

The inheritance of biallelic, recessively acting, or monoallelic, dominantly acting
mutations in ABCC8 or KCNJ11 confirms a diagnosis of diffuse disease, where
affected beta cells occur throughout the pancreas (7, 8). In contrast, the presence of
a recessive-acting mutation on the paternally inherited copy of ABCC8 or KCNJ11
can be combined with a loss of heterozygosity of the 11p15 region within the
pancreas. The loss of heterozygosity results from paternal uniparental disomy, which
unmasks the affected copy of the gene. This leads to reduced expression of the
maternally expressed tumour suppressors H19 and CDKN1C, and increased
expression of the paternally expressed growth factor /IGF2. This disruption leads to
the proliferation of beta-cells in one region of the pancreas, leading to a focal lesion.
The gold standard of treatment in HI includes the use of 18-F-DOPA PET CT
scanning to assess the location of a focal lesion where it is indicated genetically, as

this can support surgical treatment of the focal lesion (63-65).

Surgical management of HI

Surgical treatment can be used in HI, with two main indications. In individuals with a
focal pancreatic lesion, partial pancreatectomy, where the focal lesion is resected,
has a 97% success rate in curing hyperinsulinism (66). Near-total pancreatectomy,
where up to 95% of the pancreas is resected, may be used in some individuals
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where HI persists despite medical treatment (67). However, this treatment can have
variable efficacy, with up to 60% of individuals reported to have continual
hypoglycaemia post-pancreatectomy (68). In addition, near-total pancreatectomy can
lead to issues with the exocrine function of the pancreas (67), along with a greatly
increased risk of developing diabetes (68).

Summary of introduction

Congenital HI is a complex disorder both in terms of its molecular basis and its
clinical management, and this is also true of its genetics, which will be discussed in
the next section. As such, it is clear that a deeper understanding of these factors
could lead to better diagnosis and treatments of neonates with HI, thus improving

outcomes.
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Abstract

Congenital hyperinsulinism is characterised by the inappropriate release of insulin
during hypoglycaemia. This potentially life-threatening disorder can occur in
isolation, or present as a feature of syndromic disease. Establishing the underlying
aetiology of the hyperinsulinism is critical for guiding medical management of this
condition especially in children with diazoxide-unresponsive hyperinsulinism, where
the underlying genetics determines whether focal or diffuse pancreatic disease is

present.

Disease-causing single nucleotide variants affecting over 30 genes are known to
cause persistent hyperinsulinism with mutations in the KATP channel genes (ABCC8
and KCNJ11) most commonly identified in children with severe persistent disease.
Defects in methylation, changes in chromosome number, and large deletions and
duplications disrupting multiple genes are also well described in congenital
hyperinsulinism, further highlighting the genetic heterogeneity of this condition.

Next-generation sequencing has revolutionised the approach to genetic testing for
congenital hyperinsulinism with targeted gene panels, exome, and genome
sequencing being highly sensitive methods for the analysis of multiple disease genes
in a single reaction. It should though be recognised that limitations remain with next-
generation sequencing with no single application able to detect all reported forms of
genetic variation. This is an important consideration for hyperinsulinism genetic

testing as comprehensive screening may require multiple investigations.
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Introduction

Persistent congenital hyperinsulinism (HI) is characterised by the inappropriate
secretion of insulin during hypoglycaemia which continues beyond 6 months. A
prompt diagnosis of HI and effective management of glucose levels is critical to

prevent adverse outcomes (1).

Persistent HI affects approximately 1 in 13,500 to 1 in 45,000 new-borns in non-
consanguineous populations (2-5). In some isolated communities where founder
mutations have been reported, and in populations with high rates of consanguinity,
the incidence can increase to approximately 1 in 3,000 (6, 7). At least 36 different
genetic causes of HI have been reported which follow recessive, dominant, X-linked,
or sporadic inheritance (Table 1). The underlying genetic aetiology of disease will
determine whether the HI presents as isolated pancreatic disease or occurs as part

of a rare syndrome.

Many laboratories provide genetic testing for congenital HI; however, strategies vary
between testing centres both in terms of the genes that are screened and the types
of variation that can be detected (8-10). The different approaches to testing
employed by each laboratory could help explain the differences in the percentage of
mutation positive cases between cohorts which range from 45% to 79% (3, 4, 11,
12). Furthermore, the large number of genes which cause HI, the variable
penetrance observed both within and between families with the same disease-
causing variants, and the multiple modes of inheritance reported can hinder genetic

interpretation which will also impact on the pick-up rates reported by each laboratory.

In this review, we describe the genetic causes of HI and discuss the benefits and
limitations of the different methodological approaches currently used for genetic
screening of this condition.

Genetic types of Congenital Hyperinsulinism

Disease-causing variants in 10 genes have been reported to cause isolated,
persistent HI (Table 1). Loss-of-function variants in the ABCC8 and KCNJ11 genes,
which encode the two subunits of the pancreatic beta-cell ATP-sensitive potassium
(KATP) channel, are most common and reported in 30-66% of cases referred for
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genetic testing (3, 4, 11, 12). A wide range of clinical severity is associated with
KATP-HI with the functionally mildest variants causing transient disease which
responds well to diazoxide treatment (the frontline drug for HI), whilst the most
functionally severe variants cause diazoxide-unresponsive Hl that persists
throughout childhood (13-15). For individuals with diazoxide-unresponsive Hl,
pancreatic resection may be required to prevent life-threatening hypoglycaemia. For
these infants, rapid genetic testing of the KATP channel genes is critical as it will
determine the histological subtype of disease. Identifying biallelic (two disease-
causing variants on opposite alleles) or a single dominant KATP channel disease-
causing variant confirms diffuse pancreatic disease. In contrast finding a paternally
inherited, recessive KATP channel variant, predicts focal disease with a sensitivity of
97% (12, 16). In these individuals the variant is rendered homozygous by a second
somatic genetic event within the focal lesion in the pancreas (uniparental isodisomy)
(17, 18). This can be genetically confirmed by testing the pancreatic tissue following

a lesionectomy, which proves curative in most cases.

Clinical characteristics can help to predict some genetic forms of isolated HI. For
example, high ammonia concentrations are a consistent feature of GLUD7-HI (19), a
family history of Maturity-Onset Diabetes of the Young (MODY) can predict HNF4A
or HNF1A- HI (20, 21), and exercise-induced HI suggests a role for the beta-cell
disallowed gene, SLC716A1 in disease pathogenesis (22).

Over 28 different syndromes which feature HI have been reported with the most
common being Beckwith-Wiedemann syndrome (BWS) and Kabuki syndrome (23)
(Table 2). The proportion of individuals with syndromic disease who present with HI
varies between genetic subgroups. In some conditions Hl is reported as a cardinal
feature (e.g. Beckwith-Wiedemann syndrome (24)) whilst for others it is reported as
a rare feature of the disease (e.g. Chromosome 9p deletions (25)). Without genetic
testing it can be hard to accurately diagnose syndromic disease, especially when Hl
is the presenting feature and dysmorphism develops after birth, or when the clinical
features are not specific to a genetic syndrome (26). For individuals with syndromic
HI a genetic diagnosis is important as it will inform on prognosis and allow for the
effective monitoring of new features of the disease.
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Sanger sequencing

Causative genes for HI were historically screened by Sanger sequencing; an
approach that allows a few hundred nucleotides (typically a single exon) to be rapidly
sequenced in a single reaction. This is followed by semi-automated analysis by
alignment and inspection of the DNA sequence. These constraints force laboratories
to screen genes sequentially in descending order of prior probability based on
clinical characteristics and how commonly disease-causing variants in the gene are
identified. Whilst this phenotype-driven approach works well in many scenarios (for
example in the rapid screening of KATP channel genes in individuals with diazoxide-
unresponsive disease (27, 28)), the reliance of clinical features to guide testing can
delay a genetic diagnosis for individuals with an atypical presentation. This is an
important consideration for HI, as phenotypic variability is described within most
genetic subgroups, for example the presence of normal ammonia levels in some
children with GLUD1-HI (29, 30). Using the clinical characteristics to guide genetic
testing in syndromic HI should also be applied with caution as additional features

may develop after the diagnosis of HI (31).

A further major limitation of Sanger sequencing is its inability to detect heterozygous
deletions and duplications that extend beyond the targeted region, changes in the
number of chromosomes (aneuploidies), and defects in methylation, all of which
have been reported to cause HI (Table 1).

Despite its limitations, Sanger sequencing remains a highly sensitive test for the
rapid detection of single-nucleotide variants and small insertion/deletion variants
(indels) in both the coding and non-coding regions of the genome. It can also detect
mosaic variants (i.e. a genetic variant that is introduced during cell division that does
not affect every cell within the body) that are present in the sampled tissue at a level
of >8% (32). This is important, as disease-causing mosaic variants have been
reported in the known HI genes including KMT2D, KDM6A, NSD1, and CREBBP
(33-35).

Next-generation sequencing
Since 2005, next-generation sequencing has provided a method to allow for the

simultaneous analysis of multiple genes in a single assay (36). This technology
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revolutionised diagnostic testing for genetically heterogeneous disorders such as Hl
by allowing for the parallel screening of all known disease-causing genes/genomic
regions in a single assay at a much lower cost than Sanger sequencing. This led to a
paradigm shift for conditions like syndromic HI where genetic testing can precede the
development of the full clinical spectrum of disease, serving to make, rather than
confirm, the clinical diagnosis (26).

Targeted gene panel analysis by next-generation sequencing

A targeted gene panel typically includes all known genetic causes of a disease and
DNA samples are enriched for DNA in these loci prior to next-generation
sequencing. For most targeted gene panels, the average coverage achieved often
reaches many hundreds of reads over each base (37). This high-depth sequencing
data can be exploited to detect changes in copy number over targeted regions and
allows for the accurate detection of mosaic variants occurring at a level of >1% (32).
Recent studies have shown that off-target reads generated during the sequencing
process can be analysed to assess read-depth across the entire genome allowing for
the detection of large deletions and duplications outside of targeted regions (38).
These off-target reads have been used successfully to detect disease-causing
deletions on chromosome 9p in individuals with HI (25). The potential to identify
large deletions and duplications from off-target reads will though depend on the
methodology used for the targeted next-generation sequencing; amplicon-based
approaches that sequence PCR products will not generate the off-target sequencing
data.

The major limitation of targeted next-generation sequencing is that it only allows
screening of a predetermined list of genomic regions, and this list often differs
between laboratories. For genetically heterogeneous conditions such as Hl, it is
therefore important that clinicians who order panel testing are aware of which genes
are included on the targeted panels and whether copy number analysis has been
performed as this requires a separate bioinformatic analysis.

Exome and genome sequencing
The introduction of next-generation sequencing has enabled the rapid sequencing of
the coding regions of all genes (the exome) or the entire human genome (coding and
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non-coding regions) at much lower cost than previous methods. The approach to the
interpretation of exome and genome sequencing data will differ between centres with
some analysing variants called within a pre-defined set of known disease-causing
genes whilst other laboratories will perform a gene-agnostic analysis. The latter
approach has the advantage of being able to identify new genes for HI, with recent
successes including the discovery of the syndromic HI genes CACNA1D, PMM?2,
FOXA2, TRMT10A, EIF2S3, YARS, and KMT2D by exome sequencing and more
recently the finding of regulatory variants deep within intron 2 of the beta-cell
disallowed gene, HK1, by genome sequencing in individuals with isolated
hyperinsulinism (39-46). The ability of a laboratory to utilise next-generation
sequencing data for genetic discovery will largely depend on their ability to perform

robust genetic and functional studies to assess novel variation.

Exome sequencing targets the ~2% of the genome which codes for protein, making it
a cheaper alternative to genome sequencing. This, together with the knowledge that
85% of known disease-causing mutations reside within coding regions, has led to
exome sequencing being widely adopted within the clinical setting (47). For example,
in the UK, rapid exome sequencing for acutely unwell neonates is available through
the country’s National Health Service with 38% of patients tested receiving a rapid
diagnosis (48). Unlike targeted next-generation sequencing, which screens a
predetermined list of genes, exome sequencing provides an extremely effective
method to comprehensively analyse the coding regions and intron/exon boundaries
of all known HI genes and to assess copy number status. The major limitation of the
approach is that it will not detect non-coding mutations such as the deep intronic
mutations reported in ABCC8, HADH and HK1 or promoter variants in genes such as
HNF4A, PMM2, and SLC16A1 (22, 39, 40, 49, 50).

Genome sequencing represents the gold standard approach to genetic testing given
its ability to detect the largest range of genetic variation. As well as providing data on
coding and non-coding regions, genome sequencing can be used to search for
structural changes, copy number variants (large deletions, duplications, and
aneuploidies) and mosaic variants although the lower read depth achieved makes
this a less sensitive approach for detecting low-level mosaic variants compared to
targeted next-generation sequencing.
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The costs associated with sequencing the entire genome and the large amount of
data produced (approximately 200GB of processed data per sample versus 11GB
per sample for exome sequencing) had prohibited the adoption of routine genome
sequencing. Until recently it had been largely reserved for genetic screening when a
disease-causing variant had not been detected by targeted next-generation
sequencing or exome sequencing. This approach successfully resulted in an

increase in diagnostic yield for many rare genetic diseases (51, 52).

Improvements in sequencing capabilities leading to reduced costs are now leading to
the emergence of genome sequencing as a first line diagnostic test in specific
healthcare settings, for example in the screening of some rare developmental
disorders in the UK National Health Service (53). While genome sequencing is not
the current approach for investigating the genetic cause of Hl in many centres, it
seems likely that this will become the first line test in the coming years.

Non sequencing based methods to detect copy number variants and
methylation defects

Aneuploidies and large deletions and duplications (copy nhumber variants) are a rare
but important cause of HI (Tables 1-2). Unlike Sanger sequencing, next-generation
sequencing can detect these forms of genetic variation, but many laboratories will
not routinely screen for them as a separate analysis pipeline is required. This is an
important consideration when disease-causing variants are not detected in children
with HI and particularly for those where there are additional syndromic features
(Table 2).

Multiplex-ligation dependent probe amplification (MLPA) can detect disease-causing
deletions and duplications in individuals with HI. This approach is commonly used to
screen for deletions in the ABCC8 gene and can detect mosaicism (54). The
usefulness of MLPA is limited by its ability to analyse a maximum of 60 different
small genomic regions (generally single exons) in a single assay thus preventing the
simultaneous analysis of all HI genes in which copy number changes have been
reported.
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Microarray-based comparative genomic hybridization (array CGH) is a well-
established method that is used to detect large deletions/duplications and
aneuploidies in individuals with HI. Unlike MLPA, array CGH is not able to detect low
level mosaicism (<30% mosaicism for deletions and duplications and <10% for
aneuploidies). The approach does however allow for the analysis of copy number
variation across a greater percentage of the genome although the targeted region
will vary across arrays and will not always target the regions known to cause HI with

enough precision.

