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Abstract
Aims/hypothesis Insulin-induced gene 1 (INSIG1) is a
protein that blocks proteolytic activation of sterol regulatory
element-binding proteins (SREBPs), transcription factors
that activate genes regulating cholesterol and fatty acid
metabolism and possibly genes involved in glucose homeo-
stasis. In search of genetic regulation of these processes we
examined human INSIG1 for common polymorphisms and
analysed their associations with biochemical parameters
related to lipid and glucose metabolism.
Methods Associations between common polymorphisms in
INSIG1 and several biochemical parameters were analysed
in a group of 618 healthy, 50-year-old men. A replication
analysis was performed in a cohort of 472 healthy, middle-
aged men. The impact of one promoter polymorphism on
oral glucose tolerance was analysed in a subset of 181
subjects. Small interfering RNA (siRNA) inhibition was
used to test the significance of INSIG1 for gene expression
in human Huh7 hepatoma cells.
Results A potentially functional polymorphism, a C to T
substitution at position −169, was discovered in a highly
conserved section of the promoter. Significant relationships
between the −169C>T polymorphism and plasma glucose
concentration were found in two cohorts of healthy, middle-
aged men (p<0.01 and p<0.02, respectively). The −169T
allele was associated with significantly lower post-load
plasma glucose concentrations. A significant (p=0.02)

reduction in expression of phosphoenolpyruvate carboxy-
kinase (PCK2) was observed following siRNA inhibition of
INSIG1 in human Huh7 hepatoma cells.
Conclusions/interpretation Population studies demonstrate
that INSIG1 plays a role in glucose homeostasis. Experi-
ments with siRNA suggest that this action of INSIG1 is
related to SREBP-mediated regulation of PCK2.
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HOMA homeostasis model assessment
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IR
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INSIG1 insulin-induced gene 1
INSIG2 insulin-induced gene 2
LDLR low density lipoprotein receptor
NF-Y nuclear factor Y
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PCSK9 proprotein convertase subtilisin/kexin type 9
siRNA small interfering RNA
SCAP SREBP cleavage activating protein
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SNP single nucleotide polymorphism
SP1 Sp 1 transcription factor
SRE sterol regulatory element
SREBP sterol regulatory element-binding protein
USF upstream transcription factor

Introduction

Insulin-induced gene 1 (INSIG1) was originally identified
following the isolation of INSIG1 mRNA in the early
1990s, the abundance of which increased when hepatoma
cells were treated with insulin [1, 2]. However, the
mechanism of this induction and the function of INSIG1
remained unclear. Recently, it was reported that Insig1 is
upregulated in livers of transgenic mice overexpressing
active versions of sterol regulatory element-binding protein
1a (SREBP-1a) and SREBP-2 [3]. Subsequent studies
demonstrated that INSIG1 binds SREBP cleavage activat-
ing protein (SCAP) in the endoplasmic reticulum, leading
to the retention of the SCAP–SREBP complex, thereby
preventing proteolytic processing of the SREBPs [4]. This
retention process can be overcome by overproduction of
SCAP [5, 6], strongly suggesting that INSIG1 exists in
limited amounts. The corollary is that regulation of INSIG1
protein concentration in the endoplasmic reticulum may be
an important mechanism for regulation of the SREBP
pathway (reviewed, see [7]).

SREBP-target genes have been identified through studies
in transgenic and knock-out mice that overexpress or lack
single components of the SREBP pathway [8]. In addition,
many direct targets have been uncovered through studies of
SREBP binding to promoter regions [8]. Almost all SREBP-
target genes identified thus far are involved in cholesterol
and fatty acid metabolism. Nevertheless, several recent
studies indicate that the genes encoding phosphoenolpyr-
uvate carboxykinase (PCK2) [9–11] and possibly glucoki-
nase [12–14], two key enzymes in gluconeogenesis and
glycolysis, are SREBP-target genes. This suggests that the
regulatory role of the SREBPs is not restricted to cholesterol
and fatty metabolism, but may also extend to glucose
homeostasis. Interestingly, the expression of both INSIG1
and SREBP-1 are markedly enhanced by insulin [1, 2, 15,
16], again indicating that INSIG1 may have an as yet
undefined role in glucose homeostasis. Indeed, transgenic
mice producing nuclear SREBP-1c in adipose tissue show
features of congenital generalised lipodystrophy and are
characterised by insulin resistance and diabetes mellitus [17].

