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Abstract

Single gene mutations that primarily affect pancreatic p-cell function account for approximately
1-2% of all cases of diabetes. Overlapping clinical features with common forms of diabetes makes
diagnosis of monogenic diabetes challenging. A genetic diagnosis often leads to significant
alterations in treatment, allows better prediction of disease prognosis and progression, and has
implications for family members. Currently, genetic testing for monogenic diabetes relies on
selection of appropriate individual genes for analysis based on the availability of often-limited
phenotypic information, decreasing the likelihood of making a genetic diagnosis. We thus
developed a targeted next-generation sequencing (NGS) assay for the detection of mutations in 36
genes known to cause monogenic forms of diabetes, including transient or permanent neonatal
diabetes mellitus (TNDM or PNDM), maturity-onset diabetes of the young (MODY) and rare
syndromic forms of diabetes. A total of 95 patient samples were analyzed: 19 with known causal
mutations and 76 with a clinically suggestive phenotype but lacking a genetic diagnosis. All
previously identified mutations were detected, validating our assay. Pathogenic sequence changes
were identified in 19 out of 76 (25%) patients: 7 of 32 (22%) NDM cases, and 12 of 44 (27%)
MODY cases. In 2 NDM patients the causal mutation was not expected as consanguinity was not
reported and there were no clinical features aside from diabetes. A 3 year old patient with NDM
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diagnosed at 3 months of age, who previously tested negative for INS KCNJ11 and ABCC8
mutations, was found to carry a novel homozygous mutation in EIF2AK3 (associated with
Wolcott—Rallison syndrome), a gene not previously suspected because consanguinity, delayed
growth, abnormal bone development and hepatic complications had not been reported. Similarly,
another infant without a history of consanguinity was found to have a homo-zygous GCK
mutation causing PNDM at birth. This study demonstrates the effectiveness of multi-gene panel
anal ysis in uncovering molecular diagnoses in patients with monogenic forms of diabetes.
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1. Introduction

Monogenic diabetes mellitus includes a heterogeneous group of diabetes types that are
caused by mutations in one of an expanding list of genes [1]. It can be familial or sporadic
and if familial, the inheritance can be dominant, recessive or X-linked. It is estimated that
the monogenic forms of diabetes together could represent as much as 1-2% of all cases of
diabetes mellitus [2]. The main phenotypes suggestive of an underlying monogenic cause
include transient or permanent neonatal diabetes mellitus (TNDM or PNDM), maturity-
onset diabetes of the young (MODY) and rare diabetes-associated syndromes. More than
twenty genes highly expressed in the pancreatic beta-cell have been identified in these
monogenic subtypes, and many other genes have been implicated in syndromes that often
include diabetes. Several etiological mechanisms of dysfunction are involved including
impairment of pancreatic beta-cell development and/or gene expression, failure of glucose
sensing, disruption of insulin synthesis, disorders of ion channels and increased endoplasmic
reticulum stress leading to destruction of the beta-cell [3-5].

It is likely that the majority of patients with monogenic diabetes go unrecognized [6] and
continue to be misdiagnosed as type 1 or type 2 diabetes [7-9]. In addition to elucidating the
etiology of the patient's diabetes and explaining other associated clinical features,
establishing the underlying monogenic cause can provide important prognostic and
therapeutic information. Attention has recently focused on the most common forms of
PNDM caused by heterozygous activating mutations in the KCNJ11 and ABCC8 genes,
which encode the protein subunits (Kir6.2 and SUR1) of the ATP-sensitive potassium
(KaTp) channel [10-12]. The majority of patients with Katp channel mutations may be
treated successfully with oral sulfonylureas alone in lieu of multiple daily insulin injections.
This transition results in improved glycemic control and supports a crucial role for genetic
testing in all neonatal diabetes patients [13-15]. In addition, HNF1A and HNF4A mutations
cause forms of MODY that are often sensitive to low-dose sulfonylurea therapy [16,17],
while heterozygous mutations in the GCK gene generally lead to a mild fasting
hyperglycemia that seldom needs treatment and is not associated with significant
complications [18,19]. Thus, uncovering a genetic basis by making an accurate molecular
diagnosis is extremely important for optimal treatment of these patients and may lead to
dramatic improvement in their quality of life. Moreover, once a mutation is established, at-
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risk family members can be screened and predictive genetic testing can be offered to
relatives after appropriate genetic counseling. As monogenic diabetes is a genetically
heterogeneous group of disorders, the ability to use next-generation sequencing (NGS)
technology to sequence several genes simultaneously is a potentially cost-effective means of
increasing the rate of molecular diagnosis in affected probands [20-22]. In this study, we
describe the development of the first panel-based NGS assay for monogenic diabetes
available in the United States.

