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Abstract

Background/Aims—In a family with congenital hyperinsulinism (HI), first described in the
1950s by MacQuarrie, we examined the genetic locus and clinical phenotype of a novel form of
dominant HI.

Methods—We surveyed 25 affected individuals, 7 of whom participated in tests of insulin
dysregulation (24-hour fasting, oral glucose and protein tolerance tests). To identify the disease
locus and potential disease-associated mutations we performed linkage analysis, whole
transcriptome sequencing, whole genome sequencing, gene capture, and next generation
sequencing.

Results—Most affecteds were diagnosed with HI before age one and 40% presented with a
seizure. All affecteds responded well to diazoxide. Affecteds failed to adequately suppress insulin
secretion following oral glucose tolerance test or prolonged fasting; none had protein-sensitive
hypoglycemia. Linkage analysis mapped the HI locus to Chr10g21-22, a region containing 48
genes. Three novel non-coding variants were found in hexokinase 1 (HK1) and one missense
variant in the coding region of DNA2.

Conclusion—Dominant, diazoxide-responsive HI in this family maps to a novel locus on
Chr10g21-22. HK1 is the more attractive disease gene candidate since a mutation interfering with
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the normal suppression of HK1 expression in beta-cells could readily explain the hypoglycemia
phenotype of this pedigree.
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Introduction

Monogenic disorders of pancreatic beta-cell insulin secretion have become increasingly
recognized to be important causes of hypoglycemia in infants and children [1]. Previously,
such patients would have been classified as having “idiopathic hypoglycemia of infancy”, a
term originated by McQuarrie in 1954 [2]. Dr. McQuarrie described a brother and sister with
onset of hypoglycemia in early infancy, who were treated with pancreatectomy but
continued to suffer from hypoglycemia afterwards.

We recently had the opportunity to investigate the family of the affected sibling pair. This
pedigree now includes 25 affected individuals, spans four generations and follows an
autosomal dominant inheritance pattern. There are now 8 genetic loci known to be
associated with congenital HI and direct sequencing of genomic DNA from our cohort
excluded all 8 genes [1, 3, 4]. Thus, we hypothesized that a novel genetic locus must be
responsible for disease in this family. This report describes the clinical phenotype of this
novel form of dominantly inherited HI and genetic tests demonstrating linkage of the
disorder to an 8.2 Mb region of chromosome 10. Whole genome sequencing and gene
capture of a candidate portion of this region identified variants in non-coding regions of
hexokinase 1 (HK1) and in the coding sequence of DNA2 as potential candidate loci that
may be responsible for this form of congenital HI.

Research Design and Methods

Patients

Consent

Family members donated saliva samples or blood for DNA isolation and participated in an
interview about their hypoglycemic symptoms, treatment, and history. Diagnosis of HI was
based on criteria including fasting hypoglycemia accompanied by inadequate suppression of
plasma insulin, inappropriately low plasma free fatty acids (FFA) and plasma 3
hydroxybutyrate (BOB) concentrations, and an inappropriate increase in serum glucose
levels after administration of glucagon at the time of hypoglycemia [5-7].

Written informed consent was obtained from subjects or their parents for this study. This
study was approved by The Children’s Hospital of Philadelphia (CHOP) Institutional
Review Board.

Fasting tests

Fasting adaptation for 20-24 hours was evaluated by monitoring plasma concentrations of
glucose, BOB, FFA, and insulin. Fasts were terminated at 20-24 hours or when plasma
glucose fell to 2.8 mmol/L [8].

Oral protein tolerance tests

Subjects drank 1.5 g/kg protein (maximum 60 g) in water, 3—4 hours after a meal (Resource
Instant Beneprotein Powder, Novartis Pharmaceuticals) [9, 10]. Blood samples were
obtained for plasma glucose and insulin at times 0, 30, 60, 90, 120, 150, and 180 min. A fall
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in plasma glucose to below 3.9 mmol/L or a delta plasma glucose greater than 0.56 mmol/L
was interpreted as abnormal [9, 11].

