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Abstract
A prior genome-wide association study (GWAS) in Pima Indians identified a variant within PFKFB2 (rs17258746) associated with
body mass index (BMI). PFKFB2 encodes 6-phosphofructo-2-kinase/fructose 2,6-bisphosphatase isoform 2, which plays a role
in glucose metabolism. To follow-up on the GWAS, tag SNPs across PFKFB2 were genotyped in American Indians (AI) who had
longitudinal data on BMI (n = 6839), type 2 diabetes (T2D; n = 7710), diabetic nephropathy (DN; n = 2452), % body fat (n = 555) and
insulin secretion (n = 298). Two SNPswere further genotyped in urbanAI to assess replication for DN (n = 864). PFKFB2 expression
wasmeasured in 201 adipose biopsiesusing real-timeRT-PCRand 61 kidney biopsiesusing theAffymetrixU133 array. TwoSNPs
(rs17258746 and rs11120137), which capture the same signal, were associatedwithmaximumBMI in adulthood (β = 1.02 per risk
allele, P = 7.3 × 10−4), maximum BMI z-score in childhood (β = 0.079, P = 0.03) and % body fat in adulthood (β = 3.4%, P = 3 × 10−7).
The adiposity-increasing allele correlated with lower PFKFB2 adipose expression (β = 0.81, P = 9.4 × 10−4). Lower expression of
PFKFB2 further correlated with higher % body fat (r =−0.16, P = 0.02) and BMI (r =−0.17, P = 0.02). This allele was also associated
with increased risk for DN in both cohorts of AI [odds ratio = 1.64 (1.32–2.02), P = 5.8 × 10−6], and similarly correlated with lower
PFKFB2 expression in kidney glomeruli (β = 0.87, P = 0.03). The same allele was also associated with lower insulin secretion
assessedbyacute insulin response (β = 0.78, P = 0.03) and 30-minplasma insulin concentrations (β = 0.78, P = 1.1 × 10−4). Variation
in PFKFB2 appears to reduce PFKFB2 expression in adipose and kidney tissues, and thereby increase risk for adiposity and DN.

Introduction
Pima Indians of Arizona have extremely high rates of obesity and
type 2 diabetes (T2D) (1). To identify genetic variants that
increase risk for these diseases in American Indians (AI), we

performed a genome-wide association study (GWAS) using the
Affymetrix Human SNP array 6.0 and previously published re-
sults from our analyses of early onset T2D (2) and body mass
index (BMI) (3,4). A SNP, rs17258746, located in the 3′UTR region
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of PFKFB2 was among the top-20 distinct GWAS signals for BMI
after follow-up genotyping in 6800 AI (4).

PFKFB2 encodes for 6-phosphofructo-2-kinase/fructose 2,6-
bisphosphatase (PFK-2/FBPase-2) isoform 2, a bi-functional en-
zyme involved in the synthesis and degradation of fructose 2,
6-bisphosphate (F2,6P2). F2,6P2 is a potent allosteric activator of
the glycolytic enzyme phosphofructokinase-1, and an inhibitor
of the gluconeogenic enzyme fructose 1,6-bisphosphatase-1;
therefore, it is involved in regulating glycolysis and gluconeogen-
esis (5,6). Enhanced hepatic glycolysis inmice by over-expressing
PFK-2/FBPase-2 in the liver reduced body weight and visceral fat
content (7). PFK-2/FBPase-2 is also a binding partner for glucoki-
nase (GCK) and plays a pivotal role in the rate-limiting step of glu-
cose-stimulated insulin secretion in pancreatic β-cells (8–10).
Based on the SNP associations with BMI in our prior GWAS ana-
lysis, and the potential biological role of PFKFB2 in obesity and in-
sulin secretion, PFKFB2 was analyzed as a candidate gene for
susceptibility for obesity, insulin secretory dysfunction and T2D
in AI.

American Indian patients with T2D are also highly affected by
DN, which is the leading cause of kidney failure associated with
markedly increased risk of death and cardiovascular complica-
tions. Therefore, as part of our systematic analyses to identify
genetic variants for T2D, we routinely assess whether a variant
is associated with DN in AI.

Results
Supplemental Material, Fig. S1 provides a study overview.

