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Abstract

Background—Diabetes in neonates usually has a monogenic etiology; however, the cause
remains unknown in 20-30%. Heterozygous INS mutations represent one of the most common
gene causes of neonatal diabetes mellitus.

Methods—cClinical and functional characterization of a novel homozygous intronic mutation (c.
187+241G>A) in the insulin gene in a child identified through the Monogenic Diabetes Registry
(http://monogenicdiabetes.uchicago.edu).

Results—The proband had insulin-requiring diabetes from birth. Ultrasonography revealed a
structurally normal pancreas and C-peptide was undetectable despite readily detectable amylin,
suggesting the presence of dysfunctional beta cells. Whole exome sequencing revealed the novel
mutation. In silico analysis predicted a mutant mMRNA product resulting from preferential
recognition of a newly created splice site.

Wild-type and mutant human insulin gene constructs were derived and transiently expressed in
INS-1 cells. We confirmed the predicted transcript and found an additional transcript created via
an ectopic splice acceptor site.

Conclusion—Dominant INS mutations cause diabetes via a mutated translational product
causing ER stress. We describe a novel mechanism of diabetes, without beta cell death, due to
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creation of two unstable mutant transcripts predicted to undergo nonsense and non-stop mediated
decay respectively. Our discovery may have broader implications for those with insulin deficiency
later in life.
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Introduction

Methods

Subjects

Diabetes mellitus in neonates nearly always has a monogenic etiology, as autoimmune
mediated type 1 diabetes is rarely seen before 6 months of age 1. Causal variations in the
coding regions and splice sites of over 20 genes have been described. INS mutations are one
of the most common causes of neonatal diabetes mellitus 2. Heterozygous dominant,
compound heterozygous, and homozygous recessive mutations within the gene have been
described leading to hyperglycemia, hyperinsulinemia or hyperproinsulinemia 3. Dominant
mutations are thought to cause diabetes by the creation of a translated product that induces
the unfolded protein response, leading to ER stress and ultimately beta cell apoptosis *°.
Those few mutations associated with hyperinsulinemia or hyperproinsulinemia are typically
not associated with dysglycemia 3.

The underlying genetic cause remains unknown in 20-30% of neonatal diabetes cases 67 and
the University of Chicago Monogenic Diabetes Registry was established to identify novel
etiological genetic mechanisms in families with suspected monogenic diabetes, in addition
to following families with known forms of monogenic diabetes. Here we outline the
identification of a deep intronic INS mutation causing diabetes through a novel mechanism.

Subjects with diabetes diagnosed before one year of age, as well as family members,
consented for participation through the University of Chicago Monogenic Diabetes Registry
(http://monogenicdiabetes.uchicago.edu) 8. All subjects were consented for participation
through protocols approved by the Institutional Review Board at the University of Chicago.

Purification of genomic DNA and sequencing analysis

Genomic DNA was extracted from peripheral leukocytes using standard methods. The
proband had targeted Sanger sequencing of the exons, introns and promoter regions of
candidate genes (INS KCNJ11, ABCC8, EIF2AK3, PDX1) and was subsequently sequenced
using a targeted-enrichment next generation sequencing (NGS) approach based on HaloPlex
enrichment (Agilent Technologies, Santa Clara, CA, USA) followed by MiSeq Illumina
NGS, and an in-house pipeline to call sequence variants °. The VCHrome capture reagent
(Roche NimbleGen, Madison, WI, USA,; http://www.nimblegen.com) was used to target the
exome that was then sequenced using a HiSeq 2000 instrument (Illumina, San Diego, CA,
USA,; http://www.illumina.com). Read mapping was performed using Burrows-Wheeler
aligner 19, and variants were called using Atlas2 11. By design, at least 80% of the exome

J Med Genet. Author manuscript; available in PMC 2016 September 01.


http://monogenicdiabetes.uchicago.edu
http://www.nimblegen.com
http://www.illumina.com

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Carmody et al.

