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Abstract
Aims/hypothesis Reduced insulin secretion results in hyperglycaemia and diabetes involving a complex aetiology that is yet to
be fully elucidated. Genetic susceptibility is a key factor in beta cell dysfunction and hyperglycaemia but the responsible genes
have not been defined. The Collaborative Cross (CC) is a recombinant inbred mouse panel with diverse genetic backgrounds
allowing the identification of complex trait genes that are relevant to human diseases. The aim of this study was to identify and
characterise genes associated with hyperglycaemia.
Methods Using an unbiased genome-wide association study, we examined random blood glucose and insulin sensitivity in 53
genetically unique mouse strains from the CC population. The influences of hyperglycaemia susceptibility quantitative trait loci
(QTLs) were investigated by examining glucose tolerance, insulin secretion, pancreatic histology and gene expression in the
susceptible mice. Expression of candidate genes and their association with insulin secretion were examined in human islets.
Mechanisms underlying reduced insulin secretion were studied in MIN6 cells using RNA interference.
Results Wide variations in blood glucose levels and the related metabolic traits (insulin sensitivity and body weight) were observed in
the CC population. We showed that elevated blood glucose in the CC strains was not due to insulin resistance nor obesity but resulted
from reduced insulin secretion. This insulin secretory defect was demonstrated to be independent of abnormalities in islet morphology,
beta cell mass and pancreatic insulin content. Gene mapping identified the E2f8 (p = 2.19 × 10−15) and Dlg2 loci (p = 3.83 × 10−8) on
chromosome 7 to be significantly associated with hyperglycaemia susceptibility. Fine mapping the implicated regions using congenic
mice demonstrated that these two loci have independent effects on insulin secretion in vivo. Significantly, our results revealed that
increased E2F8 andDLG2 gene expression are correlated with enhanced insulin secretory function in human islets. Furthermore, loss-
of-function studies in MIN6 cells demonstrated that E2f8 is involved in insulin secretion through an ATP-sensitive K+ channel-
dependent pathway, which leads to a 30% reduction in Abcc8 expression. Similarly, knockdown of Dlg2 gene expression resulted
in impaired insulin secretion in response to glucose and non-glucose stimuli.
Conclusions/interpretation Collectively, these findings suggest that E2F transcription factor 8 (E2F8) and discs large homologue
2 (DLG2) regulate insulin secretion. The CC resource enables the identification of E2f8 and Dlg2 as novel genes associated with
hyperglycaemia due to reduced insulin secretion in pancreatic beta cells. Taken together, our results provide better understanding
of the molecular control of insulin secretion and further support the use of the CC resource to identify novel genes relevant to
human diseases.
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Abbreviations
B6 C57BL/6J
CC Collaborative Cross
DLG2 Discs large homologue 2
E2F8 E2F transcription factor 8
GLP-1 Glucagon-like peptide 1
GWAS Genome-wide association study
KATP channel ATP-sensitive K+ channel
LOD Logarithm of odds
NMDAR Ionotropic N-methyl-D-aspartate receptor
NZO New Zealand Obese
QTL Quantitative trait locus
shRNA Short hairpin RNA
siRNA Small interfering RNA

Introduction

Factors that contribute to beta cell dysfunction in diabetes are
heterogeneous and multifactorial, involving a complex inter-
play between permissive genetic components and detrimental

environmental factors [1, 2]. There is ample evidence that
diabetes has a strong genetic basis [3, 4], and that islet beta
cell dysfunction is inherited [5]. Therefore, understanding the
genetic basis of beta cell function will clarify its underlying
mechanisms and guide specific therapeutic interventions.

In the past decade, technological advances in genome-wide
association studies (GWAS) have led to the discovery of
genetic variants markingmore than 240 loci implicated in type
2 diabetes risk [6]. Despite the success of human GWAS,
current findings account for merely 18% of the overall herita-
bility of type 2 diabetes and most identified variants have no
known function and have only a small effect on risk [6, 7].
Moreover, human studies have fundamental limitations that
hamper the demonstration of the imputed variants and have
confounding environmental factors.

Recombinant inbred mouse populations have been devel-
oped as valuable resources with many advantages, including
the availability of disease-relevant samples, better control of
environmental factors and well-established techniques for
genetic modification and functional characterisation of candi-
date genes [8]. Here, we studied hyperglycaemia in a sophis-
ticated mouse genetic reference population termed the
Collaborative Cross (CC). This comprises over 100
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genetically diverse inbred strains and was specifically
designed for identifying genes mediating complex traits [9,
10]. Each CC strain was derived in a strict breeding
programme involving eight parental strains that capture over
90% of the common variation of the mouse genome. The CC
resource provides a powerful model system with high genetic
diversity, detailed genomic characterisation, balanced allele
frequencies and evenly distributed recombination events,
which together facilitate high resolution gene mapping and
systems genetics studies [11, 12]. The CC mouse resource
has been successfully implemented to study complex traits
[13–17] and was shown to recapitulate human disease condi-
tions such as diabetic retinopathy [18]. However, few studies
have been conducted using the CC resource to study
glycaemia-associated traits [19–21]. Of these, investigation
of gene–environment interactions using CC mice fed a high-
fat diet identified a female-specific quantitative trait locus
(QTL) (Chr8: 32.02–34.52 Mbp; −log10(p) = 5.9) associated
with glucose tolerance [20]. However, the physiological
implications of the imputed QTL and putative gene candidates
were not explored. The aim of our study was to use the CC
resource to identify genes that mediate elevated blood glucose
concentrations, and to understand the role of susceptibility
genes in islet beta cell function.