Association analyses of PFKFB2 tag SNPs with adiposity

Thirteen tag SNPs (r2 ≥ 0.8) with a minor allele frequency (mAF)
≥0.01 were identified from whole-genome sequence data of 234
Pima Indians. These SNPs tagged a ∼127.7 kb region encompass-
ing PFKFB2 (∼50 kb flanking each side of the gene). Thirteen tag
SNPs were initially genotyped in 3625 full-heritage Pima Indians
from the Gila River Indian Community (GRIC) with longitudinal
data for BMI, T2D and DN, including 555 individuals with in-
patient measures of % body fat and other anthropometric and
metabolic traits. Eight out of thirteen tagswith nominal evidence
(P < 0.1) for association with BMI or previously analyzed in the
GIANT (Genetic Investigation of ANthropometric Traits) meta-
analysis (11), were further genotyped in remaining samples of
4085 mixed-heritage AI from the same community (Table 1).
Two tag SNPs, the lead GWAS SNP rs17258746 (3′UTR) and intron-
ic SNP rs11120137 were associated with maximum BMI in adult-
hood (n = 6839, β = 1.02 per risk allele, as amultiplier, P = 7.3 × 10−4;
β = 1.02, P = 2.0 × 10−4, respectively, adjusted for age, sex, birth-
year and heritage) and maximum age- and sex-specific BMI
z-score in childhood (n = 5350, β = 0.08, P = 0.03; β = 0.11, P = 7.6 ×
10−4, respectively) in combined analyses of all AI from the GRIC.
Neither rs17258746, nor rs11120137, nor other tag SNPs (Table 1)
were significantly associated with BMI in Caucasians analyzed in
the GIANT meta-analysis (11).

In 555 AI with inpatient measures of anthropometric and
metabolic traits, the BMI risk alleles for rs17258746 and
rs11120137were also associatedwith a higher % body fat (Table 2,
β = 3.4% per risk allele, P = 3 × 10−7; β = 2.3%, P = 1.7 × 10−4, respect-
ively, adjusted for age, sex and heritage), higher waist circum-
ference (β = 2.2 inch, P = 0.002; β = 1.5 inch, P = 0.02, respectively)
and thigh circumference (β = 1.4 inch, P = 8 × 10−5; β = 1.0 inch,
P = 0.002, respectively). Mouse models have shown that PFKFB2
affects adiposity via effects on energy expenditure and intake

(7); therefore, data from the respiratory chamber (n = 423) and
ad libitum food intake (n = 194) studies were also analyzed.
The adiposity risk allele for rs11120137 was nominally associated
with a lower 24-h energy expenditure (Table 2, β =−42.3 kcal/day,
P = 0.04, adjusted for age, sex, fat mass, fat free mass, spontan-
eous physical activity and heritage); however, this association
was not observed at rs17258746 (Table 2). Neither rs17258746,
nor rs11120137 was associated with sleeping metabolic rate or
ad libitum energy intake (Table 2, analyzed as %weight maintain-
ing energy needs: %WMEN).

In Pima Indians, the intronic tag SNP rs11120137 captures a
32 bp deletion in the 3′UTR of PFKFB2 (rs66822120) (D′ = 1, r2 = 1)
and 5 other 3′UTR SNPs rs1560, rs1060287, rs6667268, rs10577264
and rs1565 (D′ ≥ 0.99, r2 ≥ 0.98). In Caucasians rs11120137 sim-
ilarly tags rs6667268, rs1060287, rs1565 and rs1560 (D′ ≥ 0.98,
r2 ≥ 0.95). However, in Pima Indians rs17258746 and rs11120137
are more highly concordant (r2 = 0.78) as compared with Cauca-
sians (r2 = 0.12) although the D′ between these SNPs is high in
both ethnic groups (D′ = 0.98 and 1.0 in Pima Indians and Cauca-
sians, respectively) (Supplemental Material, Fig. S2).

Conditional analyses in AI suggested that rs17258746 and
rs11120137 contribute to the same adiposity signal (i.e. condi-
tioning on one SNP rendered the other SNP non-significant). A
third tag SNP (rs6673422) which had some evidence for associ-
ationwith adiposity could also be explained by the stronger asso-
ciation of rs17258746 (D′ = 0.94, r2 = 0.76).