2. Methods
2.1. Study subjects

Subjects with neonatal diabetes or with a clinical and/or family history suggestive of MODY
or syndromic forms of diabetes were consented for participation through the University of
Chicago Monogenic Diabetes Registry (http://monogenicdiabetes.uchicago.edu/registry/)
through which longitudinal information regarding the diagnosis and treatment of diabetes,
other medical problems or complications, family history and genetic testing results, was
collected through surveys and medical records [23]. A neonatal diabetes phenotype was
defined as persistent hyperglycemia requiring treatment diagnosed under 1 year of age. A
MODY phenotype was defined as diabetes diagnosed under 35 years of age in a non-obese
individual with either a linear family history of diabetes or the absence of diabetes-related
autoantibodies. All subjects were consented for participation through protocols approved by
the Institutional Review Board at the University of Chicago. Genomic DNA was isolated
from patients’ saliva or blood samples using the Oragene OG-300 non-invasive saliva
sampling kit (DNA Genotek Inc., Ottawa, ON, Canada) or the PureGene DNA isolation kit
(Qiagen Inc., Valencia, CA) according to the manufacturer's instructions. DNA integrity was
verified using a Qubit Fluorometer (Life technologies, Darmstadt, Germany). A total of 95
families were chosen to examine the utility of a gene panel-based next-generation
sequencing approach: 19 with known mutations and 76 with a clinically suggestive
phenotype but no known genetic etiology.

2.1.1. Gene selection—The monogenic diabetes panel included the most common genes
causing NDM/MODY (ABCCS8, GCK, HNF1A, HNF4A, HNF1B, INS, KCNJ11), genes
involved in less common known causes of NDM/MODY and congenital hyperinsulinism
(AKT2, BLK, CEL, CISD2, CP, EIF2AK3, FOXP3, GATAG, GLIS3, GLUD1, HADH,
KLF11, IER3IP1, INSR, NEUROD1, NEUROG3, PAX4, PDX1, PTF1A, RFX6, SLC2A2,
TBC1D4, WFS1, ZFP57) and genes involved in extremely rare syndromic forms of diabetes
mellitus (ALMSL, DCAF17, SLC19A2, S_C29A3, PAX6) (Supplementary Table 1). Only
genes that had been proven to cause disease were included in the panel.

