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Abstract Aims/hypothesis: Although genetic susceptibil-
ity plays an important role in the pathogenesis of type 2
diabetes, most of the genes that influence susceptibility to
type 2 diabetes have yet to be identified. Krüppel-like
transcription factors are known to play important roles in
development and cell differentiation, and have recently

been implicated in the pathogenesis of type 2 diabetes.
The present study aimed to examine the associations of
single nucleotide polymorphisms (SNPs) in genes encod-
ing members of the Krüppel-like-factor (KLF) family with
type 2 diabetes in a large cohort of Japanese subjects.
Methods: We genotyped 33 SNP loci found in 12 KLF
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genes in subjects with type 2 diabetes and in subjects from
the general population using the PCR-Invader assay. We
also examined the effects of the overexpression of KLF7
on adipogenesis in 3T3-L1 cells. Results: We identified a
significant association between an SNP in KLF7 and type
2 diabetes (A vs C: p=0.004 after Bonferroni’s correction,
odds ratio=1.59, 95% CI 1.27–2.00). The expression of
Klf7 decreased in response to the differentiation of 3T3-L1
adipocytes, and the overexpression of KLF7 resulted in
significant inhibition of adipogenesis in 3T3-L1 cells.
Conclusions/interpretation: These results indicate that the
gene encoding KLF7 is a novel candidate for conferring
genetic susceptibility to type 2 diabetes.

Keywords Adipocyte differentiation . Association study .
Diabetes . Gene polymorphisms . Krüppel-like factor 7

Abbreviations KLF: Krüppel-like factor . LD: linkage
disequilibrium . SNP: single nucleotide polymorphism

Introduction

Type 2 diabetes affects more than 100 million individuals
worldwide [1]. The pathogenesis of this disease appears to
involve insulin resistance in peripheral tissues combined
with dysfunction of beta cells in pancreatic islets; however,
the precise mechanism remains unknown [2, 3].

It is generally accepted that genetic factors contribute to
the onset and progression of diabetes, and several genes
responsible for specific forms of the disease, such as
MODY and mitochondrial diabetes, have been identified
[4, 5]. However, genetic alterations associated with these
specific forms of diabetes account for only a small per-
centage of cases, and genes conferring susceptibility to
type 2 diabetes have not been identified in the majority of
patients.

The Krüppel-like factor (KLF) family of transcription
factors was initially reported to play a pivotal role in cel-
lular development and differentiation [6, 7]. Recently,
members of the KLF family have been found to be in-
volved in adipogenesis [8] and the expression of GLUT4 in
adipocytes [9]. Because of this new role in fat metabolism,
the KLF genes are thought to be candidates for conferring
susceptibility to type 2 diabetes. However, to date, no ge-
netic association studies have focused on the KLF genes.

In the present study, we present the results of a case–
control study of several members of the KLF gene family
in Japanese subjects, and provide evidence that KLF7 is a
good candidate for conferring susceptibility to type 2
diabetes.

Subjects and methods

Subjects and DNA preparations DNA samples were
obtained from 1,130 patients with type 2 diabetes who
regularly attended outpatient clinics at the Shiga Uni-
versity of Medical Science, the Tokyo Women’s Medical

University, Juntendo University School of Medicine,
Kawasaki Medical School, the Kawai Clinic, Toride
Kyodo Hospital, Iwate Medical University School of
Medicine, and Osaka City General Hospital (672 men, 458
women; age 60.1±11.6 years; duration of diabetes 13.5±
10.0 years; HbA1c 7.2±1.2%; fasting plasma glucose 8.3±
2.5 mmol/l; BMI 23.2±3.4 kg/m2 [all values are means±
SD]). Diabetes was diagnosed according to the criteria of
the World Health Organization. Type 2 diabetes was clin-
ically defined as a gradual, adult onset of the disease.
Subjects who tested positive for anti-glutamic acid decar-
boxylase antibody, and patients with mitochondrial disease
(mitochondrial myopathy, encephalopathy, lactic acidosis,
and stroke-like episodes [MELAS]) or MODY were ex-
cluded. The control group comprised 564 members of the
general population who were recruited through several
medical institutes in Japan (272 men, 292 women; age
48.3±23 years, BMI 24.9±3.6 kg/m2). We repeated the
study in a second set of diabetic subjects (n=560; 349 men,
211 women; age 61.2±10.8 years; duration of diabetes
17.2±9.6 years; HbA1c 7.9±4.2%; fasting plasma glucose
8.4±2.9 mmol/l; BMI 24.6±3.7 kg/m2) and control sub-
jects (n=359; 193 men 166 women; age 42.7±9.6 years).
Written informed consent was obtained from each patient,
and DNA extraction was performed using a standard phe-
nol–chloroform procedure.