Associations of PFKFB2 SNPs with acute and early insulin
secretion

PFKFB2 is implicated in regulation of insulin secretion in pancre-
atic β-cells. We therefore assessed the effect of PFKFB2 variants
on β-cell function among 298 full-heritage Pima Indianswith nor-
mal glucose tolerance, who had been characterized for rates of
insulin secretion. Figure 1 shows the plasma insulin and glucose
concentrations in response to a 25-g intravenous glucose (IVGTT)
by genotypes of rs17258746 (a, b) or rs11120137 (c, d). The adipos-
ity-increasing allele at rs17258746 (A) or rs11120137 (T) was asso-
ciated with a lower acute insulin response (AIR, mean insulin
increment from 3–5 min) to an intravenous glucose bolus
(Fig. 1A, C: β = 0.78, P = 0.03; β = 0.81, P = 0.03, respectively, adjusted
for age, sex, % body fat and rate of glucose disposal during insu-
lin-stimulation). A consistent reduction in the early phase of glu-
cose-stimulated insulin release (30-min) during a 75-g oral
glucose tolerance test (OGTT) was also observed (Fig. 2A, β = 0.78,
P = 1.1 × 10−4 for rs17258746; Fig. 2C, β = 0.78, P = 3 × 10−5 for
rs11120137; additionally adjusted for 30-min glucose concentra-
tions during an OGTT). There were no statistical differences be-
tween genotypes of 17258746 or rs11120137 in plasma glucose
concentrations after an intravenous glucose bolus (Fig. 1B and D)
or during an OGTT (Fig. 2B and D). Among 555 non-diabetic AI
who had insulin sensitivity measured by the rate of glucose dis-
posal during insulin-stimulation, these SNPswere not associated
with insulin sensitivity (Table 3). The associations of all other tag
SNPs with insulin secretion and insulin sensitivity are shown in
Table 3.

Associations of PFKFB2 SNPs with T2D and DN

Tag SNPs were also analyzed for association with T2D in AI from
the longitudinal study of the GRIC (Table 3). None of the tags, in-
cluding rs17258748 and rs11120137 had a significant association
with T2D. PFKFB2 SNPs were also tested for association with DN
among the T2D subjects. Variants rs17258746 and rs11120137
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Table 1. Associations of 13 tag SNPs in PFKFB2 withmaximum BMI in adulthood andmaximum BMI z-score in childhood in individuals from the
GRIC including full-heritage Pima Indians and mixed-heritage AI; and comparison with data from GIANT*

SNP Location R/N Full-heritage Pima
Adult BMI (n = 3412)
BMI z-score (n = 2296)

Mixed-heritage AI
Adult BMI (n = 3427)
BMI z-score (n = 3054)

Entire GRIC
(combined)
Adult BMI
(n = 6839)
BMI z-score
(n = 5350)

GIANT*(n = 123795)

RAF Beta P RAF beta P Beta P R/N RAF P

rs78357410 5′flanking T/C 0.05 1.008
0.004

0.54
0.96

rs79168343 5′flanking C/T 0.94 1.024
0.052

0.03
0.43

0.95 1.011
0.019

0.42
0.76

1.019
0.034

0.03
0.46

rs12032074 5′flanking A/G 0.85 1.006
−0.057

0.47
0.19

rs2243816 intron T/C 0.22 1.011
0.023

0.08
0.53

0.20 1.012
0.037

0.09
0.31

1.012
0.033

0.01
0.21

T/C 0.14 0.25

rs11120137 intron T/C 0.11 1.025
0.133

0.008
0.01

0.20 1.020
0.091

0.01
0.02

1.022
0.108

2.0 × 10−4

7.6 × 10−4
T/C 0.55 0.65

rs77757597 3′UTR G/T 0.64 1.011
0.070

0.07
0.03

0.72 1.001
−0.009

0.84
0.78

1.006
0.030

0.16
0.18

chr1:207250175 3′UTR T/C 0.04 1.010
−0.054

0.47
0.40

rs1060286 3′UTR G/A 0.01 1.032
0.413

0.36
0.03

0.08 1.007
0.025

0.55
0.69

1.010
0.066

0.41
0.27

A/G 0.57 0.60

rs17258746 3′UTR A/T 0.10 1.029
0.103

0.004
0.06

0.11 1.016
0.057

0.09
0.24

1.023
0.079

7.3 × 10−4

0.03
A/T 0.14 0.24

rs3748672 3′UTR A/G 0.01 1.046
0.329

0.06
0.04

0.01 1.019
0.110

0.07
0.04

1.022
0.137

0.03
0.007

G/A 0.59 0.35

rs6673422 3′UTR G/A 0.12 1.012
0.052

0.20
0.31

0.12 1.012
0.047

0.18
0.32

1.013
0.051

0.04
0.15

G/A 0.13 0.21

chr1:207260089 3′flanking T/C 0.91 1.012
0.049

0.26
0.37

rs56009508 3′flanking A/C 0.84 1.005
0.020

0.53
0.61

Adult BMI is the maximum BMI (kg/m2) recorded at age ≥15 years (top row). Childhood BMI z-score is the maximum sex- and age-specific z-score identified between the

ages of 5 and 20 years. For association analyses, BMI is loge−transformed, and beta is exponentiated to obtain the effect estimate for each risk allele, expressed as a

multiplier. The risk allele (given first) is defined as the allele with a higher BMI. R: risk allele; N: non-risk allele. RAF: risk allele frequency. Beta and p values are

adjusted for age, sex, birth-year and heritage. *GIANT meta-analysis (21). Bold values: P < 0.05.

