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AMP-activated protein kinase (AMPK) is a key molecular
regulator of cellular metabolism, and its activity is induced
by both metformin and thiazolidinedione antidiabetic med-
ications. It has therefore been proposed both as a putative
agent in the pathophysiology of type 2 diabetes and as a
valid target for therapeutic intervention. Thus, the genes
that encode the various AMPK subunits are intriguing
candidates for the inherited basis of type 2 diabetes. We
therefore set out to test for the association of common
variants in the genes that encode three selected AMPK
subunits with type 2 diabetes and related phenotypes. Of
the seven genes that encode AMPK isoforms, we initially
chose PRKAA2, PRKAB1, and PRKAB2 because of their
higher prior probability of association with type 2 diabetes,
based on previous reports of genetic linkage, functional
molecular studies, expression patterns, and pharmacologi-
cal evidence. We determined their haplotype structure,
selected a subset of tag single nucleotide polymorphisms
that comprehensively capture the extent of common ge-
netic variation in these genes, and genotyped them in
family-based and case/control samples comprising 4,206
individuals. Analysis of single-marker and multi-marker
tests revealed no association with type 2 diabetes, fasting

plasma glucose, or insulin sensitivity. Several nominal asso-
ciations of variants in PRKAA2 and PRKAB1 with BMI appear
to be consistent with statistical noise. Diabetes 55:849–855,
2006

T
ype 2 diabetes arises from the complex interplay
of various pathophysiologic mechanisms involv-
ing peripheral insulin resistance and relative
insulin insufficiency. The final expression of the

diabetic phenotype is strongly influenced by inheritance;
however, with the exception of rare monogenic forms of
diabetes, common type 2 diabetes is thought to have a
polygenic architecture (1). The two most widely reproduced
associations of common variants with type 2 diabetes, the
P12A polymorphism in the peroxisome proliferator–acti-
vated receptor (PPAR)-� (encoded by PPARG) and the
E23K polymorphism in the islet ATP-activated potassium
channel Kir6.2 (encoded by KCNJ11), occur in genes that
are targets for antidiabetic medications (2).

AMP-activated protein kinase (AMPK), a central cellular
energy regulator, has recently emerged as a primary
candidate for a role in metabolic dysfunction (3). This
highly conserved heterotrimer consists of an � catalytic
subunit and � and � regulatory subunits, each of which has
more than one isoform. The activation of AMPK by the
depletion in cellular energy levels results in a host of
metabolic effects ranging from mitochondrial biogenesis
to improved insulin sensitivity (4–6), leading to increases
in glucose availability and fatty acid oxidation (7,8). En-
hanced AMPK activity in low-energy states is thought to be
due to both transcriptional and post-translational mecha-
nisms. AMPK activity is induced in human muscle as a
result of moderate- to high-intensity exercise, with corre-
sponding increases in phosphorylation and deactivation of
acetyl-CoA carboxylase-� (a key enzyme in fatty acid synthe-
sis) and nuclear translocation of the catalytic �2 subunit
(9–11). Interestingly, acute exercise, which normalizes
GLUT4 translocation and glucose uptake in patients with
type 2 diabetes, causes a normal (approximately three-
fold) increase in �2 activity in these patients (12).

The �2 catalytic subunit, encoded by PRKAA2 in chro-
mosome 1p31, is phosphorylated under stimulation by the
widely used antidiabetic drug metformin (13–16). Al-
though this relationship is well established, the precise
mechanism of activation has yet to be elucidated. It does
not appear to act through ATP depletion, nor through
direct phosphorylation of the upstream kinase LKB1 (17,18).
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Malmö, Sweden; the 5Department of Clinical Science, University Hospital
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PRKAA2 is located under a type 2 diabetes linkage peak
detected in a diabetic Japanese population (logarithm of
odds [LOD] score 1.24, nominal P � 0.014) (19). Further-
more, in contrast to mice devoid of the �1 subunit, �2
subunit knockout mice display hyperglycemia and insulin
resistance (20). Finally, muscle contraction and moderate-
intensity exercise have consistently resulted in increased
�2 activity (21).

PRKAB1, the gene that encodes the �1 regulatory
subunit, is located in chromosome 12q24.1, under the
12q24.31 type 2 diabetes linkage peak found in several
populations (22–24). Additionally, it has been shown that
mutations in phosphorylation and post-translational mod-
ification sites in �1 affect levels of AMPK activity and/or its
nuclear distribution (25). The �1 subunit also binds either
glycogen or glycogen-debranching enzyme, resulting in
changes to overall AMPK complex activity (26,27).

