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Hepatocyte nuclear factor 4␣ (HNF4A), the gene for the
maturity-onset diabetes of the young type 1 monogenic
form of type 2 diabetes, is within the type 2 diabetes–
linked region on chromosome 20q12-q13.1 and, consequently, is a positional candidate gene for type 2
diabetes in the general population. Previous studies
have identified only a few rare coding mutations. However, recent studies suggest that single nucleotide polymorphisms (SNPs) located near the P2 (␤-cell)
promoter of HNF4A are associated with diabetes susceptibility. In this study, we evaluated 23 SNPs spanning 111 kb including the HNF4A gene for association
with type 2 diabetes in a collection of Caucasian type 2
diabetic patients with end-stage renal disease (n ⴝ 300)
and control subjects (n ⴝ 310). None of the individual
SNPs were associated with type 2 diabetes in this
collection of case subjects (P values ranging from 0.06
to 0.99). However, haplotype analysis identifies significant differences between haplotype frequencies in type
2 diabetic case and control subjects (P ⴝ 0.013 to P <
0.001), with two uncommon “risk” haplotypes (2.4 and
2.2% of chromosomes) and two uncommon “protective”
haplotypes (7.1 and 5.0% of chromosomes) accounting
for the evidence of association. Our results suggest that
type 2 diabetes linked to 20q12–13 is a heterogeneous
disease in which different populations may have different type 2 diabetes susceptibility loci.Diabetes 54:
1185–1190, 2005
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everal studies have provided evidence for linkage
of type 2 diabetes to the long arm of chromosome
20 in Caucasians (1–5) and Asians (6,7), suggesting that one or more type 2 diabetes susceptibility
loci are located on chromosome 20q. Hepatocyte nuclear
factor 4␣ (HNF4A) is a candidate gene within this linked
region because mutations in HNF4A have been implicated
in the maturity-onset diabetes of the young type 1 subtype
of type 2 diabetes, a monogenic form of type 2 diabetes
characterized by defective insulin secretion (8). HNF4A is
a member of the steroid/thyroid hormone receptor superfamily of transcription factors (9), and it interacts with
regulatory elements in promoters and enhancers of genes
involved in cholesterol, fatty acid, and glucose metabolism
(10). Thirteen exons have been identified in HNF4A, and
alternative splicing of these exons results in at least nine
isoforms of the gene. The transcription of three of these
isoforms is driven by an alternate promoter known as P2,
which is located ⬃45.5 kb upstream of the P1 promoter
(11,12). Recent studies suggest that although both promoters function in pancreatic ␤-cells (13), it is the P2 promoter
that primarily drives transcription in these cells (11,12).
In previous studies (14,15), we surveyed the coding region
of HNF4A and conserved enhancer-like elements in the
distal HNF4A promoter, finding no evidence for significant
association to type 2 diabetes in the general population.
Recently, several groups have evaluated single nucleotide
polymorphisms (SNPs) in the P2 region for association
with type 2 diabetes. These reports suggest that four SNPs
in a 10.7-kb region encompassing the P2 promoter are
significantly associated with type 2 diabetes disease status
in subjects from Finnish type 2 diabetic families (16) and
Ashkenazi Jewish type 2 diabetic families (17).
RESEARCH DESIGN AND METHODS
The samples evaluated in this study consisted of a collection of 300 unrelated
Caucasian type 2 diabetic patients with end-stage renal disease (ESRD), and
a corresponding collection of 310 randomly ascertained unrelated Caucasian
subjects with no known history of diabetes. Both sample collections were