Taken together, several lines of evidence suggest that the
SREBP pathway is involved in the regulation not only of
lipid metabolism, but also of glucose homeostasis. Unfor-
tunately, this conclusion is largely based on data derived

from studies in rodents. This prompted us to search for
possible functional polymorphisms in human INSIG1 that
could be used to analyse the physiological role of INSIG1
in humans.

Here we describe a potentially functional polymorphism
in a highly conserved section of the promoter of INSIG1.
The minor allele of this polymorphism is associated with
reduced plasma glucose concentration and lower post-load
plasma glucose concentrations, as analysed in two cohorts
of healthy, middle-aged men. Experiments with small
interfering RNA (siRNA) inhibition indicate that this effect
may be related to SREBP-mediated suppression of the
expression of PCK2.

Subjects and methods

Subjects Samples from 618 healthy men, all 50 years of
age, specifically recruited for metabolic and genetic studies
[18, 19], were investigated in the present study. Men of
identical age were intentionally selected to eliminate the
confounding effects of age and sex on lipoprotein and
glucose metabolism. Replication analysis was done in two
groups (n=181, n=291) of healthy, middle-aged men who
had been sampled as control subjects for case–control
studies of young survivors of myocardial infarction [20].
All subjects were selected at random from a registry
containing all permanent residents in Stockholm County.
For all three cohorts a standardised protocol was used for
blood collection and anthropometric measurements. The
protocols were approved by the Ethics Committee of the
Karolinska Hospital, and all subjects gave informed consent
to their participation.

Biochemical assays Blood samples for measurement of
concentrations of plasma lipids, lipoproteins and glucose
were drawn after a 12-h overnight fast. The major plasma
lipoproteins were determined by a combination of prepar-
ative ultracentrifugation, precipitation of apolipoprotein B-
containing lipoproteins and lipid analysis [21]. Blood
glucose concentrations were measured by a glucose oxidase
method. Plasma insulin was determined by ELISA (Dako
Diagnostics, Hamburg, Germany). Insulin resistance and
beta cell function were calculated as using the homeostasis
model assessment (HOMA) of insulin resistance (HOMA-
IR) (fasting insulin [mU/l]×fasting glucose [mmol/l]/22.5)
or as HOMA of beta cell function (HOMA-B) (20×fasting
insulin [mU/l]/fasting glucose [mmol/l]−3.5).

Polymorphism detection Screening for common genetic
variants was performed by direct sequencing in both
directions (Big Dye Terminator Chemistry; Applied Bio-
systems, Foster City, CA, USA) using an ABI3100
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capillary sequencer. We included all exons, >50 bp of
flanking introns, approximately 600 bp of the proximal
promoter and approximately 900 bp of the 5′ untranslated
region. Sections of approximately 750 bp were amplified
and purified using a purification kit (QIAquick PCR;
Qiagen, Hilden, Germany). These sections were used as
templates for sequencing with nested primers. Primer
sequences and PCR conditions are available from the
authors.