Genotyping The single nucleotide polymorphisms (SNPs)
that were used for genotyping experiments were selected
from the IMS-JST Japanese database of SNPs (http://snp.
ims.u-tokyo.ac.jp, last accessed in April 2005) [10, 11].
The genotype at each SNP locus was analysed using the
Invader assay (Third Wave Technologies, Madison, WI,
USA) or Taqman assay (Applied Biosystems, Foster City,
CA, USA), as previously described [12]. The success rates
of these assays were >95%, and there was almost 100%
agreement between the results of genotyping and the re-
sults of direct sequencing [12]. Differences in the geno-
type and/or allele frequencies between the case group and
the control group were analysed using 2×3 or 2×2 con-
tingency tables. The protocol was approved by the Ethics
Committee of the Institute of Physical and Chemical Re-
search (Kanagawa, Japan).

Northern blot analysisMouse 3T3-L1 cells were grown to
confluence and induced to differentiate into adipocytes
using methods described previously [13]. Total RNA was
extracted from the 3T3-L1 cells by Trizol reagent (Invit-
rogen, Carlsbad, CA, USA) at 0, 3 and 5 days after in-
ducing adipocyte differentiation. Total RNA (20 μg) was
separated by 1% denaturing formaldehyde agarose gel
electrophoresis, and transferred onto a Hybond-N mem-
brane (Amersham Biosciences, Piscataway, NJ, USA).
Hybridisation was carried out using α-32P-labelled com-
plementary DNA (cDNA) probes for mouse Klf7 and
Gapd. Mouse cDNAs for Klf7 and Gapd were cloned by
RT-PCR using the following primers: Klf7 sense, 5′-CCA
CTG GAT GTC TGC CTT CT-3′, antisense, 5′-CAC TCG
CAT CCT TCC CAT GA-3′; Gapd sense, 5′-CTT CTG
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Table 1 Association between
the SNPs within the genes en-
coding the KLF family of tran-
scription factors and type 2
diabetes

aMinor allele frequencies are
presented

dbSNP ID Gene Casea Controla p value dbSNP ID Gene Casea Controla p value

rs2072596 KLF1 0.06 0.06 0.90 rs2296859 KLF12 0.10 0.10 0.99
rs448888 KLF2 0.02 0.03 0.28 rs2296889 KLF12 0.27 0.26 0.66
rs410867 KLF2 0.02 0.03 0.28 rs2274086 KLF12 0.22 0.23 0.71
rs2242189 KLF3 0.26 0.26 0.89 rs3764109 KLF12 0.08 0.08 0.94
rs3782933 KLF5 0.36 0.39 0.29 rs1426 KLF12 0.17 0.22 0.06
rs17731 KLF6 0.45 0.45 0.84 rs3764133 KLF12 0.48 0.46 0.56
rs3750860 KLF6 0.15 0.16 0.60 rs3764134 KLF12 0.18 0.18 0.87
rs3750861 KLF6 0.03 0.05 0.17 rs2241779 KLF13 0.47 0.43 0.19
rs3793919 KLF6 0.05 0.06 0.38 rs3800561 KLF14 0.02 0.03 0.19
rs3829201 KLF6 0.07 0.09 0.35 rs3800562 KLF14 0.35 0.32 0.22
rs2269071 KLF7 0.10 0.06 0.047 rs3800563 KLF14 0.26 0.24 0.53
rs2244696 KLF7 0.36 0.36 0.98 rs3800564 KLF14 0.25 0.27 0.27
rs2284927 KLF7 0.09 0.07 0.14 rs3807137 KLF14 0.03 0.03 0.57
rs2302870 KLF7 0.07 0.13 0.003 rs3807139 KLF14 0.20 0.22 0.32
rs3791997 KLF7 0.24 0.23 0.61 rs3746038 KLF16 0.45 0.50 0.11
rs3747284 KLF8 0.26 0.23 0.24 rs1054972 KLF16 0.45 0.48 0.33
rs3780603 KLF9 0.15 0.16 0.45

Table 2 Association between SNPs within KLF7 and type 2 diabetes

Position (major/minor) [dbSNP ID] Major/major Major/minor Minor/minor Total

Intron 1 +7249 (G/C)
[rs3791996]

