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Abstract

Aims/hypothesis The sterol regulatory element-binding fac-
tor (SREBF)-1c is a transcription factor involved in the
regulation of lipid and glucose metabolism. We have
previously found evidence that a common SREBFIc
single-nucleotide polymorphism (SNP), located between
exons 18c and 19c, is associated with an increased risk of
type 2 diabetes. The present study aimed to replicate our
previously reported association in a larger case—control
study and to examine an additional five SREBFIc SNPs for
their association with diabetes risk and plasma glucose
concentrations.

Methods We genotyped six SREBFIc SNPs in two case—
control studies (n=1,938) and in a large cohort study
(n=1,721) and tested for association with type 2 diabetes
and with plasma glucose concentrations (fasting and 120-
min post-glucose load), respectively.

Results In the case—control studies, carriers of the minor
allele of the previously reported SNP (rs11868035) had a
significantly increased diabetes risk (odds ratio [OR]=1.20
[95% CI 1.04-1.38], p=0.015). Also, three other SNPs
(rs2236513, 156502618 and rs1889018), located in the 5’
region, were significantly associated with diabetes risk
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(OR >1.21, p<0.006). Furthermore, two SNPs (rs2236513
and rs1889018) in the 5" region were weakly (p<0.09)
associated with plasma glucose concentrations in the cohort
study. Rare homozygotes had increased (p<0.05) 120-min
post-load glucose concentrations compared with carriers of
the wild-type allele. Haplotype analyses showed significant
(p=0.04) association with diabetes risk and confirmed the
single SNP analyses.

Conclusions/interpretation In summary, we replicated our
previous finding and found evidence for SNPs in the 5’
region of the SREBFIc gene to be associated with the risk
of type 2 diabetes and plasma glucose concentration.

Keywords Case—control study - Cohort study - Plasma
glucose concentration - Polymorphism - Population-based -
Sterol regulatory element-binding factor - Type 2 diabetes

Abbreviations

EPIC European Prospective Investigation on Cancer
HWE Hardy—Weinberg equilibrium

LD linkage disequilibrium

MAF minor allele frequency

OR odds ratio

SNP single-nucleotide polymorphism

SREBFIc sterol regulatory element-binding factor-1c
Introduction

Dysregulation of fatty acid metabolism may be an under-
lying cause of type 2 diabetes. Lipotoxicity in peripheral
tissues, which is promoted by defective adipose tissue,
could be the link between obesity, insulin resistance and
type 2 diabetes [1].
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Sterol regulatory element-binding factors (SREBFs) are
transcription factors that regulate lipid homeostasis by
activation of genes involved in fatty acid and cholesterol
metabolism. Two genes, SREBFI located on chromosome
17p11.2 and SREBF?2 on 22ql3, encode three isoforms of
the protein [2]. Through alternative transcription start sites
SREBF1 encodes SREBFla and SREBFlc. Due to its
longer acidic transactivation domain, SREBF1a is a more
potent transcriptional activator than SREBFlc and can
activate all SREBF-responsive genes, including those that
mediate the synthesis of cholesterol, fatty acids and
triacylglycerols [2]. SREBF1c preferentially activates tran-
scription of genes involved in fatty acid and triacylglycerol
synthesis, whereas SREBF2 mainly activates genes that
control cholesterol synthesis [2—4]. SREBFlc is the main
SREBF1 isoform, being highly expressed in most tissues of
mice and humans, including liver, adipose tissue and
skeletal muscle [5—7]. SREBF processing is controlled by
the cellular sterol content; high sterol levels block the
translocation of SREBF to the nucleus and SREBF-
mediated gene transcription does not occur [8, 9].
SREBFIc activity is additionally regulated by fatty acids
[3]. Animal feeding studies have demonstrated that poly-
unsaturated fatty acids suppress SREBF I mRNA expression
and protein processing [10, 11]. Furthermore, insulin
increases SREBFIc mRNA in skeletal muscle and
SREBFlc levels in adipose tissue [7, 12—-14]. Given the
mediating role of SREBF1c in the nutritionally and insulin-
regulated transcription of genes involved in tricacylglycerol
and fatty acid synthesis, SREBFlc may underlie the
mechanisms that lead to lipotoxicity [1]. The SREBFIc
gene can therefore be considered as a good candidate for
type 2 diabetes.