Genotyping The −237T>C promoter polymorphism, and
the 805–362A>G, −337T>G, −324T>C, −319C>T,
−318A>G, and −212T>C polymorphisms in intron 5 were
analysed using the sequencing technique employed for
polymorphism detection. The −425A>G polymorphism was
genotyped (1.25 mmol/l MgCl2, TANNEAL 59°C, and 4%
dimethyl sulfoxide) using the forward primer 5′-
CGGCTACTGAGAGCACAGC-3′ and the reverse primer
5′-CAGGACAGGGTGGGGTTG-3′ followed by restriction
digestion with BanI. The 537+45C>T polymorphism in
intron 4 was genotyped (1.5 mmol/l MgCl2, TANNEAL 59°C,
without dimethyl sulfoxide) using the forward primer 5′-
CAGGGAGATTTCAGGTGATCTT-3′ and the reverse
primer 5′-TGGATAGCAGCATTTTTGAGAA-3′ followed
by restriction digestion with Tsp509I. The 805–119C>A
polymorphism in intron 5 was genotyped (1.5 mmol/l MgCl2,
TANNEAL 59°C, without dimethyl sulfoxide) using the
forward primer 5′-TTTTGCAGGTGAGAGCTGTG-3′ and
the reverse primer 5′-TCATCATTCTCCACCTCCCTA-3′
followed by digestion with the restriction enzyme SspI. The
−633G>C and −169C>T polymorphisms in the promoter
were assayed using the Taqman assay-by-design method
(Applied Biosystems).

siRNA probes siRNA oligonucleotides specific for INSIG1
were designed using siRNA Target Finder (http://www.
Ambion.com). siRNAs containing no less than three
mismatches with all other known human genes were
selected using the BLAST option in Target Finder. siRNA
oligonucleotides were synthesised and annealed by a
commercial supplier (Sigma-Proligo, The WoodLands,
TX, USA). All annealed siRNAs showed a single band
when visualised by UV shadowing following PAGE
analysis. Two siRNA probes with the most efficient
inhibition properties were used throughout this study. The
forward sequences of the INSIG1 siRNA probes 1 and 2
were 5′-UUACCAACCCGCAGUUUUGTT-3′ and 5′-
CCACCGAUUCUGAGAGCAATT-3, corresponding to
the sequences 1326–1347 and 992–1013 of INSIG1
mRNA, respectively. A previously described siRNA probe
[22] with the forward sequence 5′-CGUACGCGGAAUA
CUUCGATT-3, targeting the pGL2 plasmid vector, was
used as negative control.

Transfection procedures Human hepatoma Huh7 cells were
cultured in DMEM medium (Invitrogen, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum (FBS),
50 U/ml penicillin and 50 μg/ml streptomycin. Subcon-
fluent Huh7 cells were preincubated with FBS-free medium
for 30 min. The cells were subsequently transfected with
50 nmol/l gene-specific siRNA or with negative control
siRNA using lipofectamin 2000 (Invitrogen) as transfection
agent. The transfection medium was removed after 5 h
incubation and the cells were cultured in FBS-free medium
for another 24 h.

Real-time quantitative PCR Total cellular RNA was isolat-
ed using a kit (RNeasy mini; Qiagen). RNA was quantified
spectrophotometrically and the RNA concentrations of all
samples were adjusted to 0.1 μg/μl. Total cDNA was
synthesised from 0.5 μg RNA in a polymerase reaction
using oligoT primer (2.5 pmol/μl final concentration),
dNTPs (0.5 mmol/l final concentration) and SuperScript II
RNAse H− reverse transcriptase (Invitrogen, Sweden).
cDNA from triplicate experiments were pooled and the
specific gene expression was analysed by real-time quan-
titative PCR. All assays and reagents were obtained from
Applied Biosystems. Single gene assays were performed
using the ABI Prism 7700 sequence detection system
(Applied Biosystems) and the Delta Rn analysis method
[23]. Multiple gene assays were conducted with the Low
Density Array method using the 7900HT Fast Real Time
PCR system (Applied Biosystems). Human 18S was used
as invariant control. The relative difference in expression
was calculated using the CT method [24].