2.1.2. Next-generation sequencing—The targeted NGS approach was based on
HaloPlex enrichment (Agilent Technologies, Santa Clara, CA, USA) followed by MiSeq
Illumina NGS. HaloPlex probes were designed following Agilent's recommendations
[24,25] to enrich all exons, plus 10-bp at each end, of the 36 selected genes previously
associated with NDM, MODY and very rare syndromic forms of diabetes mellitus (Table 1).
HaloPlex enriched Illumina libraries were obtained following Agilent's recommendations
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with the exception that the gDNA-probe hybrids were amplified using the KAPA HiFi
HotStart PCR kit (KAPA Biosystem) (1X KAPA HiFi Fidelity GC buffer, 0.8 mM dNTPs, 1
UM PCR primers, 20 pM Acetic Acid and 1U of KAPA HiFi HotStart polymerase), and the
following program in the Applied Biosystems 2720 thermocycler: 98 °C for 2 min; 21
cycles of 98 °C for 30 s, 60 °C for 30 s and 72 °C for 1 min; followed by 72 °C for 10 min
then hold on 8 °C. HaloPlex enriched Illumina libraries were quantified using the Agilent
2100 Bioanalyzer, multiplexed (8 samples) and 150PE sequenced on the Illumina MiSeq
system following Agilent's recommendations. Data from each sequence run was de-
multiplexed and reads aligned to the reference human genome (hg18) using the Burrows—
Wheeler Aligner (version 0.6.2). Reads in the regions of the genome that are susceptible to
alignment artifacts due to the presence of repetitive sequences were locally realigned using
GATK (version 1.0.5506). The NGS data analysis and variant calling were performed using
an in-house custom-developed bioinformatics pipeline and a commercial software package
(NextGENe, Softgenetics, State College, PA). Raw variant calls were filtered based on
various quality metrics such as depth, quality by depth score and directional bias. Variants
were then annotated in regard to their positions in transcripts of interest, position relative to
the coding sequence, consequence for the protein or mMRNA and a collection of direct and
indirect evidentiary tools and databases including NCBI dbSNP, 1000 Genomes Project,
Exome Sequencing Project (ESP), GERP, Conseq, PolyPhen-2, SIFT and the Human Gene
Mutation Database (HGMD).

2.1.3. Sanger sequencing—All sequence variants with putatively deleterious effects
were confirmed by conventional Sanger sequencing in both forward and reverse directions
on a 3730xI DNA Analyzer (Life Technologies, Grand Island, NY). Sequence analysis was
performed using Mutation Surveyor software version 3.01 (SoftGenetics, State College,
PA).

3. Results

A total of 372 exons in 36 genes were enriched using the HaloPlex technology and
sequenced with lllumina NGS. A mean depth of sequencing coverage >1000x was observed
and 99.3 + 0.16% of the targeted regions were successfully sequenced with a depth of
coverage >15x. All 20 pathogenic sequence changes were identified in the 19 positive
control samples, validating the sensitivity and the accuracy of our platform. These included
14 base substitutions, two-base duplications and four deletions ranging from 1 to 10 bases
(Table 1). 352 of the 372 exons were fully sequenced in all samples, 11 exons in more than
half of the samples and 9 exons (in the ALMSL, CEL, CISD2, EIF2AK3, HNF4A and PTF1A
genes) were poorly sequenced in all positive control samples (Supplementary Table 2).

Among the 76 patients with either neonatal diabetes or a MODY phenotype but without an
established genetic etiology, a molecular genetic diagnosis was obtained for 19 (25%)
patients (Fig. 1). 26 (46%) of 57 patients whose sequencing did not reveal a mutation had
been previously analyzed for some of the more commonly seen forms of monogenic
diabetes (Supplementary Table 3). Among 32 patients with NDM, a causative mutation was
identified in 7 cases (22%) (Table 2, patients 20-26). The majority of the mutations
identified in this study had previously been reported. Examples include: the most common
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mutation in the KCNJ11 gene ¢.602G>A (p.Arg201His), which causes oral sulfonylurea-
responsive NDM [26-28], in a 41 year old female (Table 2, patient 20) diagnosed with
NDM at 6 months of age; the INSc.94G>A (p.Gly32Ser) mutation [29] in a 60 year old
female (Table 2, patient 21) diagnosed at 9 months of age; and the ¢.188-31G>A sequence
change in the INSgene [30] previously reported to affect proper splicing of exon 2 in the
INSgene identified in a patient with NDM diagnosed at 10 months of age (Table 2, patient
22). A novel, likely pathogenic ¢.204G>C (p.Trp68Cys) change in the KCNJ11 gene was
identified in a patient with NDM (Table 2, patient 23) in the de-novo state. This sequence
change affects a highly conserved amino acid residue located in a functional domain of the
Kir6.2 protein and it is predicted to be damaging by in-silico prediction tools
(Supplementary Table 4). A different nucleotide change, ¢.202T>C, affecting the same
codon but resulting in a different amino acid substitution, p.Trp68Arg, has been previously
reported and functional studies demonstrated that like other NDM mutations, it prevents
channel closure and insulin secretion [31].