recruited simultaneously. Ascertainment and recruitment criteria of these
collections have been described previously in detail (18 –23). Case subjects
were recruited on the basis of a diagnosis of type 2 diabetes and ESRD. These
case subjects were not derived from the family collection that previously
showed evidence of linkage to 20q (1) but were recruited using identical
clinical criteria. The type 2 diabetic ESRD subjects were 52% female and had
a mean age at diagnosis of diabetes of 46.5 ⫾ 12.8 years, mean BMI at
recruitment of 28.5 ⫾ 7.0 kg/m2, mean maximum reported BMI of 36.1 ⫾ 8.3
kg/m2, mean duration of diabetes ⬎15 years, and mean HbA1c of 8.6%. Control
subjects were 67% female, had a mean age of 45.8 years, and a mean BMI
(from self-reported height and weight) of 25.7 kg/m2.
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FIG. 1. Genomic map of the HNF4A gene with the locations of the 23 genotyped SNPs. The labeled shaded regions are exons, numbered 1–10. The
unlabeled shaded regions indicate evolutionarily conserved regions, as identified previously (15). The ruler along the bottom represents the
relative location and spacing of SNPs in kilobases within the 111.23-kb region containing HNF4A.
SNP selection and genotyping. Sixteen SNPs used in this study were
selected from the dbSNP public database (rs2868093, rs6073418, rs717248,
rs717247, rs736820, rs736822, rs736824, rs745975, rs736823, rs1885088, rs1885089,
rs3212198, rs1028583, rs1028584, rs2273618, and rs911358) and were mapped
to unique locations in and around the HNF4A gene. Seven additional dbSNPs
(rs4810424, rs1884613, rs1884614, rs2144908, rs2425637, rs2425640, and
rs3818247) located in and around the HNF4A gene were selected on the basis
of previous reports of association with type 2 diabetes in Finnish (16) and/or
Ashkenazi (17) populations. SNP genotyping was performed on a Sequenom
MassArray Genotyping System (Sequenom, San Diego, CA) as previously described (24).
Statistical analysis. Pearson’s test of homogeneity of proportions was
applied to analyze allele frequency differences between diabetic and nondiabetic subjects. The SNP-Analysis software package (http://www.fhcrc.org/
labs/Kruglyak/Downloads) was used to evaluate SNPs for Hardy-Weinberg
equilibrium and to calculate pairwise linkage disequilibrium (LD) statistics.
Within the regions of strongest LD, HAPLO.SCORE (25 and http://www.mayo.
edu/statgen/) and Dandelion (26) were used to estimate haplotypes and to test
for association of these haplotypes within the case-control population.
Direct sequencing. The coding regions encompassed by specific haplotypes
were sequenced to assess whether coding mutations contribute to the observed haplotype associations. Specifically, the P2 promoter region and alternate exon 1d were sequenced in 27 Caucasian type 2 diabetic case subjects
with either of the risk haplotypes and in an equal number of Caucasian control
subjects with neither of the risk haplotypes. Exon 4 was sequenced in 16
Caucasian control subjects bearing either of the protective haplotypes and in
an equal number of Caucasian type 2 diabetic case subjects with neither of the
protective haplotypes. In addition, SNP rs1884613 and the surrounding genomic region were sequenced in 96 Caucasian type 2 diabetic case subjects
to confirm individual genotypes assigned by the Sequenom system at this
particular SNP.
All samples were sequenced with both forward and reverse primers using
the BigDye Terminator v.1.1 Cycle Sequencing Kit (Applied Biosystems,
Foster City, CA) according to the manufacturer’s instructions. The sequencing
reactions were then analyzed with the Applied Biosystems 3730xl DNA
sequencer (Applied Biosystems, Foster City, CA).