Statistical methods Logarithmic transformation was per-
formed on the skewed variables (insulin and triglyceride
concentrations, HOMA-B and HOMA-IR) to obtain a normal
distribution before statistical computations and significance
testing were performed. Differences in continuous variables
according to INSIG1 genotype were tested by Student’s t test
(CC vs CT+TT). The ConSite program was used for
human–mouse sequence comparison, and is available at:
http://mordor.cgb.ki.se/cgi-bin/CONSITE/consite/.

Results

The promoter, exons and intron–exon borders (in total
covering nearly 5 kb) of INSIG1 were screened for
common polymorphisms using DNA samples from 18
healthy subjects. No polymorphisms were discovered in
the exons or sections close to the intron–exon border. In
total, ten single nucleotide polymorphisms (SNPs) were
found in the introns: +58G>A and −295T>C (rs9690097)
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in intron 3, +45C>T (rs9718441) in intron 4, and −362A>G
(rs12535901), −337T>G (rs9770059), −324T>C
(rs9770060), −319C>T, −318A>G (rs9769826), −212T>C
(rs9770068), −119C>A (rs9769506) in intron 5 (Fig. 1).
Complete agreement was found with the sequence for
INSIG1 as presented on the NCBI Homepage, based on the
analysis in AC144652. In contrast, a section of the
proximal promoter (ranging from −312 to −157 in our
analysis) was deleted from the promoter analysis reported
by Peng and co-workers [25]. Two SNPs (designated
−169C>T and −237T>C) were discovered in this section,
while two additional SNPs (−425A>G and −633G>C) were
found in the more distal section of the promoter.

Pair-wise linkage disequilibrium coefficients (D′ and r2)
for 12 SNPs were analysed in the first 80 (consecutive)
subjects from the cohort of healthy, 50-year old men.
Significant linkage disequilibrium was found for all SNPs
(Table 1). Complete allelic association was observed
between the −237T>C and −633G>C promoter SNPs.

Potential functional sections of the promoter of INSIG1
and putative binding sites for nuclear factors were evaluated
using ConSite [26] for human–mouse sequence compari-

son. As shown in Fig. 2a, considerable conservation was
observed for the first 600 base pairs of the promoter, with
very high conservation for a section surrounding the
−169C>T polymorphism. Human–mouse alignment of the
promoter sequence with on average 81% conservation
(−203 to −55, underlined in Fig. 2a) is shown in Fig. 2b.
Noteworthy is the position of the −169C>T polymorphism,
located at the border of a putative nuclear factor-Y (NF-Y)
binding site, in the vicinity of putative upstream transcrip-
tion factor (USF) and Sp 1 transcription factor (SP1)
binding sites.

The potential association between four polymorphisms
(three promoter SNPs, −633G>C, −425A>G, −169C>T,
and the 805–119C>A polymorphism in intron 5) and
several biochemical parameters related to lipid and glucose
metabolism was analysed in a group of 618 healthy, 50-
year-old men. The frequencies of the minor alleles were
42.9%, 31.4%, 4.6% and 44.1% for the −633G>C,
−425A>G, −169C>T and the 805–119C>A polymor-
phisms, respectively. All SNPs were in Hardy–Weinberg
equilibrium. A significant relationship was observed be-
tween the −169C>T polymorphism and the fasting glucose

Fig. 1 Human INSIG1 gene
structure and delineation of
the SNPs. The nomenclature
for the SNPs in the promoter
of the gene is based on the
transcription start-site
described by Peng et al. [25],
while the intronic SNPs are
designated on the basis of
the mRNA sequence reported
by Yang et al. [4]. Exons
of INSIG1 are shown in boxes
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Table 1 Pair-wise |D′| and r2 between SNPs in the INSIG1 gene