Current diagnostic sequencing approaches are also unable to detect changes in
DNA methylation. Individuals with clinical suspicion of an imprinting disorder such as
Beckwith-Wiedemann syndrome may therefore require additional methylation
studies, such as methylation-specific MLPA (MS-MLPA)(55) or Infinium Methylation
EPIC array analysis (56). Emerging technologies, such as Oxford Nanopore
sequencing, may allow for the simultaneous detection of sequence variation and
DNA methylation status but have not been widely used clinically. This technology
does offer the hope of a single comprehensive test for genetically heterogeneous
disorders like HI although to date it has mainly been used for genes that are hard to

sequence by other methodologies (57-60).

Further considerations and concluding remarks

Diagnostic testing for HI is routinely performed on DNA extracted from peripheral
blood leukocytes, saliva, or buccal samples. For conditions such as Hl it is important
to consider the source of DNA being screened, given that somatic mutations which
are only present in the pancreatic tissue have been reported (12, 61). Therefore,
when a mutation is not identified in the blood, and a pancreatectomy has been
performed, re-testing the known HI genes to search for a variant present only within

the pancreatic DNA should be considered.

In conclusion, several different genetic approaches exist for routine diagnostic
screening in HI with genome sequencing representing the gold standard approach to
testing. For healthcare professionals managing this genetically heterogeneous
disorder it is important that the limitations of each approach including genome
sequencing, are recognised as no single test can detect all known types of genetic
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variation reported in HI. This is particularly important when managing syndromic
disease, where copy number variants or defects in methylation are common. Despite
there being a broad range of genetic screening approaches that are available for Hl,
in reality the testing strategy is most likely to be influenced by the capabilities of the
local genetic diagnostic laboratory, affordability and importantly how quickly the tests
can be performed and results reported back. This is especially critical for children
with diazoxide-unresponsive disease as identifying a paternally inherited KATP
disease-causing variant suggests focal pancreatic disease which can be cured by

lesionectomy.
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Gene Zygosity Mutation Sanger Next Generation Sequencing Ref
H 1
type Sequencing Targeted | Exome | Genom
Panel e
ABCC8 Dominant | SNVs/indels 4 4 V2 4 (13, 54, 62)
or Large CNVs X v v v
recessive
GCK Dominant | SNVs/indels v v v v (63)
GLUD1 Dominant | SNVs/indels v v v v (19)
HADH Recessiv | SNVs/indels v v v?2 v (64)
e Large CNVs X v v v (65)
HK1 Dominant | SNVs/indels v v X v (39)
Large CNVs X v X v
HNF1A Dominant | SNVs/indels v v v v (21)
HNF4A Dominant | SNVs/indels v v % v (20)
Large CNVs X v v v (66)
INSR Dominant | SNVs/indels v v v v (67)
KCNJ11 | Dominant | SNVs/indels v v v v (68)
or
recessive
SLC16A1 | Dominant | SNVs/indels v v X v (22)

Table 1: Known genetic causes of isolated congenital hyperinsulinism and
current approaches to genetic testing for this condition. A tick (v') or cross (X)
denote whether the form of genetic variation can be detected by the screening
approach. None of the variants listed will be detected by methylation studies or
array-CGH analysis. SNVs are single nucleotide variants, Indels are
insertion/deletion variants and CNVs are copy number variants (deletions and
duplications).

Footnotes:

1Sanger sequencing will not detect heterozygous deletions of duplications that
extend beyond the targeted region. Homozygous deletions that encompass a primer
binding site may be detected by a failure to amplify the sequence, but this will require
verification by an independent method.

2 Exome sequencing will not detect the deep intronic mutations or promoter

mutations reported in these genes (49).
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Sanger

Next Generation Sequencing

Mutation Array- | Methylation
Gene Zygosity Syndrome Targeted . Ref
type Sequencing’ Exome | Genome CGH studies
Panel
Usher Large (69)
ABCC8 Recessive X v v v X X
Syndrome CNVs?
ADK (70)
ADK Recessive SNVs/indels v v v v X X
deficiency
Congenital (71)
ALG3 Recessive disorder of SNVs/indels v v v v X X
glycosylation
Primary (41)
aldosteronism,
CACNA1D | Dominant seizures & SNVs/indels v v v v X X
neurological
abnormalities
Beckwith- (72)
CDKN1C Dominant SNVs/indels v v v v X X
Wiedemann
Chr5q35 )
Dominant Sotos Large CNVs X v v v v X (73)
deletion
Chr9p . . (25)
) Dominant | Chr9p deletion | Large CNVs X v v v v X
deletion
Chr11p15.5 (74)
) Beckwith- Imprinting
loss of Dominant X x3 X X x3 v
) Wiedemann abnormality
methylation
Rubinstein- SNVs/indels v v v v X X (75)
CREBBP Dominant )
Taybi Large CNVs X v v v X X
SNVs/indels v v v v X X (76,
DIS3L2 Recessive Periman 77)
Large CNVs X v v v X X
X-linked (43)
EIF2S3 ] MEHMO SNVs/indels v v v v X X
recessive
Rubinstein- SNVs/indels v v v v X X (75)
EP300 Dominant )
Taybi Large CNVs X v v v X X
Tyrosinaemia (78)
FAH Recessive SNVs/indels v v v v X X

type |
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FOXA2 Dominant Syndromic SNVs/indels v (42)
X-linked Simpson- SNVsfindels v
GPC3 (79)
recessive | Golabi-Behmel Large CNVs v
Fanconi (21)
HNF4A Dominant renotubular SNV v
syndrome 4
HRAS Dominant Costello SNVs/indels v (80)
X-linked SNVs/indels v (81)
KDMG6A ) Kabuki
dominant Large CNVs v
SNVs/indels v (45,
KMT2D Dominant Kabuki 82)
Large CNVs v
MAGEL2 | Dominant* | Schaaf-Yang | SNVs/indels v (83)
Congenital (84)
MPI Recessive disorder of SNVs/indels v
glycosylation
SNVs/indels Ve (85-
NSD1 Dominant Sotos
Large CNVs v 87)
Congenital (88)
PHOX2B Dominant central SNVs/indels v
hypoventilation
Polycystic (40)
Kidney
SNVs/indels X
Disease with
PMM2 Recessive HI
Congenital (89)
disorder of SNVs/indels v
glycosylation
Aneuploidy (90)
Trisomy 13 | Dominant Patau v
(Trisomy)
TRMT10A | Recessive Syndromic SNVs/indels v (46)
YARS Recessive Syndromic SNVs/indels v (44)
Aneuploidy (91)
45,X Dominant Turner v

(Monosomy)
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Table 2: Known genetic causes of syndromic disease in which congenital
hyperinsulinism can be a rare or common feature and the current approaches
to genetic testing for this condition. A tick (v') or cross (X) denote whether the
form of genetic variation can be detected by the screening approach. Methylation
studies refer to methodologies that can detect changes in DNA methylation patterns
(e.g. Epic array analysis, Methylation-specific MLPA). SNVs are single nucleotide
variants, Indels are insertion/deletion variants and CNVs are copy number variants
(deletions and duplications).

Footnotes:

1 Sanger sequencing will not detect heterozygous deletions of duplications that
extend beyond the targeted region. Homozygous deletions that encompass a primer
binding site may be detected by a failure to amplify the sequence, but this will require
verification by an independent method.

2 Congenital hyperinsulinism, profound congenital sensorineural deafness,
enteropathy and renal tubular dysfunction is causes by a contiguous deletion
extending over ABCC8 and USH1C.

3 Rare deletions and duplications of the Chr11p15.5 imprinted region(s) can cause
Beckwith-Wiedemann syndrome (92). Their size and location will determine whether
they can be detected by next-generation sequencing or microarray analysis.

4 MAGEL2 is an imprinted gene, loss-of-function mutations only cause disease when
present on the paternal allele.

3 Intergenic mutations affecting NSD7 have been reported; these would not be
detected by exome sequencing (85).
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Cohort recruitment

Individuals were recruited for the studies included in this thesis in tandem with their
referral for genetic testing for HI in Exeter. This process was conducted jointly by
Professor Sarah Flanagan, of the University of Exeter Medical School, and Dr Jayne
Houghton, of the Molecular Genetics Laboratory at the Royal Devon & Exeter
Hospital (both Exeter, UK).

Individuals with HI were recruited by their local clinician, who obtained consent for
both routine genetic testing and for research into novel causes of HI where
appropriate. All individuals gave informed consent, which was held in Exeter as part
of the Exeter Beta Cell Research Bank

(http://lwww.diabetesgenes.org/content/genetic-beta-cell-research-bank).

A standardised clinical request form accompanied samples and was used to collate
known clinical information on cases of HI referred to Exeter for genetic testing and
research. This request form can be found in Appendix 1. The form was designed in
order to allow for the collation of standardised data that allowed for the
appropriateness of genetic testing to be determined, help with the interpretation of
genetic variation, and inform on research studies. Clinical data requested included
birth weight, gestational age, and biochemical measures relevant to the diagnosis of
treatment of HI (which included insulin, glucose, and in some cases C-peptide). In
addition, free text boxes were included in order to collate information on extra-
pancreatic features that may indicate the presence of syndromic disease, along with
any family history of either hypoglycaemia or diabetes.

Clinical and genetic information was stored in a password-protected database held
on the servers of the Royal Devon & Exeter NHS Foundation Trust, only accessible
to scientists of the Molecular Genetics Laboratory, and researchers from the
Hyperinsulinism Genes and Diabetes Genes teams at the University of Exeter
Medical School. Correspondence with clinicians regarding genetic testing results and

further clinical questions was conducted via email.

Blood samples sent to Exeter for genetic testing and research were stored securely
at the Royal Devon & Exeter Hospital's Wonford site by the Molecular Genetics
Laboratory, with access available for researchers on an agreed basis.
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ABSTRACT
Objective

Mutations in the KATP channel genes, ABCC8 and KCNJ11, are the most common
cause of congenital hyperinsulinism. The diagnosis of KATP hyperinsulinism is
important for the clinical management of the condition. We aimed to determine the
clinical features that help to identify KATP hyperinsulinism at diagnosis.

Design

We studied 761 individuals with KATP hyperinsulinism and 862 probands with
hyperinsulinism of unknown aetiology diagnosed before 6 months of age. All were

referred as part of routine clinical care.
Methods

We compared the clinical features of KATP hyperinsulinism and unknown
hyperinsulinism cases. We performed logistic regression and ROC analysis to
identify the features that predict KATP hyperinsulinism.

Results

Higher birth weight, diazoxide unresponsiveness and diagnosis in the first week of
life were independently associated with KATP hyperinsulinism (adjusted Odds Ratio
4.5 (95% ClI, 3.4-5.9), 0.09 (0.06-0.13) and 3.3 (2.0- 5.0) respectively). Birth weight
and diazoxide unresponsiveness were additive and highly discriminatory for
identifying KATP hyperinsulinism (ROC area under the curve for birth weight 0.80,
diazoxide responsiveness 0.77, and together 0.88, 95% CI 0.85-0.90). 86% born
large for gestation and 78% born appropriate for gestation who did not respond to
diazoxide treatment had KATP hyperinsulinism. In contrast, of those individuals born
small for gestation, none who were diazoxide responsive and only 4% of those who
were diazoxide unresponsive had KATP hyperinsulinism.

Conclusions

Individuals with hyperinsulinism born appropriate or large for gestation and
unresponsive to diazoxide treatment are most likely to have an ABCC8 or KCNJ11
mutation. These patients should be prioritised for genetic testing for KATP channel

genes.
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Introduction

Congenital hyperinsulinism (CHI) is a potentially life-threatening disorder
characterised by inappropriately high levels of insulin at the time of hypoglycaemia.
The incidence of CHI is estimated at 1 in 28,000 to 1 in 50,000 live births in
European populations but rises to approximately 1 in 2,500 in countries with high

rates of consanguineous unions '-3.

Mutations in approximately 15 genes have been reported to cause isolated CHI or a
multi-system syndromic disease where CHl is a rare feature 4. Screening these
genes identifies a mutation in 36-69% of cases > ©. Inactivating mutations in the
ABCC8 and KCNJ11 genes, encoding the SUR1 and Kir6.2 subunits of the
pancreatic ATP-sensitive potassium (KATP) channel are responsible for 80-84% of
confirmed monogenic cases of CHI 5%,

Rapid screening of the KATP channel genes is critical for informing surgical and
medical management of CHI 7. Identifying a dominantly-acting or bi-allelic ABCC8 or
KCNJ11 mutation confirms a diagnosis of diffuse pancreatic disease which is
preferentially managed with medical treatment whereas a paternally-inherited
recessively-acting ABCC8 or KCNJ11 mutation suggests a focal pancreatic lesion
which can be cured by lesionectomy .

In this study, we undertook genetic testing of the KATP channel genes in a large
cohort of children with CHI presenting before the age of 6 months with the aim to
assess whether clinical features at presentation could predict which individuals were
most likely to have monogenic CHI due to a KATP channel mutation.

METHODS
Study population and genetic analysis

We studied 761 probands with a pathogenic or likely pathogenic mutation in ABCCS8
(N=665) or KCNJ11 (N=96) identified at the Exeter Genomics Laboratory between
2002 and 2018. We also reviewed 862 patients with CHI of unknown genetic
aetiology who were referred to our laboratory within the same period. In all of these
patients, mutations in the ABCC8 and KCNJ711 genes had been excluded by Sanger
sequencing or gene panel testing.
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Analysis of the coding regions and intron-exon boundaries of ABCC8 and KCNJ11
was performed using previously described methods ® '°. When available, parental
samples were tested to confirm the inheritance of ABCC8/KCNJ11 variants identified
in the proband. Pathogenicity of variants was assessed according to ACMG

guidelines .

Clinical information was provided at referral for genetic testing using a standardised
request form and included sex, ethnicity, birth weight, gestational age at birth, age at
diagnosis of CHI, biochemical measurements at diagnosis (including insulin and
glucose), current treatment, response to diazoxide treatment if attempted and the
presence of additional features. Although a precise, consensus definition of
diazoxide responsiveness is lacking, diazoxide unresponsiveness in this study can
be broadly defined as persistent hypoglycaemia despite treatment with maximal
dose diazoxide indicating the need for additional therapies to achieve euglycaemia.
Consanguinity was defined as the parents of the proband being related as second
cousins or closer or if the proband was referred from a country with high reported

rates of consanguinity 2.

Informed consent was obtained from the parents or guardians of all probands. This
study was approved by the North Wales Research Ethics Committee
(517/WA/0327).

Statistical analysis

Birth weight Z score and corrected birth weight for sex and gestation were generated
using WHO standards accessed through the Zanthro package in Stata '3. Small for
gestational age (SGA) was defined as a birth weight lower than the 10" centile, and
large for gestational age (LGA) was defined as a birth weight greater than the 90"
centile. Age at diagnosis followed a skewed distribution, so was analysed
categorically between those diagnosed in the first week of life and those diagnosed
after the first week. As insulin (pmol/l) level followed a right skewed distribution,
values were log transformed for the statistical analysis.