PRKAB2, the gene that encodes the �2 regulatory
subunit, is located in 1q21.2, near the type 2 diabetes
linkage peak found in Pima Indians (28), which is sup-
ported by studies in additional populations (29–31). The
�2 subunit is the predominant isoform found in human
skeletal muscle, and it associates primarily with the �2
isoform (32,33). Expression studies conducted by the
Genomics Institute of the Novartis Research Foundation
also provide evidence of high expression of �2 in human
liver (online database, http://symatlas.gnf.org/SymAtlas/)
(34).

Taken together, these various lines of evidence establish
PRKAA2, PRKAB1, and PRKAB2 as attractive candidate
genes for increasing type 2 diabetes risk and influencing
related physiological parameters. We therefore set out to
characterize their haplotype structures and assess a com-
prehensive set of common variants in these genes for
association with type 2 diabetes and intermediate pheno-
types.

RESEARCH DESIGN AND METHODS

Haplotype structure. The haplotype structures of the �2, �1, and �2 genes
were determined by selecting single nucleotide polymorphisms (SNPs) from
the publicly available dbSNP database at regularly spaced intervals, and
genotyping these in the HapMap reference panel from the CEPH (Centre
d’Etude du Polymorphisme Humain) consisting of 30 parent-offspring trios

from Utah with European ancestry (CEU). This dataset was supplemented
with genotypes available from the International HapMap Project (www.hap
map.org) for this same reference panel. For all genes, we extended our
investigation of the haplotype structure both upstream and downstream of the
gene until linkage disequilibrium (LD) decayed on both flanks, as indicated by
the termination of a haplotype block according to the definition of Gabriel et
al. (35). Accordingly, the region examined for PRKAA2 extends for 100 kb,
from 27 kb upstream of the transcription start site to 12 kb downstream of the
3� untranslated region; likewise for PRKAB1 and PRKAB2, the regions
analyzed cover 156 kb (from �84 to �74 kb) and 93 kb (from �38 to �35 kb),
respectively. SNPs of �5% frequency, those that failed genotyping due to
technical errors, or those that failed to meet Hardy-Weinberg equilibrium (P �
0.01) were removed from the haplotype structure and subsequent analyses.
Genotyping. Genotyping was performed as previously described, using
primer extension of multiplex products with detection by MALDI-TOF (ma-
trix-assisted laser desorption ionization–time of flight mass spectroscopy) on
the Sequenom platform (35,36). Average genotyping success was 99.7% in the
reference panel and 94% in the disease panel; our concordance rate, based on
1,281 duplicate comparisons, was 99.77%. Genotype counts for the various
samples tested in this study are shown in online appendix Table 1 (available
from http://diabetes.diabetesjournals.org as well as on our website http://
genetics.mgh.harvard.edu/AltshulerWeb/publicationdata/Sun_AMPK.html).
Tagging methodology. Single- and multi-marker tests were identified using
the software Tagger (37) (http://www.broad.mit.edu/tagger), such that these
tests collectively capture all SNPs �5% frequency at a minimum r2 of 0.8. We
used the aggressive (multi-marker) tagging mode and constrained tag SNPs
that appear in multi-marker tests to be in strong LD (LOD score 	2.0). Phasing
of chromosomes was performed by the weighted expectation-maximization
algorithm incorporated into the software Haploview (38) (http://www.broad.
mit.edu/mpg/haploview/) when possible and as previously described (39) for
the discordant sibpairs.
Clinical samples. The diabetic samples are presented in Table 1 and have
been described elsewhere (40,41). Briefly, they comprise 321 Scandinavian
trios; 1,189 Scandinavian siblings discordant for type 2 diabetes; a Scandina-
vian case-control sample totaling 942 subjects individually matched for age,
BMI, and geographic region; a case/control sample from Sweden totaling 1,028
subjects who were individually matched for sex, age, and BMI; and an
individually matched case/control sample totaling 254 subjects from the
Saguenay Lac–St. Jean region in Quebec, Canada. In the Scandinavian
samples, case subjects included those with type 2 diabetes or severe impaired
glucose tolerance, defined as a 2-h blood glucose of 8.5 to �10.0 mmol/l during
an oral glucose tolerance test (OGTT). These samples have been validated by
the replication of the two most widely reproduced associations in type 2
diabetes, PPARG P12A (40) and KCNJ11 E23K (42), and by the overlap with
other groups’ findings in the promoter region of the hepatocyte nuclear factor
4� (41).
Statistical analysis. Power calculations were performed using the program
of Purcell et al. (43), available at http://pngu.mgh.harvard.edu/
purcell/gpc/.
To examine the association of SNPs and haplotypes with type 2 diabetes, we