−633G/C −425A/G −237T/C −169C/T +45C/T −362A/G −337T/G −324T/C −319C/T −318A/G −212T/C −119C/A

−633G/C (42.9 %) 0.57 1.00 0.06 0.28 0.20 0.86 0.86 0.27 0.83 0.83 0.97
−425A/G (31.4 %) 0.88 0.57 0.07 0.13 0.29 0.39 0.39 0.08 0.43 0.38 0.45
−237T/C (42.9 %) 1.00 0.88 0.06 0.28 0.20 0.86 0.86 0.27 0.83 0.83 0.97
−169C/T (4.6 %) 1.00 1.00 1.00 0.02 0.01 0.03 0.03 0.01 0.03 0.03 0.05
+45C/T (30.9 %) 1.00 0.76 1.00 1.00 0.07 0.27 0.27 0.15 0.26 0.27 0.32
−362A/G (14.3 %) 1.00 1.00 1.00 0.98 1.00 0.25 0.25 0.06 0.27 0.25 0.21
−337T/G (39.7 %) 1.00 0.67 1.00 1.00 1.00 1.00 1.00 0.24 0.95 1.00 0.83
−324T/C (39.7 %) 1.00 0.67 1.00 1.00 1.00 1.00 1.00 0.24 0.95 1.00 0.83
−319C/T (26.3 %) 1.00 0.62 1.00 1.00 1.00 1.00 1.00 1.00 0.22 0.24 0.28
−318A/G (38.5 %) 1.00 0.68 1.00 1.00 1.00 0.99 1.00 1.00 1.00 0.95 0.79
−212T/C (39.7 %) 0.97 0.67 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.81
−119C/A (44.1 %) 1.00 0.79 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.97

Pair-wise linkage disequilibrium coefficients (D′ and r2 ) for the SNPs were evaluated in a subgroup of 80 subjects from the study population
using the EMLD program (http://request.mdacc.tmc.edu/~qhuang/Software/pub.htm). The |D′| and r2 values are shown in the lower left
and upper right sections of the table, respectively. The frequency of the minor allele for each SNP is shown in brackets.
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concentration (Table 2), whereas other relevant biochemical
and anthropometric measurements showed no relationships
with the −169C>T polymorphism. No significant relation-
ships with biochemical and anthropometric parameters were
observed for the −633G>C, −425A>G and 805–119C>A

polymorphisms. However, all three polymorphisms showed
a borderline significant relationship with the fasting plasma
glucose concentration.

A replication analysis was performed in a cohort of 472
healthy, middle-aged men (aged 48.1±7.7 years; mean±SD).
Again, a statistically significant relationship was observed
between the −169C>T polymorphism and the fasting plasma
glucose concentration (p<0.02), while no relationships with
other biochemical and anthropometric measurements were
found (Table 3).

The potential impact of the −169C>T polymorphism on
oral glucose tolerance was analysed in one of the cohorts
(n=181) from the replication study. As shown in Fig. 3,
significantly lower plasma glucose levels were found at
time points 30, 45 and 60 min in subjects carrying the
−169T allele than in subjects homozygous for the −169C
allele. Overall, the population studies indicate that the
−169T allele is associated with a significant reduction in
fasting glucose concentration and enhanced clearance of
glucose compared with the −169C allele.

The mechanism of action by which INSIG1 influences
glucose homeostasis was analysed in human Huh7 hepato-
ma cells using siRNA inhibition of INSIG1. As expected,
siRNA inhibition was associated with a marked reduction
in INSIG1 mRNA concentration (Table 4). No reciprocal

Table 2 Association of the −169C>T polymorphism with fasting
plasma glucose concentration and other biochemical and anthropo-
metric measurements in a cohort of 618 healthy, 50-year-old men

−169C/T polymorphism

C/C C/T+T/T p

n 561 57
Glucose (mmol/l) 4.99±0.75 4.79±0.46 <0.01
Insulin (pmol/l) 44±25 40±22 NS
HOMA-B 108±82 118±83 NS
HOMA-IR 1.67±1.03 1.42±0.80 NS
Body mass index (kg/m2) 26.0±3.3 25.5±2.6 NS
Cholesterol (mmol/l) 5.38±0.97 5.38±1.05 NS
LDL-cholesterol (mmol/l) 3.58±0.88 3.57±0.84 NS
HDL-cholesterol, (mmol/l) 1.23±0.34 1.21±0.31 NS
Triacylglycerol (mmol/l) 1.56±0.97 1.58±0.93 NS