Oral glucose tolerance tests

Subjects drank 1.75 g/kg of glucose (maximum 75 g) as Glucola, 3 hr after a meal. Blood
samples were obtained for plasma glucose and insulin at times 0, 30, 60, 90, 120,150,180,
210 and 240 min. Results were compared to published norms for children and adults [12].

Mutation Analysis

Genomic DNA was isolated from saliva samples using the Oragene DNA Self Collection
Kit (DNA Genotek; Kanata, Ontario, Canada). Genomic DNA from one affected family
member was used to sequence the coding regions and intron/exon splice junctions of
candidate genes (SRT1, NEUROG3, PCBD1, HK1, HKDC1) [10]. Resulting
chromatograms were analyzed with Sequencher 4.9 (Gene Codes Corp; Ann Arbor, MlI).
Novel variants (absent in doSNP v132 and/or 1000 genomes project) were sequenced across
all family members to confirm tracking with affecteds and obligate carriers. These variants
were tested against DNA from 100 healthy control individuals participating in the DNA
Polymorphism Discovery Resource (Coriell Cell Depository; Camden, NJ) to exclude rare
polymorphisms.

SNP genotyping and linkage analysis

DNA samples were genotyped on the Illumina HumanHap 550v1,v3 and 610v1 arrays at the
CHOP Center for Applied Genomics. 24,602 SNPs in linkage equilibrium were included on
the arrays and had genetic distances interpolated on the Rutgers second-generation
combined linkage-physical map [13]. Thirty-one individuals were used for linkage analysis:
28 affecteds or obligate carriers and 3 unaffected individuals who married into the family.
Linkage analysis was performed using Merlin [14], with a parametric rare dominant model
in which the disease allele frequency was estimated at 0.0001 and the probability of being
affected with 0, 1 and 2 alleles is 0.0001, 1.0 and 1.0, respectively.

Whole Transcriptome Sequencing

Total RNA extracted from lymphocyte cell lines from individuals 2a and 2b (Fig. 1) was
used to create cDNA libraries followed by high throughput sequencing performed by
[llumina Inc. (San Diego, CA). The data were analyzed by comparing the cDNA sequence to
the UCSC genome browser [15] or by direct alignment to the published human genome
sequence [16]. Both approaches generated quality analyzable data for 18 of 48 genes in the
shared haplotype region. Genetic coordinates listed are based on GRCh37, hg19.

Whole Genome Sequencing

Genomic DNA from individual 2a (Fig. 1) was sent to Complete Genomics, Inc., (Mountain
View, CA) for sequencing. Sequence data were analyzed by the CHOP Center for Applied
Genomics.

Gene Capture and Next Generation Sequencing

Genomic DNA from individual 3d and a normal control was enriched for region specific
extraction (RSE) encompassing a total of 205 kb (chr10: 70964058-71169635). Enriched
samples were amplified with Qiagen Repli-g Midi amplification kit (Valencia, CA) sent to
Illumina for library preparation and sequencing. Please see Supplemental Methods for
details.
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The proband (4d; Fig. 1) was the product of an uncomplicated term pregnancy with a birth
weight of 3405 gm. Shortly after birth his mother noted that he was a voracious eater and
had spells of extreme irritability and inconsolable crying that resolved with feeding, despite
being told his plasma glucose was normal in the newborn nursery. At 3 months of age he
had a generalized tonic-clonic seizure and during evaluation at Cincinnati Children’s
Hospital was diagnosed with HI. He was treated with diazoxide, which easily controlled his
hypoglycemia and continued on diazoxide until age 10 when it was discontinued at his
parents’ request. Evaluation off treatment at CHOP demonstrated an ability to maintain
plasma glucose concentrations > 3.9 mmol/L for over 12 hours of fasting. At age 11 years he
experienced another generalized tonic-clonic seizure and was restarted on diazoxide.

The proband’s father (3d) was never diagnosed with hypoglycemia. He denied having
symptoms of hypoglycemia, apart from headaches and jitteriness during athletics, although
he has completed marathons. He has two other sons who have no symptoms of
hypoglycemia.