There have been only two reports in humans that have
examined the relationship between SREBFI gene variants
and diabetes phenotypes to date [15, 16]. We have recently
reported significant associations between an intronic C>T
single-nucleotide polymorphism (SNP) (rs11868035), lo-
cated between exons 18c and 19c, and the risk of type 2
diabetes, and plasma concentrations of total and LDL
cholesterol [15]. A nearby located synonymous SNP in
exon 18 (G952G, rs2297508) was found to be associated
with morbid obesity and diabetes in a French population
[16]. This G952G variant also influenced cholesterol
synthesis in a Finnish population [17] and was associated
with hypertriacylglycerolaemia in the men of the French
population [16].

The present study aimed to replicate our previously
reported association between the intronic C>T SNP
(rs11868035) and the risk of type 2 diabetes. To identify
whether this SNP is the true variant or whether other
polymorphisms in the SREBFIc gene underlie the associ-
ation with diabetes risk, we selected an additional five

SNPs, such that coverage of the genetic variation in the
SREBFIc gene and its promoter region was ensured. In
total, six SNPs were genotyped in two case—control cohorts
(the Cambridgeshire Case—Control Study and the European
Prospective Investigation on Cancer [EPIC] Case—Control
Study) to examine the contribution of each SNP and their
haplotypes to the risk of type 2 diabetes. Subsequently, we
genotyped the six SNPs in a large cohort study (the Ely
Study) and tested for association with plasma glucose
concentrations, fasting and at 120-min post-glucose load.

Subjects and methods
Study populations

Cambridgeshire Case—Control Study The Cambridgeshire
Case—Control Study consists of 552 patients with type 2
diabetes aged 45-76 years, randomly sampled from a
population-based diabetes register and 552 controls,
recruited from the same population and individually
matched for age, sex and geographical location. The study
design and methods have been described in detail
elsewhere [18]. Briefly, cases were defined by onset of
diabetes after the age of 30 years without insulin treatment
in the first year following diagnosis. Diabetes was excluded
in controls by medical record search, and by an HbA,.
measurement of <6%.

The cases and controls were of the same age (controls:
63.8 years [SE 0.33] vs cases: 63.5 years [SE 0.33],
p=0.54), but cases had a higher BMI compared with
controls (controls: 27.3 kg/m* [SE 0.18] vs cases: 29.7
[SE 0.22], p<0.001). The average age at onset of type 2
diabetes was 55.7 years (SD 9.0); 9% were treated with
insulin, 64% with tablets and 27% followed a diet regimen.
Of those with known family history, 32% (171 out of 529)
of the cases had a family history for type 2 diabetes
compared with 13% (71 out of 539) of the controls.

EPIC Case—Control Study The EPIC Case—Control Study
is nested within the EPIC-Norfolk Study, a population-
based cohort study of men and women aged 4078 years.
Both the case—control and full cohort [19, 20] study have
been previously described in detail. Briefly, the case—
control study consists of 417 incident type 2 diabetes cases
and two sets of 417 controls, each matched in terms of age,
sex, general practice and recruitment date, with one set
additionally matched for BMI. A case was defined by a
physician’s diagnosis of type 2 diabetes, with no insulin
prescribed within the first year following diagnosis, and/or
HbA . >7% at the health check. Controls were randomly
selected from the EPIC-Norfolk cohort from among those
without diabetes, cancer, stroke or myocardial infarction at
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baseline and who had not developed diabetes by the time of
selection. Potential controls with measured HbA ;. levels
>6% were excluded. The case and controls of the EPIC
Case—Control study were of similar age (controls: 62.2 years
[SE 0.3] vs cases: 62.2 years [SE 0.44], p=0.9). The BMI of
cases was compared with controls (controls: 27.7 kg/m?
[SE 0.1] vs cases: 29.8 [SE 0.3], p<0.0001). Of those with
known family history, 21% (73 out of 354) of the cases had
a family history of type 2 diabetes compared with 9.5% (70
out of 741) of the controls.