Table 2. Associations of rs17258746 and rs11120137 in PFKFB2 with metabolic traits related to adiposity in non-diabetic AI

rs17258746 (mean ± SD) rs11120137 (mean ± SD)
N/N
(T/T)

N/R + RR
(T/A + AA)

Beta P N/N
(C/C)

N/R + RR
(C/T + TT)

Beta P

Body composition (n) 432 96 422 114
Body fat (%) 31.9 ± 8.7 34.3 ± 7.7 3.4 3.0 × 10−7 32.1 ± 8.7 33.2 ± 7.9 2.3 1.7 × 10−4

Waist (inch) 41.6 ± 6.8 43.9 ± 6.7 2.2 0.002 41.7 ± 7.0 43.0 ± 6.4 1.5 0.02
Thigh (inch) 25.4 ± 3.3 26.8 ± 3.2 1.4 8.0 × 10−5 25.5 ± 3.3 26.4 ± 3.1 1.0 0.002
Waist/Thigh 1.63 ± 0.2 1.64 ± 0.2 −0.035 0.03 1.63 ± 0.2 1.63 ± 0.2 −0.021 0.14
Respiratory chamber study (n) 328 75 311 92
24-h RQ 0.85 ± 0.02 0.85 ± 0.02 −0.005 0.12 0.85 ± 0.02 0.85 ± 0.02 −0.004 0.13
24-h energy expenditure (kcal/day) 2326 ± 389 2470 ± 394 −36.3 0.10 2339 ± 399 2409 ± 401 −42.3 0.04
Sleeping metabolic rate (kcal/day) 1650 ± 276 1751 ± 303 −18.5 0.37 1660 ± 282 1712 ± 300 −27.9 0.15
ad libitum energy intake (n) 146 30 118 63
Total energy intake (%WMEN) 154.2 ± 46.0 156.0 ± 44.2 −5.4 0.60 154.4 ± 44.8 154.9 ± 45.1 −1.1 0.91

Individuals homozygous for the minor risk allele are combined with those of the heterozygotes for statistical analyses. The p values for % body fat, waist and thigh

circumferences are adjusted for age, sex and heritage. The waist to thigh ratio is additionally adjusted for % body fat. The p values for 24-h EE are adjusted for age,

sex, heritage, fat mass, fat free mass and SPA. The p values for 24-h RQ, sleeping metabolic rate and energy intake are adjusted for age, sex, % body fat and heritage.

Data are given as unadjusted mean ± SD. The beta estimate represents the difference between the risk allele and the non-risk allele, and is adjusted for covariates. R:

risk allele; N: non-risk allele; %WMEN: % weight maintaining energy needs. Bold values: P < 0.05.
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were associatedwith DN in AI [Fig. 3A and C, OR = 1.66 (1.29–2.15),
P = 8.5 × 10−5; OR = 1.40 (1.10–1.78), P = 0.006, respectively, ad-
justed for duration of diabetes, sex and heritage]. To confirm
this observation, we sought replication by genotyping a new
sample of urban AI examined as part of the Family Investigation
of Nephropathy and Diabetes (FIND). This independent sample
(non-overlapping) of AI replicated the DN association found in
the GRIC AI [Fig. 3A and C, OR = 1.57 (1.06–2.32), P = 0.02 for
rs17258746; OR = 1.46 (1.03–2.06), P = 0.03 for rs11120137], but
had no association with T2D. Meta-analyses of the GRIC and
urbanAI samples provided the strongest evidence for association
of rs17258746 and rs11120137 with DN [Fig. 3A and C, n = 3316,
OR = 1.64 (1.32–2.02), P=5.8 × 10−6; OR=1.42 (1.16–1.73), P= 5.1 × 10−4,
respectively]. Figure 3 also shows the prevalence of DN in relation to
diabetes duration by genotypes of rs17258746 (b) or rs11120137 (d)
in combined samples of the GRIC and urban AI (n = 3316). The

adiposity-increasing allele at rs17258746 (A) or rs11120137 (T)
was consistently associated with higher prevalence of DN across
duration of diabetes. The results suggest that PFKFB2 SNPs may
impact nephropathy risk through a mechanism independent of
T2D.