TABLE 1
Clinical characteristics of patient samples

Sex
(M/F)

Age
(years)

BMI
(kg/m2)

Fasting plasma
glucose (mmol/l)

HbA1c (%)* or plasma
glucose at 2-h OGTT

(mmol/l)†

Scandinavian trios
Affected probands 168/153 39 � 9 27 � 5 7.2 � 2.6 8.5 � 2.9†
Parents 236/236

Sibships
Diabetes/severe IGT sib 280/329 65 � 10 29 � 5 9.3 � 3.3 14.3 � 5.6†
NGT sib 275/305 62 � 10 26 � 3 5.4 � 0.4 6.0 � 1.1†

Scandinavian C/C
Diabetes/severe IGT 252/219 60 � 10 28 � 5 9.8 � 3.4 15.0 � 5.3†
NGT 254/217 60 � 10 27 � 4 6.2 � 1.8 6.8 � 2.8†

Swedish C/C
Diabetes/severe IGT 267/247 66 � 12 28 � 4 9.6 � 2.9 6.5 � 1.5*
NGT 267/247 66 � 12 28 � 4 5.5 � 0.7 ND

Canadian C/C
Diabetes 70/57 53 � 8 29 � 5 6.4 � 1.8 12.8 � 2.1†
NGT 70/57 52 � 8 29 � 4 5.1 � 0.6 6.1 � 1.1†

Data are means � SD. Plasma glucose was measured at baseline (fasting) and 2 h after an OGTT. C/C, case/control; IGT, impaired glucose
tolerance; ND, not determined; NGT, normal glucose tolerance. Severe IGT was defined as a 2-h OGTT blood glucose �8.5 but �10.0 mmol/l.
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used simple �2 analysis in the case/control samples, the transmission disequi-
librium test (44) in the diabetic trios, and the discordant allele test (45) in the
sibpairs; the first two have been implemented in Haploview (http://www.
broad.mit.edu/mpg/haploview/) for both single- and multi-marker association
testing (38). In Haploview, possible ambiguity in haplotype assignments is
accounted for by incorporating haplotype probabilities in the tests of disease
association. The probability estimate of each multi-marker haplotype test was
compared individually against all others; only haplotypes with frequencies
	5% in the reference panel were examined. Results from the various samples
were combined by Mantel-Haenszel meta-analysis of the odds ratios (ORs)
(46); all P values are two-tailed. Homogeneity of ORs among study samples
was tested using a Pearson �2 goodness-of-fit test, as previously described
(46).
Quantitative trait comparisons. Plasma glucose was measured by a
glucose oxidase method on a glucose analyzer (Beckman Instruments, Fuller-
ton, CA). Insulin was measured by radioimmunoassay. A 75-g OGTT was
performed in a subset of the control Scandinavian subjects (n � 756, 363
female). The whole-body insulin sensitivity index (ISI) was calculated as in
Matsuda and DeFronzo (47). Nondiabetic individuals were sorted by their
diploid genotypes at each locus; each most-likely inferred multi-marker
haplotype test was compared against all other possibilities at the correspond-
ing loci. Mean fasting plasma glucose, ISI, and BMI (the latter two after log
transformation for non-normality) were compared by ANOVA across the three
genotypic groups for each marker.

RESULTS

We initially selected 73 SNPs from the dbSNP database
and genotyped them in the HapMap CEU panel. Of these
SNPs, 37 passed our criteria for inclusion, including geno-
typing percentage 	75%, Hardy-Weinberg equilibrium, and
minor allele frequency (MAF) 	5%. These SNPs were
combined with genotypic data downloaded from the Hap-
Map (CEU) to determine the structure of variation in
PRKAA2, PRKAB1, and PRKAB2. Respectively, 40, 49, and
29 SNPs were used to characterize the haplotype struc-
tures of PRKAA2, PRKAB1, and PRKAB2, with an average
spacing of one SNP every 2.5–3.3 kb; strong LD was noted
for all three genes, with almost all variants contained
within haplotype blocks as defined by Gabriel et al. (35).
Detailed figures of each gene’s haplotype structure can be
found in the online appendix (supplementary Fig. 1A–C)
as well as on our website (http://genetics.mgh.harvard.
edu/AltshulerWeb/publicationdata/Sun_AMPK.html).