Methods

Mice CC mice were generated and maintained by Geniad
(Murdoch, WA, Australia), as detailed by Morahan et al.
[10]. All CC mice in this study were at inbreeding generation
F15 or beyond with an average of 21 generations. C57BL/6J
(B6) mice were purchased from The Walter and Eliza Hall
Institute (Kew, VIC, Australia); New Zealand Obese (NZO)
mice were bred at the BioResources Facility, Austin Health.
All mice were fed ad libitum a standard rodent chow diet (9%
fat, 22% protein, and 69% carbohydrate by weight). Congenic
mice were generated by mating NZO to B6 mice and
backcrossing F1 mice to the B6 parental strain for at least
ten generations.Mice from this mating that were heterozygous
in the region of interest were selected to commence brother–
sister mating to produce B6.NZO-7A and B6.NZO-7C strains.
Homozygotes of each line were selected to maintain the
subsequent congenic strain. All experimental procedures were
performed in accordance with protocols approved by the
Austin Health Animal Ethics Committee (AEC No.12/4844
and 14/5196).

Phenotypic screening for metabolic traits Phenotyping was
performed on 1119 mice consisting of 652 males from 53
strains (n = 3–15 mice per strain) and 467 females from 48
strains (n = 3–10 mice per strain) at 8–10 weeks of age.
Random blood glucose measurement, ITT and body weight

were conducted between 09:00 hours and 11:00 hours. Blood
glucose was sampled from tail tipping and measured on an
Accu-Chek Performa glucometer (Roche, Switzerland). A
non-fasted IPITTwas performed as previously described [22].

Genetic analyses Genome-wide association analysis using the
CC resource was performed as previously described [23].
Briefly, mice were genotyped with a MegaMUGA Illumina
array (Neogen Genomics, Canada), and HAPPY (http://www.
mybiosoftware.com/happy-reconstruct-haplotypes.html) [24]
was used to reconstruct founder haplotypes in each strain.
Genome-wide association of blood glucose levels was
performed using two algorithms: (1) simple GWAS was
performed with 77,808 well-annotated SNP markers; (2) link-
age analysis identified QTLs and inferred contributing foun-
der haplotypes. A linear mixed model (R/QTL regression)
was used to evaluate the maximum-likelihood estimate
(derived logarithm of odds [LOD] score) for each genomic
position [25]. A significance threshold of 5 × 10−8 was
applied. Mapping of QTLs was performed using the
GeneMiner software package as described by Ram and
Morahan et al. [23, 26]. The confidence interval of each asso-
ciated region was defined by a 2-LOD drop interval from the
peak position. The founder coefficients (LOD scores) for
QTLs were presented with the corresponding p value, which
was estimated by ANOVA test and reported as −log10(p). All
SNPs and genetic loci were positioned with reference to the
NCBIm37/mm9 assembly on the UCSC Genome Browser
(https://genome.ucsc.edu/).

GTTs, plasma glucose and insulin assays All GTTs were
conducted on male mice at 10–12 weeks of age. OGTTs were
performed following a 6 h fast [27]. IVGTTs (1 g/kg) and
glucose plus arginine tolerance tests (1 g/kg of each) were
performed in overnight fasted mice [28, 29].

Pancreatic histology Pancreases from B6 and hyperglycaemic
strains PIPING and PUB mice were excised and fixed over-
night in 4% (wt/vol. in PBS) formaldehyde, dehydrated and
embedded in paraffin. Three non-consecutive 5 μm thick
sections were sampled from each pancreas (100 μm apart).
Sections were stained for insulin using a guinea pig anti-
porcine insulin antibody (DAKO, Carpentaria, CA) [30] and
counterstained with haematoxylin and eosin. Islet area,
number and insulin intensity were analysed with
ImageScope software (Aperio Technologies, CA, USA).
Beta cell mass was determined as the product of wet pancreas
weight and the ratio of insulin positive/total pancreas area.

Pancreatic insulin content Pancreases from B6, PIPING and
PUB mice were examined for insulin content. A portion of
mouse pancreas was weighed and homogenised in ice-cold
acid–ethanol (0.21 mol/l HCl in 70% ethanol) using an
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Ultra-Turrax homogeniser (Janke & Kunkel, Staufen,
Germany). After overnight incubation at 4°C, the homoge-
nates were centrifuged and supernatants collected. Pellets
were resuspended in acid–ethanol for a second extraction.
The resulting pancreas extracts were pooled and neutralised
prior to assay for insulin by rat Insulin Radioimmunoassay
(Millipore, supplied by Abacas, Billerica, MA, USA).
Protein concentrations were determined by the Bio-Rad
Protein Assay Kit (Bio-Rad, Hercules, CA, USA).

Pancreatic islet isolation and cultureMouse islets were isolat-
ed from B6 and NZO mice as previously described [31, 32].
Mouse islets were cultured in RPMI-1640 medium containing
11.1 mmol/l glucose with 10% FBS, 100 U/ml penicillin and
100 mg/ml streptomycin. For human islet isolation,
pancreases were obtained from heart-beating, brain-dead
donors (ESM Table 3 and human islet checklist), with consent
from next-of-kin and research approval from the St Vincent’s
Hospital, Melbourne (HREC-011-04). Human islets were
purified using Ficoll density gradients [33] and cultured in
Connaught Medical Research Laboratories (CMRL) 1066
medium (Invitrogen, Life Technologies, Carlsbad, CA,
USA) supplemented with 10% human serum albumin,
100 U/ml penicillin, 100 mg/ml streptomycin and 2 mmol/
l L-glutamine. Stimulation index was measured as how islets
respond at 2.8 mmol/l and 28mmol/l glucose and presented as
insulin production at 28 mmol/l divided by insulin production
at 2.8 mmol/l in the same islets. All islets were incubated in a
37°C, 5% CO2 humidified incubator.