RESULTS

In this study, we evaluated 23 SNPs covering a 111-kb genomic region spanning distal to the P2 promoter through
the HNF4A coding sequence (Fig. 1). All SNPs were located in noncoding regions except rs736823 (in exon 2),
resulting in a H98Y amino acid change. The average spacing between SNPs was 5 kb, with inter-SNP distances
ranging from 90 bp to 23.5 kb. Included in this evaluation
were the four SNPs showing significant association in both
the Finnish (16) and Ashkenazi Jewish (17) populations
(rs4810424, rs1884613, rs1884614, and rs2144908). In addition, the SNPs we evaluated included two SNPs showing
association in the Finnish population only (rs2425637 and
rs2425640) and two SNPs showing association in the Ashkenazi Jewish population only (rs1028583 and rs3818247).
The 23 SNPs were genotyped in a collection of Caucasian type 2 diabetic ESRD case subjects (n ⫽ 300) and
1186

control subjects (n ⫽ 310), and single SNP association analysis was performed. In the control population,
rs2425637 (P ⫽ 0.009) and rs2425640 (P ⫽ 7.6 ⫻ 10⫺9) did
not conform to Hardy-Weinberg equilibrium. Rs2425640 is
one of the SNPs for which association with type 2 diabetes
in the Ashkenazi Jewish population was observed. Single
SNP association analysis is summarized in Table 1, which
shows the SNP identifier, the relevant alleles for each SNP,
frequencies in case and control subjects, and P values
from the test for allelic association. This analysis revealed
little or no evidence of association between these 23 SNPs
and type 2 diabetes or even a suggestive trend (P values
between 0.06 and 0.99). The lowest P value is with
rs717248, which was not an associated SNP in the Finnish
and Ashkenazi studies.
Even if no individual SNPs in HNF4A are associated
with disease status, it may be possible to identify HNF4A
haplotypes that are significantly associated with increased
TABLE 1
Association analysis for HNF4A SNPs in Caucasian type 2
diabetic ESRD subjects and Caucasian control subjects

SNP
rs2868093
rs4810424
rs1884613
rs1884614
rs2144908
rs6073418
rs2425637
rs717248
rs717247
rs2425640
rs736820
rs736822
rs736824
rs745975
rs736823
rs1885088
rs1885089
rs3212198
rs1028583
rs1028584
rs2273618
rs3818247
rs911358

Alleles
(minor/major)

Frequency
in patients
(n ⫽ 300)

Frequency in
control subjects
(n ⫽ 310)

P

T/C
C/G
G/C
T/C
A/G
T/C
G/T
G/A
G/A
A/G
A/G
T/A
G/A
A/G
A/G
A/G
T/C
C/T
T/G
A/C
T/C
T/G
T/A

0.134/0.866
0.18/0.82
0.171/0.829
0.176/0.824
0.17/0.83
0.353/0.647
0.471/0.529
0.027/0.973
0.288/0.712
0.22/0.78
0.364/0.636
0.235/0.765
0.441/0.559
0.236/0.764
0.07/0.93
0.207/0.793
0.207/0.793
0.437/0.563
0.421/0.579
0.421/0.579
0.412/0.588
0.391/0.609
0.259/0.741

0.147/0.853
0.164/0.836
0.172/0.828
0.168/0.832
0.181/0.819
0.356/0.644
0.471/0.529
0.048/0.952
0.304/0.696
0.204/0.796
0.356/0.644
0.235/0.765
0.438/0.562
0.228/0.772
0.069/0.931
0.218/0.782
0.226/0.774
0.43/0.57
0.412/0.588
0.405/0.595
0.4/0.6
0.359/0.641
0.218/0.782

0.51
0.49
0.98
0.74
0.61
0.93
0.99
0.06
0.53
0.51
0.75
0.99
0.91
0.76
0.94
0.66
0.42
0.82
0.75
0.57
0.67
0.24
0.1
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FIG. 2. Marker-to-marker Dⴕ plots for the
23 HNF4A SNPs. Inter-SNP Dⴕ values are
graphically represented using the Graphical Overview of LD (GOLD) software
package, which generates the color-coded
plot of the pairwise disequilibrium statistics with horizontal and vertical axes that
are scaled according to the inter-SNP distances (31).

or decreased type 2 diabetes risk (27). Therefore, LD and
the haplotype structure of HNF4A were examined to
determine whether specific SNP haplotypes were associated with type 2 diabetes in our population. Inter-SNP D⬘
values were calculated for the HNF4A gene region (Fig. 2).
When D⬘ ⬎0.7 was used to define strong disequilibrium,
two six-SNP blocks were identified. The first block, beginning with rs2868093 ⬃20 kb upstream of P2 and ending
with rs6073418 ⬃17 kb downstream of P2, represents the
block of strongest disequilibrium, which spans a region of
⬃36.8 kb. The second block of more modest disequilibrium, beginning with rs1885088 in intron 3 and ending with
rs2273618 in intron 7, covers a 13.5-kb region. Marker to
marker D⬘ values between SNPs in the first block and
SNPs in the second block indicate that the two blocks are
not in LD with each other.
Each six-SNP disequilibrium block was analyzed using
HAPLO.SCORE (25) and Dandelion (26). Haplotype fre-

quencies were estimated, and association analyses were
performed with respect to type 2 diabetes in our casecontrol population. Table 2 summarizes the results of
HAPLO.SCORE and Dandelion evaluating the six-SNP
haplotypes, in which the specific haplotypes are identified,
the frequency of each haplotype is estimated in case and
control subjects, a score for each haplotype (Hap score) is
calculated, and an empirical P value is calculated for the
significance of each Hap score. A negative Hap score
indicates that the haplotype occurs more frequently in
control subjects, whereas a positive Hap score indicates
that the haplotype occurs more frequently in type 2 diabetic case subjects. In addition, a global P value, which
reflects the significance of the difference between type 2
diabetic case and control subjects, is reported.
In the analysis of the six-SNP disequilibrium block
(rs2868093, rs4810424, rs1884613, rs1884614, rs2144908,
and rs6073418) encompassing the P2 region, the fre-