Several atypical NDM cases were also identified. A 27 year old white male presented with
diabetic ketoacidosis at 6 months of age, with no family history of diabetes, was found to be
a carrier of two ABCC8 sequence changes (¢.3989-9G>A and ¢.4174T>G) (Table 2, patient
24), which have been reported as recessively inherited in patients with congenital
hyperinsulinism [32,33]. His birth weight was 2722 g at term and he is currently treated with
0.55 units/kg/day of insulin. Parents were not available to determine whether these sequence
changes were in cisor in transin the patient. A novel truncating mutation in homozygous
state, ¢.2758C>T (p.GIn920%), in the EIF2AK3 gene was identified in a 3 year old male with
PNDM since 3 months of age (Table 2, patient 25). Mutations in the EIF2AK3 gene have
been associated with Wolcott—Rallison syndrome (WRS). This patient had previously been
extensively tested only for the more common monogenic causes of NDM as there were no
reported features suggestive of WRS such as consanguinity, delayed growth, abnormal bone
development, and hepatic complications. Similarly, a rare case of a homozygous inactivating
GCK mutation, ¢.706G>A (p.Glu236Lys), was identified in a patient (Table 2, patient 26)
with NDM diagnosed at birth. This mutation had been previously reported in the
heterozygous state in two independent MODY 2 families [34]. The patient's parents were not
known to be related or have diabetes. Both parents are heterozygous for the mutation and are
reported to have mild fasting hyperglycemia while the paternal grandfather was diagnosed
with diabetes at 40 years of age. The proband's older sibling had marked hyperglycemia and
died from presumed diabetic ketoacidosis in infancy.

Pathogenic sequence changes were found in 12 out of 44 patients with a MODY phenotype
(27%) (Table 2, patients 27-38). For all these patients the mutated gene had not been
analyzed previously. Two patients harbored missense mutations in the HNF1A gene that
were previously reported in patients with MODY 3 [35,36]; the c.586A>G (p.Thr196Ala)
identified in a 3 year old male patient with “prediabetes” (Table 2, patient 28) was also
found in his 12 year old brother with a similar glucose pattern. Mutations in GCK were
identified in 10/44 cases with a MODY phenotype (23%) (Table 2, patients 29-38); 4 of
them are novel to this study and predicted to be damaging by in-silico predictions
(Supplementary Table 4). The c.689G>A (p.Cys230Tyr) variant affects a conserved amino
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acid residue located in a functional domain of the glucokinase protein where other
pathogenic missense sequence changes have been described and it is also predicted to be
damaging (Supplementary Table 4). Of 10 probands identified with heterozygous GCK
mutations, 8 had at least a three-generation linear history of hyperglycemia. Comprehensive
family screening has begun and, to date, 5 relatives have been confirmed to carry a
heterozygous GCK mutation.

4. Discussion

Because monogenic diabetes is a genetically heterogeneous group of disorders, selection of
appropriate gene(s) to test is challenging when based solely on clinical grounds. Pathogenic
variants within several genes can present with similar phenotypic characteristics, while other
features that are more gene specific may not yet have manifested at the time of initial
presentation with hyperglycemia. Despite these challenges, confirming a molecular
diagnosis can be greatly beneficial, especially for patients who can have their medical
management significantly changed based on an understanding of the underlying molecular
defect causing their diabetes (Table 2). Even in cases where drug therapy remains
unchanged, patients and families can benefit from having more specific information about
their diagnosis, such as the predicted clinical course and familial risk, and receive genetic
counseling.