MIN6 cell culture and gene knockdown MIN6 cells were
kindly provided by Dr. Ross Laybutt, Garvan Institute of
Medical Research (Darlinghurst, NSW, Australia) between
passage 29 and 36 and cultured in DMEM (Gibco, Life
Technologies, Carlsbad, CA, USA) containing 25 mmol/l
glucose, 10% (vol./vol.) FBS (Gibco, Life Technologies,
Carlsbad, CA, USA), 100 U/ml penicillin and 100 μg/ml
streptomycin at 37°C in a humidified incubator.
Mycoplasma was tested as negative using LookOut
Mycoplasma PCR detection kit (Sigma-Aldrich, St Louis,
MO, USA). E2f8 gene knockdown was achieved using
Silencer Select small interfering RNA (siRNA; Ambion,
Life Technologies, Carlsbad, CA, USA). Scrambled siRNA
(Silencer Select Negative control No.1 siRNA) or siRNA
duplexes against E2f8 (siRNA ID: s99361) were transfected
at 50 nmol/l with 2 μl/ml Lipofectamine RNAiMAX
(Invitrogen, Life Technologies, Carlsbad, CA, USA) follow-
ing the manufacturer’s protocol. Knockdown efficiency was
evaluated 72 h post transfection using real-time PCR. Dlg2
knockdown cells were generated via lentiviral-based stable
short hairpin RNA (shRNA) transduction according to the
manufacturer’s instruction. MISSION lentiviral particles
expressing shRNA targeting Dlg2 were manufactured by

Sigma-Aldrich (St Louis, MO, USA). Polybrene-treated cells
were used as the control for shRNA. All procedures, including
lentivirus, were carried out in accordance with protocols
approved by the Gene Technology Regulations Committee
(NLRD 2016/032).

Insulin secretion assay Transfected or lentiviral transduced
MIN6 cells were cultured in 96-well plates overnight in medi-
um containing 5.5 mmol/l glucose. Secretagogues were
prepared in Krebs containing either low (2 mmol/l) or high
(20 mmol/l) glucose, 20 mmol/l arginine, 275 μmol/l tolbuta-
mide and 10 nmol/l glucagon-like peptide 1 (GLP-1). KCl-
induced insulin secretion was conducted in response to
30 mmol/l KCl with no glucose. Culture medium was collect-
ed and assayed using a mouse insulin ELISA (ALPCO
Diagnostics, Salem, NH, USA).

RNA extraction, cDNA preparation and real-time quantitative
RT-PCR analysis Total RNA fromB6, PIPING and PUBmouse
islets was prepared using the RNeasy Mini Kit (Qiagen,
Hilden, Germany), MIN6 cells using TRIzol reagent
(Ambion, Life Technologies, Carlsbad, CA, USA) and human
islets using ISOLATE II RNA Micro Kit (Bioline) according
to the manufacturer’s protocol. Purified RNAwas quantified
by a NanoDrop Lite Spectrophotometer (Thermo Scientific,
CA, USA) and treated with DNase using the TURBO DNA-
free Kit (Ambion), followed by reverse transcription using
SuperScript III First-Strand Synthesis System (Invitrogen).
Quantitative real-time PCR was performed with the ViiA 7
real-time PCR thermocycler system using the TaqMan univer-
sal PCR master mix reagent kit (Applied Biosystems,
Scoresby, Australia) and gene-specific TaqMan Gene
Expression Assays (Applied Biosystems) as listed in electron-
ic supplementary material (ESM) Table 1. Gene expression
was calculated relative to the housekeeping genes Ins2 for
mouse islets, Ppia for MIN6 cells and RPLP0 for human
islets. Gene expression was calculated using theΔΔCt meth-
od and reported as fold change of control.

Statistical analysis All data are presented as mean ± SEM. A
Pearson product-moment correlation coefficient was
computed to assess the relationship between traits. The
AUC was calculated using the trapezoidal rule. Statistical
significance between two variables was assessed using
unpaired one-tailed Student’s t test. One-way ANOVAwith
Tukey’s post hoc test was used to determine significant
differences between multiple comparisons. For details of
statistical significance for genetic analyses, please refer
back to the Genetic Analyses section. All analyses were
performed using GraphPad Prism 6 (GraphPad Software,
La Jolla, CA, USA). Differences between groups were
considered statistically significant at the p < 0.05, p < 0.01
and p < 0.001 levels.
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Fig. 1 Phenotypic diversity in metabolic traits among the CC mouse
population. (a–c) Random blood glucose level (a), degree of insulin
resistance (b; AUC% of basal glucose during ITT) and body weight (c)
in males (53 CC strains, n = 3–15 mice per strain) and females (48 CC
strains, n = 3–10 mice per strain) at 8–10 weeks of age. Hyperglycaemic
strains are highlighted with red columns. The red dashed lines indicate the

mean measurements for the traits in males and females, respectively. The
reference strain B6 is labelled with grey columns. Data are presented as
mean ± SEM. (d) Correlation of blood glucose levels with the degree of
insulin resistance among the male mice. Each dot represents a strain. The
regression line is shown in red; see also ESMFig. 1 for further analyses of
the CC mouse population
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Results

Diversity in metabolic traits among the CC mouse population
To characterise the variation in glucose homeostasis in the CC
mice, random blood glucose levels were assessed in 1119
mice at 8–10weeks of age including males from 53CC strains
and females from 48 CC strains (including the founder NZO
and B6 strains). A wide range in blood glucose levels was
observed: a 2.9-fold (from 7.8 to 22.3 mmol/l) and 2.1-fold
(from 6.7 to 14.3 mmol/l) difference among males and
females, respectively (Fig. 1a). A higher blood glucose level
was noted in males (11.9 ± 0.3 mmol/l vs 9.7 ± 0.2 mmol/l in
females; red dashed lines in Fig. 1a). Notably, four strains
(PIPING, PUB, DET3 and PEF2) were identified as
hyperglycaemic (columns in red), which had blood glucose
levels in the upper 2.5% (beyond two standard deviations of
the mean) of the tested cohort, regardless of sex.