Case 795 (74%) 255 (24%) 28 (2%) 1,076
Control 391 (70%) 161 (29%) 7 (1%) 559

Intron 2 +7257 (A/C)
[rs2244089]

Case 602 (56%) 406 (38%) 58 (5%) 1,066
Control 340 (62%) 184 (34%) 24 (4%) 548

Intron 2 +35092 (A/C)
[rs2302870]

Case 888 (83%) 174 (16%) 8 (1%) 1,070
Control 419 (75%) 130 (23%) 10 (2%) 559

Intron 3 +5706 (T/G)
[rs2287504]

Case 785 (74%) 259 (24%) 19 (2%) 1,063
Control 381 (69%) 154 (28%) 18 (3%) 553

Intron 3 +5889 (C/G)
[rs1263596]

Case 641 (60%) 359 (33%) 61 (6%) 1,061
Control 355 (63%) 189 (34%) 19 (3%) 563

Genotype (2×3) Allele Major/major
vs others

Minor/minor vs others

Intron 1 +7249 (G/C) χ2 7.0 1.1 2.9 2.5
p value 0.03 0.28 0.09 0.11

Intron 2 +7257 (A/C) χ2 4.7 4.4 4.8 0.8
p value 0.09 0.03 0.03 0.36

Intron 2 +35092 (A/C) χ2 16.2 16.2 14.9 3.6
p value 0.0003 0.000057a 0.0001 0.06

Intron 3 +5706 (T/G) χ2 6.4 5.9 3.5 4.4
p value 0.04 0.02 0.04 0.06

Intron 3 +5889 (C/G) χ2 4.6 2.7 1.1 4.4
p value 0.08 0.05 0.3 0.04

Odds ratio (95% CI)
Allele Major/major vs others Minor/minor vs others

Intron 1 +7249 (G/C) 1.10 (0.90–1.35) 0.83 (0.66–1.04) 2.10 (0.91–4.84)
Intron 2 +7257 (A/C) 1.21 (1.01–1.44) 1.26 (1.02–1.56) 1.26 (0.77–2.05)
Intron 2 +35092 (A/C) 1.59 (1.27–2.00) 1.63 (1.27–2.09) 2.42 (0.95–6.16)
Intron 3 +5706 (T/G) 1.28 (1.05–1.56) 1.27 (1.02–1.60) 1.85 (0.96–3.55)
Intron 3 +5889 (C/G) 1.20 (1.01–1.44) 1.12 (0.91–1.38) 1.75 (1.03–2.95)

Genotype data are presented as number of subjects; percentages of totals are shown in brackets
ap=0.004 after Bonferroni’s correction
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CCG ATG CCC CCA T-3′, antisense, 5′- GCC TGC TTC
ACC ACC TTC TTG AT-3′.

Construction of adenovirus vector and viral infection An
adenovirus vector encoding human KLF7 was prepared
using the Adenovirus Expression Vector Kit (TaKaRa,
Japan). Forty-eight hours before the induction of differ-
entiation, 3T3-L1 cells were transduced with 100 plaque-
forming units per cell for 12 h, and samples were obtained
at the indicated days after inducing differentiation.

Oil red O staining At the indicated days after inducing
differentiation, the cells were washed twice with PBS, and
then fixed for 2 h with 3.7% formaldehyde. Fixed cells
were incubated with oil red O for 15 min at room tem-
perature. After washing the cells four times with water, the
stained lipid droplets in the cells were visualised by light
microscopy. For quantification, the dye was extracted with
isopropyl alcohol, and the absorbance was measured at
540 nm.

Statistical analysis Statistical methods for determining the
genotype–phenotype association and the Hardy–Weinberg
equilibrium [14], and to calculate the linkage disequilib-
rium (LD) coefficients (D′ and Δ) have been described
previously [15]. Differences between the case and control
groups in terms of genotype distribution or allele fre-
quency were analysed by the chi square test using 2×3 or
2×2 contingency tables, and p values below 0.05 were
considered significant.