As shown in Fig. 1, the proband is the nephew of the brother and sister (3a and 3b) with
“idiopathic hypoglycemia” described by McQuarrie. Three of their cousins (3i, 3m and 30)
were in McQuarrie’s original report and were diagnosed with hypoglycemia after seizures in
infancy. Both 3a and 3b underwent pancreatectomy in unsuccessful attempts to control their
hypoglycemia. All five original affecteds were treated with ACTH injections, with only
partial effectiveness, until the 1960s when diazoxide was found to be effective in some
forms of HI [17].

Currently, 25 members of this four-generation pedigree of northern European ancestry have
been recognized as clinically affected with HI (Fig. 1). In addition, 5 individuals, including
the father of our proband have been classified as obligate carriers based on an autosomal
dominant inheritance pattern. Obligate carriers did not have recognized symptoms of
hypoglycemia, but had children or grandchildren who were diagnosed and treated for HI.
The mother of McQuarrie’s original proband (2a) was initially classified as an obligate
carrier. However, at age 89 after a 10 Ib weight loss from adult celiac disease, she suffered a
hypoglycemic seizure (plasma glucose 1.7-2.2 mmol/L). She was diagnosed with HI, which
improved greatly upon treatment with diazoxide.

Table 1 summarizes the features of 15 affected adults and children in the family. In general,
their hyperinsulinism disorder was mild: most affecteds failed to show excessive prenatal
growth and were not recognized to have hypoglycemia until late in the first year of life.
Diazoxide therapy was uniformly effective in the 12 family members for whom it was
prescribed and pancreatectomy was only performed in the original two cases. Of the 12
affected adults surveyed, all continued to have symptoms of hypoglycemia, although only
case 2a is currently on treatment. Adult diabetes has developed only in the two cases treated
with pancreatectomy. Apart from 3a, who suffered permanent brain damage from repeated
episodes of hypoglycemia, family members have normal intellectual development; several
have advanced degrees.

In order to define the biochemical phenotype of this family’s form of congenital
hyperinsulinism, 7 of the affected family members participated in tests of fasting and of oral
glucose and protein tolerance (Table 2). The results showed a pattern of failure to adequately
suppress insulin secretion during prolonged fasting and following stimulation with oral
glucose. Plasma glucose levels fell to 3.9 mmol/L or below in 5 of the 7 affecteds within 4
hr after oral glucose loading; 4 dropped their plasma glucose to approximately 3.1 mmol/L
and developed symptoms. The peak glucose and insulin responses to oral glucose were not
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unusual in most cases; 3 of the adults showed signs of insulin resistance (peak insulin >510
pmol/L), despite having a BMI of 25 or less. Protein sensitive hypoglycemia was not
apparent in any of the 5 individuals tested (data not shown). After 20-24 hr of fasting, 6 of
the 7 affected individuals dropped their plasma glucose to 3.9 mmol/L or below, with little
or no activation of ketogenesis; 5 developed symptoms of hypoglycemia. One of the
affected children (5b) gradually developed hypoglycemia with inadequate suppression of
insulin and delayed and inadequate ketogenesis by the 23rd hour of fasting.

Attempts to identify the genetic defect responsible for dominantly-transmitted HI in this
family by direct sequencing of genomic DNA failed to detect a disease-causing mutation in
the common genes for congenital HI (ABCC8, KCNJ11, GCK, GLUD1), as well as in the
rarer genes (HADH, HNF4a, UCP2))[1, 4]. Haplotype analysis excluded the gene for MCT1
(SLC16A1).

We employed positional cloning to map the location of the gene responsible for this novel
form of HI by linkage analysis using Illumina SNP arrays. As shown in Fig. 2a, the only
significant LOD score was identified on chromosome 10q21-22, which does not contain any
known HI locus. The region of highest LOD score was 6.82 and the shared haplotype was
between SNP markers rs10995440 and rs6480513 (genetic distance =11.1 cM; physical
distance = 8.2 Mb).