In humans, glucose dysregulation is often driven by insulin
resistance and obesity [34]. We therefore determined body
weight and insulin sensitivity across 53 strains (Fig. 1b, c).
We found that the hyperglycaemic strains had adequate
responses to insulin-induced glucose lowering (ESM Fig. 1a,
b) and were not overweight (Fig. 1c). In addition, blood
glucose levels were negative correlated with the degree of
insulin resistance in male mice but not in females (Fig. 1d
and Fig. 1c), suggesting hyperglycaemia in male mice was
not due to insulin resistance. There was no correlation
between blood glucose level and body weights in either sex
(ESM Fig. 1d, e). Body weight was positively correlated with
insulin resistance in females but not in males (ESM Fig. 1f, g).
These results highlight that neither insulin resistance nor
obesity was the predominant contributor to hyperglycaemia
in this CC population.

Genome-wide association analysis for hyperglycaemia To
identify genetic loci influencing blood glucose concentrations,
GWAS and QTL mapping were performed with the random
blood glucose data from 53 strains. GWAS revealed four
SNPs significantly (p < 5 × 10−8) associated with elevated
blood glucose levels in males (Fig. 2a). These SNPs mapped
to two unique peaks on chromosome 7 as revealed by QTL
analysis (Fig. 2b, Tables 1, 2).

To identify the founder(s) that contributed the causal vari-
ants in these hyperglycaemia-susceptible loci, founder haplo-
type analysis was conducted. There was a strong association
of the NZO-derived variants to the hyperglycaemia at both
implicated regions on chromosome 7 (Fig. 2c), suggesting that
the deleterious effect is attributed to variants derived from the
NZO strain. Moreover, the inferred haplotypes for 53 strains
showed that the mouse strains that exhibited higher blood
glucose levels (PIPING, PUB, DET3 and PEF2) inherited
the NZO allele(s) at either one or both implicated loci (Fig.
2d, e).

The most significant locus was located at 52.6–56.7 Mbp
on chromosome 7 (LOD = 15.4), a gene-dense region contain-
ing more than 65 genes. The peak SNP (rs253243259)
showed robust association in independent scans in both male
and femalemice (p = 2.19 × 10−15 and 9.39 × 10−8, respective-
ly) (Fig. 2a, ESM Fig. 2a). Since the peak SNP (rs253243259)
resides in the exon of the gene encoding E2F transcription
factor 8 (E2F8; E2f8), this region was designated as the E2f8
locus. A search for candidate genes in this locus based on
founder haplotype and sequence analysis identified 37 genes
that have variants unique to the NZO mouse genome (ESM
Table 2). These variants were predicted to mediate functional
alterations in the following genes at the E2f8 locus:
Hsd17b14, Snrnp70, Sphk2 and E2f8. Abcc8 and Kcnj11were
also included in the expression analysis due to their known
effects on type 2 diabetes.

The other hyperglycaemia susceptibility locus was located
approximately 40Mbp downstream of the E2f8 locus at 98.5–
101.5 Mbp (LOD = 8.4). There were seven genes within this
region, Dlg2, Ccdc90b, Ankrd42, Pcf11, Ddias, Rab30 and
Prcp, although none had protein-changing NZO-unique
SNPs. The GWAS identified two significant SNPs at this
locus (rs32123098, p = 3.83 × 10−8 and rs243982980, p =
2 × 10−8) both residing in the gene encoding discs large homo-
logue 2 (DLG2; Dlg2), making Dlg2 a high-confidence
candidate. This region is hereafter referred to as the Dlg2
locus.

Reduced glucose-stimulated insulin secretion in the
hyperglycaemia-susceptible strains We performed in-depth
characterisation in two of the hyperglycaemic strains,
PIPING and PUB mice, comparing them with the most
commonly used reference B6 strain. The use of PIPING mice
allowed us to assess the effect of both NZO-derived E2f8 and

�Fig. 2 Genome-wide mapping of blood glucose levels identified two loci
on chromosome 7. (a) Manhattan plot showing the association of 77,808
SNPs and blood glucose concentration in male mice. The x-axis presents
the genomic location and the y-axis shows the significance of each SNP
as –log10(p). The thresholds for GWAS significance are indicated as lines
drawn at p < 5 × 10−5 (99.9% confidence, blue line) and p < 5 × 10−8

(99.99% confidence, red line). (b) LOD score plot depicting the
genomic position of significant peaks for blood glucose level in male
mice by linkage analysis. (c) Locus plot (upper) for significant
association in male mice at chromosome 7, and founder coefficient plot
(lower) illustrating haplotype segregation from eight founder strains on
chromosome 7, where high significance is conferred. The red and blue
horizontal lines in (b, c) indicate thresholds of 95% and 63% significance,
respectively. (d, e) Founder haplotypes in all CC strains at position 52.6–
56.7 Mbp (the E2f8 locus) (d) and 98.0–101.5 Mbp (the Dlg2 locus) (e)
on chromosome 7. The founder haplotype identity at E2f8 and Dlg2 loci
is indicated with colours as shown in the colour scheme. Strains are listed
in the order from lower glucose (top) to hyperglycaemic mice (bottom).
The strains with NZO haplotypes at each locus had significantly higher
blood glucose levels, p = 0.00013 and p = 0.001, respectively (Mann–
Whitney U test)
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Dlg2 alleles, while PUB mice were chosen to determine the
individual influence of the detrimental E2f8 allele on glucose
homeostasis (Fig. 3a). Both PIPING and PUB mice demon-
strated significant hyperglycaemia in fed and fasted states.
After an overnight fast, blood glucose levels remained elevat-
ed in PUB mice but were normalised in PIPING mice (Fig.
3b). Hyperglycaemia was associated with significantly lower
plasma insulin levels in both strains (Fig. 3c), suggesting
impaired insulin secretion. The body weights of PIPING and
PUB mice were significantly lower compared with B6 mice,
regardless of the fasting period (Fig. 3d), although there was
no difference in fat pad mass among the three strains (ESM
Fig. 3).