Individuals with an ABCC8 or KCNJ11 mutation were combined (referred to as KATP
channel mutations hereafter) as no difference in clinical features was observed
between the two genetic subgroups (Supplementary Table 1). Statistical analyses
were performed to determine differences in the clinical features of patients with an
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unknown aetiology compared to patients with a KATP channel mutation. Two-tailed
P values were calculated to determine statistical significance using Pearson’s chi-
squared test for categorical variables, and Student’s T test for continuous variables.

Univariate and multivariable logistic regression were used to assess which clinical
features were independently predictive of having a KATP channel mutation. The
area under the curve (AUC) of the receiver operator characteristic (ROC) was used
to assess the discriminatory ability of the clinical features to identify individuals with a
KATP channel mutation from those without a mutation. Stata/SE 16.0 (Stata Corp,
College Station, TX, USA) was used to perform statistical analyses.

RESULTS

Seven of the clinical features studied were different between individuals with KATP

CHI and those with CHI of unknown aetiology

Individuals with KATP channel mutations (n=761) had higher birthweights (mean
43339 vs 3512g, P=6 x 104, mean difference 821g, 95% CI 748g-894g), were more
likely to be diagnosed in the first week of life (85% vs 72%, P=1 x 10°), had a higher
insulin level at diagnosis (mean 162.2pmol/l vs 115.4pmol/l, P=1 x 10%) and were
less likely to respond to diazoxide, the mainstay treatment for CHI (32% vs 88%, P=2
x 1084) compared to individuals with CHI of unknown genetic aetiology (n=862)
(Table 1). They were more likely to be female (46% vs 36%, P=5 x 10°), have
consanguineous parents (52% vs 34%, P=2 x 107'?) and were less likely to be
Caucasian (30% vs 52%, P=3 x 10-'8) compared to CHI of unknown genetic
aetiology. Glucose levels at presentation and the number of individuals with extra-

pancreatic features at referral were similar between the two groups.

Birth weight and diazoxide unresponsiveness are the most discriminative,
independent, and additive for identifying children with KATP CHI

To identify the independent features that can help in discriminating KATP CHI from
unknown cases, we performed a multivariable logistic regression analysis. We
showed that higher birth weight, diazoxide unresponsiveness, and a diagnosis within
the first 7 days of life were independent predictors of KATP CHI after adjustment for
all variables (Table 2). We next performed ROC AUC analysis to assess the
discriminatory ability of these variables. The ROC AUC for birth weight was 0.80
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(95% CI 0.77-0.82), 0.77 for diazoxide responsiveness (95% CI 0.74-0.80) and 0.59
for age at diagnosis (95% CI 0.57-0.62). Combining birth weight with diazoxide
unresponsiveness increased the ROC AUC to 0.88 (95% CI 0.85-0.90). The addition
of other factors (age at diagnosis, sex, ethnicity, consanguinity, insulin level) only
marginally increased ROC AUC (0.89, 95% CI1 0.87-0.91) over the combination of
birth weight and diazoxide unresponsiveness (Table 2, Figure 1). To establish if our
results were consistent across institutions that may have different standards in
measuring these clinical features, we performed a sensitivity analysis with the two
institutions that referred the most patients, along with the two countries with the most
referred patients. We observed similar results in this analysis, suggesting the
presence of homogeneity in clinical features despite different patient populations and
clinical practice (Supplementary Table 2).

Individuals born appropriate or large for gestation who did not respond to diazoxide
had the highest likelihood of KATP CHI

Of the 220 individuals born large for gestational age who were unresponsive to
diazoxide, 86% (95% CI 81%-91%) had KATP CHI, whilst no mutations were
detected in those born small for gestational age who responded to diazoxide (Figure
2). Of the 179 individuals born appropriate for gestational age who were
unresponsive to diazoxide, 78% (95% CI 71%-84%) had KATP CHI, whilst of the 389
individuals born appropriate for gestational age who were responsive to diazoxide,
only 18% (95% CIl 14%-22%) had KATP CHI.

DISCUSSION

In this large study, we showed that simple clinical features such as birth weight and
diazoxide responsiveness were independent and highly predictive for identifying
individuals with KATP CHI from those with CHI of unknown aetiology.

We show that patients with KATP CHI were ~830 g heavier compared to CHI due to
unknown cause. Higher birth weight has been reported previously in patients with
KATP CHI ' 15 and with persistent CHI '®. However, previous studies generally did
not include control cases without KATP mutations, were smaller in size, and were
limited to single centres impacting on the ability to statistically assess the importance
of birth weight for identifying KATP CHI. We also show that birthweight and other
clinical features were comparable between ABCC8 and KCNJ11 CHI thus this
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finding is applicable to both KATP CHI subtypes (Supplementary Table 1). The
higher birth weight in the KATP CHI patients is in keeping with the onset of
hyperinsulinism with KATP CHI in utero, as insulin acts as a growth factor in
pregnancy '7. This is supported by the observation that most of the children with CHI
are diagnosed in the first week of life.

Diazoxide is the most common medical treatment for CHI which suppresses insulin
secretion by binding to and opening the KATP channel 8. 78% of patients in our
cohort who were unresponsive to diazoxide treatment had a KATP channel mutation,
in keeping with the mutations leading an absence of channels or channels with
disrupted function. Previous studies reported similar levels of diazoxide-
unresponsiveness in patients with KATP CHI (5,6). Therefore, our finding is not
unexpected, but due to large control cases, we were able to quantify the importance
of lack of diazoxide response in identifying KATP CHI. Additionally, there was no
difference in diazoxide responsiveness between patients with mutations in ABCC8
and KCNJ11 thus our findings are applicable to both genetic subtypes
(Supplementary Table 1). Given that diazoxide is not universally available it will be
important to perform further studies to assess whether responsiveness to other
treatments (including somatostatin analogues) can help to predict KATP channel

hyperinsulinism.

Our study has important clinical and research implications. Using the largest cohort
of CHI cases referred from routine clinical practice, we robustly show that birth
weight and response to diazoxide treatment can be used to help guide genetic
testing in patients with CHI. Our cohort also included patients from multiple centres,
of different ethnicities, and with different modes of inheritance for mutations in the
KATP channel genes suggesting that our findings are applicable to patients world-
wide. More than 80% of cases born LGA or AGA who were unresponsive to
diazoxide had KATP channel mutations and therefore every effort should be made to
prioritise genetic testing in these individuals as finding a KATP mutation can guide
clinical management (7). Current Pediatric Endocrine Society guidelines on
hypoglycaemia lack recommendation on criteria that can be used to prioritise
patients for genetic testing for CHI (19). We believe our study provides important
evidence in this regard which is especially relevant for resource-poor countries

where access to genetic testing is limited '°. Furthermore, the findings from this
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study will help to prioritise patients for genetic discovery studies for patients with an
unknown aetiology. Patients born large for gestational age who do not respond to
diazoxide have an 86% chance of harbouring a mutation in a KATP channel gene
(Figure 1). Therefore, patients in this category without a monogenic cause are good
candidates to screen for pancreas-specific mosaic mutations and regulatory
mutations affecting the KATP channel genes %°.

We acknowledge that our study has some limitations. We used clinician reported
assessment of diazoxide responsiveness thus it is likely to vary by referring clinician.
However, the rate of diazoxide unresponsiveness in KATP CHI is similar to studies
that used a single definition for this feature > 6. Furthermore, the lack of consistent
definition will have reduced the discriminatory ability rather than inflated the estimate
suggesting that a robust definition will provide improved or similar results to our
study. Our study did not include comprehensive data on whether hyperinsulinism
was transient or persistent in each patient as we wanted to identify features at
diagnosis which could help predict a KATP channel mutation. However, enrichment
of male and SGA patients in the unknown aetiology group suggests the presence of
transient HI as reported by a recent study ?'. We used clinician reporting and country
of referral to infer consanguinity. Although this approach has been used previously
22 we recognise that this has likely increased the proportion of consanguinity
reported in our cohort. Despite this, consanguinity was significantly enriched in
patients with KATP hyperinsulinism. This suggests that a more accurate definition
will further increase its utility in identifying KATP hyperinsulinism. Finally, our study
finding is not applicable to cases of non-KATP monogenic CHI. We chose to focus
on KATP CHI as they are responsible for more than 80% monogenic CHI and finding

these mutations is of great clinical importance.

In conclusion, this study shows that birth weight, diazoxide responsiveness and
presenting with CHI in the first week of life are independent and highly predictive for
KATP channel mutations in patients with congenital hyperinsulinism. Patients born
normal or large for gestational age who are unresponsive to diazoxide are most likely
to have KATP channel mutations and should be referred for genetic testing. Our
study provides robust results that will help to shape future guidelines on genetic
testing for CHI and is applicable to patients worldwide.
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Figure 1 — Receiver operating curves analysis showing the discriminating ability of
clinical features to identify individuals with KATP CHI from those with unknown
aetiology. DR denotes diazoxide responsiveness. BW denotes birth weight. All
includes birth weight, diazoxide responsiveness, age at diagnosis, sex, insulin level

at diagnosis, ethnicity, and consanguinity.
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Figure 2 — Proportion of KATP Congenital Hyperinsulinism by diazoxide
responsiveness and birth weight categories. Light grey bars represent the
percentage number of individuals without a KATP channel mutation, dark grey bars
represent the percentage number of cases with a KATP channel mutation. SGA =
small for gestational age, AGA = appropriate for gestational age, LGA = large for

gestational age.
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CHI with confirmed KATP

Characteristics CHI of unknown aetiology P value
channel mutations
N 761 862 -
Age at diagnosis - - 1x10°
<7 days 644 (85%) 622 (72%) -
>7 days 117 (15%) 240 (28%) -
Female sex 352 (46%) 313 (36%) 5x 10
Corrected birth weight (g) [n] 4333 (718) [746] 3512 (762) [843] 6 x 109
Birth weight Z score [n] 1.64 (1.50) [746] -0.13 (1.66) [843] 1x 109
Birth weight categories - - 8x10%
LGA 415 (56%) [746] 151 (18%) [843] -
AGA 329 (44%) [746] 478 (57%) [843] -
SGA 2 (0.3%) [746] 214 (25%) [843] -
Additional features 102 (13%) 152 (18%) 0.02*
White ethnicity [n] 224 (30%) [736] 438 (52%) [841] 3x10718
Consanguineous parents 394 (52%) 296 (34%) 2x107?
Glucose (mmol/L) [n] 1.6 (0.7) [653] 1.7 (0.8) [740] 0.02*
Insulin (pmol/L) [n] 162.2 (3.0) [666] 115.4 (2.9) [715] 1x 108
Diazoxide responsive [n] 160 (32%) [495] 521 (88%) [591] 2 x 108

Table 1 - Characteristics of individuals with congenital hyperinsulinism with a

confirmed KATP channel mutation and those with an unknown aetiology. Categorical

data are showed as n (%) whereas continuous variables are shown as mean (SD).

*P value are above the Bonferroni corrected threshold for multiple comparison

(0.05/8 = 0.006). Number of patients is shown in square brackets where it differs

from the total number in the cohort. Patients with a confirmed KATP channel
mutation included individuals with a mutation in either KCNJ11 (N=96) or ABCC8

(N=665).
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Unadjusted Odds ratio

Adjusted Odds ratio

Characteristics P value P value
(95% ClI) (95% ClI)
Diagnosed in first
2 (1.6-2.5) 3x10710 3.3(2.0-5.0) 2x10%
week of life
Female sex 1.5(1.2-1.8) 5x10° 0.9 (0.6 —1.3) 0.6
Corrected birth
. 4.4 (3.7-5.2) 3x10%8 4.5(3.4-5.9) 2x102%
weight
Caucasian ethnicity 2.4(2.0-3.0) 9x10718 1.5(0.9-2.6) 0.1
Consanguinity 2.0(1.6-2.4) 7x10712 1.9(1.1-3.3) 0.02
Insulin at diagnosis 1.9(1.5-24) 9x10° 0.7 (0.5-1.0) 0.08
Diazoxide
. 0.08 (0.06 — 0.11) 2 x10% 0.09 (0.06 — 0.13) 2 x 1036
responsive

Table 2 — Odds ratios for clinical characteristics from logistic regression model for

identifying individuals with KATP CHI from CHI of unknown aetiology. Table shows

odds ratio (95% confidence interval) for univariate and multivariate analysis after

adjusting for all variables.
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CHI with confirmed ABCC8

CHI with confirmed KCNJ11

Characteristics P value
mutation mutation
N 665 96 -
Age at diagnosis - - 0.88
<7 days 562 (85%) 82 (85%) -
>7 days 103 (15%) 14 (15%) -
Female sex 313 (47%) 39 (41%) 0.27
Corrected birth weight
4331 (706) [650] 4341 (797) 0.90
(9) [n]
Birth weight Z score [n] 1.64 (1.47) [650] 1.65 (1.66) 0.93
Birth weight categories - - 0.19
LGA 365 (56%) [650] 50 (52%) -
AGA 284 (44%) [650] 45 (47%) -
SGA 1 (0.2%) [650] 1 (1%) -
Additional features 84 (13%) 18 (19%) 0.1
White ethnicity [n] 195 (30%) [642] 29 (31%) [94] 0.91
Consanguineous parents 343 (52%) 51 (53%) 0.83
Glucose (mmol/L) [n] 1.6 (0.7) [677] 1.6 (0.6) [76] 0.90
Insulin (pmol/L) [n] 161.2 (3.0) [588] 170.0 (2.9) [78] 0.69
Diazoxide responsive [n] 133 (31%) [423] 27 (38%) [72] 0.34

Supplementary Table 1 — Characteristics of individuals with congenital

hyperinsulinism caused by mutations in ABCC8 and KCNJ11. Categorical data are

shown as n (%) whereas continuous data are shown as mean (SD). *P values are

above the Bonferroni corrected threshold for multiple comparison (0.05/8 = 0.006).

Number of patients [n] is shown in square brackets where it differs from the total

number in the cohort.