Direct Sequencing of Candidate Genes

The region of shared haplotype contains 48 genes (Table 3). Several of are potential
candidate genes for HI, including hexokinase 1 (HKZ1), which encodes a glucose
phosphorylating enzyme with greater affinity for glucose than glucokinase, the hexokinase
expressed in beta-cells. Direct sequencing of the coding exons and intron/exon boundaries of
HKZ1 and 4 other candidate genes (SRT1, NEUROG3, PCBD1, HKDC1) did not identify
any coding mutations in affected family members. Coding mutations in candidate gene
9_C25A16 were excluded by analysis of the whole genome sequencing data.

Whole Transcriptome Sequencing

We next used whole transcriptome sequencing of lymphoblast cDNA to search for exonic
mutations among the 48 candidate genes. Good quality sequences were obtained for 18 of
the 48 genes, but failed to detect any novel variants and, therefore, excluded these as
candidate disease genes (Table 3).

Whole Genome Sequencing

Whole genome sequencing (Complete Genomics, Inc., Mountain View, CA 94043) was
performed on one affected (2a) to search for possible disease variants within the entire
shared haplotype region. This analysis detected the presence of 3 novel, non-coding variants
in HK1, all of which tracked with all affected individuals and obligate carriers in the family.
None of the three were reported in db137 or in the 1000 genomes project (4,362 alleles). As
shown in Fig. 2b, HK1 variants #1 and #2 were found separately at < 0.5% frequency in 100
healthy controls; however, variant #3 was not present in any healthy controls. The whole
genome sequence analysis also detected only one exonic mutation in one of the other 47
genes within the shared haplotype region: a non-synonymous Q991K missense mutation in
DNAZ2 (Chr10: 70179634 G>T). No intronic, coding or promoter mutations were detected in
other candidate genes within the shared haplotype region (NEUROG3, SRT1 and

S C25A16). The DNA2 variant was present in all of the affecteds and obligate carriers, but
was predicted to be tolerated and benign by both SIFT and PolyPhen software programs. It
was not found in dbSNPv137 or in 100 healthy controls, but was reported in the ESP
database (Exome Sequencing Project-(http://evs.gs.washington.edu/EVS/) [April, 2013]) in
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in 82/11,274 European and African American alleles (75/8083 European alleles and 7/3641
African American alleles) and it was also reported in the 1000 genomes project in 6/4362
alleles (4/1512 European alleles) [18, 19]. Therefore, the DNA2 Q991K variant was not
considered to be disease causing.

Gene Capture and Next Generation Sequencing

We hypothesized that one of the 3 non-coding variants in HK1, identified through whole
genome sequencing, or a combination of these variants, could be disease-causing by leading
to inappropriate expression of this high affinity hexokinase in beta-cells. In order to confirm
the detection of the HK1 sequence variants, genomic DNA was used to capture the entire
205 kb HK1 region, as well as the adjacent HK1 pseudogene, HKDCL1 (chr10: 70964058-
71169635) for next generation sequencing. Homozygous variants and variants present in
normal controls or reported in dbSNPv137 were eliminated as polymorphisms [18]. Only the
same 3 variants detected by whole genome sequencing were detected by gene capture and
next generation sequencing. As shown in Fig. 2b, the three HK1 variants included: (variant
1) chrl10: 71046674 C>T, located in intron 1 of the testis specific HK1 isoform; (variant 2)
chrl0: 71095271 C>G, located in intron 1 of the ubiquitous HK1 isoform; and (variant 3)
chr10: 71108666 dup G, located in intron 2 of the ubiquitous HK1 isoform. Analysis of
DNA from 100 healthy controls did not identify a single individual that was heterozygous
for more than one the three HK1 variants.