SNP rs17258746 or rs11120137 tags a cis-eQTL for PFKFB2
in adipose and kidney glomerular tissues

To determine whether SNPs tagged by rs17258746 or rs11120137
affect adiposity and DN via a direct effect on PFKFB2, we assessed
function of PFKFB2 variants as a cis-acting expression quantita-
tive trait locus (eQTL). Tissue expression profiling showed that
PFKFB2 is widely expressed in various tissues including pancreat-
ic islet, kidney, hypothalamus, brain, adipose, liver, skeletalmus-
cle etc. (Supplemental Material, Fig. S3). Since adipose tissue

Figure 1. Plasma insulin and glucose concentrations in response to a 25-g intravenous glucose tolerance test (IVGTT) by genotypes of PFKFB2 SNP rs17258746 (A and B) and
rs11120137 (C and D) in full-heritage Pima Indians with normal glucose tolerance. Individuals homozygous for the minor risk allele are combined with those of the

heterozygotes. Data are given as adjusted mean ± SE. AIR (mean insulin increment from 3 to 5 min) is log10-transformed before analyses to approximate a normal

distribution, and beta is exponentiated to obtain the effect per risk allele, expressed as a multiplier. The P values and beta for plasma insulin concentrations are

adjusted for age, sex, % body fat and rate of glucose disappearance during insulin-stimulation. The P values and beta for plasma glucose concentrations are adjusted

for age, sex and % body fat.
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biopsies were available on 201 metabolically characterized Pima
Indians genotyped for tag SNPs in PFKFB2, we first determined
whether rs17258746 or rs11120137 was a cis-eQTL in adipose tis-
sue from these subjects. Adipose PFKFB2 expression levels were
determined by quantitative RT-PCR. After accounting for age,
sex, Pima heritage and AI/European ancestry, the adiposity risk
alleles at rs17258746 (A-allele) and rs11120137 (T-allele) were sig-
nificantly associated with a reduced PFKFB2 expression (Fig. 4A,
β = 0.81, as amultiplier, P = 9.4 × 10−4; Fig. 4B, β = 0.85, P = 0.003, re-
spectively), while a lowerexpression of adipose PFKFB2 correlated
with a higher % body fat (Fig. 5A, r = −0.16, P = 0.02) and BMI
(Fig. 5B, r =−0.17, P = 0.02) among the donors.

To determine whether rs17258746 or rs11120137 similarly
affect PFKFB2 expression in kidney, which could be the mecha-
nism underlying the association with DN, PFKFB2 expression
(transcript: NM_001018053) in the glomerular component of 61
kidney biopsies was assessed. The adiposity/DN risk alleles at
rs17258746 (A-allele) and rs11120137 (T-allele) were similarly as-
sociated with a reduced PFKFB2 expression (Fig. 4C, β = 0.88, as a
multiplier, P = 0.05; Fig. 4D, β = 0.87, P = 0.03, respectively, adjusted

for sex, diabetes duration and heritage). The association in the
tubule-interstitial component was not statistically different.

Our data suggest that rs17258746 or rs11120137 may tag a cis-
acting variant that affects PFKFB2 expression in multiple tissues
that include adipose and kidney. Since the adipose biopsies were
collected on individuals with a wide range of adiposity, we were
able to show that PFKFB2 expression in adipose tissue correlates
with % body fat and BMI, which may partially explain the
observed association between PFKFB2 SNPs (rs17258746 and
rs11120137) and % body fat and BMI. To further assess the poten-
tial causal relationships, we applied the causal models of Schadt
et al. (12) to the correlations among genotype, expression level of
PFKFB2 and clinical phenotype. In general, an ‘independent’
model in which genotype can have direct effects on both expres-
sion and phenotype provided a better fit than a simple ‘causal’
model in which the effect of genotype on phenotype is solely a
direct function of its effect on expression or a ‘reverse’ model in
which the genotypic effect on expression is solely a direct func-
tion of its effect on clinical phenotype. These analyses suggest
that the relationships among these risk variants, PFKFB2

Figure 2. Plasma insulin and glucose concentrations during a 75-g OGTT by genotypes of PFKFB2 SNP rs17258746 (A and B) and rs11120137 (C and D) in full-heritage Pima

Indians with normal glucose tolerance. Individuals homozygous for the minor risk allele are combined with those of the heterozygotes. Data are given as adjusted

mean ± SE. 30-min plasma insulin concentrations are log10-transformed before analyses to approximate a normal distribution, and beta is exponentiated to obtain the

effect per risk allele, expressed as a multiplier. The p values and beta are adjusted for age, sex, % body fat, rate of glucose disappearance during insulin stimulation and