OGTTs revealed significant reduction in insulin secretion
in the hyperglycaemia-susceptible strains when compared
with B6 mice (Fig. 3e), which resulted in glucose intolerance
(Fig. 3f). Peak insulin secretion was decreased in PIPING and
PUB mice compared with B6 mice (Fig. 3g), despite a greater
level of glucose stimulus (Fig. 3h). Plasma insulin excursions
following a bolus of arginine plus glucose demonstrated a
substantial decline in insulin secretion in both hyperglycaemic
strains, particularly in PUB mice (Fig. 3i).

To further determine whether these two loci have indepen-
dent effects on insulin secretion, the NZO-derived E2f8 and

Dlg2 alleles were bred onto the B6 genetic background, creat-
ing two congenic mouse strains. As shown in ESM Fig. 4a–c,
the NZO-derived E2f8 and Dlg2 alleles account for a substan-
tial decline in insulin secretion as revealed in B6.NZO-7A
mice, while a significant improvement only in first-phase
insulin secretion was found in B6.NZO-7C congenic mice
bearing only the NZO allele at Dlg2 locus (ESM Fig. 4b–c)
[35]. Importantly, the insulin secretory defects persisted in the
B6.NZO-7C mice with the NZODlg2 allele, demonstrated by
a greater than fivefold reduction in tolbutamide-induced early-
phase insulin secretion when compared with B6, suggesting
an appreciable effect of the NZO-Dlg2 allele alone on insulin
secretion. These results demonstrate that E2f8 and Dlg2 loci
have substantial and independent effects on insulin secretion
in vivo, with potent genetic determinants predisposing to beta
cell dysfunction and subsequent hyperglycaemia.

Morphological and histological examination of pancreatic
beta cells Pancreatic histological analysis revealed that both
PIPING and PUB mice had comparable numbers of islets to
B6 mice (Fig. 4a). Bigger islets (Fig. 4b) and increased islet
proportion (Fig. 4c) were identified in PIPING and PUBmice,
which was associated with a significant increase in the propor-
tion of large islets (Fig. 4d). Beta cell mass (Fig. 4e) and

Table 2 Genome-wide significant QTLs associated with blood glucose concentrations in the CC mouse population

Trait Sex Locus Founder
haplotype

Chr. Interval position (bp) Interval
length (Mbp)

No. of
genes

LOD No. of Sanger
SNPs/gene

No. of Sanger
Indels/gene

No. of
Sanger
SVs

Blood glucose Male E2f8 NZO/HILtJ 7 52,631,000–56,700,000 4.1 >65 15.4 231/37 164/41 2

Blood glucose Female E2f8 NZO/HILtJ 7 52,631,000–56,700,000 4.1 >65 7.3 231/37 164/41 2

Blood glucose Male Dlg2 NZO/HILtJ 7 98,500,000–101,550,000 3.05 7 8.7 226/7 466/7 6

SNPs and QTLs were positioned based on genome build NCBI37/mm9 assembly

Chr., chromosome; Indel, insertion or deletion; SV, structure variant

Table 1 Genome-wide significant SNPs associated with blood glucose concentrations in the CC mouse population

Trait Sex SNP marker Nearby
gene

Chr. Position
(bp)

Ref.
allele

Risk
allele

p value SNP ID Avg.
cM

Type Function

Blood
glucose

Male UNC12729115 Trpm4 7 52,594,130 G A 9.94 × 10−8 rs256453820 29.3 Intronic Upstream
variant

Blood
glucose

Male UNC12784582 E2f8 7 56,127,520 C A 2.19 × 10−15 rs253243259 31.2 Exonic missense

Blood
glucose

Female UNC12784582 E2f8 7 56,127,520 C A 9.39 × 10−8 rs253243259 31.2 Exonic missense

Blood
glucose

Male UNC13364773 Dlg2 7 98,989,101 T G 3.83 × 10−8 rs32123098 51.3 Intronic Non-coding
transcript
variant

Blood
glucose

Male UNC13368440 Dlg2 7 99,261,374 C T 2.00 × 10−8 rs243982980 51.4 Intronic Non-coding
transcript
variant

SNPs and QTLs were positioned based on genome build NCBI37/mm9 assembly

Avg., average; Chr., chromosome; cM, centimorgan; Ref. allele, reference allele for the given SNPs refer to the genotype in the B6 mouse genome
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Fig. 3 Impaired glucose homeostasis and insulin secretion in the
hyperglycaemia-susceptible mice. (a) Schematic diagram of haplotype
structure at the hyperglycaemia susceptibility loci at Chr7: 51–102 Mbp
in PIPING and PUBmice. (b–d) Blood glucose, plasma insulin and body
weights in the hyperglycaemic strains, PIPING and PUB, and in B6 mice
under non-fasted, 6 h fasted and overnight fasted states (n = 4–17). (e, f)
Plasma insulin concentrations and glucose excursions of PIPING (blue
squares), PUB (purple triangles) and B6 (black circles) mice following an
OGTT (n = 4–14). (g, h) Plasma insulin levels and glucose excursions of