Discussion

The results of these studies show that the hypoglycemia in this family is a form of
congenital HI which is autosomal dominant and diazoxide-responsive. Linkage studies
mapped this disorder to a novel locus for congenital HI within an 8.2 Mb region on
chromosome 10g21-22. The phenotype of the disorder, including hypoglycemia both with
prolonged fasting and 3-4 hours following a glucose load, indicates a defect in suppression,
rather than in stimulation of insulin secretion; protein sensitive hypoglycemia was not part
of the phenotype. Although the hypoglycemia in this family appears to be less severe than
several of the other genetic forms of congenital HI, some affecteds suffered profound
hypoglycemic brain injury and many of the affecteds continue to suffer episodes of
symptomatic hypoglycemia as adults. Genetic analysis of the 10q21-22 region shared by
affected family members identified 3 non-coding variants in HK1 and an amino acid
substitution in DNA2. As described below, HK1 is an attractive candidate disease locus, but
DNAZ2, an endonuclease which functions in mitochondrial DNA replication and repair, has
no obvious connection to regulation of insulin secretion [20-23].

The phenotype of HI in this family indicates that the appropriate suppression of insulin
release at low plasma glucose concentrations is impaired, based on responses of affected
children and adults to fasting or oral glucose challenge. A lack of protein sensitive
hypoglycemia distinguishes this disorder from HI due to mutations of the KATP channel
genes or GLUD1 or HADH [1, 4]. This suggests that the defect involves the glucose
threshold for insulin secretion. Similar to a defect in the beta cell glucose threshold without
protein sensitive hypoglycemia a similar, albeit more severe, defect in beta-cell glucose
threshold occurs in HI due to glucokinase activating mutations. The escape of ketogenesis
from suppression by insulin observed in patient 5b during fasting (Fig. 1; Table 2) has also
been observed in patients with glucokinase HI, consistent with a lowered glucose threshold
for insulin release [24]. Unlike patients with glucokinase HI, birthweight was not increased
in our family. This is consistent with the milder course of the disorder in this family
compared to that of glucokinase HI in which many patients cannot achieve normoglycemia
with diazoxide treatment [1].
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The clinical features of this novel form of HI bear some resemblance to those seen in
diazoxide-responsive dominant KATP channel HI [10, 25, 26]. In both conditions,
presentation of hypoglycemia is usually within the first year of life, often with the
occurrence of a hypoglycemic seizure, sometimes leading to permanent brain injury. In
addition, some affected individuals present with severe symptoms at birth while other family
members carrying the same mutation have minimal symptoms, never seeking treatment. In
some of the other milder forms of dominant HI (e.g., due to mutations in GDH) affected
carriers also often escape recognition. Family members of both dominant KATP channel HI
and this novel form of HI report that episodes of hypoglycemia seem to become less severe
with age and that adults often stop treatment; however, our patient 2a first became
symptomatic at age 89, indicating that the dysregulation of insulin secretion persists. In both
the diazoxide-responsive forms of dominant KATP HI [1] and this novel form of HI, there
does not appear to be an association with the later development of diabetes, with the
exceptions of 3a and 3b who had pancreatectomies.

Since it did not appear that a coding region mutation was likely to explain the
hyperinsulinism in our family, we extended our search for mutations to non-coding regions
of HK1 that might affect its expression in beta-cells. In beta-cells, glucose phosphorylation
is normally carried out by glucokinase, a hexokinase whose low affinity for glucose as
substrate, is responsible for setting the beta-cell threshold for insulin release at a glucose
concentrations of ~5mM [27-29]. The importance of glucokinase in controlling blood
glucose levels is illustrated by the fact that inactivating mutations cause a monogenic form
of diabetes (MODY 2), while activating mutations of glucokinase lead to HI [1]. In addition,
glucose-stimulated insulin release is enhanced by a group of glucokinase activator drugs
[30-33]. In contrast to glucokinase, HK1 has a high affinity for glucose (Km < 1 mM) and
lacks cooperativity with glucose as substrate [27, 28]. Expression of HK1 is normally
“disallowed” in beta-cells, since the presence of this enzyme with high activity at very low
levels of glucose would result in hypoglycemia [34]. This has been demonstrated by
experiments in which expression of HK1 in MING cells and isolated rat islets leads to
elevated basal glycolysis and insulin release and by observations of hypoglycemia in
transgenic mice expressing yeast hexokinase in beta-cells [35-37]. It is interesting that
Henquin, et al. recently described increased HK1 immunostaining in islets of 5 of 6 infants
with atypical HI defined by a mosaic pattern of hyperfunctional and hypofunctional islets
within the pancreas[38]. These authors suggested that the hyperinsulinism in their 5 cases
might be related to the apparent increase of HK1 in the abnormal islets, although they did
not have sufficient material to confirm this by showing altered levels of HK1 activity or
HKZ1 sequence changes in affected islets. The mechanism(s) for preventing expression of
disallowed genes, such as HK1, in beta-cells are not known, but could involve transcription
factor regulation, epigenetic mechanisms, or short noncoding RNAs[34, 39]. It is
noteworthy that recent genome wide association studies have linked the HK1 locus to
increased hemoglobin A1C and Type 2 diabetes, although specific mutations affecting HK1
expression or activity have not been reported [40-42].