30-min plasma glucose concentrations during an OGTT.
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Table 3. Associations of 13 tag SNPs in PFKFB2 with insulin secretion, insulin sensitivity, T2D and DN in AI

SNP Location R/N RAF AIR n = 298 full-
heritage

30-min insulin
n = 298 full-heritage

Insulin
sensitivity
n = 555

T2D n = 3625*/7710
£/10816§

DN n = 1610*/2452£/3316§

Beta P Beta P Beta P OR (95% CI) P OR (95% CI) P

rs78357410* 5′flanking T/C 0.05 0.96 0.67 1.02 0.74 1.06 0.06 0.94 (0.72–1.23) 0.68 0.88 (0.56–1.37) 0.56
rs79168343£ 5′flanking C/T 0.94 1.05 0.67 0.95 0.72 0.99 0.85 0.86 (0.72–1.03) 0.11 0.89 (0.67–1.19) 0.44
rs12032074* 5′flanking A/G 0.85 0.94 0.42 1.03 0.67 1.00 0.84 1.09 (0.93–1.27) 0.31 0.95 (0.75–1.22) 0.71
rs2243816£ intron T/C 0.22 0.98 0.89 0.95 0.47 1.00 0.82 0.99 (0.89–1.10) 0.84 1.10 (0.91–1.33) 0.33
rs11120137§ intron T/C 0.11 0.81 0.03 0.78 3.0 × 10−5 0.97 0.17 1.04 (0.94–1.15) 0.49 1.42 (1.16–1.73) 5.1 × 10−4

rs77757597£ 3′UTR G/T 0.65 0.95 0.34 0.98 0.46 1.00 0.83 1.01 (0.89–1.15) 0.83 1.07 (0.87–1.31) 0.51
chr1:207250175* 3′UTR T/C 0.04 1.09 0.37 1.02 0.76 1.04 0.20 0.82 (0.62–1.10) 0.18 0.63 (0.38–1.03) 0.07
rs1060286£ 3′UTR G/A 0.01 1.14 (0.88–1.48) 0.32 0.90 (0.46–1.77) 0.76
rs17258746§ 3′UTR A/T 0.10 0.78 0.03 0.78 1.1 × 10−4 0.98 0.31 1.05 (0.94–1.18) 0.37 1.64 (1.32–2.02) 5.8 × 10−6

rs3748672£ 3′UTR A/G 0.01 1.08 (0.87–1.33) 0.50 0.71 (0.42–1.20) 0.21
rs6673422£ 3′UTR G/A 0.12 0.83 0.04 0.79 1.0 × 10−4 0.99 0.50 1.10 (0.96–1.25) 0.17 1.33 (1.05–1.68) 0.02
chr1:207260089* 3′flanking T/C 0.91 0.98 0.82 1.00 0.98 1.00 0.85 1.10 (0.89–1.35) 0.38 1.12 (0.79–1.59) 0.51
rs56009508* 3′flanking A/C 0.84 0.98 0.66 0.93 0.24 0.99 0.46 1.02 (0.88–1.20) 0.77 1.04 (0.80–1.35) 0.76

*SNPs (n = 5) analyzed in full-heritage Pima Indians (n = 3625 for T2D; n = 1610 for DN); £: SNPs (n = 6) analyzed in combined samples of full-heritage Pima Indians andmixed-heritage AI (n = 7710 for T2D; n = 2452 for DN); §: SNPs (n = 2)

analyzed in combined samples of full-heritage,mixed-heritage and a replication sample of urbanAI (n = 10816 for T2D; n = 3316 for DN). SNPs (rs1060286 and rs3748672) havemAF = 0.01, and are too rare to analyze traits for AIR, 30-min

plasma insulin and insulin sensitivity (measured by the rate of glucose disappearance during insulin-stimulation). The risk allele (given first) is defined as the allelewith a higher risk for BMI; ORs for T2D or DN are given per copyof this

allele. R: risk allele; N: non-risk allele; RAF: risk allele frequency. AIR, 30-min plasma insulin concentrations and insulin sensitivity are log10-transformed before analyses to approximate a normal distribution, and beta is exponentiated

to obtain the effect per copy of the risk allele, expressed as a multiplier. Beta and P value for AIR are adjusted for age, sex, % body fat and rate of glucose disappearance during insulin-stimulation. Beta and P value for 30-min plasma

insulin concentrations are additionally adjusted for 30-minplasmaglucose concentrations during anOGTT. Beta and P value for insulin sensitivity are adjusted for age, sex, % body fat andheritage. Beta and P values for T2Dare adjusted

for age, sex, birth-year and heritage. Beta and p for DN are adjusted for duration of diabetes, sex and heritage. Bold values: P < 0.05.
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expression and adiposity measures may be more complex than
simple causal effect of expression on adiposity. We did not
have sufficient data to estimatewhether lower PFKFB2 expression
in kidney correlates with higher risk for DN.