Variable awareness of monogenic diabetes and unequal access to genetic testing are
potential reasons that the majority of those with monogenic diabetes go unrecognized [6].
Currently available genetic testing for the most common forms of MODY and NDM is
primarily based on Sanger sequencing of multiple genes in a sequential manner, which is
time consuming and potentially costly, and limits the diagnosis to a few selected genes.
Targeted single gene Sanger sequencing remains the least costly option in cases with gene
specific clinical features. If the first round of single gene sequencing is negative, the cost of
sequencing the other genes may preclude further testing. Furthermore, the choice of genes to
be tested using this approach depends on the availability of reliable and comprehensive
phenotypic information and a detailed family history. We identified a mutation in the
EIF2AK3 gene in a neonatal patient who did not yet exhibit epiphyseal dysplasia and other
characteristic features associated with Wolcott—Rallison syndrome at the time of diabetes
diagnosis. We also found a rare GCK homozygous mutation in a patient with diabetes
diagnosed at birth for whom consanguinity was not reported. These two examples
demonstrate some limitations of the candidate gene approach in that the diagnosis of some
forms of monogenic diabetes is not always clear-cut and may be complicated by incomplete
or absent clinical and/or family history information.

The exponential growth in the fields of high-throughput capture and NGS has made this
approach among the most promising and economic techniques to identify causative
mutations in genetically heterogeneous diseases [37-39]. In this study, we describe a
targeted NGS assay for the molecular diagnosis of monogenic forms of diabetes. In total, 36
genes were simultaneously sequenced with deep coverage. A genetic diagnosis was obtained
for 19/76 (25%) patients in whom testing had been limited to a subset of genes or had not
yet been performed. Among 32 patients with neonatal diabetes, a causative mutation was
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identified in 7 cases (22%). For the 3 patients with Katp channel mutations, the test results
are likely to allow them to be effectively managed with sulfonylurea therapy instead of
insulin injections.

A causative mutation was identified in 12 of 44 (27%) patients with a MODY phenotype.
Heterozygous inactivating GCK mutations result in mild elevation in serum glucose levels
with fasting serum glucose typically ranging from 100 to 144 mg/dL [34]. There is minimal
deterioration of glycemic control over time and diabetes-related complications are rare,
making drug therapy unnecessary for most individuals [40,41]. Those with HNF1A-MODY
often exhibit a marked sensitivity to oral sulfonylurea agents, which is the established first-
line therapy that results in equal or improved control as compared to insulin therapy [16].
Our data demonstrates that diagnosing an individual with MODY often allows multiple
members across many generations within a family to be screened.

In 75% of patients selected for testing, a genetic cause was not identified (Supplementary
Table 3). There is significant clinical overlap between monogenic diabetes and the more
common forms of diabetes but there are several other possible explanations for this finding.
Patients may harbor mutations in intronic or regulatory regions, or large copy number
alterations that are not covered by our method. The cause of diabetes in some patients may
be a mutation in a more recently described gene not included in this current panel design.
Another possibility is that these patients have a hitherto unknown gene causing diabetes.
Indeed, an alternative approach would be to perform whole exome sequencing (WES) in lieu
of testing specific genes in patients with suspected forms of monogenic diabetes, as recently
proposed [42,43]. Johansson et al. performed WES in nine patients with suspected MODY.
They analyzed a pre-defined set of 111 genes implicated in glucose metabolism and
identified three pathogenic variants leading to a genetic diagnosis in three patients in the
ABCCS8, HNF4A and PPARG genes [42]. Bonnefond et al. carried out WES in a patient with
NDM and identified a novel de-novo mutation in the ABCCS8 gene [43]. While the use of
WES and whole-genome sequencing (WGS) and their implementation as a diagnostic tool is
exciting, those pathogenic sequence changes would have been identified with a gene-based
NGS panel approach at a lower cost and at a higher sensitivity and specificity due to more
adequate sequence coverage of the genes of interest. Indeed, coverage of the genes that are
known to be associated with the pheno-type or disease of interest in both WES and WGS is
currently not comparable to the coverage achieved with the gene-based NGS panel
approach. WES and WGS also target a much wider genomic area than panel-based targeted
NGS and produce larger amounts of sequence data to reach comparable per base coverage
values. Furthermore, due to their broader hypothesis-free approach, WES and WGS provide
a significantly larger number of variants of unknown clinical significance (VOUS), so more
detailed phenotypic information is needed to assist the laboratory in analyzing and
interpreting the results of testing. In addition to a larger number of VOUS, WES and WGS
may uncover genetic predisposition to previously undiagnosed medical or psychiatric
conditions that are unrelated to the condition for which the patient is being assessed. Thus,
one needs to carefully consider the impact of incidental findings in genes known to cause
diseases other than the disease that prompted the initial genetic test. Consenting patients for
potential incidental findings with uncertain implications raises a number of ethical and
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regulatory issues [44,45]. A NGS gene-panel approach can significantly reduce these
concerns reserving WES for cases with a high clinical suspicion for a monogenic cause of
diabetes but in which disease-targeted panel NGS testing has not demonstrated evidence for
a genetic etiology.