Ely Study The Ely Study is a population-based cohort study
of the aetiology and pathogenesis of type 2 diabetes and
related metabolic disorders. The study design and methods
have been described in detail elsewhere [21]. This analysis
included 1,721 men and women without diagnosed diabetes
in Phase IIT of the Ely Study. The average age and BMI in
the Ely cohort was 61.4 years (SD 9.0) and 27.3 kg/m? (SD
3.9) for men and 60.8 years (SD 9.1) and 27.2 kg/m* (SD
5.5) for women. Participants underwent standard anthropo-
metric measurements and a 75-g OGTT having fasted since
22.00 h the previous night. Plasma samples were obtained
at fasting and 120-min post-glucose load. Glucose concen-
trations were measured immediately in the routine labora-
tory using the hexokinase method.

Ethical permission

Ethical permission for the three studies was granted by their
respective Local Research Ethics Committee, and study
participants had provided informed consent.

SNP selection and genotyping

SNP selection First, the C>T SNP located between exon
18c and 19¢ (rs11868035, SNP6) was selected to replicate
our previous findings [15]. Subsequently, four additional
SNPs (rs2236513 [SNP1], rs6502618 [SNP2], rs4925118
[SNP3] and rs1889018 [SNP4]) were seclected to ensure
coverage of the genetic variation in the SREBFIc gene and
its promoter region (up to 10 kb before the start codon of
isoform 1la). Finally, we added a sixth, non-synonymous,
SNP (V556M [SNP5]) that was identified by re-sequencing
the SREBF'I gene in the Severe Insulin Resistance cohort as
described previously [15]. We used the data available in the
International HapMap Project-Phase II (release no. 20) to
estimate how much of the genetic variation in the SREBFIc
gene and its promoter are captured by the selected SNPs
[22]. The HapMap reports 13 SNPs that are polymorphic
(minor allele frequency [MAF] >1%) in the CEPH
population (Utah residents with northern and western
European ancestry) [22]. The SNPs selected in the present
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study capture the genetic variation of 11 of the 13 HapMap
SNPs, whereas two rare intronic HapMap SNPs
(rs1653007, with MAF=0.033, and rs1108511, with
MAF=0.026) remained uncovered.

Genotyping and quality control DNA was extracted from
whole blood/EDTA samples (Whatman Biosciences, Ely,
UK). Samples were arrayed on 96-well plates with three
replicates and one water control per plate. For the case—
control populations, cases and control samples were
randomly distributed across each 96-well plate, with
approximately the same number of cases and controls per
plate. Genotyping of samples was performed in 384-well
plates at the Wellcome Trust Sanger Institute, Cambridge,
using an adaptation of the homogeneous MassExtend
protocol supplied by Sequenom, Inc. for the MassArray
system (Sequenom, Inc.) [23]. Call rates were on average
>95% for SNP1, SNP2, SNP3, SNP5 and SNP6 and 87%
for SNP4. Concordance rates between duplicate samples
were >98%.

Statistical methods

A x* ‘goodness-of-fit’ test was performed to assess
whether the observed genotype frequencies in the controls
of the case—control studies, separately and combined, and
in the cohort study, were in Hardy—Weinberg equilibrium
(HWE). Linkage disequilibrium (LD) between SNPs was
estimated in the controls of the combined case—control
studies using Haploview V3.2 (http://www.broad.mit.edu/
mpg/haploview).

In the case—control studies, separately and combined,
each SNP was tested for association with type 2 diabetes in
a logistic regression analysis, adjusted for age, sex and
BMI. There was no evidence of heterogeneity between the
two case—control studies (p>0.3) and the association
between the SNPs and the risk of type 2 diabetes was the
same in both studies (SNP-by-cohort interaction: p>0.33).
Therefore, we present the results of the combined case—
control studies only. In the cohort study, association
between fasting plasma glucose and 120-min post-load
plasma glucose concentrations and the six SNPs was tested
in a multiple regression model, adjusting for age and sex.
We applied two genetic models: (1) an additive model,
which assumes an additive effect for the presence of none
(wild-type homozygotes), one (heterozygotes) or two (rare
homozygotes) rare alleles, and (2) a general model, which
compares the three genotypes irrespectively of their carrier
status. Likelihood ratio tests indicated that the general
model was not significantly better than the additive model
(»=0.35-0.99) such that we report the results of the additive
genetic model only.
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Haplotype frequencies were estimated using the HAP-
LOTYPE procedure in SAS/Genetics 9.1 (SAS Institute
Inc., Cary, NC, USA). Haplotypes were arranged in
frequency order, such that haplotype 1.1.1.1 is the most
frequent. Haplotypes prevalent at >5% were retained for
further haplotype analysis. In the case—control studies, we
tested for association between the haplotypes and type 2
diabetes using a logistic regression analysis, adjusting for
age, sex and BMI. In the cohort study, we used a general
linear regression model, adjusted for age and sex, and
weighted by the probability for haplotype and clustered by
individual ID.