No with KATP Hi/total
HI

ROC AUC for
corrected birth weight
alone (95% Cl)

ROC AUC for
diazoxide
responsiveness alone
(95% CI)

ROC AUC for
corrected birth weight
and diazoxide
responsiveness (95%
Cl)

ROC AUC for
corrected birth
weight, diazoxide
responsiveness, sex,
insulin, ethnicity,
consanguinity (95%
Cl)

Whole cohort 761/1685 0.80 (0.77 — 0.82) 0.77 (0.74 - 0.80) 0.88 (0.85 — 0.90) 0.89 (0.87 — 0.91)
Patients from the UK | 173/531 0.85 (0.80 — 0.89) 0.84 (0.79 - 0.88) 0.94 (0.91 - 0.96) 0.93(0.91 - 0.96)
Patients from Turkey | 102/208 0.86 (0.80 — 0.92) 0.75 (0.68 — 0.82) 0.89 (0.84 — 0.95) 0.90 (0.85 — 0.96)
Patients referred from | 116/283 0.81(0.74 - 0.87) 0.84 (0.79 - 0.90) 0.91 (0.87 — 0.96) 0.93(0.88 - 0.97)
GOSH

Patients referred from | 35/90 0.89 (0.81 - 0.98) 0.80 (0.69 — 0.91) 0.94 (0.87 — 1.00) 0.93 (0.86 — 0.99)

Manchester

Supplementary Table 2 - Sensitivity analysis showing the utility of clinical features to discriminate between KATP CHI and CHI of
an unknown aetiology in the two countries and institutes with the most referrals. ROC AUC = Receiver Operating Characteristic
Area under the Curve
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ABSTRACT

Hyperinsulinism results from inappropriate insulin secretion during hypoglycaemia.
Down syndrome is causally linked to a number of endocrine disorders including Type
1 diabetes and neonatal diabetes. We noted a high number of individuals with Down
syndrome referred for hyperinsulinism genetic testing, and therefore aimed to
investigate whether the prevalence of Down syndrome was increased in our

hyperinsulinism cohort compared to the population.
Methods

We identified individuals with Down syndrome referred for hyperinsulinism genetic
testing to the Exeter Genomics Laboratory between 2008 and 2020. We sequenced
the known hyperinsulinism genes in all individuals and investigated their clinical

features.
Results

We identified 11 individuals with Down syndrome in a cohort of 2011 patients
referred for genetic testing for hyperinsulinism. This represents an increased
prevalence compared to the population (2.5/2011 expected vs. 11/2011 observed,
P=6.8 x 10°). A pathogenic ABCC8 mutation was identified in 1 of the 11 individuals.
Of the remaining 10 individuals, 5 had non-genetic risk factors for hyperinsulinism
resulting from the Down syndrome phenotype: intrauterine growth restriction,
prematurity, gastric/oesophageal surgery, and asparaginase treatment for
leukaemia. For 5 individuals no risk factors for hypoglycaemia were reported
although 2 of these individuals had transient hyperinsulinism and 1 was lost to
follow-up.

Conclusions

Down syndrome is more common in patients with hyperinsulinism than in the
population. This is likely due to an increased burden of non-genetic risk factors
resulting from the Down syndrome phenotype. Down syndrome should not preclude
genetic testing as coincidental monogenic hyperinsulinism and Down syndrome is

possible.
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Introduction

Hyperinsulinism (HI) is a disorder of the pancreatic beta-cell where inappropriately
high levels of insulin are secreted leading to hypoglycaemia. Prolonged neonatal HI
can be transient, often remitting within 6 months, with risk factors including male sex,
low birth weight, and perinatal stress (1). In contrast, persistent HI is likely to be
genetic with disease-causing mutations in single genes identified in 50-70% of cases
(2, 3). HI has also been reported as a rare feature in patients with aneuploidies. For
example, HI can present in females with Turner syndrome resulting from a complete
or partial monosomy of the X chromosome and in children with Patau syndrome

resulting from mosaic trisomy 13 (4, 5).

The most common aneuploidy is trisomy 21, causing Down syndrome, which affects
1in 794 live births in the USA (6). Down syndrome is characterised by intellectual
disability, microcephaly, congenital heart defects, gastrointestinal disorders, and
endocrine disorders which include Type 1 diabetes or neonatal diabetes (7-9). Whilst
HI has not been reported as a feature of Down syndrome, we noted a high number
of individuals with the co-existence of these two conditions being referred to our
laboratory for genetic testing. Our aim was to assess whether the prevalence of
children with HI and Down syndrome was higher than expected in our cohort and if
so to determine the reason(s) for this.

METHODS

We studied 2011 individuals referred for HI genetic testing to the Exeter Genomics
Laboratory between 2008 and 2020. Clinical information was provided at referral
using a standardised request form. Follow-up data by case note review were
requested for all individuals with HI and Down syndrome.

We performed targeted next-generation sequencing of 13 known HI genes including
ABCC8, CACNA1D, CDKN1C, GCK, GLUD1, HADH, HNF1A, HNF4A, INSR,
KCNJ11, PMM2, SLC16A1, and TRMT10A in all individuals with HI and Down
syndrome using previously described methods (10). We used Stata/SE v16.0 to
perform a one-sample binomial test to assess if the prevalence of Down syndrome in
our cohort was significantly higher than the population prevalence (Stata Corp,
College Station, TX, USA).
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Informed consent was obtained from the parents or guardians of all probands. This
study was approved by the North Wales Research Ethics Committee
(517/WA/0327).

RESULTS

Within our international cohort of 2011 individuals, we identified 11 cases with Down
syndrome (n=11/2011 [0.55%]). This represents a minimal prevalence as we do not
routinely screen for aneuploidies, and some clinicians may not have provided this
information on the genetic request form. The number of children with Down
syndrome was significantly higher than expected by chance given the population
prevalence of Down syndrome of 12.6/10,000 (6) (2.5/2011 expected vs. 11/2011
observed, P=6.8 x 10).

We identified a mutation in a known HI gene in 1/11 (9%) patients. This individual
had a pathogenic paternally inherited ABCC8 mutation (11). Of the 10 individuals
without a mutation in a known gene, 2 were born with intrauterine growth retardation
(IUGR) (birth weight Z-score <-2). The median age at diagnosis of HI of the 10
individuals was 101 days (IQR 1d-581d) with insulin detected at the time of
hypoglycaemia (plasma glucose < 2.8mmol/L) in all cases. Persistent HI (defined
here as requiring treatment for >6 months) was confirmed in 4 of the 10 genetically
unsolved individuals. In the remaining 6 individuals the HI was transient (n=5) or
follow-up information was not available (n=1). One individual with persistent Hl
demonstrated side-effects to diazoxide and did not respond to octreotide,
necessitating a near-total pancreatectomy (12). Consanguinity was reported in this

individual.

Seven individuals, including the child with an ABCC8 mutation, had undergone
gastric or oesophageal surgery for duodenal atresia, duodenal stenosis,
tracheomalacia, or gastro-oesophageal reflux disease (GORD). In two cases surgery
had been performed prior to the onset of HI. One of these cases had also undergone
surgery to repair a portosystemic shunt (13). A further individual had been diagnosed
with acute lymphoblastic leukaemia and had received L-asparaginase treatment prior
to the onset of HI. An overview of the clinical features of the cohort are provided in
Table 1.
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DISCUSSION

We identified 11 individuals with Hl and Down syndrome. Given that Down syndrome
has an approximate incidence of 1 in 794 live births we would have expected 2 or 3
individuals with Down syndrome in our cohort of 2011 individuals (6). The statistically
significant enrichment and higher prevalence therefore suggest that the two

conditions are related.

The prevalence of mutations in the known genes was low in the Down syndrome and
HI cohort (n=1/11, 9%) although this increased to 20% in those with confirmed
persistent HI (n=1/5). This pick-up rate is lower than anticipated given previous
studies have reported mutations in the known genes in 50-70% of HI cases (2, 3).
While this may reflect the small sample size, it is also possible that the Down
syndrome is increasing the risk of the child developing HI.

We identified risk factors for developing HI in 5 of the 10 individuals without a
mutation in a known gene. Two children had surgery to correct a gastrointestinal (Gl)
disorder prior to the onset of HI (Table 1). Gl disorders are common in individuals
with Down syndrome and surgical management of this can lead to iatrogenic
hypoglycaemia as a result of dumping syndrome (14, 15). Furthermore, one of these
individuals also had confirmed post-prandial hypoglycaemia following surgery
lending further support to this diagnosis (16). This patient also had a portosystemic
shunt, with surgical closure resulting in a resolution of the hypoglycaemia (13). In 4
further cases gastric surgery was performed but this occurred after the onset of HI in
3 cases suggesting that the HI was unlikely to be due to gastric surgery induced
post-prandial hypoglycaemia. The age at gastric surgery in the remaining patient

was unknown.

IUGR or biochemical evidence of perinatal and postnatal stress associated with
prematurity, was reported in two individuals. These are well-recognised risk factors
for prolonged neonatal hypoglycaemia (1). IUGR was reported in a second individual
however the HI was ongoing at the age of 13 years suggesting it was not causative
of the hypoglycaemia (17).

One individual had been diagnosed with acute lymphoblastic leukaemia that had
been treated with an L-asparaginase based chemotherapy prior to the onset of HI at
4 years. Children with Down syndrome are at increased risk of developing acute
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lymphoblastic leukaemia and previous studies have shown that treatment with L-
asparaginase can cause hypoglycaemia in younger patients (18, 19). This could
explain the transitory hypoglycaemia observed in this child.

Of the 5 individuals without an identifiable risk factor for HI, two had persistent HI,
two had transient HI and one case was lost to follow-up which might suggest that the
HI was transient and not severe. It is also possible that in this patient risk factors for
HI were present but not reported at referral for genetic testing. The finding of two
individuals with Down syndrome and persistent HI within our cohort is expected
based on the population prevalence of Down syndrome. Interestingly, consanguinity
was reported in one of these individuals, supporting the possibility of a recessively
inherited monogenic aetiology.

Recently, a study of HI in Finland identified 5 cases with Down syndrome in a cohort
of 238 individuals. The authors noted that this was a statistically significant increase
compared to the population prevalence of Down syndrome (20). In keeping with our
findings, screening of the known genes identified an ABCC8 mutation in a single
individual whilst the 4 mutation negative individuals had non-genetic risk factors for
HI which could be attributed to the Down syndrome phenotype: extreme prematurity
and cardiac insufficiency, IUGR, gastric surgery/fundoplication, and stress due to
congenital heart defects (personal communication Huopio and Mannisto). In two
individuals the HI remitted before the age of 4 months.

Genetic testing identified an ABCC8 mutation in one individual with Down syndrome
in our cohort and this, together with the finding of an ABCC8 mutation in an
individual within the Finnish cohort, highlights the need to perform genetic testing in
all individuals with persistent HI (20). Whilst a diagnosis of Down syndrome does not
preclude co-incidental monogenic HI, our study suggests HI in Down syndrome is
most likely to be due to non-genetic risk factors.

In conclusion, we have identified an increased referral rate for HI genetic testing for
individuals with Down syndrome. Our findings suggest that HI is not a feature of
Trisomy 21 but a consequence of the high burden of non-genetic risk factors
resulting from the Down syndrome phenotype.
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Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7 Patient 8 Patient 9 Patient 10 Patient 11
No No No No
No mutation No mutation No mutation No mutation No mutation No mutation ABCCS8
Genetic results mutation mutation mutation mutation
detected detected detected detected detected detected p.G25fs/N**
detected detected detected detected
Sex Female Female Male Male Female Female Male Female Male Female Male
Not
Birth weight SDS -2.55 1.35 0.25 -0.77 0.22 -1.07 0.89 -3.74 1.25 0.65
available
Age at HI
36 20 120 0.14 83 0.14 0.14 0.14 9 208 0.43
diagnosis (weeks)
Glucose (mmol/L)
(Insulin (pmol/L)) 2 (108) 1.5 (60.5) 1(18.3) 0.4 (26) 1.6 (88) 1.9 (12.8) 2.0 (347) 1.8 (12.5) 2.8 (4.5) 2.4 (141) 1.1 (56.1)
at diagnosis
Post-prandial
Not noted Not noted No No Yes Not noted Not noted Not noted Not noted Not noted Not noted
hypoglycaemia
Persistent | Transient | Persistent Transient Persistent Transient Transient Unknown Persistent Transient Persistent
Diazoxide No Pancreate Treated Diazoxide Treated with No treatment Lost to Treated with Treated Octreotide
treatment treatment ctomy due | transiently with unresponsive, diazoxide required follow-up | diazoxide, until | transiently with | (20ug/kg/da
Transient/persiste | ongoing at required to side I.V. glucose managed with until 4 (10 12 months I.V. glucose y) ongoing
nt HI 13 years effects of | and increased continuous months mg/kg/day at 5 years
3 diazoxide feeds feeds until diazoxide
mg/kg/day and no remission at 3 at referral)
) response years following
to VSD correction
octreotide
Yes, prior Yes, Yes, prior to HI .
Gastric or . . . Yes, Yes Yes, following Yes,
to HI following diagnosis
oesophageal No . . No following HI No (age HI diagnosis No following HI
diagnosis HI (1%t, 4 weeks, ) ) ) )
surgery (age) diagnosis unknown) (26 weeks) diagnosis
(16 weeks) | diagnosis 2" 1 yr)
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(3 yrs)

(>0.14

weeks)

(0.86

weeks)

Additional

features

ASD

GORD,
VSD

West
syndrome,
GORD,

asthma

Mild
hypoventilation
, ASD

Tracheo-
oesophageal
fistula, GORD,
VSD, jaundice,
portosystemic

shunt

Duodenal
atresia,
ASD, PDA

Prematurity
(31/40),
perinatal

compromise

(poor CTG,
reduced

movements, at
birth: raised
lactate,
biochemical
evidence of liver
& renal
compromise)
Cerebral palsy
with right
hemiplegia 2nd
to left
Periventricular
Leukomalacia,
Cataracts,
Hearing loss 2™
auditory
neuropathy

Duodenal
stenosis,

haematuria

Tracheomalaci

a

Acute
lymphoblastic
leukaemia
treated with L-
asparaginase at
3.8 years

Duodenal

atresia
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Table 1 — Clinical features of patients diagnosed with Down syndrome and
Hyperinsulinism. Grey-filled boxes represent risk factors for Hyperinsulinism (HI).
ASD = Atrial Septal Defect. VSD = Ventricular Septal Defect. PDA = Patent Ductus
Arteriosus. GORD = Gastro-Oesophageal Reflux Disease. I.V. Intravenous. For the
purposes of this study persistent disease is defined as HI requiring treatment for >6
months and transient disease is defined as HI requiring treatment for <6 months.
Patient 3 previously reported in (12). Patient 5 previously reported in (13). **
indicates that mutation was previously reported in (11).
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Abstract
Background

Loss of function mutations in the gene KDM6A are known to cause Kabuki
syndrome, a syndromic cause of congenital hyperinsulinism.

Aim

We aimed to study three individuals in whom partial duplications of the KDM6A gene
were identified from targeted sequencing or whole genome sequencing data.

Methods

Genetic testing was performed to identify tandem partial duplications of the KDM6A
gene in three individuals referred for genetic testing for hyperinsulinism.
Bioinformatic and DNA methylation analyses were performed in order to determine
whether these duplications were pathogenic.