The flexibility of our targeted strategy coupled with NGS allows for continued refinement.
We have recently changed the enrichment method to SureSelect (Agilent Technologies) and
obtained 100% coverage of the targeted regions with a depth coverage >15x. The m.3243
region of the mitochondrial genome (where the m.3243A>G mutation causes Maternally
Inherited Diabetes and Deafness or MIDD) [46] was not tested due to the complexity of
simultaneously capturing/sequencing nuclear as well as mitochondrial loci. Because the
mitochondrial copy number is many times greater than the nuclear copy number (and the
rates of capture and sequencing are proportional), true mitochondrial genome reads will
grossly outnumber those observed for nuclear loci thus significantly reducing their coverage.
This is a propriety of the design and can be altered easily—for example by reducing the
density and the replication of RNA baits targeting the mitochondrial genome [47]. We are
currently in the process of optimizing the assay to include the m.3243A>G mutation in the
next iteration of this panel. In addition, recently described genes will be added to the panel
— the UCP2 and SLC16A1 genes associated with congenital hyperinsulinism [48-50] and
exercise-induced hyperinsulinism [51] respectively, as well as the NKX2-2 and MNX1 genes
recently associated with NDM [52]. Future directions will include the evaluation of
algorithms for the detection of copy number alterations (large intragenic deletions or
duplications) using NGS data.

In summary, we developed the most comprehensive monogenic diabetes panel now
available in the United States and demonstrated the effectiveness of multi-gene panel
analysis in identifying an accurate genetic diagnosis in patients with monogenic forms of
diabetes and ultimately guiding appropriate pharmacotherapy. Moreover, this approach
allowed rapid diagnosis in those atypical cases that may have been missed using a candidate
gene base strategy in addition to expanding established gene and mutation specific
phenotypes.

5. Conclusions

Our focused approach utilizing a targeted gene panel for monogenic diabetes exploits the
improved testing speed and falling cost of NGS technology without many of the difficulties
associated with WES and WGS (e.g. informed consent, cost, lower sensitivity and
specificity, incidental findings, reporting obligations). This demonstrates how NGS
technology can be leveraged to improve genetic testing for monogenic diabetes, which
because of frequent resulting alterations in treatment has been shown to be cost effective or
even cost saving [53,54].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NGS Next-Generation Sequencing

TNDM Transient NeonatalDiabetes

PNDM Permanent Neonatal Diabetes

MODY Maturity-Onset Diabetes of the Young

NDM Neonatal Diabetes

GATK Genome Analysis Tool Kit

ESP Exome Sequencing Project

GERP Genomic Evolutionary Rate Profiling

PolyPhen-2 Polymorphism Phenotyping v2

SIFT Sorting Intolerant from Tolerant

HGMD Human Gene Mutation Database
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76 Subjects

MOD/ NDM

44 (55%) 32 (45%)

Monogenic
cause found

12 27%) 7 (22%)

NS

Monogenic etiology
19 of 76 (25%)
Subjects Tested

Fig. 1.
Summary of unknown samples analyzed and results obtained in this study.
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