Statistical analyses were conducted using Stata SE 8.2
for Windows (StataCorp, College Station, TX, USA).
Power calculations were performed using Quanto v1.1.1
(http://hydra.usc.edu/gxe).

Results and discussion

The genotype frequencies of the six SNPs were in HWE in
the controls of the case—control studies (Table 1) and in the
cohort study (Table 2). Three SNPs, SNP1 (1s2236513),
SNP2 (rs6502618) and SNP4 (rs1889018), were in high
(+*>0.95) LD with each other (Fig. 1). These three SNPs
were in moderate LD (77=0.59) with the previously reported
C>T SNP (SNP6, rs11868035). LD with the two remaining
SNPs, SNP3 (rs4925118) and SNP5 (V556M), was low
(7<0.21).

In the case—control studies, we tested for association
between the six SNPs and type 2 diabetes risk using the
additive logistic regression model (Table 1). The minor allele
(T-allele) of SNP6 (rs11868035), for which we previously
reported significant associations [15], was also in the present

study significantly associated with an increased risk of type
2 diabetes. Corroborating evidence comes from a French
study that reported a significant association between the
minor allele of the G952G variant (rs2297508), located
216 bp downstream of SNP6, and an increased risk of type 2
diabetes [16]. According to data from the International
HapMap, LD between SNP6 and the G952G variant is high
(D'=1 and °=0.87) [22], suggesting that the associations
found in the present study, our previous study [15] and the
French study [16] may be caused by SNP6, the G952G
variant or a currently unidentified SREBFIc gene variant that
is in LD with both of these SNPs. In addition to SNP6, we
also found that the minor alleles of SNP1, SNP2 and SNP4
were significantly associated with an increased risk of type 2
diabetes (Table 1). It should be noted, however, that LD
between these three SNPs is high and, therefore, the three
association results cannot be considered as independent
findings.

In the cohort study, we tested for association between the
six SNPs and plasma glucose levels (fasting and at 120 min
after loading) using the additive linear regression model.
None of the associations reached statistical significance.
However, the minor alleles of SNP1 and SNP4 tended to be
associated with increased plasma glucose concentrations,
supporting the observation from the case—control studies that
also showed an increased diabetes risk with the minor alleles
of these SNPs. When a recessive genetic model was applied
to SNP1 and SNP4, i.e. comparing rare homozygotes with
carriers of the wild-type allele, borderline significant
associations were obtained for plasma glucose concentra-
tions at 120 min (SNP1: p=0.05 and SNP4: p=0.03).

The case—control study is sufficiently powered (80% at
a=0.05) for detecting a genetic effect of 0.05 of odds ratios
(ORs) >1.2 for SNPs with a MAF >33% (SNP1, SNP2,

Table 1 Association between the six SREBFIc SNPs and type 2 diabetes in the combined EPIC Case—Control Study and Cambridgeshire Case—

Control Study

SNP Location rs number Status Genotype counts (1) MAF HWE p value  OR per minor allele (95% CI) p value
1/1 12 2/2

SNP1  5-20422G>T 152236513 Case 318 378 128 038 - 1.23 (1.07-1.41) 0.003
Control 522 560 140 034  0.58 -

SNP2  5-19797T>C 156502618 Case 319 384 129 039 - 1.21 (1.05-1.38) 0.006
Control 505 554 142 035  0.60 -

SNP3  5-12219G>A  1s4925118 Case 668 135 16 0.10 - 1.03 (0.83-1.28) 0.77
Control 983 220 13 0.10  0.86 -

SNP4  5-7796T>C rs1889018 Case 300 359 129 039 - 1.26 (1.10-1.44) 0.001
Control 479 463 137 034 0.13 -