Results

Two of the duplications were predicted to be pathogenic based on either the
introduction of a frameshift and premature stop codon resulting from the duplication,
or by the presence of an episignature similar to that of individuals with Kabuki
syndrome. In one individual, there was not sufficient evidence to support
pathogenicity of the duplication, which extended outside of the KDM6A gene and is
predicted to result in one full copy of the gene being present.

Conclusions

Tandem partial duplications in KDM6A are a rare cause of congenital
hyperinsulinism and a Kabuki syndrome-like phenotype.
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Introduction

Kabuki syndrome is a rare developmental disorder, with an estimated prevalence of
around 1 in 32,000 individuals (1, 2). The condition is characterised by well-defined
and distinct dysmorphism, particularly of the face, developmental delay, and infantile
hypotonia (3). It can also present with a wide range of manifestations, including
endocrine, neurological, and cardiac phenotypes (2, 4-7). In addition, Kabuki
syndrome is also a cause of syndromic hyperinsulinism (HI), which can act as the
presenting feature for this disorder (4), and as a result it is regularly included in
clinical panels for HI.

Kabuki syndrome is a genetically heterogeneous disorder, with dominantly acting
pathogenic variants identified in around 70% of cases with clinically diagnosed
Kabuki syndrome (3). Loss of function variants in the KMT2D and KDM6A genes
have been identified as causing Kabuki syndrome, with pathogenic variants in
KMT2D reported in just under 90% of genetically confirmed cases (3, 8-10).

KMT2D and KDMG6A are important in controlling gene expression and cell
differentiation as a result of their roles as a histone lysine methyltransferase and
histone demethylase respectively (11, 12). However, the precise mechanism by
which mutations in these genes lead to HI is not known. These roles as mediators of
histone methylation also result in direct changes in DNA methylation, which allows
for identification of a Kabuki syndrome-specific pattern of DNA methylation, or an
‘episignature’, that can be used to aid the diagnosis of this condition (13). In recent
years, methylation profiles generated from individuals with a range of disorders of
the epigenetic machinery have shown that episignatures can be used to differentiate

around 42 Mendelian disorders, and thereby aid diagnosis (14).

Disruption of the KDM6A gene was first identified as a cause of Kabuki syndrome in
2012, with the identification of partial or complete de novo deletions of the KDM6A
gene in three individuals with the Kabuki syndrome phenotype(8). More recently, a
study of 80 individuals with mutations in KDM6A showed that the large majority of
individuals with KDM6A-Kabuki syndrome have a point mutation rather than a large
deletion, with the majority of variants identified being protein-truncating, as opposed
to protein-altering variants (15). No cases of duplications in the KDM6A gene have
been described.
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In this study we studied three novel KDMGA partial gene duplications identified in
three individuals presenting with congenital hyperinsulinism to assess whether
duplication of this gene could represent a novel mechanism of disease.

Methods
Recruitment and ethics

Individuals identified in this study were recruited for routine genetic testing for HI.
Consent was obtained for research to be performed to identify a novel cause for an
individual’s HI where routine testing did not identify a cause. Clinical features of
these individuals were collected from referral forms submitted at the time of referral
for genetic testing. Informed consent was obtained for genetic testing from the
parents or guardians of all probands. This study was approved by the North Wales
Research Ethics Committee (517/WA/0327).

DNA sequencing

Targeted next generation sequencing was performed on DNA extracted from
peripheral blood leukocytes from three individuals as part of routine genetic testing
for HI (16, 17). The targeted next generation sequencing panel captured 13 of the
known disease genes for congenital hyperinsulinism including KMT2D and KDMG6A.
This analysis also allows for off target copy number variations (CNVs) to be called
using SavvyCNV (18).

Whole genome sequencing (WGS) was performed to confirm the presence of
tandem duplications and their breakpoints on DNA extracted from peripheral blood
leukocytes from three individuals and their parents using lllumina HiSeq, Illumina
TruSeq, or BGISeq-500 technology. Sequence data was aligned with BWA MEM
0.7.15 and processed using a pipeline based on the GATK best practices (Picard
version 2.7.1, GATK version 3.7). Variants were annotated using Alamut batch
standalone version 1.11 (SOPHIA genetics, Lausanne, Switzerland).

Methylation array

DNA extracted from peripheral blood was used to profile DNA methylation using the
lllumina EPIC DNA methylation array on two of the patients and 8 control samples
(n=3 leukocyte DNA samples from individuals with known pathogenic single

nucleotide variants in KDM6A and HI, and n=5 unaffected controls). Quality control
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was performed and methylation data was normalised using methods previously
published (19).

An epigenome-wide association study (EWAS) was performed by comparing the
individuals with confirmed Kabuki syndrome to unaffected controls, using a linear
regression which controlled for age and sex. The process of quality control lead to
the removal of 12,093 methylation probes from this study, with a final number
included of 802,051. Previous studies have identified probes from the lllumina 450k
array which can identify individuals with Kabuki syndrome (13). While some probes
from the 450k array were not included in the EPIC array, previous studies have
shown that data from these two arrays can be comnbined due to their similarities
(20). As a result, we filtered the probes identified to detect Kabuki syndrome in a
previous study (13) on whether or not they were significant in our EWAS, and used
those probes in an exploratory analysis to identify similarities in episignature
between our duplication patients, confirmed Kabuki syndrome cases, and controls.

As an additional exploratory analysis, we utilised the database of individuals with
methylation disorders from the Hospital for Sick Children (Toronto, CA) (21).
Normalised DNA methylation study was uploaded to the online EpigenCentral portal,
and we compared methylation data from our study to that of individuals with KMT2D
mutations identified in their cohort of individuals with methylation disorders using
three models: a logistic regression with regularisation penalty, a random forest

model, and a support vector machine.

Results
KDMG6A partial gene duplications were identified in 3 individuals

We identified three unrelated individuals with partial de novo duplications of the
KDMG6A gene (Figure 1). Preliminary analysis detected no mutations in known Hl
genes in these individuals, except for the duplications taking in the KDM6A gene. In
two of these individuals the duplications were identified using off-target CNVs from
targeted sequencing data, with breakpoints confirmed by whole genome sequencing.

In one individual, the duplication was identified initially by whole genome sequencing
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data, as this individual underwent targeted sequencing before the development of
the SavvyCNYV pipeline (18).

All identified duplications were tandem (meaning the duplicated segments were
included serially into the original gene copy), and two were contained entirely within
the KDMG6A gene (Figure 1). The duplication identified in Patient 1 was inserted after
exon 26, and consisted of exons 3 through 26. Exon 3 has a 5’ overhang, and as
such a frameshift was introduced, leading to a premature stop codon in the second
copy of exon 3. The duplication identified in Patient 2 was smaller, with an additional
copy of exons 3 through 6, which was introduced after exon 6. This duplication did
not lead to a frameshift or the introduction of a premature stop codon. The final
duplication, identified in Patient 3, included exons 2 through 29 of the KDM6A gene,
along with exons 6 and 5 of a nearby open reading frame, CXorf36. As such, a full
copy of KDMG6A is expected to be expressed in this individual, with the duplicated
sequence introduced within CXorf36.

Methylation profiling was consistent with KDM6A-Kabuki syndrome in one individual

EPIC array analysis was performed on two patients, with 65 probes previously
identified (13) also found to be significantly different in our EWAS. An analysis of
DNA methylation of these demonstrated that the methylation pattern in Patient 2
clustered with that of individuals with genetically confirmed Kabuki syndrome (Figure
2). However, the methylation pattern of Patient 3 was not found to be similar to either
Patient 2, or to any of the Kabuki syndrome cases identified in this study (Figure 2).

The analysis performed in the EpigenCentral database (21) found variable evidence
of similarity to the individuals with KMT2D mutations in that database. Logistic
regression with a regularisation penalty predicted Patient 2 to have Kabuki
syndrome, along with one of the three cases in our cohort, while a support vector
machine model predicted that same case as Kabuki syndrome, and marking Patient
2 as “uncertain” (Table 1).

Clinical phenotype supported a diagnosis of Kabuki syndrome in 2 cases

The clinical features of the three individuals are described in Table 2. Additional
features were reported in 2 individuals, with Patient 1 having learning and
behavioural difficulties, while Patient 3 was referred with a clinical suspicion of
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Kabuki syndrome, along with hypoplastic right heart syndrome. All three individuals
were diagnosed with hyperinsulinism within the first month of life.

Discussion

We identified three separate tandem duplications within the KDM6A gene and used

DNA methylation data that supports the pathogenicity of two of these duplications.

The two of the duplications identified in this study are predicted to lead to a loss of
function of KDM6A, and are therefore the cause of Hl in these two individuals. In
Patient 1, the presence of a frameshift introduced in the second copy of Exon 3
suggests that a full copy of the KDM6A protein would not be produced. In Patient 2,
while the duplication of four exons does not introduce a frameshift, the presence of a
similar pattern of DNA methylation to that seen in confirmed cases of Kabuki
syndrome suggests that this duplication is pathogenic in this individual. This
similarity is seen both in an analysis based on the previously established
episignature of Kabuki syndrome (13), and on comparison to cases in the
EpigenCentral database (21). Patient 3 is predicted to express a full, unaffected copy
of the KDMG6A gene (Figure 1), and their methylation pattern is not similar to that
seen in Kabuki syndrome, suggesting that this is not the cause of this individual’s HI.
Further studies will be required to establish the cause of Patient 3’s hyperinsulinism.

None of the patients identified in this study presented in a way that would have seen
them diagnosed with Kabuki syndrome in a clinical setting according to international
consensus diagnostic criteria (3). However, HI has been identified as a possible
presenting feature in cases of Kabuki syndrome by previous studies (4). In addition,
intellectual disability, as identified in Patient 1, and congenital heart defects, as
identified in Patient 3, are cardinal features of Kabuki syndrome. Despite this, the
limited clinical information available to us at the time of this study does not suggest a
clinical diagnosis of Kabuki syndrome in these individuals. Further clinical analysis
may reveal additional features that were not reported or not presenting in these
individuals at the time of referral for genetic testing. This emphasises the importance
of testing syndromic causes of HI in all cases where possible, as it may allow for
better identification of individuals with Kabuki syndrome and other syndromic causes.

Kabuki syndrome was one of the first disorders in which an episignature was
identified (13). Episignatures, which can help in determining pathogenicity of
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variants, have now been identified for at least 65 genetic syndromes (22), with many
of those being disorders that, like Kabuki syndrome, lead to disruption of the
epigenetic machinery. These episignatures have allowed for improvements in the
genetic diagnosis of these disorders, by helping to resolve unknown cases or by
helping to classify variants of unknown significance (22). This study shows another
example of where analysis of DNA methylation helps in the classification of variants
in KDMG6A, particularly where a mechanism of disease may not be immediately
apparent, such as duplications in a disorder generally caused by loss of function

mutations.

In the study within which the episignature of Kabuki syndrome was identified for the
first time (13), all 20 affected individuals studied scored high on the model, while 417
healthy control samples scored low on the model. This suggests that the
episignature identified in this study is highly sensitive and specific for Kabuki
syndrome, which helps to strengthen our study. However, the original study only
included one individual with Kabuki syndrome caused by a mutation in KDM6A.
Despite this, a later study based on the same model identified that the episignature
of KMT2D Kabuki syndrome and KDM6A Kabuki syndrome are highly similar (14).
As such, we believe that the epigenetic analysis conducted in our study strengthens

the argument that the individuals identified have a Kabuki-like phenotype.

This study was limited as we were unable to perform assays to determine whether
the KDMG6A protein is expressed in the pancreatic beta cells in these individuals, and
if so in what form. It is possible that RNA sequencing of patient cells, such as
fibroblasts may allow for identification of whether KDM6A is widely expressed in
these individuals. In addition, as a referral centre for HI, rather than Kabuki
syndrome, our available sample size of Kabuki syndrome cases is relatively small.
However, we believe the use of data from previous studies on which probes are
most suggestive of Kabuki syndrome strengthens this study (13), and although the
analysis in EpigenCentral was a comparison to individuals with mutations in KMT2D,
the similarity of Patient 2 to these individuals is further evidence of pathogenicity.
Finally, we were unable to perform EPIC array analysis in Patient 1, as a result of
there being insufficient DNA to perform the array. However, we believe that the
presence of a frameshift introduced by the duplication is strong evidence that a full
copy of the KDMG6A gene is not carried by this individual on one allele.
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In conclusion, we have identified two tandem duplications within the KDM6A gene
that cause HI and a Kabuki syndrome-like phenotype. We have also identified a
further duplication that extends outside the KDM6A gene that from our studies is not
predicted to be pathogenic. This shows that duplications within this gene, normally
affected by loss of function variants, can lead to disease if contained entirely within
the gene, and therefore disrupting it.
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A
Exon 1-26 Exon 3-26 Exon 27-29
Tandem duplication in Patient 1
Exon 1-6 Exon 3-6 Exon 7-29
Tandem duplication in Patient 2
B

Exon 1-29 Exon 6-5 of CXorf36 Exon 2-29 Exon 6-1 of CXorf36

Tandem duplication in Patient 3. The first box shows a full copy of the KDM6A gene.

Figure 1 — Schematic representations of the partial duplications identified in the
KDMG6A gene. Panel A shows the duplications predicted to be pathogenic. * indicates
the approximate position of an introduced frameshift. Panel B shows the duplication

not predicted to be pathogenic.
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Figure 2 — Heatmap showing the methylation levels in probes previously identified to
indicate Kabuki syndrome (13) and significant in an EWAS performed in the samples
studied here, with a tree showing similarity between the samples. Green indicates
individuals with duplications (with patient numbers for this study), light blue indicates
confirmed Kabuki syndrome cases, dark blue indicates unaffected controls. The
colour in the heatmap indicates level of methylation, with red indicating methylated
and yellow unmethylated. Each row refers to a specific probe included in the

analysis, indicated by the cg number.
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Logistic regression

Support vector machine

Patient 2 Case Uncertain
Patient 3 Control Control
Kabuki 1 Case Case
Kabuki 2 Control Control
Kabuki 3 Control Control

Table 1 — Predictions of two models used by EpigenCentral (21) to detect Kabuki

syndrome from normalised methylation data. Case indicates those individuals

predicted as having Kabuki syndrome by the listed model.
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Patient 1

Patient 2

Patient 3

KDMG6A sequencing
result

X:44,787,682-

44,959,415dup

(Duplication of
KDMG6A exons 3-26)

X:44,776,422-

44,893,995dup

(Duplication of
KDMG6A exons 3-6)

X:44,799,178-

45,014,969dup

(Duplication of
KDMG6A exons 2-29)

(current dose/date
remitted,
responsiveness)

Predicted effect on Frameshift In-frame Unknown
protein

EPIC Array result Not performed Kabuki syndrome Inconclusive
prediction

Classification of Pathogenic Pathogenic VUS
variant

Sex Male Female Female
Ethnicity Caucasian Caucasian Arab
Birth weight (g) 3760 3225 2600
Gestational age (wks) 40 39 40
Birth weight SDS 0.69 -0.23 -2.36
Age at Hl diagnosis 1 day 1 day 3 weeks
Glucose at Unknown 1.2 Unknown
presentation

(mmol/I)

Insulin during 340 104 Unknown
hypoglycaemia

(pmol/I)

Current age (yrs) 8 1 6
Treatment for Diazoxide 5mg/kg Diazoxide Unknown
hyperinsulinism (responsive) 4.7mg/kg/day

Additional clinical
features

Learning and
behavioural
difficulties, umbilical
hernia

None reported

Hypoplastic right
heart syndrome,
clinical suspicion of
Kabuki syndrome

Table 2 — Clinical and genomic features of three individuals with partial duplications

of the KDM6A gene.
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My contributions to the chapter

| identified the features common to methylation disorders that cause hyperinsulinism
and performed a review of clinical features in our cohort to identify the 19 patients for
this study. | used in-house previously developed pipelines to interrogate genome
sequencing data to identify variants in shared genes in the 19 individuals. Through
this analysis | identified mutations in the MAGELZ2 gene as a cause of
hyperinsulinism. | performed literature searches to establish the previous reports of
hypoglycaemia and hyperinsulinism in individuals with MAGEL2 mutations and wrote

the first draft of this manuscript.
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Abstract
Objective

Hyperinsulinism can feature as a part of six syndromes linked to DNA methylation
abnormalities. Around 50% of individuals with hyperinsulinism do not have a genetic
diagnosis, and some of these individuals have clinical features consistent with a
methylation abnormality, but do not have one of the six known syndromes. We
aimed to identify new causes of syndromic hyperinsulinism linked to aberrant DNA

methylation.
Methods

We identified clinical features common to the six methylation disorders that are
known to cause hyperinsulinism. We then selected individuals for whole genome
sequencing with syndromic hyperinsulinism of unknown genetic cause using these
clinical features to find novel disease genes that cause disease through aberrant
DNA methylation.