Results

We first genotyped 33 SNP loci within 12 KLF genes in
188 Japanese patients with type 2 diabetes and compared
the allelic frequencies at these loci with those in the general
population (n=564). Of the 33 SNP loci tested, only two
exhibited a p value of less than 0.05 (Table 1). Both loci
were found in KLF7 on chromosome 2q32. We then
analysed 36 SNP loci within KLF7 using the maximum

Fig. 1 LD mapping of the area
around KLF7. LD coefficients
(D′ and Δ) between every two
SNPs were calculated. The
asterisk indicates the SNP at
intron 2 +35092 (A/C). CPO
Carboxypeptidase O
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number of patients (n=1,130; see Table 1 of the Electronic
supplementary material for details of these 36 SNPs).
Several of these SNPs were found to be significantly
associated with type 2 diabetes. In particular, we found that
one of the alleles at an SNP locus in the second intron of
KLF7was strongly associated with type 2 diabetes (Avs C:
p=0.004 after Bonferroni’s correction, odds ratio=1.59,
95% CI 1.27–2.00; Table 2). Because sex appeared to be
distributed differently between the case and control groups,
we subdivided the case group into male and female groups,
and compared the genotype distribution for these two
groups. The results indicated that the KLF7 genotype was
not distributed differently between the male and female
group (male: AA=82.8%, AC=16.5%, CC=0.6%; female:
AA=83.2%, AC=15.9%, CC=0.9%), and a similar associ-
ation between KLF7 and type 2 diabetes was observed in
the two groups.

To exclude the possibility that the result obtained
reflected associations between type 2 diabetes and other
genes located near KLF7, we performed LD mapping of
this region. This process identified a region of approxi-
mately 80 kb (20 kb upstream and 60 kb downstream of the
landmark SNP; Fig. 1). We therefore concluded that the
critical region for susceptibility to type 2 diabetes must lie
within this 80-kb region, which did not contain any genes
other than KLF7, indicating that KLF7 is the candidate
gene.

We next examined the haplotype structure of the region
surrounding KLF7. The analysis was performed by esti-
mating haplotype phasing using the Expectation Maximi-
sation (EM) algorithm [16] and by constructing haplotype
blocks as previously described [17, 18]. The results
indicated that 16 SNPs in KLF7 constitute one haplotype

block with an allelic frequency of greater than 0.05, and
that four common haplotypes define more than 90% of the
population (Fig. 2). Subsequent examinations of the as-
sociation of each haplotype with type 2 diabetes identified
a significant relationship between haplotype 3 and type 2
diabetes; however, this association was not stronger than
that found between the single locus (intron 2 +35092) and
type 2 diabetes. Thus, the SNP in intron 2 (+35092, A/C)
appeared to be able to explain the majority of the positive
association between KLF7 and type 2 diabetes. We con-
firmed the association of this SNP with type 2 diabetes in
an independent set of case and control subjects (Table 3).

To establish whether this gene is involved in the patho-
genesis of type 2 diabetes, we examined the pattern of
expression of Klf7 in mouse 3T3-L1 cells at different stages
of differentiation. As shown in Fig. 3, the expression of
Klf7 was most abundant before inducing differentiation,
and rapidly decreased after inducing differentiation. Fur-
thermore, the overexpression of KLF7 in preadipocytes
resulted in the remarkable inhibition of adipogenesis in
3T3-L1 cells (Fig. 3b–d).

Discussion

Although the contribution of genetic factors to the path-
ogenesis of type 2 diabetes is widely acknowledged, to
date, only a few genes have been implicated in suscepti-
bility to type 2 diabetes [19–21]. The difficulty involved in
identifying alleles responsible for common diseases can be
explained by the fact that the effects of individual genes in
a complex genetic and environmental background are often
too small to be identified. Therefore, a large-scale geno-

Fig. 2 Analysis of the haplo-
type structure and the estimated
haplotype frequencies in KLF7.
Sixteen SNPs, including the
SNP at intron 2 +35092, con-
stituted one haplotype block.
The asterisk indicates the SNP
at intron 2 +35092 (A/C). The p
values for the comparison of
haplotype frequencies between
the case and control groups were
generated by the chi square test
using a 2×2 contingency table
composed of the number of one
haplotype and the sum of the
other haplotypes
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Table 3 Association between the SNP within the second intron of KLF7 (intron 2 +35092 A/C) and type 2 diabetes in a second case–
control group

AA AC CC A C

Case 463 (82.7%) 94 (16.8%) 3 (0.5%) 0.91 0.09
Control 279 (77.7%) 74 (20.6%) 6 (1.7%) 0.88 0.12

Genotype (2×3) Allele AA vs others CC vs others

χ2 5.3 4.5 3.5 2.9
p value 0.07 0.03 0.06 0.09
Odds ratio – 1.39 1.37 3.16
95% CI – 1.02–1.88 0.98–1.91 0.78–12.7