PIPING (blue squares), PUB (purple triangles) and B6 (black circles)
mice following an IVGTT (n = 6–10). (i) Plasma insulin levels during
an intravenous glucose plus arginine tolerance test in PIPING (blue
squares), PUB (purple triangles) and B6 (black circles) mice (n = 3–5).
Total AUC and incremental AUC (iAUC) of glucose and insulin during
GTTs are presented as corresponding panel inserts in (e, f, g, i). Data are
presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 for
PIPING vs B6; †p < 0.05, ††p < 0.01, †††p < 0.001 for PUB vs B6. O/N,
overnight
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pancreatic insulin content (Fig. 4f) were not reduced in the
hyperglycaemic s t ra ins . These data sugges t the
hyperglycaemia in PUB and PIPING strains was due primar-
ily to functional defects in insulin secretion rather than beta
cell loss.

Identification and validation of E2f8 and Dlg2 as islet genes
that regulate pancreatic insulin secretion To determine
whether these hyperglycaemia-susceptible NZO alleles
contribute to beta cell dysfunction, expression of the candidate
genes was determined in primary islets from diabetes-
susceptible NZO mice compared with B6 mice. At the E2f8
locus, Abcc8, Kcnj11 and E2f8 expression were significantly
reduced in NZO islets, while there was no difference in
Snrnp70 and Sphk2 (Fig. 5a). No Hsd17b14 transcripts were
detected. Although the roles of Abcc8 and Kcnj11 in insulin
secretion are well established, the reduced E2f8 expression in
diabetes-susceptible islets is of interest and novel, so was
further characterised.

Interestingly, at the Dlg2 locus, significant reductions in
Ddias and Ccdc90b were observed in NZO islets, whereas
Dlg2 (p = 0.065), Ankrd42, Pcf11, Rab30 and Prcp expression
were comparable between groups (Fig. 5b).

Expression of candidate genes in human islets Human
pancreatic islets from seven diabetic and eight non-diabetic
donors were examined for candidate gene expression (ESM
Table 3). There was no significant difference in any of the
candidate genes (ESM Fig. 5). Despite the low E2F8 expres-
sion (mean Ct of 36.4 ± 0.5 vs 23.5 ± 0.5 in RPLP0) in human
islets, increased E2F8 and DLG2 gene expression was noted

to be significantly correlated with enhanced beta cell function
in non-diabetic donors (Fig. 5c, d), suggesting these genes
have important roles in insulin secretion.
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Fig. 4 Normal pancreatic histology and insulin content in the
hyperglycaemic strains. (a–c) Number, size and proportion of islet in
24-week-old PIPING, PUB and B6 mice as examined by immunohisto-
chemistry (IHC). Images shown are representative of IHC for B6,
PIPING and PUB mice. (d) Proportion of islet size (small, medium and

large) is presented as percentage of total islet number. (e, f) Beta cell mass
and pancreatic insulin content (proportion to total protein content) in
PIPING, PUB and B6 mice at 24 weeks of age. Data are presented as
mean ± SEM (n = 4–7). *p < 0.05, **p < 0.01 for PIPING vs B6;
†p < 0.05, ††p < 0.01 for PUB vs B6

�Fig. 5 E2f8 and Dlg2 knockdowns resulted in impaired insulin secretion
in MIN6 cells. (a) Real-time PCR analysis of islet mRNA expression of
candidate genes at Chr7: 52.6–56.7 Mbp in B6 and NZO male mice. (b)
Islet mRNA expression of all genes at Chr7: 98.0–101.5 Mbp in isolated
islets from B6 and NZO male mice. Relative mRNA expression was
calculated relative to an islet housekeeping gene, Ins2. Data are shown
as fold change relative to B6 levels for each gene (2ΔΔCt ± 2ΔΔCt�SEM )
and presented as mean ± SEM (n = 4–6). In (a, b) *p < 0.05 vs B6. (c, d)
Correlation of human E2F8 and DLG2 gene expression with insulin
stimulation index in human pancreatic islets from healthy donors. Each
dot presents the data from one donor. The regression line is shown in red.
(e) E2f8 mRNA expression by real-time PCR in MIN6 cells at 72 h post
transfection of scramble or E2f8 siRNA. (f) Insulin secretion from
scramble or E2f8 siRNA transfected MIN6 cells at basal (2 mmol/l
glucose) and high glucose (20 mmol/l). (g–i) Insulin secretion in
response to secretagogues (275 μmol/l tolbutamide, 20 mmol/l arginine
and 10 nmol/l GLP-1) at basal (2 mmol/l glucose) or high glucose
(20 mmol/l), and (j) in response to KCl (30 mmol/l) with no glucose, in
MIN6 cells transfected with scramble or E2f8 siRNA. Control (Ctrl) in (j)
is basal glucose alone. (k, l) Abcc8 and Kcnj11 mRNA expression in
scramble or E2f8 siRNA transfected MIN6 cells. (m) Dlg2 mRNA
expression by real-time PCR in MIN6 cells with lenti-Dlg2 shRNA
stable transduction (Dlg2-shRNA) or polybrene-treated control. (n)
Insulin secretion from Dlg2-shRNA and polybrene-treated MIN6 cells
at basal (2 mmol/l glucose) and high glucose (20 mmol/l). (o–q) Insulin
secretion in response to secretagogues (275 μmol/l tolbutamide,
20 mmol/l arginine and 10 nmol/l GLP-1) at basal (2 mmol/l glucose)
or high glucose (20 mmol/l), and (r) in response to KCl (30 mmol/l) with
no glucose, inDlg2-shRNA and polybrene-treatedMIN6 cells. Control in
(r) is basal glucose alone. Relative mRNA expression in (e, k, l,m) was
determined relative to the housekeeping gene, Ppia. Data are presented as
mean ± SEM, n = 3–11 per group, three replicates in each group.
*p < 0.05, **p < 0.01, ***p < 0.001 as shown
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Effect of downregulation of E2f8 andDlg2 on beta cell insulin
secretion To validate whether E2f8 and Dlg2 are involved in
insulin secretory function, RNA interference (RNAi) was
utilised to reduce their expression in MIN6 cells. A greater
than 50% knockdown of E2f8 expression led to impaired
glucose-stimulated insulin secretion (1116.6 ± 167.5 at
2 mmol/l vs 1526.4 ± 384.4 pmol/l at 20 mmol/l in E2f8
siRNA group, p = 0.178; 1.3 ± 0.3-fold insulin secretion from