Results

We identified 10 clinical features that occurred in two or more of the methylation
disorders which feature hyperinsulinism. Within our cohort we identified 19
individuals with hyperinsulinism who had two or more of these features. Whole
genome sequencing identified five genes which contained variants in more than one
patient. This identified MAGEL?Z as the best biological candidate gene, as the
features reported in the two individuals with protein truncating variants fit the clinical

synopsis of the disorder.
Conclusions

We identified two cases with congenital hyperinsulinism caused by pathogenic
variants in MAGELZ2. This highlights the role of aberrant DNA methylation in the
aetiology of hyperinsulinism. We recommend that MAGELZ is included on targeted
next-generation sequencing panels for hyperinsulinism to ensure the best clinical

management of individuals with syndromic disease.
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Introduction

Congenital hyperinsulinism (HI) is a life-threatening disorder of the pancreatic beta-
cell whereby insulin is inappropriately secreted despite hypoglycaemia. Persistent HI
is a genetically heterogeneous condition with disease causing variants identified in
36 genes which either cause isolated HI (n=10) or where HlI is a feature of syndromic
disease (n=26) (1).

Abnormalities in DNA methylation are reported in six of the 26 genetic syndromes
that feature HI. The most common is Beckwith-Wiedemann syndrome, a paediatric
overgrowth disorder which results from the disruption of differentially-methylated
genes at the 11p15.5 imprinted region (2). Syndromic forms of HI can also result
from dominantly-acting loss-of-function variants in genes that regulate DNA
methylation. This includes Kabuki syndrome, caused by pathogenic variants in either
KMT2D or KDM6A (3-5), Sotos syndrome, caused by pathogenic variants leading to
a loss of function of NSD1 (6), and Rubinstein-Taybi syndrome, caused by
pathogenic variants in CREBBP or EP300 (7). While Beckwith-Wiedemann
syndrome is caused by changes in DNA methylation over a single genomic region,
disruption of the genes which cause Kabuki, Sotos, and Rubinstein-Taybi syndrome
result in global defects in DNA methylation (2, 8-10). The methylation pattern of
particular genes can also be affected by genomic imprinting, where a gene is
expressed based on whether that copy of the gene is inherited from the mother or

father, controlled by DNA methylation.

Global defects in methylation lead to the dysregulation of multiple genes as a large
number of tissues are commonly affected in individuals with methylation disorders.
The clinical features overlap between genetic subgroups of disease, with intellectual
disability, growth defects, and immune dysfunction reported across a wide number of
methylation disorders (11). In syndromic HI, conditions such as facial dysmorphia,
heart defects, and hypotonia can help to identify individuals with HI who are most
likely to have a methylation disorder, while features such as seizures and intellectual
disability are not pathognomonic for a methylation defect as they can result from
hypoglycaemic insult to the brain (12).

In this study, we leveraged clinical features to identify individuals with genetically
undiagnosed HI who were likely to have a methylation disorder. We then performed
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whole genome sequencing to search for novel causes of HI resulting from aberrant
DNA methylation.

Methods
Cohort

We used OMIM’s clinical synopses to define clinical features shared across the 6
methylation disorders known to feature HI: Beckwith-Wiedemann syndrome, Kabuki
syndrome (KMT2D and KDM6A), Sotos syndrome, and Rubinstein-Taybi syndrome
(EP300 and CREBBP) (13). We next searched for individuals in our cohort of 2361
patients with HI of unknown genetic cause who had two or more clinical features
suggesting an underlying defect in methylation. Informed consent was obtained for
genetic testing from the parents or guardians of all probands. This study was
approved by the North Wales Research Ethics Committee (517/WA/0327).

Whole genome sequencing

Whole genome sequencing (WGS) was performed on DNA extracted from peripheral
blood leukocytes of all 19 probands and unaffected parents when available (n=12
sets of parental samples, trios) using Illlumina HiSeq, lllumina TruSeq, or BGISeq-
500 technology. Sequence data was aligned with BWA MEM 0.7.15 and processed
using a pipeline based on the GATK best practices (Picard version 2.7.1, GATK
version 3.7). Variants were annotated using Alamut batch standalone version 1.11
(SOPHIA genetics, Lausanne, Switzerland). An initial analysis excluded disease-

causing variants in the 36 known HI genes in all individuals (1).

Variant filtering and analysis

As the parents of all 19 individuals were reported to be clinically unaffected, and all 6
known methylation disorders that can feature HI result from monoallelic mutations,
we focussed our search on high-quality heterozygous variants. We searched for non-
synonymous variants and changes that affected the canonical splice sites of protein
coding genes, excluding those with low mapping quality or skewed read balance. We
further excluded variants if they were identified in WGS data from unaffected parents
(n=24), in 463 in-house controls (including individuals with genetically-solved HI,
neonatal diabetes or maturity onset diabetes of the young (MODY)), or when they
were listed within the gnomAD database (14). The remaining heterozygous variants
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were prioritised for follow-up if they occurred in a gene which harboured variants in
two or more individuals.

Results
Identification of clinical features common to methylation disorders featuring HI

We identified 10 clinical features that occurred in at least two of the six methylation
disorders that feature HI (Table 1). A search of our genetically unsolved HI cohort
identified 19 probands with a minimum of two of these features (Table 2). The most
common were facial dysmorphia, occurring in 10/19 (52.6%) patients, heart defects,
occurring in 8/19 (42.1%), and hypotonia, occurring in 7/19 (36.8%). An overview of
the features of HI in the WGS cohort can be found in Supplementary Table 2.

Genetic analysis and prioritisation

A search of WGS data for novel variants within genes shared between two of more
individuals identified five genes: CDC25A, CHD8, KMT2C, MAGELZ2, and PTPRCAP
(Table 3). Protein truncating variants were identified in MAGELZ2, whereas in all other

genes, the variants identified were missense.

Three of the five genes are reported to cause dominantly inherited Mendelian
disease: CHDS8 causes intellectual developmental disorder with autism and
macrocephaly (15), KMT2C causes a form of Kleefstra syndrome (16), and MAGEL2
causes Schaaf-Yang syndrome (17). Both Kleefstra syndrome and Schaaf-Yang
syndrome are linked to changes in epigenetic patterns (8, 18). KMT2C acts as a
regulator of histone methylation and MAGELZ2 is an imprinted gene, where DNA
methylation occurs on the maternally inherited copy leading to expression from the
paternally inherited copy only (17). There is some evidence of wider patterns of
aberrant DNA methylation in those with protein truncating MAGELZ2 mutations,
though this is based on studies of a single patient with a deletion in this gene (18).

We prioritised the variants detected in MAGELZ2 as these mutations were nonsense
mutations occurring in a gene where protein-truncating variants are known to cause
disease. The other variants were identified from singleton WGS data and parental
samples were not available in all cases. Furthermore, pathogenic variants in
MAGELZ2 have previously been linked to hypoglycaemia including one case where Hl
was confirmed (19-21). Finally, given the presence of a protein-truncating variant in
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MAGELZ in Patient 15 (Table 2), that is more likely to be causative for this patient’s
HI than the missense variants in CHD8, KMT2C, and PTPRCAP.

Clinical features of two individuals with MAGEL?2 variants

Patient 15 is a female individual of Arab-Israeli origin, born to healthy
consanguineous parents. She had a birth weight of 2955¢g at full term (-1.30 SDS),
and were diagnosed with HI at age one week, with elevated insulin on multiple
samples taken at the time of hypoglycaemia (insulin 16.9 and 129 pmol/L, glucose
1.7 and 1.7 mmol/L, respectively). These samples also showed low growth hormone
and elevated cortisol, though the exact value of these tests was not reported on
referral for genetic testing, and it is not clear if this individual was diagnosed clinically
with growth hormone deficiency. Treatment of hypoglycaemia with diazoxide
(15mg/kg/day) and growth hormone (20mcg/kg/day) was not sufficient to maintain
normoglycaemia, and the patient experienced seizures secondary to hypoglycaemia.
Treatment with octreotide (dose unknown) was reported to lead to an improvement
in glycaemic levels. The patient was diagnosed with dysmorphic features,
hydronephrosis, and vesicourethral reflux within the first week of life. Later
examinations revealed joint contractures, transient diabetes insipidus, respiratory

difficulties, global developmental delay, and reduced stature.

Patient 19 was a male referred from Turkey. At birth the patient was considered
large for gestational age (birth weight 3970g, gestation 38 weeks, 1.95 SDS), and
was also diagnosed with dysmorphic features, macrocephaly, and flexion
contracture. He was diagnosed with HI on the third day of life, with an insulin
measurement of 12.4 pmol/L and glucose of 2.1 mmol/L. Treatment with diazoxide
(dose unknown) maintained normoglycaemia. Through the course of treatment,
partial diabetes insipidus, gastro-oesophageal reflux, and central hypoventilation

were also identified.
An overview of the clinical features of both individuals are provided in Table 4.
Discussion

We have identified and described MAGELZ2 mutations in two cases with HI, taking

the total reported in the literature to three (19).
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We identified four other genes with variants in more than one individual: CDC25A,
CHDS8, KMT2C, and PTPRCAP. The variants identified within these genes were all
missense variants. Due to lack of parental samples, we were unable to confirm if
these missense variants occurred de novo. As such, it is possible that these genes
could cause syndromic HI, but further studies are required to confirm this.

Schaaf-Yang syndrome is a genetic disorder caused by mutations on the paternal
allele of the imprinted gene MAGELZ2 (17). Since the first report, protein-truncating
variants in MAGELZ2 leading to disease have been identified in over 78 individuals
with multi-system disease (22). The individuals identified in this study have features
consistent with Schaaf-Yang syndrome, including developmental delay, hypotonia,
feeding difficulties, and joint contractures.

Intellectual disability or developmental delay, autism spectrum disorder, neonatal
hypotonia, infantile feeding difficulties, and joint contractures are the most common
features of Schaaf-Yang syndrome (22). Endocrine manifestations in individuals with
Schaaf-Yang syndrome have also been described, including growth hormone
deficiency, diabetes insipidus, hypothyroidism, adrenal insufficiency,

hypogonadotrophic hypogonadism, and hyperprolactinaemia (19, 20, 23-25).

Hypoglycaemia has previously been described in 11 cases of Schaaf-Yang
syndrome (Figure 1). In six patients with Schaaf-Yang syndrome described in the
literature, hypoglycaemia has been described as secondary to growth hormone
deficiency, where low growth hormone was detected at the time of hypoglycaemia,
and hormone replacement therapy helped in the maintenance of normal glycaemic
levels (20, 21). HI has previously been described in one family with Schaaf-Yang
syndrome, with two siblings who were affected (19). The eldest sibling required
treatment for HI until the age of six, while the HI was transient in the younger sibling.
In the individuals identified in this study, HI was confirmed with both patients

undergoing treatment at 3 and 2 years respectively, suggesting persistent HI.

The mechanism for the HI in MAGELZ2 is unknown. MAGEL?Z2 is expressed in human
pancreatic tissue, but it is unclear if or how it plays a role in insulin secretion and
glucose regulation. Mice that do not express Magel2 are unable to mount a
satisfactory counter-regulatory response to hypoglycaemia, which may result from
impaired neuropeptide production in the hypothalamus, where MAGEL2 has a role in
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the regulation of secretory granule biogenesis (26-28). The fact that MAGEL?2
mutations can result in HI could lead to improved understanding of the normal

function of this gene in regulating insulin secretion.

The two patients with Schaaf-Yang syndrome identified in this study presented with
features common to the disorder, with diabetes insipidus and joint contractures
occurring in both cases, and both individuals also presenting with other features
linked to Schaaf-Yang syndrome (Table 4). HI presented early in the clinical course
in both of our cases: as untreated hypoglycaemia can have severe impacts, it is vital
that this is identified and treated early to prevent complications (29). In addition, the
early diagnosis with HI, along with other features in these cases, does not preclude
additional features of this disorder occurring later in life.

It is also possible that cases of Schaaf-Yang syndrome are being missed in Hl
cohorts, as MAGELZ2 is not included on diagnostic panels for the disease (30-32). In
addition, HI may occur as the presenting feature in some individuals, which would
prevent us from selecting these individuals for testing based on syndromic features.
While whole exome and genome sequencing are increasingly being used in gene
discovery studies, it is rarer that these methodologies are used in clinical scenarios.
As such, the gene’s inclusion on targeted next generation sequencing panels is
important, as it will allow prediction and monitoring of additional features of Schaaf-

Yang syndrome, improving patient prognosis and management.

This study was limited by the fact that parental samples were unavailable for 6 of the
19 cases and we were therefore unable to establish inheritance or whether
mutations had occurred de novo. In addition, the approach taken in this study would
have been unable to identify dominant variants with variable penetrance or bi-allelic
mutations. We were unable to perform allele-specific PCR in these cases, so could
not confirm which allele these mutations occurred on. As MAGELZ2 is a maternally
imprinted gene, an allele-specific PCR would allow us to confirm that these variants
are occurring on the expressed paternal allele. However, given that the phenotype in
these patients is consistent with that of Schaaf-Yang syndrome, we consider it likely

that these variants are pathogenic.