Our tagging procedure resulted in the selection of 22 tag
SNPs in total, which collectively specify 22 single-marker
and 18 multi-marker tests (9/6 for PRKAA2, 8/8 for
PRKAB1, and 5/4 for PRKAB2). Thus, these 40 tests
constitute the tests of association to the trait (both of
themselves and of the other variants captured by them),
which were performed in the disease samples (online
appendix Fig. 1 and online appendix Table 2).

Assuming a type 2 diabetes prevalence of 8% and a
multiplicative model, our power calculations demon-
strated that our sample of 1,112 case/control pairs, 321
trios, and 1,189 discordant sibs had 	90% power (at P �
0.05) to detect an association with type 2 diabetes for
alleles or haplotypes of frequency �20% if the genotype
relative risk (GRR) was 1.2 or higher and for alleles or
haplotypes of frequency �10% if GRR was 1.3 or higher.
For a GRR of 1.2, power was 	70% for allele or haplotype
frequencies of 10% and dropped to 
45% for allele or
haplotype frequencies of 5%.

A meta-analysis of the association studies for the SNPs
and multi-marker haplotypes in each of the genes is
presented in Table 2. No heterogeneity was detected
among subsamples. We observed no significant associa-
tion with type 2 diabetes for any of these tests. Genotype
counts for each subsample is available in the online
appendix (supplementary Table 1) and on our website

(http://genetics.mgh.harvard.edu/AltshulerWeb/publication
data/Sun_AMPK.html). After correcting for having tested
multiple hypotheses by permutation, the nominal P values
of 0.05 for rs2393550 in PRKAB1 and 0.04 for test 38 in
PRKAB2 no longer reached statistical significance.

Because our case/control samples were matched for
BMI, it is possible that overmatching in our case/control
panels may have prevented us from detecting a true effect
on risk of type 2 diabetes, if this effect was mediated
through BMI. We therefore assessed whether BMI was
associated with any of the 40 genotypic tests in our control
sample. BMI comparisons across genotypic groups
showed nominal P values �0.05 for several tests in
PRKAA2 and PRKAB1, although after correction by per-
mutation testing, the best result did not retain empirical
statistical significance (Table 3).

Given the role played by AMPK activation in glucose
uptake and insulin resistance (6,48), we analyzed common
variants in these genes for association with differences in
fasting plasma glucose and in the ISI in the 756 control
subjects for whom we had OGTT data. We found no
significant differences in fasting plasma glucose for any of
the 40 genotypic tests; the nominally significant differ-
ences in ISI observed for SNPs rs894467 and rs1890039 in
PRKAB2 were due to genotypic groups that only had two
observations and therefore do not represent reliable find-
ings (online appendix Table 3, also available at our
website at http://genetics.mgh.harvard.edu/AltshulerWeb/
publicationdata/Sun_AMPK.html).

DISCUSSION

We set out to test the hypothesis that genetic variation in
the AMPK enzyme may contribute to the risk of type 2
diabetes. Based on the higher prior probability we as-
cribed to the �2, �1, and �2 subunits, we initially selected
these three genes for investigation. In a sample comprising
both case/control and family-based panels totaling 4,206
individuals, we were unable to document a significant
association of a comprehensive set of common variants in
the AMPK genes PRKAA2, PRKAB1, and PRKAB2 with
type 2 diabetes or two related intermediate traits.

Our negative results can have several explanations.
First, genetic variation in AMPK may not contribute to the
risk of type 2 diabetes. If functional variation is present,
epigenetic factors (rather than common genetic variation)
in AMPK may be responsible for its observed functional
role in ameliorating derangements of glucose homeostasis
in humans. It is also possible that genetic variants in
AMPK, while influencing intermediate phenotypes, may
not have an effect that is strong enough to impact diabetes
risk; our inability to detect a major effect of AMPK variants
on two related phenotypes (fasting plasma glucose and a
measure of insulin sensitivity) argues against the latter
explanation.