TABLE 2
Haplotype analysis of six-SNP HNF4A haplotypes in type 2 diabetic ESRD subjects vs. control subjects using HAPLO.SCORE (25) and
Dandelion (26)

Haplotype
Six SNPs in strongest LD block (rs2868093, rs4810424,
rs1884613, rs1884614, rs2144908, rs6073418)
TCGTAC
CGCCGT
CCGTAC
CGCCGC
TCCTAC
CGGCGT
Six SNPs in second LD block (rs1885088, rs1885089,
rs3212198, rs1028583, rs1028584, rs2273618)
GCTTAC
GCCGCT
GCCGCC
ATTGCC
GCTGCC
GCCTAT
DIABETES, VOL. 54, APRIL 2005

Case subject
frequency
(%)

Control subject
frequency
(%)

Hap
score

Empirical
Hap-specific
P value

Global
simulated
P value

9.6
30.8
2.8
47.8
2.4
2.2

13.2
35.8
3.3
46.3
0
0

⫺1.88
⫺1.5
⫺0.04
0.29
3.28
3.81

0.053
0.13
0.95
0.78
0.0003
1.00E-06

2.00E-06

0.3
0
2.2
20.2
34.9
40.1

6.8
5.0
2.3
20.2
29.9
32.4

⫺4.26
⫺3.92
⫺0.01
0.01
1.32
1.97

⬍0.0001
⬍0.0001
0.99
0.99
0.19
0.05

⬍0.0001
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quencies of haplotypes in case and control subjects were
strongly statistically different (overall P ⫽ 2 ⫻ 10⫺6)
(Table 2). This highly significant difference was not due to
the difference in frequencies between the three common
haplotypes that were estimated. Two of these haplotypes,
TCGTAC and CGCCGT, are more common in the control
population. The third haplotype, CGCCGC, is more common in the case population, but these differences are not
statistically significant. The evidence for association with
diabetes is due to substantial differences in frequencies in
case and control subjects (P ⬍ 0.001) for two uncommon
haplotypes, TCCTAC (2.4% of case subjects and 0% of
control subjects) and CGGCGT (2.2% of case subjects and
0% of control subjects). A single SNP, rs1884613, differentiates between the uncommon risk and common, but not
risk-associated, haplotypes (TCCTAC risk versus TCGTAC
and CGGCGT risk versus CGCCGT).
Because significant risk haplotype associations were
observed in the absence of single SNP associations, we
investigated whether nearby functional or coding SNPs
were contributing to the observed haplotype associations.
We sequenced the P2 promoter and alternate exon 1d
(⬃774 bp) in all Caucasian type 2 diabetic case subjects
having either the TCCTAC (11 heterozygotes and 2 homozygotes) or CGGCGT (14 heterozygotes) risk haplotype. In addition, we sequenced an equal number of
Caucasian control subjects. Our sequence analysis identified no mutations or polymorphisms in the P2/exon 1d
region, suggesting that in our type 2 diabetic population
there are no polymorphisms in the nearby functional or
coding sequences that are in LD with the type 2 diabetes
risk haplotype (i.e., there is no obvious sequence difference that may be the true causal variant).
Because of the unusual observation that a single SNP
differentiates between risk and nonrisk haplotypes in this
first LD block, we confirmed the genotyping results by
sequencing rs1884613 and the surrounding genomic sequence (⬃540 bp) in 96 Caucasian type 2 diabetic case
subjects in an effort to confirm the genotypes assigned
by the Sequenom method. Concordance of 100% was
observed with the genotypes determined using the Sequenom method (data not shown).
In the analysis of the second six-SNP disequilibrium
block (rs1885088, rs1885089, rs3212198, rs1028583,
rs1028584, and rs2273618) encompassing the region from
intron 3 to intron 7, the haplotype frequencies in case and
control subjects were statistically different (overall P ⬍
0.0001) (Table 2). Two of the common haplotypes (GC
CTAT and GCTGCC) occur more frequently in the case
population, but only the GCCTAT haplotype is marginally
significant (P ⫽ 0.05) for association with type 2 diabetes,
whereas the third common haplotype (ATTGCC) occurs at
equal frequencies in the case and control populations.
Similar to the P2 disequilibrium block, evidence for association in this six-SNP block is due to significant differences in frequencies in case and control subjects for two
uncommon haplotypes, GCCGCT (6.80% of control subjects and 0.34% of case subjects) and GCTTAC (5.02% of
control subjects and 0% of case subjects), which are
significantly more prevalent in the control population than
in the case subjects (P ⬍ 0.001).
Recently, a rare loss-of-function mutation in exon 4 of
1188