In conclusion, we have identified two cases of MAGELZ2 mutations leading to Hl,
taking the total number of patients reported in the literature to three. This finding
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establishes MAGELZ as a causative gene for HI. We recommend that this gene is
included on targeted panels for HI, as early identification of these cases will allow for
better medical management of these patients.
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Kabuki Kabuki Sotos Rubinstein- | Rubinstein- | Beckwith-
Syndrome | Syndrome | Syndrome | Taybi Taybi Wiedemann
1 (KMT2D, | 2 (KDM6A, | (NSD1, Syndrome 1 | Syndrome 2 | Syndrome
OMIM OMIM OMIM (CREBBP, (EP300, (Chr11p15.5,
147920) 300867) 117550) OMIM OMIM OMIM
180849) 613684) 130650)

Hyperinsulinism | Y Y Y Y Y Y

Dysmorphic Y Y Y Y Y Y

features

Microcephaly Y Y Y Y

Heart defects Y Y Y Y Y

Scoliosis Y Y Y

Renal defects Y Y Y Y

Visual Y Y Y

impairment

Joint Y Y

hypermobility

Hypospadias Y Y

Hypotonia Y Y Y Y Y

Table 1: The clinical features identified in 6 syndromes known to cause
hyperinsulinism and aberrant DNA methylation. Features are taken from the OMIM
clinical synopses for each condition (ref OMIM). The gene symbols and OMIM

references numbers are listed for each syndrome.
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Patient | Hyperinsulinism | Dysmorphic | Microcephaly | Heart Scoliosis | Macroglossia | Renal Visual Joint Hypospadias | Hypotonia
features defects abnormalities | impairment | hypermobility
1 Y - - - Y - Y - - - -
2 Y Y - Y - - - - - - -
3 Y Y - - - - - - - - Y
4 Y - - - - - - - Y - Y
5 Y - Y Y - - - - - - -
6 Y - - - - - - Y - - Y
7 Y - Y - - - - Y - - -
8 Y Y - Y - - - - - - -
9 Y - - - - - Y - - Y -
10 Y - - Y - - - - - - Y
11 Y Y - - - Y - - - - -
12 Y - - Y - - - - - - Y
13 Y - Y - - - Y - - - -
14 Y Y - - - Y - - - - -
15 Y Y - - - - Y - - - Y
16 Y Y - Y - - - - - - -
17 Y Y - Y - - - - - - -
18 Y Y - Y - - - - - Y -
19 Y Y - - - - - - Y - Y

Table 2: Clinical features of 19 individuals studied.

Y = feature reported,

- = feature not reported.
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p.? (start loss)

Gene Number | Genomic Trio? | Patient | pLI Hypoglycaemia
of coordinates and ID score | reported?
Variants | protein effect

CDC25A 2 g.48215945G>T No 6 0.84 No
p.Asp253Glu
g9.48209391G>T No 8
p.Thr325Asn

CHDS8 2 g.21862265G>A No 6 1 No
p.Arg1897Trp
g.21861363T>C No 15
p.Thr2124Ala

KMT2C 2 g.151860814C>G No 9 1 No
p.Ser3283Thr
g.151836791G>C No 15
p.Ala4810Gly

MAGEL2 | 2 g.23890978G>A No 15 0.98 | Yes
p.GIn638*
g.23890978G>A Yes 19
p.GIn638*

PTPRCAP | 2 g.67203727G>A No 9 0.54 No
p.Ser33Phe
g.67205088C>T No 15

Table 3: Genes where heterozygous variants were detected in multiple individuals in
the whole genome sequencing cohort. pLI scores measure the tolerance of a gene to
loss of function variants, based on the number of protein-truncating variants
identified in population databases (33). Literature searches were performed to

ascertain if hypoglycaemia or hyperinsulinism had been previously reported as a

feature in cases where variants in these genes cause disease.
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Patient 15 Patient 19
Sex Female Male
Ethnicity Arab Turkish
Birth weight (g) 2955 3970
Gestational age (wks) 40 38
Birth weight SDS -1.30 1.95
Age at Hl diagnosis 1 week 3 days
Glucose at 1.7 2.1
presentation
(mmol/I)
Insulin during 16.9 12.4
hypoglycaemia
(pmol/I)
Current age (yrs) 3 2

Treatment for
hyperinsulinism
(current dose/date
remitted,
responsiveness)

Octreotide (dose
unknown, responsive)

Diazoxide (dose
unknown, responsive)

Extra-pancreatic
features

Hypotonia,
hydronephrosis,
respiratory
compromise, feeding
difficulties, diabetes
insipidus,
developmental delay,
joint contractures,
impaired growth

Macrocephaly, facial
dysmorphia, joint
contractures,
diabetes insipidus,
gastro-oesophageal
reflux, central
hypoventilation

Table 4: Clinical features of the two individuals with MAGEL2 mutations identified in
this study. Bolded entries in the “Extra-pancreatic features” column identifies those
features which are included in the OMIM clinical synopsis for Schaaf-Yang syndrome
(13).
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Growth hormone @

deficiency (50%, 16/32)

Hyperprolactinaemia _—
(6.3%, 2/32) Hypothyroidism

(15.6%, 5/32)

Adrenal insufficiency
(9.4%, 3/32)

@ B Hypoglycaemia
(40.6%, 13/32)

Diabetes insipidus [l @
@ B Hyperinsulinism _— (12.5%, 4/32)

(9.4%, 3/32)

Hypogonadotrophic
hypogonadism (3.1%, 1/32)

@ Short stature
(84.4%, 27/32)

Figure 1: The endocrine features of individuals with Schaaf-Yang syndrome reported
in the literature. Circles indicate features reported in Patient 15, squares indicate
features reported in Patient 19 (table 4).
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Cohort
Male sex 42%
White ethnicity 47%
Birth weight (g) 2924 (695)
Gestational age (wks) | 38(3)
Birth weight SDS -0.71 (1.75)
Age at Hl diagnosis 81(138)
(days)
Glucose at 1.7 (0.7)
presentation
(mmol/I)
Insulin during 103.4 (120)
hypoglycaemia
(pmol/I)
Diazoxide responsive | 88%

Supplementary Table 1: A summary of the clinical features of the cohort selected for
WGS in this study. Discrete variables are shown as percentages, continuous

variables are shown as mean (SD).
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CONCLUSIONS

Congenital hyperinsulinism is a complex disorder, both in terms of genetic
aetiologies and medical management. This thesis, along with previous literature on
this disorder show the importance of understanding the molecular basis of known
causes of HI, and of discovering novel aetiologies. These discoveries can lead to the
identification of new genes involved in insulin secretion and glucose regulation, and

also allow for the adaptation of treatment for some individuals.

This section of the thesis will summarise the findings of each data chapter, discuss
the strengths and limitations of each project, and consider the impact of these

studies, along with future research that may give further insights.
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Chapter 1 - Birth weight and diazoxide unresponsiveness strongly predict the
likelihood of congenital hyperinsulinism due to a mutation in ABCC8 or
KCNJ11

Main conclusions

In this chapter, | studied 761 individuals with KATP channel HI resulting from an
ABCC8 or KCNJ11 mutation and 862 individuals with HI of unknown genetic cause
to determine if clinical features could predict the likelihood of KATP channel HI. |
identified that birth weight and responsiveness to diazoxide treatment are the most
predictive clinical features for identifying individuals with a mutation in ABCC8 or
KCNJ11 in HI cohorts.

Using a large cohort of individuals diagnosed with congenital HI, | confirmed that
individuals with mutations in a KATP channel gene are usually born heavier than
those with HI of an unknown aetiology, with an average of around 830g increase in
birth weight. | also showed that response to diazoxide treatment can help to
determine the likelihood of a KATP channel mutation, with 68% of those in our cohort
with a KATP channel mutation reported as being unresponsive to diazoxide
treatment compared to 12% of those with HI of an unknown aetiology. Linear
regression models based on these features showed that birth weight (ROC AUC =
0.80) and diazoxide responsiveness (ROC AUC = 0.77) are strongly predictive alone
for KATP channel HI, but that a combination of the two features produces an even
stronger predictive model (ROC AUC = 0.88). | showed that these features could be
combined to categorise our cohort, with 86% of individuals born large for gestational
age and unresponsive to diazoxide treatment identified as having KATP channel
mutations, while none of those born small for gestational age who responded to
diazoxide treatment had a KATP channel mutation.

Strengths and limitations

The study population consisted of a large, ethnically diverse international cohort
which makes our findings applicable across populations. It also reports the largest
cohort studied to date with KATP channel HI.

The study relied on clinical information supplied on a request form completed by a
clinician at the time of referral for genetic testing. Whilst measurements such as birth
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weight, gestation, and age at diagnosis of HI will be robust, information such as
response to diazoxide may be less reliable as responsiveness to treatment can be
difficult to establish in an acutely unwell infant and may change with time. We are
however not overly concerned by this as we would predict that any errors in data
collection would affect both groups equally and therefore should not have a
significant impact on the results.

This study was also limited by its focus on KATP channel HI. We focussed on KATP
channel HI as this is the most common cause of the disease (1-4) which meant that
we had a large cohort to study. Furthermore, understanding which patients are likely
to have an ABCC8 and KCNJ11 mutation is critical for informing testing strategies for

newly diagnosed patients (5).

Systematic, comprehensive screening of all the known HI genes had not been
performed in all individuals with HI of unknown genetic cause and it is therefore likely
that some of these individuals will have an unidentified monogenic aetiology. As a
result of our study design we also do not know whether birth weight and response to
diazoxide would remain as being highly predictive of KATP channel HI if we had
used individuals with other genetically confirmed causes of HI as controls (e.g.
GLUD1, GCK, HADH).

Impact of findings

The findings of this study will allow for testing strategies for congenital HI to evolve.
For instance, rapid Sanger sequencing of ABCC8 and KCNJ11 is still used in all
cases in some laboratories to identify which individuals are most likely to have a
focal lesion, which can be treated surgically with overwhelmingly positive results (6).
The data from this study allows us to prioritise those with an increased birth weight
and a lack of response to diazoxide for rapid testing of the KATP channel genes
whilst those with low birth weight and a good response to treatment could undergo
targeted next generation sequencing of all known HI genes as a first line test. The
ability to better stratify genetic testing is important, especially for individuals from
resource poor countries where the costs associated with multiple rounds of genetic
testing can be prohibitive.

The identification of routinely measured clinical features that predict the likelihood of
a KATP channel mutation also allows clinicians to better counsel families in the early
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stages of a HI diagnosis. A diagnosis of HI, particularly in the neonatal period, can
cause a great deal of stress to family members of the affected child. The insights
gained from this study allow clinicians to counsel families as to the likelihood of a
KATP channel mutation while genetic testing is ongoing, as well as preparing them
for the possibility that their child may require either lesionectomy for a focal
pancreatic lesion, or possibly a battery of medical treatment and even sub-total

pancreatectomies.
Future directions

| would like to use the insights gained into the clinical features of KATP HI to further
knowledge of the wider genetic aetiology of HI. One example of this would be to
sequence the non-coding regions that surround ABCC8 and KCNJ11 to look for
regulatory or splicing mutations in children with high birthweights and

unresponsiveness to diazoxide.

In addition, the results of this study can be used to inform on novel non-KATP gene
discovery studies in cases of HI of an unknown aetiology. With a large proportion of
those born small or appropriate for gestational age and responsive to diazoxide not
having KATP channel mutations, it seems prudent to investigate using genome
sequencing other possible genetic causes of disease in these individuals.

Finally, the methods used in this study should be utilised to investigate other known
genetic causes of congenital HI. This would allow us to build a wider picture of the
clinical features common to different causes of HI. With other known genetic causes
of HI affect different pathways of insulin secretion (e.g. leucine-stimulated insulin-
secretion) it would be interesting to see how these mutations impact on birth weight
and other clinical features of HI. This will be important as it will provide novel insights
into insulin secretion in utero. Importantly, the identification of clinical features that
can predict mutations in other HI genes, such as GLUD1, HADH, and HK1, will allow

for better counselling of families, and prioritisation of genetic testing.
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Chapter 2 - Increased referrals for congenital hyperinsulinism genetic testing
in children with trisomy 21 reflects the high burden of non-genetic risk factors

in this group
Main conclusions

In this study, | identified individuals in the Exeter hyperinsulinism cohort who had
concurrent hyperinsulinism and Down syndrome and investigated their clinical
features to determine why these individuals were presenting with hyperinsulinism. |
identified that the minimum prevalence of Down syndrome in the Exeter
hyperinsulinism cohort was 0.55%, around four times higher than the prevalence of
Down syndrome in the population. Once the 11 individuals in the cohort with
hyperinsulinism and Down syndrome were identified, | contacted referring clinicians
and reviewed referral forms to gain an insight into the mechanism of hyperinsulinism
in these individuals. Through the targeted panel testing undertaken by the laboratory
in Exeter, one individual was identified as having a pathogenic mutation in ABCCS,
with no mutations identified in the other ten individuals. Six of those ten individuals
had undergone some form of gastric surgery for a gastrointestinal condition that was
precipitated by their Down syndrome, with this being confirmed to occur prior to the
onset of hyperinsulinism in two cases. In addition, one individual underwent
asparaginase treatment for acute lymphoblastic leukaemia, again prior to the onset
of hyperinsulinism. Prematurity and intrauterine growth restriction were identified in
one individual each. Literature searches revealed that all these features can act as
risk factors for hyperinsulinism, leading me to the conclusion that a high burden of
non-genetic risk factors was leading to hyperinsulinism in this cohort of individuals.

Strengths and limitations

This study was possible because of the large cohort of hyperinsulinism patient
samples recruited to Exeter, which allowed us to observe this association. This study
was limited as we were only able to establish a minimal prevalence for Down
syndrome in hyperinsulinism cohorts, as we could only identify Down syndrome
where it had been reported to us by referring clinicians. Finally, our reliance on
clinical information from referral forms and the patients being lost to follow up means
that some clinical features that would explain the hyperinsulinism in these individuals

may have been missed as a result.
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Impact of findings

This study has, for the first time, identified the increased rate of referrals to a
hyperinsulinism genetic testing centre of individuals with Down syndrome, and has
begun to untangle the reasons behind these referrals. Given the complex medical
needs of some individuals with Down syndrome, and the possible severity of a
hyperinsulinism diagnosis, these results give needed clarity to clinicians and patients
over the most likely aetiology of hyperinsulinism in these individuals. As a result,
clinicians may opt for more regular glucose monitoring in individuals with Down
syndrome who are at risk of developing hypoglycaemia, and families can be
reassured that there is likely to be a medical explanation for hyperinsulinism in these
individuals, and that it can either resolve on its own, or be managed using medical

treatments.