Second, our findings may represent false negative re-
sults. Although the power of a meta-analysis of five smaller
subsamples is not equivalent to a well-designed associa-
tion study of the same size, we note that no heterogeneity
was detected among our subsamples and that the present
design takes advantage of two family-based panels that are
robust to population stratification. In addition, these same
samples were adequate to detect the most commonly
reproduced genetic associations with type 2 diabetes
(40,42), both of which have a fairly modest effect on risk.

Third, genetic variation in AMPK genes that affects the
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risk of type 2 diabetes may be due to rare variants not
detected by our LD-based methods. We deliberately eval-
uated SNPs with MAF 	5% based on our power calcula-
tions, which were designed to detect variants that confer a
modest effect on risk in a sample of the size and charac-

teristics available to us. While we believe our tagging
methodology to be adequate to capture all common ge-
netic variation (MAF 	5%) and our sample size to provide
enough power for genotypic relative risks of 1.2 and
above, rarer variants or those that have more modest

TABLE 2
Association of variants in PRKAA2¸ PRKAB1, and PRKAB2 with type 2 diabetes

Gene Test SNP Position Alleles MAF OR 95% CI P

PRKAA2 1 rs2404987 56800626 T/C 0.48 1.05 0.95–1.17 0.31
2 rs6588640 56820444 G/A 0.07 0.92 0.74–1.14 0.43
3 rs2746343 56847835 C/T 0.16 0.99 0.86–1.15 0.93
4 rs857156 56875275 A/T 0.43 1.00 0.90–1.10 0.96
5 rs1342382 56889409 A/T 0.05 1.09 0.85–1.39 0.50
6 rs3738567 56890947 A/C 0.30 0.93 0.83–1.05 0.23
7 rs857142 56896486 C/A 0.32 0.96 0.86–1.07 0.45
8 rs10489617 56899028 C/G 0.12 1.00 0.82–1.22 0.97
9 rs2275732 56901814 T/C 0.05 1.20 0.89–1.61 0.23

Multi-marker tests Hap Freq OR 95% CI P

10 rs6588640, rs2746343 A, T 0.05 1.08 0.87–1.34 0.47
11 rs2404987, rs6588640, rs2746343 C, G, C 0.42 0.95 0.86–1.05 0.35
12 rs2404987, rs2746343, rs3738567 T, T, C 0.12 1.06 0.90–1.25 0.50
13 rs2746343, rs857156, rs1342382 C, T, A 0.44 0.99 0.89–1.11 0.93
14 rs857156, rs1342382 A, A 0.38 1.01 0.91–1.12 0.83
15 rs857142, rs10489617 C, C 0.57 0.95 0.85–1.05 0.30

Gene Test SNP Position Alleles MAF OR 95% CI P

PRKAB1 16 rs2015795 118499750 C/T 0.45 1.01 0.91–1.12 0.92
17 rs1541345 118546518 G/A 0.05 0.88 0.68–1.15 0.34
18 rs2393550 118560728 G/A 0.20 0.88 0.78–1.00 0.05
19 rs278143 118571734 A/G 0.35 1.03 0.91–1.16 0.64
20 rs278123 118587298 G/A 0.34 1.03 0.91–1.17 0.65
21 rs278124 118592151 A/G 0.19 0.92 0.79–1.07 0.29
22 rs2285595 118619128 A/G 0.50 0.92 0.83–1.02 0.10
23 rs278109 118634715 C/T 0.23 0.91 0.80–1.03 0.13

Multi-marker tests Hap Freq OR 95% CI P

24 rs2015795, rs278123 C, G 0.23 1.11 0.99–1.24 0.07
25 rs2015795, rs1541345, rs278123 T, G, G 0.42 0.99 0.87–1.12 0.88
26 rs2015795, rs278143 C, A 0.23 1.05 0.94–1.17 0.43
27 rs2393550, rs278124 A, G 0.19 1.07 0.93–1.22 0.36
28 rs278124, rs278109 G, T 0.19 1.10 0.94–1.28 0.22
29 rs2393550, rs278123 G, A 0.31 0.91 0.80–1.02 0.11
30 rs278123, rs2285595, rs278109 A, G, C 0.27 0.94 0.80–1.11 0.48
31 rs2285595, rs278109 G, C 0.28 0.99 0.88–1.13 0.93