Values are mean±SD. HOMA-B, homeostasis model assessment of
beta cell function; HOMA-IR, homeostasis model assessment
of insulin resistance

Fig. 2 Human–mouse sequence
comparison and delineation
of putative binding sites for
nuclear factors. a Graphic
presentation of the percentage
conservation between the human
and mouse sequences, as
determined by ConSite
(see Methods). Bar at −200 to
−55, most conserved section of
the promoter of INSIG1.
b Alignment of the most
conserved section of the
promoter of INSIG1, as analysed
by the BLAST2 program
(NCBI, see Methods), and
identification of putative
binding sites for nuclear factors
that are shared by the human
and mouse promoter. NF-Y,
nuclear factor-Y; USF, upstream
transcription factor; SP1, Sp 1
transcription factor
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increase in INSIG2 mRNA concentration was noted.
Moreover, no effect of the control pGL2 siRNA probe on
gene expression was observed. Comparable effects were
observed when two different siRNA probes for the
inhibition of INSIG1 were used (not shown). The impact
of INSIG1 siRNA inhibition on the expression of more than
40 different genes, primarily related to cholesterol, fatty
acid and lipoprotein metabolism, was analysed. As
expected, all eight known SREBP-target genes evaluated
in this study (ACSS2, FASN, HMGCR, and PCSK9
[Table 4], and ACLY, FDPS, HMGCS1 and LDLR [not
shown], see Abbreviations list) showed a more than 1.5-
fold increase in expression. None of the genes related to
lipoprotein metabolism exhibited a change in expression

following siRNA inhibition of INSIG1. In addition, the
expression of two genes with critical roles in glucose
homeostasis, glucokinase and PCK2, was analysed. The
glucokinase mRNA concentrations were extremely low in
the Huh7 cells and it was not possible to evaluate changes
in expression of this gene. However, a significant reduction
in the expression of PCK2 following siRNA inhibition of
INSIG1 was observed (Table 4).

Discussion

This study reports the discovery of a potentially functional
polymorphism in a highly conserved section of the
promoter of INSIG1. Significant relationships between the
−169C>T polymorphism and plasma glucose concentration
were found in two cohorts of healthy, middle-aged men.
Moreover, the −169T allele was associated with signifi-
cantly lower post-load plasma glucose concentrations.
These observations suggest that the polymorphism influ-
ences the transcription of INSIG1, thereby regulating the
concentration of the INSIG1 protein, ultimately leading to
changes in plasma glucose metabolism.

The pioneering work of Brown and Goldstein has
highlighted the role of INSIG1 in the SREBP pathway,
and consequently in the regulation of cholesterol and fatty
acid metabolism (review, see [7]). Nevertheless, several
recent studies indicate that INSIG1 may have additional
functions. First, DeBose-Boyd and co-workers have
reported that INSIG1 is directly involved in the ubiquitina-
tion and degradation of 3-hydroxy-3-methylglutaryl-CoA
reductase [27, 28], a process that is independent of
INSIG1–SCAP interaction and activation of the SREBP
pathway. Second, Unger and co-workers have provided
evidence for a role of INSIG1 in diet-induced obesity [29]
and demonstrated that Insig1 expression restricts lipogen-
esis in mature adipocytes and blocks differentiation in pre-
adipocytes [30]. The present study provides another
example of the multifunctional role of INSIG1, and

Table 3 Association of −169C>T polymorphism with fasting plasma
glucose concentration and other biochemical and anthropometric
measurements in a cohort of 472 healthy, middle-aged men