This study also highlights the important detail that monogenic hyperinsulinism and
Down syndrome can occur coincidentally. This emphasises that individuals with
Down syndrome and hyperinsulinism should still undergo genetic testing, particularly
in cases where the individual's hyperinsulinism presents in the first weeks of life. |
believe that a holistic view should be taken in diagnosing these individuals, where
genetic testing is performed alongside an analysis of clinical features that identifies
any possible risk factors leading to hyperinsulinism.

Future direction

| would like to take the learnings of this work to help refine the cohort for gene
discovery in Exeter, by identifying the individuals in the wider cohort with similar
features to those identified in our Down syndrome cohort. While there is an
increased risk of many of these clinical presentations in those with Down syndrome,
they do exist in the general population as well. As such, | believe it would be useful
to identify those individuals with these risk factors in our wider cohort, as this may
allow us to explain the hyperinsulinism occurring in these patients and remove them

from costly, time consuming gene discovery studies.

As this study provides a minimum prevalence for coincidental hyperinsulinism and
Down syndrome, it will be important to identify how commonly hyperinsulinism
occurs in individuals with Down syndrome. The best way to do this would be to
perform a larger study of individuals with Down syndrome to identify what
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percentage of those individuals have experienced hyperinsulinism, either currently or
at some point in the past. This could also coincide with genetic testing in these
individuals, in order to ascertain how often monogenic hyperinsulinism and Down

syndrome coincide.

Finally, | would like to perform a similar study in individuals with Trisomy 13, or Patau
syndrome which has also been reported to cause hyperinsulinism (7). By studying
the clinical features of these patients | would investigate whether there is a similarly
high burden of non-genetic risk factors for hyperinsulinism, or if there is a genetic link
between Patau syndrome and hyperinsulinism. The difficulty with this study is that
Patau syndrome is extremely rare (8) compared to Down syndrome, however the
large Exeter cohort will provide the best resource for this study.
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Chapter 3 - Partial duplications of the KDM6A gene are a novel cause of

congenital hyperinsulinism
Main conclusions

In this study, | identified three individuals with tandem duplications in the KDM6A
gene, one of the two causes of Kabuki syndrome. As this syndrome is caused by
loss of function mutations in this gene, it was initially unclear how these duplications
may lead to disease in these individuals. Whole genome sequencing was performed
to establish precise breakpoints for the duplications, along with confirming that all
three duplications occurred in tandem, where the duplications were identified from
off-target reads of tINGS. Bioinformatic analyses were performed in order to identify if
the duplications introduced frameshifts due to split exons: this was the case in
Patient 1, where a frameshift occurred, introducing a premature stop codon.

Where samples were available, DNA methylation patterns were investigated using
the lllumina EPIC array. A linear regression was conducted, identifying probes that
differed between those with confirmed pathogenic KDM6A mutations, those with
duplications, and a group of unaffected controls of similar ages. These data, along
with previously published data on the episignature of individuals with Kabuki
syndrome, were used to identify how similar those with duplications were to those
with confirmed mutations. This analysis indicated that Patient 2 had a similar DNA
methylation pattern to those with confirmed Kabuki syndrome. This was not the case
in Patient 3, which may be explained by the larger duplication in this individual, which
extends outside of KDM6A and is predicted to still lead to a complete copy of
KDMG6A.

Strengths and limitations

This study utilised the large cohort of individuals referred to Exeter for genetic testing
for HI with an unidentified genetic aetiology, along with expertise at the University of
Exeter Medical School in how to carry out and analyse DNA methylation arrays.
While the mechanism of disease was unclear on first identifying these duplications,
the identification of a premature stop codon introduced by a frameshift in one
individual, and the use of DNA methylation data in another, offered support to the
hypothesis that in two of the three individuals, the duplication would lead to
disruption of the KDM6A gene. This study was however limited by only a small
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number of individuals with confirmed mutations in KDM6A having been identified in
Exeter and having samples available for DNA methylation analysis. Combined with
the paucity of public data available on individuals with KDM6A mutations leading to
Kabuki syndrome, this resulted in small sample size for the DNA methylation
analyses performed in this study. In addition, further blood samples were not
available for Patient 1, which meant that we were unable to perform DNA
methylation analyses in this individual. The presence of a premature stop codon in
KDMG6A leads me to conclude that this duplication is leading to Kabuki syndrome and
HI in Patient 1.

Impact of findings

This study has identified, for the first time, tandem duplications within the KDM6A
gene that are predicted to lead to a loss of function, and therefore to disease. Kabuki
syndrome is a complex disorder with a wide range of clinical features, and HI has
been previously shown to appear as the first feature with which individuals with this
disorder present to clinicians (9). As such, the analysis of this gene, along with
others that cause syndromic Hl, in the early stages of genetic testing, is vital in order
to give clinicians information with which to manage an individual through their clinical

course.

This study has shown the utility of DNA methylation analyses in supporting, or
disproving, the pathogenicity of variants in rare diseases affecting the epigenetic
machinery. Analysis of the episignature of a variety of diseases has previously
identified around 42 disorders with a distinctive signature of DNA methylation, with
clinical applications being introduced in recent years (10). This analyses, which can
be performed from peripheral blood samples, may have an increasing clinical utility
in supporting and confirming the pathogenicity of variants of unknown significance,
and in genetic diagnoses of unknown syndromic disease, such as differential
diagnoses like Sotos syndrome and Rubinstein-Taybi syndrome.

Future direction

| would like to perform further studies with patient samples from this study to identify
how the KDM6A gene, and its expression, are affected in these individuals. For
example, RNA sequencing may identify if KDM6A is expressed in patient cells, such
as fibroblasts, or if these duplications lead to nonsense-mediated decay or a
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disruption of gene regulation in the region of KDM6A. This could lend further support
to the hypothesis that the duplications identified in this study lead to disease.

Additionally, | would like to perform further studies to identify the mechanism of
disease that leads to HI in some individuals with Kabuki syndrome, but not others. HI
presents in three known disorders of the epigenetic machinery: Kabuki syndrome,
Sotos syndrome, and Rubinstein-Taybi syndrome. Recently published work has
shown that it is possible to use shared disease manifestations in different disorders
of the epigenetic machinery to discover differences in expression that occur across
multiple disorders (11). This methodology could therefore be used to help identify if
changes in expression of particular genes in the pancreatic beta cell occur across
these three disorders, and therefore give a greater insight into mechanism of
disease.
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Chapter 4 - Loss-of-function variants in the maternally imprinted gene,
MAGELZ2, are a rare but important cause of congenital hyperinsulinism

Main conclusions

In this study, | identified clinical features that appear in at least two of the six
disorders of DNA methylation that feature hyperinsulinism. | used this list of clinical
features to select individuals with hyperinsulinism of unknown genetic cause for
whole genome sequencing, to identify new causes of syndromic hyperinsulinism
linked to DNA methylation.

| analysed the whole genome sequencing data from these 19 individuals, 12 of
whom were sequenced with parental samples. | performed stringent variant filtering
to identify novel heterozygous variants in shared genes across two or more
individuals. This identified five genes. Of these, three genes were reported to cause
monogenic disease (CHD8, KMT2C, and MAGEL?2). Interestingly, MAGEL?Z2 has
been linked to aberrant DNA methylation, as this is a maternally imprinted gene. |
identified that hypoglycaemia had been reported in cases of Schaaf-Yang syndrome,
caused by mutations on the paternal copy of MAGELZ2, and that one of these cases
had been linked to hyperinsulinism. This allowed me to conclude that | had identified
two additional cases of mutations in MAGELZ2 causing congenital hyperinsulinism.

Strengths and limitations

This study greatly benefitted from a large cohort of individuals with hyperinsulinism
who had DNA samples available and were consented for genetic testing to ascertain
the cause of their hyperinsulinism. In many cases, clinical information on extra-
pancreatic features at the time of referral was available, and this formed the
backbone of this project, as it allowed me to identify a cohort of individuals suitable
for study. It seems likely that there will be more individuals that have syndromic
features consistent with a disorder of DNA methylation in our cohort. These may
remain undetected, either because clinical features had not become apparent at the
time of referral for genetic testing, or because the reporting clinician had considered
the additional features to not be relevant to the diagnosis of hyperinsulinism.

Increasing the amount of individuals in the cohort with comprehensive reporting of
additional clinical features will increase the power of gene discovery studies such as
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this one. Due to time constraints, | was unable to further investigate the variants in
CHD8 and KMT2C. As Patient 15 in our cohort is one of the individuals with a
MAGELZ2 mutation, along with variants in CHD8 and KMT2C, these genes would
only have a single unsolved case identified in our cohort, which gives me confidence
that these mutations are not causative in these cases. However, | believe it would

still be prudent to investigate these variants completely.
Impact of findings

This study identified the second and third known cases of mutations in the maternally
imprinted gene MAGELZ2 causing hyperinsulinism. This allows geneticists to say with
confidence that MAGELZ is a cause of syndromic hyperinsulinism, and that the gene
should be included on targeted panels for the disease. More directly, this study has
identified a diagnosis for two patients who previously had a complex disorder of
unknown aetiology. This study can help clinicians of individuals with a MAGEL2
mutation and hyperinsulinism if there are any future screening programs that these
children would benefit from. In addition, it provides certainty for their families, who
can now continue onto the next step of the “diagnostic odyssey” with more
confidence, knowing the cause of their child’s health issues and the risk of
recurrence in any future offspring (12).

Future direction

| would like to investigate the variants in CHD8 and KMT2C identified in this study, to
confirm that they are not linked to disease. These variants were identified in
singleton whole genome sequencing data, where it is impossible to identify de novo
variants, and so | believe the best course of action would be to collect parental
samples from these families to confirm whether these mutations have occurred de
novo. If they are identified as occurring de novo, then | would investigate whether
these variants were causing disease, by investigating if the proteins have a role in

insulin secretion or glucose homeostasis.

| would also seek to improve the amount of clinical data that we have on the Exeter
cohort of patients with hyperinsulinism. To do this, | would, with ethical approval,
contact families and referring clinicians of individuals in the Exeter cohort to request
follow-up information on extra-pancreatic features that were not reported to us at the
time of referral for genetic testing, either because of their presumed irrelevance to
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the hyperinsulinism diagnosis or because they have emerged since the time of
referral. This would allow me to identify additional individuals who may be suitable
for gene discovery studies, which would serve to further our knowledge of causes of
syndromic hyperinsulinism, and in particular those causes linked to aberrant DNA
methylation.

| would also like to investigate if any of the other known causes of disorders of the
epigenetic machinery feature hyperinsulinism. There are a large number of genes
reported that are known to be involved in the epigenetic machinery (11).
Comprehensive sequencing of these genes in individuals with syndromic
hyperinsulinism may allow us to identify more disorders where hyperinsulinism can
be a feature, and we may be able to leverage this to understand the mechanism by
which these disorders lead to hyperinsulinism.
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Final Remarks

This thesis intended to study the large cohort of individuals referred for genetic
testing for congenital hyperinsulinism in Exeter in order to gain a greater
understanding of the clinical, molecular, and genetic basis of this complex disorder.
This was undertaken with a particular focus on syndromic forms of the disorder,
where medical management is necessarily a more complicated venture. To this aim,
it has identified new genetic causes of syndromic HlI, including tandem duplications
occurring in the Kabuki syndrome gene KDM6A (Chapter 3), and de novo
monoallelic mutations in the imprinted gene MAGELZ2 (Chapter 4). It has also
unveiled a greater understanding of the mechanism by which Down syndrome may
lead to HI, and that this is more influenced by non-genetic factors (Chapter 2). This
thesis also depicts work that used the clinical features of individuals with the most
common cause of congenital HI, KATP channel mutations, to determine the
likelihood of an individual carrying a mutation in one of these genes (Chapter 1).

The work conducted in this thesis was carried out in the face of the global COVID-19
pandemic, which presented great challenges for both the process of research, and
its dissemination. Initial plans for this PhD thesis included more laboratory work to
investigate the mechanism by which some forms of syndromic HI might lead to a
pancreatic phenotype when others do not. Instead, much of the work necessarily
became more computational, with the analysis of clinical data and a focus on
statistics, as a result of the mandate to work from home in the UK. In addition, the
pandemic and resulting working from home led to personal challenges, including the
fact that, casual conversations with fellow researchers that would have led to fruitful
scientific endeavours were far less common. However, | believe that the work
conducted in this thesis is a testament to how scientific research can still take place

in those most challenging of times.

The practical achievements of this thesis are laid out in Appendix 2. In summary, the
work included in this thesis has led to three publications thus far, with Chapters 1
and 2 published as journal articles, along with a section of the introduction being
published as a review. Work from this thesis has also been presented at international
conferences, including both online and in-person events, and including an event

organised by the charity Congenital Hyperinsulinism International (Glen Ridge, New
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Jersey, USA) aimed to engage individuals with hyperinsulinism and their families
with research into the condition being conducted around the world. | have also
presented at departmental seminars, along with two occasions at which | presented
my research to clinicians who are focussed on the diagnosis and treatment of
monogenic diabetes.

One challenge in this research is that, despite syndromic causes of HI being
included on the panel for targeted sequencing in the Exeter laboratory, the
understanding of HI's place in syndromic diseases is less common. Clinicians often
do not list extra-pancreatic features when referring individuals with HI for routine
genetic testing, only disclosing them on a follow-up. While there are understandable
reasons for this, including the lack of awareness that these features may be relevant
to their diagnosis of HI, | believe that as we discover more causes of syndromic
hyperinsulinism, it will become clearer that it is important to include a full clinical
picture when referring an individual for genetic testing. Having information on these
additional clinical features will allow for better interpretation of variants occurring in
genes that lead to syndromic disease, and may also allow for research into when
these features develop in a variety of syndromic disease, particularly as HI can occur
as the presenting feature as a result of its early diagnosis.

While the challenges described above resulting from a global pandemic have led to
focus being shifted away from the variability of HI occurrence in some syndromic
disorders, | believe there is still work to be done to this end. In particular, recent work
has shown that clinical features of individuals with disorders of the epigenetic
machinery can be used to elucidate functional variation in the epigenome. While HI
may not be a perfect model for this, given the difficulty of obtaining pancreatic
samples, | believe that developments in gene editing technologies and stem cell
differentiation could allow for research to be conducted into this. Mutations identified
in individuals with these disorders could be edited into a cell line, or tissue samples
from these individuals could be modified into induced pluripotent stem cells, which
may allow for further study of the mechanism of disease in these disorders.

Given that HI occurs in Kabuki syndrome, Sotos syndrome, and Rubinstein-Taybi
syndrome, it seems possible that other disorders of the epigenetic machinery may

manifest with HI. While that has not been identified in this thesis, a larger cohort of
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individuals with syndromic HI may allow for a greater screening of the genes that
lead to disorders of the epigenetic machinery, and therefore further elucidate the role
of HI in the clinical course of these disorders. This may also feed into further studies
designed to understand the phenotypic variability observed in some of these

disorders.
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