Precedent for a genetic form of HI due to aberrant beta-cell expression of a disallowed gene
is provided by the exercise-induced HI disorder (EIHI) associated with mutations of
9_C16A1, which encodes MCT1, a plasma membrane monocarboxylic acid transporter for
pyruvate and lactate. MCT1 is not expressed in beta-cells and, therefore, pyruvate and
lactate normally do not stimulate insulin secretion. In patients with EIHI, Otonkoski, et al.
showed that elevations of plasma pyruvate by anaerobic exercise induced a large release of
insulin followed by an episode of hypoglycemia. They also demonstrated that an infusion of
pyruvate could provoke an abnormal acute insulin response [43, 44]. The EIHI patients had
no coding sequence mutations of S .C16A1, but mutations were identified in the upstream
promoter region, which, presumably, interfered with the process by which MCT1 expression
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is normally silenced in beta-cells. We propose that a similar mechanism, leading to a failure
in the normal silencing of HK1 expression in beta-cells, may be the basis for HI in our
family.

Our whole genome sequencing and gene capture experiments identified three HK1 non-
coding region variants as potential candidates for causing disease (Fig. 2b). Variant 1 was in
intron 1 of the testicular isoform of HK1, upstream of the start-site of the ubiquitous form of
HKZ1. Despite the fact that it occurred with a 0.5% frequency in normal control alleles
(although it was not in any of the standard SNP databases), this variant is an attractive
disease-causing candidate, since it disrupts a consensus sequence for binding of LBP-1 (Fig.
2b) [45]. LBP-1 is a transcription factor known to be a negative regulator of the HIV-1
promoter by preventing binding of the TFII-1 transcriptional activator, while also recruiting
histone deacetylases [46-48]. The second candidate disease-causing variant was in intron 1
of the ubiquitous isoform of HK1 and also occurred at 0.5% frequency in normals, although
it was also not listed in any SNP database. This region of intron 1 of the ubiquitous HK1
isoform appears to be enriched for activating histone modifications in cells that express HK1
(UCSC Browser ENCODE data), whereas it shows little enrichment for activating histone
modifications in normal islets[49]. The third candidate disease-causing variant was located
in intron 2 of the ubiquitous isoform of HKZ, it was not found either in normal control
alleles or in the SNP databases. Although intron 2 of the ubiquitous HK1 isoform shows
histone marks consistent with a role in expression regulation, there do not appear to be
marked differences in histone modifications in this region between human islets and tissues
which normally express HK1[15, 49]. An examination of the species conservation of the
nucleotides at the HK1 variant sites shows that there is conservation among primate species
and cow at all 3 sites; the third HK1 variant site has nucleotide-specific conservation
through additional species (Fig. 2b).