−169C/T polymorphism

C/C C/T+T/T p

n 428 44
Age (years) 48.0±7.6 48.2±7.7 NS
Glucose (mmol/l) 5.18±0.90 4.83±0.74 0.02
Insulin (pmol/l) 48±26 48±24 NS
HOMA-B 95±74 100±61 NS
HOMA-IR 1.97±1.49 1.90±1.02 NS
BMI (kg/m2) 25.9±3.6 25.2±2.5 NS
Cholesterol (mmol/l) 5.44±0.98 5.46±0.98 NS
Triacylglycerol (mmol/l) 1.41±0.77 1.44±0.77 NS

Values are mean±SD. HOMA-B, homeostasis model assessment of
beta cell function; HOMA-IR, homeostasis model assessment
of insulin resistance
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Fig. 3 Impact of −169C>T polymorphism on oral glucose tolerance.
Plasma glucose concentrations were analysed according to INSIG1
−169C>T genotype. Subjects heterozygous or homozygous for the
−169T allele (n=18) (open squares) had faster glucose clearance than
subjects homozygous for the −169C allele (n=163) (filled triangles).
*p<0.05, **p<0.01

Table 4 Effect of siRNA inhibition of INSIG1 on gene expression in
human Huh7 hepatoma cells

Gene Fold change p

INSIG1 0.23±0.04 <0.001
INSIG2 1.16±0.27 NS
Acetyl-CoA synthetase 1.89±0.33 0.04
Fatty acid synthase 2.15±1.05 NS
HMG-CoA reductase 1.90±1.07 NS
PCSK9 2.35±1.61 NS
PCK2 0.40±0.09 0.02

Values are mean±SD of three experiments.
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presents evidence that INSIG1 is implicated in the
regulation of the plasma glucose concentration in humans.

A significant relationship between the fasting glucose
concentration and the −169C>T polymorphism was found
in the population studies, while only borderline significant
relationships were observed between the fasting glucose
concentration and the other polymorphisms in the INSIG1
promoter. This indicates that the −169C>T polymorphism
is of functional significance. We performed additional
sequencing analysis of the region of INSIG1 used for
screening of common genetic variants (see polymorphism
detection in Subjects and methods) in eight subjects
heterozygous for the −169C>T polymorphism in order to
rule out the possibility that a rare polymorphism in linkage
disequilibrium with the −169C>T polymorphism was
responsible for this relationship, but no additional poly-
morphisms were found. Another indication that the
−169C>T polymorphism may be of functional significance
is the location of the polymorphism in a highly preserved
region of the INSIG1 promoter, suggesting that this section
is of importance for the regulation of expression of INSIG1.
Putative binding sites for the transcription factors NF-Y,
USF and SP1 were uncovered in this section with the aid of
a computer program designed to find binding sites for
nuclear factors that are shared by human and mouse
promoters. The −169C>T polymorphism is on the edge of
the NF-Y binding site, upstream from the ATTGG sequence
critical for binding of NF-Y [31]. It is thus conceivable that
the −169C>T polymorphism alters the binding affinity of
NF-Y, ultimately leading to a change in the rate of
transcription of INSIG1.

Interestingly, INSIG1 is a direct SREBP target gene [8]
and sterol regulatory element (SRE)-containing promoters
absolutely require NF-Y or SP1 as cofactors for SREBP
activation [31–33]. It is therefore intriguing that the
clustering of putative binding sites for NF-Y, SP1 and USF
was found in a highly conserved section of the human and
mouse INSIG1 promoter. It is tempting to speculate that
these binding sites mediate transcriptional regulation by the
SREBPs. However, the proposed USF binding site is not
highly homologous to established SREs or E-boxes. More-
over, an SRE was recently described [34] in the human
INSIG1 promoter (located between −545 and −536, see
Fig. 2a), but an equivalent SRE sequence does not seem to
be conserved in the mouse Insig1 promoter. In all, additional
in vitro studies will be required to evaluate in detail the
transcriptional regulation of INSIG1 and to establish the role
of the −169C>T polymorphism in this process.