2 mmol/l to 20 mmol/l in E2f8 knockdown cells compared
with 2.2 ± 0.2 fold in the scramble control, p = 0.044). (Fig.
5e, f).

We next investigated insulin secretion in response to a
series of non-glucose secretagogues, such as tolbutamide, an
ATP-sensitive K+ (KATP) channel antagonist, and arginine,
which causes membrane depolarisation. Results showed that
tolbutamide- and arginine-induced insulin secretion were
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attenuated in E2f8 siRNA-treated cells compared with scram-
ble siRNA control (Fig. 5g, h). Interestingly, incretin (GLP-1)-
stimulated insulin secretion at 20 mmol/l glucose in the E2f8
knockdown cells was comparable to the scramble control
(Fig. 5i). KCl-induced insulin secretion from E2f8 knock-
down cells was no different from control (Fig. 5j). Abcc8
was significantly decreased by 30% in E2f8 knockdown cells,
whileKcnj11 remained unaltered (Fig. 5k, l). E2F8 is a known
cell cycle regulator, therefore apoptotic markers Bcl2, Ddit3
and Bak1 were assessed and revealed no effects in the E2f8
knockdown cells (ESM Fig. 6a-c). These results indicate a
previously unexplored role of E2F8 in insulin secretory func-
tion via regulating the KATP channel in pancreatic beta cells.

Dlg2 expression was reduced by 60% using shRNA in
MIN6 cells (Fig. 5m). Insulin secretion in response to
20 mmol/l glucose as well as tolbutamide, arginine, GLP-1
andKCl was markedly reduced inDlg2 knockdown cells (Fig.
5n–r), indicating Dlg2 is involved in insulin secretory func-
tion. Dlg2 has been implicated in cell death pathways through

glutamate receptors [36]; however, our results demonstrated
the reduced insulin secretion inDlg2 knockdown cells had no
effect on expression of cell death genes Bcl2 and Ddit3 (ESM
Fig. 6d, e).

Discussion

The aims of this study were to identify genes influencing
blood glucose levels using a genetically diverse mouse popu-
lation and to demonstrate the biological significance of these
regions in the pathogenesis of hyperglycaemia. Using the CC
resource, we identified two loci on chromosome 7 significant-
ly associated with hyperglycaemia. The genetic lesions led to
substantial defects in insulin secretion and, in turn, to overt
glucose intolerance. Furthermore, we identified and
characterised E2f8 and Dlg2 as genes contributing to
hyperglycaemia and beta cell dysfunction. The power of the
CC resource is shown by its ability to rapidly identify

Fig. 6 Putative roles of E2F8 and DLG2 in glucose-stimulated insulin
secretion in the pancreatic beta cells. Glucose-stimulated insulin secretion
initiates from glucose uptake by pancreatic beta cells through the GLUT2
glucose transporter; subsequently the intracellular glucose is phosphory-
lated by glucokinase (GK) then oxidised to generate ATP. The increased
ATP/ADP ratio results in the closure of the KATP channel, which triggers
membrane depolarisation, and in turn activates the voltage-dependent
Ca2+ channel (VDCC), which elicits the exocytosis of insulin granules.

E2F8 may be involved in this machinery through alteration of the KATP

channel by directly changing Abcc8 (SUR1) gene expression, and/or
regulating E2F1 at the transcriptional level, the reduced E2F1 leading to
decreased expression ofKcnj11 (Kir6.2). On the other hand, DLG2 acting
on islet NMDAR ensures proper function leading to beta cell membrane
repolarisation, thus opening the KATP channel. This figure was created in
BioRender.com
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candidate genes, and even candidate nucleotide changes, that
impact on complex traits such as hyperglycaemia.

The E2f8 locus was identified proximal to a previously
reported region (Chr7: 56.2–62.5 Mbp) for plasma glucose
in an independent mouse population [37]. In addition, human
GWAS have reported associations with type 2 diabetes [7,
38–41], cholesterol [42, 43] and obesity-related traits [44] in
the human orthologue region. At the E2f8 locus, previous
studies were primarily focused on Abcc8 (encoding sulfonyl-
urea receptor 1 [SUR1]) and Kcnj11 (encoding inwardly-
rectifying K+ channel 6.2 [Kir6.2]), both components of the
KATP channel [39, 40]. In line with our previous study, we
identified decreased Abcc8 and Kcnj11 expression in NZO
islets, which was attributable to the insertion/deletion events
in the NZO Abcc8 allele (within the E2f8 locus) [35].
Interestingly, replacement with a functional Abcc8 gene
restored only the early-phase insulin secretion in transgenic
NZO mice, suggesting that other genes within the candidate
region may also be involved (ESM Fig. 4). The present study
revealed a reduction in a novel gene, E2f8, in diabetes-
susceptible NZO islets, which contributed to impaired insulin
secretion and reduced Abcc8 expression in MIN6 cells. Our
results indicate that multiple genetic variants in NZO alleles in
this region contribute to insulin secretion by altering the
expression or function of several effector transcripts.
Moreover, the present study showed that PIPING and PUB
mice have defects in both phases of insulin secretion in
response to glucose and arginine, whereas we previously
showed that NZO mice exhibited reduced insulin secretion
in response to glucose and tolbutamide but not to arginine
[35]. Together, these observations led us to postulate that
E2f8 and Dlg2 genes take part in the late phase of insulin
secretion and suggest substantial and diverse effects of these
deleterious NZO alleles in mice with divergent genetic
backgrounds.