Page 3

was covered 20x. Analysis was performed using Ingenuity® Variant Analysis™ software
(QIAGEN, Redwood City, CA; www.giagen.com/ingenuity). Variants with a minor allele
frequency >3% in 1000 Genomes (phase 1 data released April 4, 2012 v3 NHLBI, ESP6500
data released June 2012) were removed. We further considered variants that were missense,
nonsynonymous or annotated to a splice junction. To further prioritize variants, we restricted
analyses to known monogenic diabetes genes and genes known to interact with the products
of these genes, with exclusion of highly variable genes.

Human genomic DNA constructs

Using a 1,431 base pair fragment of genomic DNA cloned from heterozygous carrier of the
INS mutation (¢.187+241G>A), wild-type and mutant human insulin gene constructs were
created containing the exon 1, 2 and 3 and both introns by PCR using targeting primers with
additional restriction enzyme sites. After constructs (wild type and mutant) were confirmed
by direct DNA sequencing they were subcloned into pcDNAS3.1 vector.

Lymphoblastoid and INS-1 cell lines

Results

We created Epstein-Barr virus immortalizes human B lymphocytes using published
protocols 12, Rat insulinoma INS-1 cells (passages 70-74), were grown in 5% CO, at 37°C
in RPMI 1640 supplemented with 10 mM HEPES, 2 mM L-glutamine, 1 mM sodium
pyruvate, 0.05 mM beta-mercaptoethanol, 10% FBS, 100 1U/ml penicillin and 100 pg/ml
streptomycin. 1 x 108 INS-1 cells in 6 well plates were transfected with 4 ug of pcDNA3.1
wild-type (WT) or ¢.187+241G>A INSgene constructs using Lipofectamine 2000
(Invitrogen, Carlsbad, CA). Total RNA was isolated from 24 hours post-transfection cells
using Trizol (Invitrogen) and cDNA synthesis was performed using oligo dT-primer and
Superscript® I11 First-Strand Synthesis System (Invitrogen).

The proband was born at 36 weeks gestation after induction for concern about severe
intrauterine growth retardation and was small for gestational age with a birth weight of 1740
g (<15t percentile; —2.6 SD) and length of 46 cm (5t percentile), despite maternal
gestational diabetes requiring insulin therapy throughout the 3'd trimester. Severe
hyperglycemia was noted from the first day of life and he has required subcutaneous insulin
since. Ultrasonography revealed a structurally normal pancreas but C-peptide (which reflects
endogenous insulin production) was undetectable. Further assessments of endogenous
insulin production were repeatedly undetectable in the fasting or post-prandial states, as well
as in response to an empiric trial of glyburide using a modified published protocol
(maximum dose of 1 mg/kg/day) 13.

The proband was reassessed again at 3.4 years of age and despite his low birth weight, he
had exhibited excellent post-natal catch-up growth, such that he had grown steadily between
the 10t and 25t percentiles since approximately one year of age, with a weight of 13.9 kg
(23'd percentile) and height of 93 cm (10t percentile). In order to stimulate any possible
endogenous beta cell function, his insulin pump therapy was suspended and blood samples
were drawn 30 minutes following a meal. Amylin is co-secreted with C-peptide and insulin
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by the human beta cell with a linear correlation between plasma levels of each of these beta
cell products. Amylin levels are virtually absent in individuals with type 1 diabetes
mellitus 4. Although his C-peptide was again undetectable (<0.033 pmol/L) despite an
elevated glucose level of 368 mg/dL, his amylin level was readily detectable (10.06
pmol/L). This contrasted to C-peptide and amylin of 0.58 pmol/l and 5.52 pmol/l with a
glucose of 110 mg/dl in his mother (heterozygous) and a C-peptide and amylin of 0.62
pmol/l and 11.85 pmol/l with a glucose of 92 mg/dl in a control subject. These data suggest
that despite the absence of endogenous insulin and circulating C-peptide, viable beta cells
were able to manufacture, package and release significant amounts of amylin. Antibodies
associated with type 1 diabetes were undetectable (Anti-GAD, Anti-IA2, Anti-Insulin and
Anti-ZnT8).