The association studies presented in this report indicate
that INSIG1 is involved in the regulation of glucose
metabolism, presumably as a consequence of the role of
INSIG1 in SREBP-regulated transcription. It is noteworthy
that a combined analysis of gene expression data from

livers of transgenic and knockout mice did not identify
genes involved in either glycolysis or gluconeogenesis as
direct SREBP target genes [8]. Nevertheless, other lines of
evidence indicate that the SREBPs are involved in the
transcriptional regulation of PCK2 [9–11] and possibly
glucokinase [12–14]. We therefore employed siRNA
inhibition to explore the possible role of INSIG1 in
regulating expression of these genes in the human hepato-
ma Huh7 cell-line. All SREBP-target genes analysed in this
study showed a more than 1.5-fold increase in expression
following INSIG1 siRNA inhibition. In addition, a signif-
icant reduction in the expression of PCK2 following
knockdown of INSIG1 was observed. This observation is
in line with another study [11], which demonstrated that
overproduction of SREBPs inhibited the transcription of
PCK2. On the basis of these studies it is proposed that the
−169T allele has a lower rate of transcription of INSIG1 than
the −169C allele, leading to reduced INSIG1 concentrations
in the endoplasmic reticulum. This in turn influences the
transfer of SREBPs from the endoplasmic reticulum to the
Golgi, leading to a reduced expression of the SREBP target
gene PCK2. As a consequence, subjects with the −169T
allele exhibit reduced fasting glucose concentrations and
enhanced clearance of glucose as compared with individ-
uals with the −169C allele. It must be stressed that although
several components of this hypothesis have not been tested
experimentally, this working model is compatible with all
the data presented in this report.

There are several alternative explanations for the
observed relationship between the −169C>T polymorphism
in INSIG1 and glucose homeostasis. It is, for example,
possible that the expression of other hepatic genes involved
in gluconeogenesis or glycolysis mediate this effect. In
addition, it cannot be excluded that a hepatic gene with an
as yet unknown mechanism of action upon glucose
homeostasis is the cause of this phenomenon. For example,
we found (E. Chernogubova, unpublished observation) that
siRNA inhibition of INSIG1 was associated with a marked
increase in expression of lipin 1 gene, a lipodystrophy and
obesity gene [35] recently implicated in human glucose
metabolism [36]. Finally, while INSIG1 is expressed in all
human tissues analysed thus far (S. Krapivner, unpublished
observation), it is possible that INSIG1-dependent changes
in the activation of the SREBP pathway in extra-hepatic
cells involved in the regulation of glucose metabolism, e.g.
adipose, skeletal muscle and pancreatic beta cells, may
influence glucose homeostasis. Thus, in agreement with
other studies [29, 30], it is feasible that the effect of
INSIG1 on adipocyte metabolism is the primary cause of
the observed relationship between the −169C>T polymor-
phism in INSIG1 and glucose homeostasis. In short, more
detailed analysis of the role of INSIG1 in the metabolism
of hepatic and extra-hepatic tissues will be required to
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resolve the mechanism of action of INSIG1 in glucose
homeostasis.

Recent studies in rodents indicate that INSIG1 and -2
have complementary roles in the regulation of the SREBP
pathway [7]. In these studies it was found that Insig1
knock-out mice did not exhibit detectable phenotypic
changes, and only a combined knock-out of Insig1 and
Insig2 showed the expected effects on SREBP-target genes
[37]. If the same conditions apply to the human situation, it
is difficult to envisage that a change in the transcription of
INSIG1 alone could lead to changes in glucose homeosta-
sis. However, under various experimental conditions we
have consistently observed significant effects of siRNA
inhibition of INSIG1 on the expression of SREBP-target
genes in human hepatoma cells (E. Chernogubova, unpub-
lished observation). Moreover, no complementary increase
in INSIG2 mRNA was observed. These observations
suggest that INSIG1 plays a more prominent role in human
liver cells than in hepatic metabolism in rodents.
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