After an exhaustive search for the specific mutation causing dominant hyperinsulinism in
this pedigree, we confidently report that this family represents a novel form of the disease.
The previously described HI loci have clearly been excluded and the linkage analysis
convincingly points to a novel region on chromosome 10 for this form of HI. The various
sequencing experiments narrow the possible genes responsible to HK1 and DNA2 and the
potential role that the HK1 variants and possibly the missense mutation found in DNA2 play
in disrupting the normal silencing of HK1 in beta-cells remains speculative at present. Direct
proof of the functional consequences of the sequence variants in HK1 and DNA2 would
require islets from affected patients and, since the disorder is successfully treated with
diazoxide, there are no affected islets available for study. In addition, an approach such as
using a reporter construct to test the effects of each variant in clonal rodent beta-cells,
similar to that taken with MCT1 variants by Otonkoski, et al, is not feasible due to great
distance of the HK1 variants from their promoters (Fig. 2b) [43, 44]. Study of additional
families with this condition would be helpful in determining the causal variant.

In summary, the hypoglycemia disorder in this historically important family represents a
novel congenital HI disorder which maps to chromosome 10¢21-22. The disorder has an
autosomal dominant inheritance pattern and results in a diazoxide-responsive form of HI.
Disease-associated variants were found in non-coding regions of HK1 and exon 18 of
DNA2. HK1 appears to be the stronger candidate disease gene since mutations leading to
impaired silencing of HK1 expression in beta-cells could lower the glucose threshold for
insulin secretion and readily explain the clinical phenotype of this family.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Pedigree of family with autosomal dominant congenital hyperinsulinism. Generation is
indicated by number and family members are denoted with a letter. Males depicted as
squares, females as circles, deceased individuals by a slashed line. Filled symbols are
individuals diagnosed with hypoglycemia (n=25); hatched symbols are obligate carriers
(n=5). Diamonds indicate number of unaffected descendants. Dashed lines outline original
pedigree reported by McQuarrie (1). Asterisks indicate family members described in Table
1.
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Figure 2.

(a) Linkage analysis showing LOD score of 6.82 at chromosome 10g21-22. Shaded bar
indicates the 11.1 cM shared haplotype region spanning 8.2 Mb and containing 48 genes. (b)
Location of 3 novel disease-associated variants in non-coding regions of HK1. The
promoters of the three HK1 isoforms are identified: P (testes specific), Pg (erythrocyte
specific), and Py (ubiquitous). Tissue specific exons are designated T1-T6 and E1. Exons 2—
18 are shared by all 3 isoforms. Transcription start sites are indicated with arrows.
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Table 1

Clinical characteristics of 15 affected family members

Current age

21 mos-89 yrs

LGA birth weight 50f 13
History of seizures 6 of 16
Age at diagnosis 3-17 mos*
ACTH Treatment 50f15
Diazoxide Treatment 12 of 16
Pancreatectomy 20f 15
Education - HS diploma or above 15 of 16
Adult with symptomatic hypoglycemia 12 of 12

Adult BMI — mean (range)

23 (19.9-26.4)

Diabetes Mellitus

20f 12°*

*
Excluding patient 2a diagnosed at age 89;

*%

Both adults with diabetes had pancreatectomy in infancy
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Table 3

Tests of genes in the shared haplotype region

Gene

Direct Sequencing

Transcriptome sequencing

Whole genome sequencing

Gene Capture

NRBF2

+

+

JMJD1C

+

+

REEP3

+

+

CTNNA3

LRRTM3

DNAJC12

SIRT1

HERC4

MYPN

ATOH7

PBLD

HNRPH3

RUFY2

DNA2

SLC25A16

TET1

CCAR1

STOX1

DDX50

DDX21

KIAA1279

SRGN

VPS26A

SUPV3L1

HKDC1

HK1

TACR2

TSPAN15

NEUROG3

C100rf35

COL13A1

H2AFY2

AIFM2

TYSND1

SARI1A

PPAL

NPFFR1
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Gene

Direct Sequencing | Transcriptome sequencing | Whole genome sequencing

Gene Capture

LRRC20

+

EIFAEBP2

+ +

NODAL

+

KIAA1274

PRF1

ADAMTS14

C10orf27

SGPL1

PCBD1

UNC5B

CR617227
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