E2F8, a member of E2F transcription factor family, has a
well-established role in cell cycle regulation and
tumourigenesis [45]. An increase in E2f8 mRNA expression
in subcutaneous adipose tissue was associated with impaired
glucose tolerance in obese individuals [46]. In addition, E2f8
expression was markedly increased in response to high-fat
feeding and glucose treatment in mice and in an adipocyte-
derived cell line [47, 48]. These studies suggested E2F8 was
associated with impaired glucose tolerance and obesity, states
known to cause insulin hypersecretion.

Our study identified a nonsynonymous polymorphism
(rs253243259) that was strongly associated with
hyperglycaemia in GWAS. This SNP in exon 8 of E2f8 results
in an amino acid substitution from positively charged lysine to
a polar neutral asparagine (Lys401Asn) in the GAP-43-like
domain; however, the biological function of this variant and
E2F8 in glucose homeostasis has not been reported previous-
ly. Furthermore, we identified that increased E2F8 expression

is positively correlated with enhanced stimulation index in
human islets. Our study provides compelling evidence for
E2F8 as a novel effector in beta cell function and ABCC8 as
a potential regulatory target of E2F8.

A previous study of islet gene profiling [49] showed that
changes in cell cycle-related genes including E2f8 predicted
diabetes susceptibility through modulating beta cell prolifera-
tion. Although previous studies have suggested a number of
cell cycle-related genes may modulate beta cell fate, we
showed a lower E2f8 mRNA expression in diabetes-
susceptible NZO islets, and this reduction leads to reduced
insulin secretion without affecting cell survival, as evidenced
by no change in expression of genes involved in apoptosis.
Our results suggest a novel role of E2F8 in insulin secretion
independent of cell cycle regulation. In support of this finding,
increasing evidence has suggested non-canonical functions of
cell cycle genes in metabolic processes, such as insulin secre-
tion [50], hepatic glucose production [51] and adipogenesis
[52–54]. For example, E2F1, a pivotal activator and regulato-
ry target of E2F8 [55], has been shown to control insulin
secretion through transcriptional regulation of Kcnj11
(Kir6.2) gene expression [50] (Fig. 6). It is worth noting that
E2f8 levels were downregulated (28.6-fold) in E2f1−/− mouse
islets [50], implying a potential role of E2F8 in an insulin
deficient mouse model. More importantly, our results demon-
strate that reduced insulin secretion in E2f8 knockdown cells
is specific to glucose, tolbutamide and arginine but not GLP-1
or KCl, indicating that E2F8 regulates insulin secretion
through a KATP-dependent signalling pathway. In addition,
Abcc8 was significantly decreased by 30% in E2f8 knock-
down cells. Our results present the first direct evidence for
E2F8 as a novel effector of insulin secretion, potentially
through the regulation of Abcc8 gene expression.

Our GWAS also identified two SNPs (rs32123098 and
rs243982980) in the Dlg2 gene as being associated with
hyperglycaemia. Dlg2 encodes postsynaptic density protein
(PSD)-93, which forms scaffold complexes for clustering
and anchoringmembrane proteins, such as ionotropicN-meth-
yl-D-aspartate receptors (NMDARs) [56] and K+ channel clus-
ters [57]. A recent study reported that NMDAR in islets was
involved in the regulation of insulin release and blood glucose
control [58]. In addition, NMDARs and K+ channels have
been suggested to be drug targets to regulate pancreatic beta
cell function for treating insulin-dependent diabetes [58, 59].
The human DLG2 locus was associated with the disposition
index, an indicator of beta cell function, in a small African-
American cohort [60]. Furthermore, the Dlg2 gene has been
associated with height and BMI as well as type 2 diabetes and
glycaemic traits [61]. In the present study, our results indicated
genetic ablation of Dlg2 in MIN6 cells resulted in a general-
ised defect in insulin secretion. Of interest, our previous study
showed the NZO-derived Dlg2 allele has an independent
effect on insulin secretion as demonstrated by a greater than
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fivefold reduction in tolbutamide-induced early-phase insulin
secretion in a congenic strain carrying the NZO-derived Dlg2
allele on a B6 background (ESM Fig. 4) [35]. These results
support our hypothesis that Dlg2 participates in pancreatic
insulin secretory function.

The concept of precision medicine in diabetes has been
considered as a more effective strategy than conventional
treatments [62]. However, the application to type 2 diabetes
has been challenging owing to its complex polygenic patho-
genesis, and hence new approaches to improve our under-
standing of the genetic basis of glucose regulation are critical.
Our study provides proof-of-principle work of rapid gene
identification for the complex traits of insulin secretion and
blood glucose concentrations, and highlights roles for E2f8
and Dlg2 in islet function and glucose homeostasis. Future
studies on profiling the differential response to a series of
glucose-lowering drugs in the CC mouse population will
perhaps facilitate the understanding of the biological role of
E2F8 and DLG2 in clinical applications in humans.
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