Discussion
Our prior GWAS for BMI in Pima Indians identified PFKFB2 as a pu-
tative BMI locus, and the present follow-up study of tag SNPs that
capture common variation across PFKFB2 in AI from the GRIC
supports a role of PFKFB2 in determining adiposity (% body fat,

maximum BMI in adulthood and maximum z-score in child-
hood). The results also indicate that individuals with the risk al-
lele for adiposity (i.e. the A allele at rs17258746 or T allele at
rs11120137) have lower PFKFB2 expression levels in adipose tis-
sue, which is consistent with a prior report in mice where higher
levels of PFK-2/FBPase-2 had a protective effect against obesity
(7). While the physiologic mechanism underlying the effect of
PFKFB2 on adiposity is unknown inhumans,mice over-expressing
hepatic PFK-2/FBPase-2 had enhanced hepatic glycolysis, in-
creased energy expenditure and suppressed food intake via de-
creased hypothalamic neuropeptide Y expression (7). Evidence

Figure 3.The prevalence ofDN inAI from theGRIC, urbanAI andmeta-analyses of all samples by genotypes of PFKFB2 SNP rs17258746 (A) or rs11120137 (C). The prevalence
DN in relation to diabetes duration by genotypes of rs17258746 (B) and rs11120137 (D) in combined samples. The risk allele is defined as the allele with a higher BMI in AI;

ORs are given per copy of this allele. Odds ratios (95% CI) and P values are adjusted for age, sex, birth-year and heritage. In Fig. 3B and D, individuals homozygous for the

minor risk allele are combined with those of the heterozygotes.
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for control of food intake by PFK-2/FBPase-2 in mice was further
supported by the study of hypothalamic neurons, where high le-
vels of PFK-2/FBPase-2 caused increased neuronal glycolysis,
which was accompanied by decreased AMPK activity and de-
creased mRNA levels of agouti-related protein (AgRP) and in-
creased mRNA levels of cocaine-amphetamine-related
transcript (CART) (13,14). However, our assessment of the rela-
tionship between PFKFB2 variation and energy expenditure
among subjects who had data from a human respiratory cham-
ber (n = 423) or ad libitum food intake measured over 3 days
using an automated vending machine paradigm (n = 194) pro-
vides little or no evidence for energy expenditure or intake.
Nevertheless, the small sample and/or effect size may reduce
the statistical power for detection.

A more established role of PFK-2/FBPase-2 in mice is to regu-
late glucose-stimulated insulin secretion. PFK-2/FBPase-2 is a dir-
ect binding partner for GCK, which serves as a glucose sensor and
catalyzes the rate-limiting step of glucose-stimulated insulin se-
cretion in pancreatic β-cells (8–10). We found that the risk allele
for adiposity was also associated with a reduction in acute insu-
lin secretion, as assessed by two different measures (AIR and 30-
min insulin concentrations during an OGTT). Variation in PFKFB2
could potentially affect insulin secretion via a cis-effect on PFKFB2

expression in β-cells, as suggested by evidence in adipose tissue,
but we do not have expression data on β-cells to confirm this hy-
pothesis. Furthermore, it’s unclear why the variants in PFKFB2,
associated with increased risk for adiposity and insulin secretory
function, were not associated with increased risk for T2D in this
study.

While mouse models predicted a role of PFKFB2 in adiposity
and insulin secretory function, our finding of a reproducible asso-
ciation between PFKFB2 variants and DN was particularly excit-
ing. PFK-2/FBPase-2 plays a pivotal role in glycolysis and
gluconeogenesis, which are crucial for glucose homeostasis.
Therefore, PFK-2/FBPase-2 could contribute to DN and other
macrovascular complications via chronic dysregulation of blood
glucose levels. However, we did not observe an association be-
tween PFKFB2 variants and fasting glucose concentrations or
HbA1c. Nor did we find an association with blood pressure or
hypertension.