Fig. 3 a Northern blot analysis
of mouse Klf7 using total RNA
isolated from 3T3-L1 cells at 0,
3 and 5 days after the induction
of differentiation. One transcript
(8.3 kb, indicated by an arrow)
was identified. The same blot
was re-hybridised with Gapd
used as a loading control. The
blot shown is representative of
the results obtained from three
independent experiments.
b Effect of KLF7 overexpres-
sion on adipogenesis. Cells were
induced to differentiate into
adipocytes 48 h after adenovirus
infection. Oil red O staining was
performed at the indicated days
after inducing differentiation.
− Uninfected cells; LacZ cells
infected with adenovirus vectors
encoding LacZ (control); KLF7
cells infected with adenovirus
vectors encoding KLF7.c Oil
red O staining of the cells at
10 days after the induction of
differentiation (magnification
×100). The results shown are
representative of two indepen-
dent experiments. d Quantifica-
tion of oil red O staining in
uninfected cells (white bars),
LacZ-infected cells (grey bars)
and KLF7-infected cells (black
bars)
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typing strategy, as employed in this study, can be more
effective than a single candidate gene approach for the
identification of susceptibility genes for common diseases
such as diabetes mellitus. Because we examined total of 64
SNP loci, type 1 error due to multiple testing must be taken
into account. We therefore corrected the p value for the
association between a particular SNP in KLF7 (intron 2
+35092) and type 2 diabetes by Bonferroni’s method, and
obtained a p value of approximately 0.004. Based on this,
we concluded that the association between this SNP and
type 2 diabetes was statistically significant. Because we
used individuals from the general population as a control
group, it is possible that the potential power of our study to
detect an association of a particular locus with the disease
was relatively weaker than if we had used subjects with
normal glucose tolerance as a control group. Therefore, we
examined the relationship between the SNP in KLF7 with
type 2 diabetes in an independent set of case and control
subjects to verify the association. Because the KLF7 locus,
chromosome 2q32, was also reported to be a diabetes or
relevant metabolic trait locus [22], we concluded that KLF7
was a good candidate gene for conferring susceptibility to
type 2 diabetes.

KLF7 was originally identified by a degenerative PCR
approach using a cDNA library from human vascular en-
dothelial cells. Because the expression of KLF7 was de-
tectable in wide variety of human tissues, it was then
named ubiquitous Krüppel-like factor [23]. KLF7 was also
identified as a transcriptional activator and was shown to be
capable of increasing the expression of p21WAF1/Cip1, which
encodes a cell cycle regulator [24]. Furthermore, the gene
encoding KLF7 is known to be predominantly expressed in
the brain and the spinal cord in humans [23], and in the
central and peripheral nervous system during embryogen-
esis in mice [24]. These findings suggest that KLF7 plays a
pivotal role in the regulation of neurogenesis; however, the
mechanism of its involvement in the pathogenesis of type 2
diabetes is not known.

In the present paper we have demonstrated that Klf7
expression can be detected in 3T3-L1 preadipocytes, and
that expression decreases in response to the differentiation
of 3T3-L1 adipocytes (Fig. 3a). Using cells infected with
adenoviral vectors encoding KLF7, we have also demon-
strated that KLF7 expression has an inhibitory effect on
adipogenesis. This pattern of expression and effect on
adipogenesis is similar to that previously reported for
KLF2 [8], suggesting that KLF7 could also play a role in
the regulation of adipogenesis. Therefore, it can be hy-
pothesised that KLF7 may confer susceptibility to type 2
diabetes by affecting adipocyte function.

The exact mechanism by which the polymorphisms in
KLF7 affect susceptibility to type 2 diabetes remains to be
elucidated. By searching for additional polymorphisms
within exons and the regulatory region of KLF7, we iden-
tified several additional polymorphisms within the gene
(one synonymous SNP within exon 2, three SNPs within
the 3′ untranslated region of exon 4, and three SNPs within
2 kb upstream of the transcription initiation site). However,

a subsequent association study revealed that none of these
SNPs was significantly associated with type 2 diabetes
(data not shown).

In conclusion, we have identified KLF7 as a new can-
didate gene with specific alleles that can confer suscepti-
bility to type 2 diabetes. Our results also suggest that KLF7
may contribute to the pathogenesis of type 2 diabetes by
regulating the function of adipocytes.
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