SNP5  EX9+132G>T - Case 801 29 1 0.02 - 1.25 (0.76-2.07) 0.38

V556M Control 1192 36 0 0.01 0.60 -

SNP6 IVS18c-3C>T  rs11868035 Case 379 371 89 033 - 1.20 (1.04-1.38) 0.014

Control 614 515 98 029 049 -

The ORs and p values were obtained from logistic regression analysis using the additive genetic model adjusted for age, sex and BMI. The OR
reflects the increased risk with each extra minor allele
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Table 2 Association between the six SREBFIc SNPs and plasma glucose concentrations (fasting and at 120-min post-OGTT) in the Ely Study

SNP Location rs number Time of sample HWE Plasma glucose concentration (mmol/l) p value®
p value
Genotype (95% CI)*
1/1 172 2/2
SNP1  5-20422G>T 152236513 Fasting (n=714/716/196)° 0.42 5.0 (5.0-5.1) 5.0(5.0-5.1) 5.1(5.0-5.2) 0.084
At 120 min (n=666/660/ 0.30 5.0 (5.8-6.1) 6.0 (5.8-6.1) 6.4 (6.1-6.7) 0.085
184)°
SNP2  5-19797T>C 156502618 Fasting (n=682/719/191)° 0.94 5.0 (5.0-5.1) 5.1 (5.0-5.1) 5.1(5.0-5.2) 0.43
At 120 min (n=632/665/178)°  0.88 6.0 (5.8-6.1) 6.0 (5.9-6.2) 6.4 (6.1-6.7) 0.27
SNP3  5-12219G>A  1s4925118 Fasting (n=1,289/321/26)" 0.25 5.0 (5.0-5.1) 5.1(5.0-5.2) 5.0 (4.8-5.3) 1.00
At 120 min (n=1,199/293/ 0.21 6.0 (5.9-6.1) 6.1 (59-64) 6.1 (5.4-7.0) 0.92
24)
SNP4  5-7796T>C rs1889018 Fasting (n=630/654/188)" 0.37 5.0 (5.0-5.1) 5.0 (5.0-5.1) 5.1(5.0-5.2) 0.084
At 120 min (n=585/601/ 0.25 59 (5.8-6.1) 5.9 (5.8-6.1) 6.3 (5.9-6.6) 0.085
177)°
SNP5  EX9 - Fasting (n=1,594/50/1)" 0.35 5.0 (5.0-5.1) 5.0 (4.8-52) 5.8 (44-7.6) 0.43
+132G>T
V556M At 120 min (n=1,476/49/1) 0.37 6.0 (5.9-6.2) 5.6(5.1-6.2) 6.4 (3.3-12.5) 0.27
SNP6  IVS18c- 1511868035  Fasting (n=368/274/48)" 0.76 5.0 (49-5.1) 5.0(4.9-5.1) 5.0 (50-5.2) 1.00
3C>T At 120 min (n=338/248/43)" 0.78 5.8 (5.8-6.0) 6.1 (5.8-6.3) 5.8 (5.2-6.4) 0.92

*Data are geometric means adjusted for age and sex

® Numbers represent genotype count of homozygotes for the common allele, heterozygotes and homozygotes for the minor allele, respectively
“The p values were obtained from regression analysis using the additive genetic model adjusted for age and sex

SNP4 and SNP6), OR >1.35 for SNP3 (MAF=10%) and
OR >1.75 for SNP5 (MAF=2%). The cohort study has
sufficient power (80% at 0=0.05) for detecting difference
between genotypes in fasting plasma glucose concentration
of >0.15 mmol/l for SNP1, SNP2, SNP4 and SNP6, of
>0.25 mmol/l for SNP3 and of >0.55 mmol/l for SNP5.
These power analyses show that the cohort study was not
sufficiently powered, as the observed differences were
below the detectable level for the given samples size and
MAF. Therefore, replication in other cohort studies is
required to confirm our findings.