The proband and parents are of South East Asian origin. Any potential consanguinity was
initially not reported but the parents subsequently acknowledged that they are first cousins.
In addition to the mother’s gestational diabetes, others in the family also have a history of
non-obese diabetes, all with BMIs less than 25 kg/m? (Figure 1).

After Sanger sequencing, performed soon after clinical diagnosis with diabetes, failed to
reveal coding or splice site mutations within the most common known neonatal diabetes
associated genes, the proband was further tested and found to be negative for mutations in
any of 36 genes included in our NGS monogenic diabetes gene panel ®. Whole exome
sequencing (WES) was performed and initial review did not reveal any potentially
pathogenic variants. However, given the recent description of the heterozygous INSgene c.
188-31G>A intronic variant leading to neonatal diabetes 15, we examined the low coverage
intronic regions of genes associated with neonatal diabetes. A novel homozygous deep
intronic INSvariant was fortuitously found in the proband (c.187+241G>A). This region
was not captured by WES in the parental samples but both were subsequently found to be
heterozygous for the variant by targeted sequencing. The heterozygous mother required
insulin to treat gestational diabetes during all three of her pregnancies. The proband’s
maternal grandmother is also heterozygous for the variant and developed insulin requiring
diabetes mellitus at 45 years of age. The proband has two healthy brothers, one of whom is
heterozygous for the mutation and one who does not carry the mutation. Other family
members were not available to provide DNA but a maternal aunt and uncle were diagnosed
with insulin requiring diabetes mellitus at 28 and 36 years of age respectively.

The novel ¢.187+241G>A mutation creates a donor 5’ splice site. In silico analysis to predict
the mutant mMRNA product suggests the splicing machinery will preferentially recognize the
new splice site and read 237 bp of intron 2 as exonic sequence (Supplementary Figure 1A).
This proposed truncated 482 bp mRNA product (Abnormal Transcript 1, Figure 2) is
predicted to undergo nonsense-mediated MRNA decay triggered by a premature termination
codon.

We sought to identify any transcriptional products resulting from this novel intronic
mutation. No insulin RT-PCR product was detected from the proband’s lymphoblastoid cell
line or blood. Wild type insulin was found in both the control and mother. An additional
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product (Abnormal Transcript 1), matching the size of in silico predicted mutant mMRNA,
was weakly detected in the maternal blood sample (Supplementary Figure 1B).

We assessed the expression of transcripts derived from wild-type and mutant human insulin
gene constructs containing all three exons and both introns transfected into INS-1cells
(Figure 2). RT-PCR of the mutant construct revealed two new transcripts without the wild-
type transcript. Sequencing confirmed Abnormal Transcript 1 to be the predicted
alternatively-spliced transcript. We also detected an additional transcript without a stop
codon resulting from insertion of a 79 nucleotide pseudoexon following exon 2 through use
of a native potential 3’ acceptor site (Abnormal Transcript 2, Figure 2). There is no evidence
that this cryptic ectopic acceptor site is used in the control. We also examined insulin gene
expression in cycloheximide treated INS-1 cells and found a 7.25+0.21 relative fold increase
in Abnormal Transcript 2 while Abnormal Transcript 1 was not visible following
cycloheximide treatment (Figure 2).

These data supports the prediction that Abnormal Transcript 2 likely undergoes non-stop
mediated decay rather than the rapid nonsense mediated decay predicted for Abnormal
Transcript 1 16,

Discussion

Although rapid advancements over the last decade have led to the discovery of mutations in
over 20 genes as causing neonatal forms of monogenic diabetes, the genetic etiology is not
found in 20-30% of cases °. Pathogenic intronic mutations are typically within or adjacent
to conserved splice sites and are readily detected through Sanger sequencing of PCR
amplicons targeting exons. Deeper intronic mutations may be missed through traditional
techniques as demonstrated by the previously reported intronic point mutation in ABCC8
which also creates of a pseudo-exon 17. Our study highlights the possibility that mutations
within even the deepest stretches of the non-coding regions may be the next frontier for
explaining the molecular pathophysiology of heritable diseases.