HNF4A has been identified, and this mutation was found
to be associated with type 2 diabetes in Japanese subjects
(28). Because our uncommon protective haplotypes in the
second LD block encompass exon 4, we scanned our populations for the T130I mutation by sequencing exon 4 in
Caucasian control subjects having either the GCCGCT (19
heterozygotes and 3 homozygotes) or GCTTAC (18 heterozygotes and 7 homozygotes) protective haplotype. In
addition, we sequenced an equal number of Caucasian
type 2 diabetic case subjects bearing neither of the protective haplotypes. Our sequencing data identified no T130I
mutations or any other coding mutations in exon 4 (data
not shown). These results are not surprising because the
T130I mutation is associated with an increased risk for
type 2 diabetes, and therefore it would be surprising to
observe this allele in control individuals bearing a protective haplotype.
DISCUSSION

Recent studies suggest that four SNPs near the P2 promoter of HNF4A are significantly associated with diabetes
status and that evidence for linkage at 20q13 could be
attributed to the families carrying a risk allele (16,17).
Independently, we evaluated 23 SNPs spanning 111.23 kb
of the HNF4A gene region in a case-control association
study. Included in this analysis were the four SNPs in the
P2 promoter region found to be associated in both Finnish
and Ashkenazi samples (rs4810424, rs1884613, rs1884614,
and rs2144908), three SNPs found to be associated in Finnish samples only (rs2425637, rs2425640, and rs1885088),
and two SNPs found to be associated in Ashkenazi samples
only (rs1028583 and rs3818247). In contrast to the results
of Love-Gregory et al. (17) and Silander et al. (16), we observed little or no evidence of association with single SNPs
(Table 1).
Our LD and haplotype structure indicate that there are
two distinct disequilibrium blocks separated by recombination within this gene region that are each defined by six
SNPs. This LD structure broadly corresponds to that reported by Love-Gregory et al. (17). We used this LD structure to guide the haplotype analysis. Our analysis indicates
that in the LD block encompassing the P2 promoter region
(Table 2), there are two rare, completely mismatching
haplotypes (TCCTAC and CGGCGT) that are significantly
associated with type 2 diabetes risk. These risk-associated
haplotypes differ from the more common, nonrisk haplotypes at a single SNP locus, rs1884613. However, rs1884613
showed no trend toward association in our single SNP
analysis. Direct sequencing confirmed that the individual
genotypes assigned at this particular locus were correct,
indicating that the rare risk haplotypes were not estimated
due to genotyping error. In addition to genotyping error,
an alternative possibility is that the haplotype-estimating
programs (HAPLO.SCORE and Dandelion) do not correctly assign haplotypes in this circumstance of unusual, uncommon haplotypes. Extensive exploration of this possibility
has led us to conclude that haplotype assignments are correct (data not shown). A summary of the haplotype assignments for each individual with the uncommon risk or
uncommon protective haplotypes is shown in supplemental Table 1 (available at http://diabetes.diabetesjournals.
org). It is noteworthy that the probability assigned to each
DIABETES, VOL. 54, APRIL 2005
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haplotype call is ⬎70% for all haplotypes and that the
average probability of correct assignment is 88% for the P2
haplotypes and 98% for the intron 3 to intron 7 haplotypes.
In addition, we have observed that haplotype-specific P
values for uncommon haplotypes may not be robustly
estimated using HAPLO.SCORE (D. Schaid, personal communication), and the reported Hap scores may better
reflect the contributions of specific haplotypes to overall
differences between case and control subjects. Focusing
on the Hap scores alone does not alter our interpretation
of the haplotype analysis.
Alternate exon 1d and the P2 promoter region were
sequenced in all individuals carrying either of these risk
haplotypes. No mutations or polymorphisms were identified, which suggests that the observed associations are not