Gene Test SNP Position Alleles MAF OR 95% CI P

PRKAB2 32 rs750467 143814574 C/T 0.21 0.96 0.85–1.10 0.58
33 rs2883434 143873900 A/C 0.26 1.11 0.99–1.25 0.07
34 rs1816802 143874874 T/C 0.11 0.97 0.85–1.11 0.70
35 rs894467 143886834 T/C 0.05 0.93 0.71–1.21 0.59
36 rs1890039 143906767 C/T 0.11 0.86 0.68–1.08 0.19

Multi-marker tests Hap Freq OR 95% CI P

37 rs750467, rs2883434 C, A 0.55 1.09 0.98–1.20 0.12
38 rs750467, rs2883434 C, C 0.24 0.88 0.79–0.99 0.04
39 rs750467, rs1890039 T, C 0.15 1.08 0.93–1.24 0.32
40 rs2883434, rs1816802 A, T 0.62 1.09 0.99–1.21 0.09

Twenty two single-marker tests and 18 multi-marker haplotype tests were defined based on 22 tag SNPs (9 and 6 for PRKAA2, 8 and 8 for
PRKAB1, and 5 and 4 for PRKAB2) and tested for association with type 2 diabetes in our samples. Results from the various samples were
combined by Mantel-Haenszel meta-analysis of the ORs. All P values are two-tailed. Chromosomal position is according to the NCBI build
35 release; alleles and OR of individual SNPs are reported as major vs. minor allele.
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influence on risk may have been missed. In addition,
because our tagging tests were selected in the HapMap
CEU panel and tested in Caucasian samples, we may have
missed variants that are specific to non-European popula-

tions. Nevertheless, we can conclude that the effect of
common variants in the AMPK genes PRKAA2, PRKAB1,
and PRKAB2 on type 2 diabetes, if present, appears to be
negligible in Caucasians.

TABLE 3
Association of variants in PRKAA2¸ PRKAB1, and PRKAB2 with BMI

PRKAA2 BMI (kg/m2)
Test Single-marker M/M M/m mm P

1 rs2404987 26.8 � 4.3 26.2 � 4.9 26.4 � 4.4 0.26
2 rs6588640 26.4 � 4.6 26.3 � 5.1 24.4 � 2.8 0.21
3 rs2746343 26.3 � 4.5 26.6 � 4.6 26.4 � 6.4 0.18
4 rs857156 26.2 � 5.0 26.2 � 4.6 26.7 � 4.5 0.25
5 rs1342382 26.3 � 4.4 26.4 � 7.0 33.3 � 7.4 0.004*
6 rs3738567 26.2 � 4.5 26.4 � 4.9 26.2 � 5.0 0.56
7 rs857142 26.4 � 4.1 26.3 � 5.1 26.4 � 4.8 0.60
8 rs10489617 26.4 � 4.7 26.3 � 4.4 23.7 � 3.8 0.14
9 rs2275732 26.3 � 4.7 26.6 � 4.2 24.5 � 1.0 0.58

Multi-marker 11 12 22

10 2, 3 24.4 � 2.8 26.9 � 3.8 26.6 � 3.7 0.16
11 1, 2, 3 26.5 � 3.7 26.5 � 3.6 27.1 � 3.9 0.07
12 1, 3, 6 25.2 � 2.8 27.0 � 3.4 26.6 � 3.8 0.07
13 3, 4, 5 27.1 � 4.0 26.6 � 3.6 26.6 � 3.7 0.27
14 4, 5 26.5 � 3.6 26.5 � 3.6 27.1 � 4.0 0.04
15 7, 8 26.5 � 3.5 26.8 � 3.9 26.4 � 3.5 0.35
PRKAB1

Test Single-marker M/M M/m m/m
16 rs2015795 26.2 � 3.5 26.8 � 3.8 26.9 � 4.0 0.02
17 rs1541345 26.7 � 3.7 26.4 � 4.0 28.0 � 3.2 0.48
18 rs2393550 26.7 � 3.8 26.7 � 3.7 26.1 � 3.3 0.50
19 rs278143 26.8 � 3.9 26.5 � 3.5 26.6 � 3.7 0.58
20 rs278123 26.8 � 3.9 26.4 � 3.4 26.5 � 3.8 0.25
21 rs278124 26.7 � 3.7 26.6 � 3.7 25.7 � 2.9 0.33
22 rs2285595 27.0 � 4.1 26.5 � 3.6 26.5 � 3.6 0.15
23 rs278109 26.8 � 3.8 26.4 � 3.6 26.5 � 3.4 0.43