Mutations in the INSgene are one of the most common causes of neonatal diabetes. Most
other insulin gene mutations, including the only other known intronic mutation
(heterozygous ¢.188-31G>A), lead to misfolded proteins that increase ER stress and beta
cell death ®15, Deletions and recessive mutations that lead to reduced insulin biosynthesis
have also been described as rare causes of neonatal diabetes 1819, We describe the first deep
intronic homozygous mutation leading to altered splicing and creation of two unstable
mutant transcripts. This unusual homozygous mutation causes failure of any translated INS
product in otherwise viable beta cells, it provides an ideal system to study the role of
endogenous insulin production in the development, function and maintenance of beta cells
and other islet cell types. Utilization of this mutation represents an excellent model for
examining the degradation of mMRNAs with premature stop codons and those that lack a stop
codon.

The prospect of advances in antisense gene therapy in combination with transplantation of
insulin-producing pancreatic beta cells from stem cells in vitro offer hope for novel
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therapeutic interventions for individuals with INS mutations and other monogenic forms of
diabetes 20, The frequency of deep intronic mutations in diabetes related genes remains
unknown but this study and others demonstrate that intronic mutations may represent the
etiology for neonatal diabetes cases without an established diagnosis 1517

Conclusion

We describe a novel mechanism for diabetes due to a deep intronic mutation leading to both
a cryptic donor and acceptor site within the insulin gene, predicted to undergo nonsense and
non-stop mediated decay respectively. Haplo-insufficiency of insulin has been suggested to
contribute to the risk for diabetes in heterozygous individuals 1°. Thus, our discovery
extends the current understanding of how diabetes occurring in neonates may have broader
implications for those with insulin deficiency leading to diabetes later in life.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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c.187+241G>GA ¢.187+241G>GA
Diabetes at age 45 years

c.1874241G>GA c.1874241G>GA  Diabetes at age Diabetes at age
Gestational Diabetes 28 years 36 years

‘ c.1874241G

¢.1874241G>GA

¢.187+241G>GA c.187+241G €. I187+241G>A
Diabetes at birth

c.1874241G>A

Figure 1. Pedigree of family and sequence traces of wild-type, heter ozygous and homozygous
carriersof thenovel INSintron 2 mutation

Closed and shaded symbols represent individuals with diabetes and gestational diabetes
respectively.
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Cycloheximide = +
peDNA3 Wild-type Mutant PCDNA3 Wild-type Mutant DNA
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Insulin
TBP
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Expression of the transcript
(fold change)

|
pcDNA3 INS INS
c.187+241G>A

Figure 2. Wild-type and mutant insulin gene expression in INS-1 cells
(A) RT-PCR of RNA isolated from INS-1 cells 24 hours post-transfection with wild-type

and mutant INSgene constructs. Results shown are representative of three independent
experiments. (B) A schematic diagram showing the pattern of alternative splicing that
generates the aberrant transcripts from the mutant INSgene. (C) INS-1 cells were
transfected with pcDNA3, wild-type INSand mutant INS (c.187+241G>A) gene constructs.
RT-PCR was used to measure expression of human insulin with 30 cycles of PCR and TBP
mRNA following treatment with 100 uM of cycloheximide for 3 hours that was started 24
hours post-transfection. (D) The level of mMRNA of wild-type INSand mutant INS prior to
cycloheximide treatment was normalized to a value of 1. The fold change in expression
following treatment is shown. The mean £ SEM from three independent experiments is
shown.
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Abbreviations: ER, endoplasmic reticulum; NGS, next generation sequencing; RT-PCR,
real-time polymerase chain reaction; SD, standard deviation; TBP, TATA-binding protein;
WT, wild-type.
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