driven by nearby functional or coding mutations. Because
the two risk haplotypes are completely mismatching and
because they differ from the common nonrisk haplotypes
at a single locus that is not individually associated with an
increased risk, we hypothesize that unique combinations
of SNP alleles may be driving the observed associations
and that the phenotype is due to multiple variants working
in combination.
In the LD block covering the genomic region from intron
3 to intron 7 (Table 2), there are two rare haplotypes
(GCTTAC and GCCGCT) that are significantly associated
with a decreased risk for type 2 diabetes and a single
common risk haplotype GCCTAT that is marginally significant for type 2 diabetes risk (P ⫽ 0.05). Because the T130I
loss-of-function mutation in exon 4 was recently identified
(28), we sequenced exon 4 in all individuals carrying either
of these protective haplotypes. The mutation was not
present in any of the control samples bearing the protective haplotypes. Because no nearby coding mutations have
been identified that can account for these haplotypic
associations, a combination of SNPs may be required to
confer protection. Baroso et al. (27) recently suggested the
possibility of protective haplotypes in the coding region of
HNF4A; however, SNPs comprising such protective haplotypes were not genotyped in this study.
Whereas we used the LD structure of the gene region to
guide our haplotype analysis, Silander et al. (16) estimated
haplotype frequencies using six SNPs spanning two distinct LD blocks and regions of recombination between
blocks. Because our analysis included four of these six
SNPs (rs2144908, rs2425637, rs2425640, and rs1885088),
we estimated haplotypes using these four SNPs. Although
our analysis identified the same haplotypes as those
reported by Silander et al. (16), none of the haplotypes
were significantly associated (P values ranging from 0.16
to 0.99; overall empirical P ⫽ 0.73) (data not shown).
HNF4A SNPs do not seem to play the major role in type
2 diabetes susceptibility in our study population that has
been observed in studies of Finnish (16) and Ashkenazi
Jewish (17) families. It is interesting to note that we observed stronger evidence for association to type 2 diabetes
susceptibility with the nearby PTPN1 gene on 20q13 (29,
30). The results of HNF4A haplotype analysis suggest,
however, that there is some type 2 diabetes risk associated
with HNF4A in our population. It should be informative to
test these haplotype effects in other populations. The risk
haplotypes in the P2 region were only observed in case
DIABETES, VOL. 54, APRIL 2005

subjects, suggesting that they may have a substantial impact on HNF4A gene expression or message stability. Similar conclusions can be drawn about the HNF4A protective
haplotypes. It should be noted that failure to replicate the
evidence reported by Silander et al. (16) and Love-Gregory
et al. (17) could be due to lack of statistical power. Our
case-control population has 80% power to detect P ⱕ 0.05
for an odds ratio of 1.5. If the true odds ratio for HNF4A is
lower, this study may not have the power to detect a
significant association.
In addition, as noted above, the study population described here consists of case subjects ascertained as unrelated Caucasian Americans with a diagnosis of type 2
diabetes with associated ESRD. The populations studied
by Silander et al. (16) (Finnish type 2 diabetic families) and
Love-Gregory et al. (17) (type 2 diabetic families of Ashkenazi Jewish heritage) were ascertained in a different
manner. Although it seems unlikely, there is the possibility
that the HNF4A risk alleles observed by Silander et al. (16)
and Love-Gregory et al. (17) confer protection from ESRD
and would be rare in the ESRD population. Comparison
of allele frequencies (data not shown) does not directly
suggest this. Overall, the results reported here, in combination with our analysis of PTPN1, and the results of
Silander et al. (16) and Love-Gregory et al. (17) are consistent with a model in which multiple genes on 20q12–13
contribute to type 2 diabetes, and different genes affect
risk to various degrees in different populations.
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