Multi-marker 11 12 22

24 16, 20 26.1 � 3.5 26.7 � 3.7 26.7 � 3.7 0.26
25 16, 17, 20 26.9 � 3.9 26.9 � 3.7 26.2 � 3.5 0.01
26 16, 19 26.1 � 3.4 26.6 � 3.8 26.8 � 3.7 0.21
27 18, 21 26.0 � 3.3 26.5 � 3.6 26.7 � 3.8 0.42
28 21, 23 26.0 � 3.4 26.5 � 3.6 26.8 � 3.7 0.34
29 18, 20 26.5 � 3.9 26.4 � 3.4 26.8 � 3.9 0.22
30 20, 22, 23 27.0 � 4.1 26.3 � 3.4 26.8 � 3.8 0.09
31 22, 23 27.1 � 4.1 26.3 � 3.4 26.8 � 3.8 0.04
PRKAB2

Test Single-marker M/M M/m m/m
32 rs750467 26.6 � 3.6 26.6 � 4.0 27.1 � 3.4 0.67
33 rs2883434 26.5 � 3.7 26.7 � 3.8 27.0 � 3.7 0.31
34 rs1816802 26.6 � 3.7 26.7 � 3.9 26.9 � 3.4 0.90
35 rs894467 26.7 � 3.7 26.1 � 3.6 25.8 � 0.9 0.43
36 rs1890039 26.7 � 3.7 26.5 � 3.8 25.4 � 1.5 0.78

Multi-marker 11 12 22

37 32, 33 26.5 � 3.6 26.7 � 3.7 26.9 � 3.8 0.44
38 32, 33 27.0 � 3.7 26.7 � 3.7 26.6 � 3.7 0.51
39 32, 36 27.0 � 3.5 26.3 � 4.0 26.7 � 3.6 0.26
40 33, 34 26.5 � 3.6 26.7 � 3.7 26.9 � 3.8 0.54

BMI (kg/m2) was determined in our control subjects and logarithmically transformed; untransformed values are presented as mean � SD.
Log-transformed values were compared by ANOVA depending on each of the specified genotypic tests. The SNPs that define each
multi-marker test (bottom panel for each gene) are numbered as in the top panel and correspond to those in Table 2. M/M, homozygotes for
the major allele; M/m, heterozygotes; m/m, homozygotes for the minor allele. 1 1, two copies of the multi-marker haplotype; 1 2, one copy
of the multi-marker haplotype; 2 2, zero copies of the multi-marker haplotype. *The best nominally significant P value (P � 0.004 for
rs1342382) was not statistically significant after 1,000 permutations (P � 0.107).
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Fourth, overmatching in our samples may have pre-
vented us from detecting a genetic effect of these three
AMPK genes on type 2 diabetes if this was mediated
through BMI. We explored this possibility by evaluating
the effect of the same variants on BMI in our control
subjects. None of the tests seemed to have a statistically
significant effect on BMI in our sample; this suggests that
the impact of common genetic variation in the AMPK
genes PRKAA2, PRKAB1, and PRKAB2 on BMI is small or
absent and may therefore require larger sample sizes for
detection.

And finally, common genetic variants in other AMPK
genes may still be associated with type 2 diabetes. Given
our current negative results with PRKAA2, PRKAB1, and
PRKAB2, we have begun characterizing common genetic
variation in the remaining four genes for future association
studies, although the available haplotype structure from
one of the four genes (PRKAG2) indicates that this par-
ticular gene may not be efficiently evaluated with current
LD approaches. In addition, several planned large whole-
genome association scans in conjunction with the phase II
release of the HapMap (49) may significantly alter the
prioritization of individual candidate gene studies.
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NOTE ADDED IN PROOF

The AMPK variants that showed nominal associations with
BMI in our Scandinavian samples were genotyped in an
additional obese/lean case/control sample totalling 2,873
Caucasian individuals from the U.S. and Poland, provided
by Genomics Collaborative. We were unable to replicate
any association with BMI, lending further support to the
notion that the nominally significant BMI results reported
here are due to statistical fluctuation (H.N. Lyon, T.
Bersaglieri, K.G. Ardlie, J.N.H., unpublished observations).
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