The case—control studies and the cohort study both
provide evidence that SNP1, SNP2 and SNP4 may
influence plasma glucose concentrations and diabetes risk,
respectively. These three SNPs are located in the 5" region,
7.8-20.4 kb before the start of exon 1c and therefore most
probably too distant to be considered as promoter SNPs.
However, the HapMap reports a SNP (rs8066560),
possibly located in the putative promoter region at
—1,099 bp of exon lc, that is in high LD with the SNPs
in the 5" region (#*>0.95). The promoter region has been
shown to be of importance in the transcriptional activation
of the gene [24-26]. Analyses of the mouse SREBFIc gene
have identified several functional regions in the promoter
region, such as a sterol regulatory element complex, a sterol
inducible region and a liver X receptor—retinoid X receptor
region [24, 25]. The human SREBFIc promoter contains
additional binding sites for pyruvate dehydrogenase com-
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plex-1 and hepatocyte nuclear factor-4 that upon binding
upregulate the promoter activity [26]. Functional studies
will be required to identify whether SNP1, SNP2, SNP4 or
another SNP in LD affect any of these promoter binding
sites and/or the transcriptional activity of SREBFlc.

Haplotype analyses will be more powerful than single
SNP analyses when none of the genotyped SNPs are
associated with disease, as haplotypes may represent
genetic variation that is not captured by any of the
independently analysed SNPs. Therefore, we performed
haplotype analyses with four haplotype-tagging SNPs
(SNP2, SNP3, SNP5 and SNP6). Eight haplotypes were
present in the studied populations; however, only three
were common (haplotype frequency >5%) and used for
further analyses (Table 3). Relative to the most common
haplotype (1.1.1.1), haplotype 2.1.1.2 significantly in-
creased the risk of type 2 diabetes in the case—control
studies. These analyses show that the simultaneous pres-
ence of the rare alleles of SNP2 and SNP6 (haplotype
2.1.1.2) significantly increased the risk of type 2 diabetes,
which confirms the results of the single SNP analyses. The
effect size for the 2.1.1.2 haplotype is similar to that of the
single SNPs, suggesting that the haplotype does not provide
additional information beyond the single SNPs. In the
cohort study, there was no evidence for association between
the haplotypes and plasma glucose concentrations.

In summary, our findings support the hypothesis that the
SREBFIc gene is a candidate gene for the risk of type 2
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Fig. 1 a Location of the six SREBFIc SNPs. The SNP location of start of exon 19¢. b LD (+%) between the six SREBFIc SNPs in the
SNP1, SNP2, SNP3 and SNP4 reflects their relative position (in bp) to controls of the combined EPIC Study and Cambridgeshire Case—
the first nucleotide of exon lc. SNPS5 is located 132 bp after first Control Study

nucleotide of exon 9, and SNP6 is located three nucleotides before the

Table 3 Association between SREBFIc haplotypes and risk of type 2 diabetes in the case—control studies and plasma glucose concentrations
(fasting and at 120 min) in the Ely Study

Haplotype® p value
1.1.1.1 22.1.1 2.1.1.2
Case—control studies
Haplotype frequency, % (n)
Cases 59.7 (919) 5.2 (80) 24.3 (374)
Controls 62.9 (1,444) 5.9 (135) 21.1 (485)
OR (95% CI) 1 (Reference) 0.93 (0.70-1.24) 1.22 0.041
Ely Study
Haplotype frequency, % 63.4 7.5 18.8
Fasting glucose (mmol/l) (95% CI) 5.0 (5.0-5.1) 5.0 (4.9-5.1) 5.0 (5.0-5.1) 0.79
120-min glucose (mmol/l) (95% CI) 5.9 (5.7-6.0) 6.2 (5.8-6.6) 6.1 (5.8-6.4) 0.10

Haplotypes are based on SNP2, SNP3, SNP5 and SNP6
?Data are adjusted for age and sex
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diabetes and variation in plasma glucose concentrations. We
replicated our previous finding suggesting that the SREBF'Ic
SNP located between exon 18c and 19¢ (rs11868035) is
associated with an increased risk of type 2 diabetes in a new
case—control study. In addition, we found convincing
evidence for three other SNPs, located in the 5" region of
the SREBFIc gene, to be associated with the risk of type 2
diabetes. Two SNPs (SNP1 and SNP4) in the 5’ region, were
also weakly related to plasma glucose concentration in a
large cohort, supporting the observed association with
diabetes risk in the case—control studies.
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