PFK-2/FBPase-2 and/or F2,6P2 closely interact with AMPK to
control energy metabolism in many cell types (13,15). AMPK
acts as a nutrient/energy sensor (13,15) whose activity is reduced
in the diabetic kidney (16,17). It is involved in proteinuria and/or
proximal tubule cell apoptosis through the TGFβ and/or mTOR
signaling pathways (18). AMPK could also be induced by

Figure 4. Correlations of genotypes of PFKFB2 SNP rs17258746 or rs11120137 with relative quantity of PFKFB2 RNA from adipose tissue biopsies of 201 non-diabetic Pima

Indians (A and B) and kidney glomerular tissue biopsies of 61 diabetic AI (C and D). Box plot shows raw data in median, 25th and 75th percentiles, maximal and minimal

values. Individuals homozygous for the minor risk allele are combined with those of the heterozygotes for statistical analyses. The relative PFKFB2 expression levels in

adipose tissues are log10-transformed to approximate the normal distribution. The p value is adjusted for age, sex, % body fat and Pima heritage. The PFKFB2 expression

levels in kidney tissues were batch corrected using Combat (26) from Genepattern and log2-transformed. The P value is adjusted for sex, diabetes duration and heritage.
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metformin, which is associated with correction of kidney meta-
bolic inefficiency and amelioration of podocyte injury in DN
(19,20). Since variation in PFKFB2 had a significant association
with DN, but had no association with T2D in AI, we propose
that PFKFB2 may not be a major determinant of T2D, but its re-
duced level may impose risk for DN perhaps via an AMPK-
mediated mechanism after the onset of T2D.

Past and present obesity was a significant risk factor for DN in
a Japanese study (21). Since the adiposity-increasing allele of
PFKFB2 variants was also associated with increased risk for DN,
we further analyzed the DN association using maximum BMI as
a covariate. After accounting for BMI, the association with DN
remained the same (meta-analysis of all samples, adjusted
P = 1.3 × 10−6 for rs17258745; P = 1.7 × 10−4 for rs11120137), sug-
gesting that the PFKFB2 variants increase DN risk through a
mechanism independent of BMI. Similarly, the associations of
all other tag SNPs with T2D or DN remained the same after
accounting for BMI (data not shown).

Although none of the association analyses achieved genome-
wide significance (P < 7.2 × 10−8) (22), the role of PFKFB2 in adipos-
ity and insulin secretory function is implicated in animalmodels;
thus applying such stringent criteria for statistical significance in
this study may be overly conservative.

There are four PFK-2/FBPase-2 isoenzymes encoded by
PFKFB1-4, which are designated as liver, heart, brain and testis
isoforms respectively (6); however, the tissue distribution pat-
terns of these isoenzymes overlap (14). PFKFB2 is designated as
a heart-isoform, but it is widely expressed in a number of tissues
including pancreatic islet, kidney, hypothalamus, brain, adipose,
liver, skeletal muscle etc. (Supplemental Material, Fig. S2). A di-
verse tissue distribution may result in diverse functionality,
which is consistent with our observed associations with adipos-
ity, insulin secretory function and DN. In adipose tissue, the risk
allele of PFKFB2 variants had a lower PFKFB2 expression, and a
lower expression of PFKFB2 correlated with a higher % body fat
or BMI. The expression data in kidney tissue biopsies showed a
consistent finding. However, caution is warranted given the
small sample size (n = 61) and original design of the study. Fur-
ther studies from other ethnic groups are required to confirm
this observation. The genotypes of PFKFB2 variants only ac-
counted for ∼5% of the variance in PFKFB2 expression levels, sug-
gesting that other genetic or environmental factors may also
influence PFKFB2 expression. According to the ENCODE database
(http://www.broadinstitute.org/mammals/haploreg), rs66822120
(a 32 bp deletion), rs1565, rs1560, rs1060287 and rs10577264, all
of which are in strong linkage disequilibrium (LD) in Pimas, all
map to the 3′UTR region of PFKFB2 with a strong enhancer effect
observed in multiple cell types and/or a DNase hypersensitive
site, implicating a role in transcriptional regulation. Functional
studies are required to determine the causal variant (s) in PFKFB2.

In summary, follow-up studies of a GWAS signal for BMI iden-
tified common variation in PFKFB2 (risk allele frequency = 0.10)
that may act as a cis-eQTL to affect adiposity, insulin secretion
andDN in AI. Although PFKFB2was previously implicated in con-
trol of body weight and insulin secretion in mice, this is the first
report in humans. The association with DN [OR = 1.64 (1.32–2.02),
P = 5.8 × 10−6, n = 3316] is consistent across full-heritage Pima In-
dians, mixed-heritage AI and urban AI, and represents a strong
signal for DN identified in this population. This finding may pro-
vide new insight into a role of PFKFB2 in diabetic complications.
However, further studies in other ethnic groups are required to
determine the contribution of PFKFB2 to obesity, T2D and DN in
other populations.

Materials and Methods
Subjects

American Indians from the GRIC, analyses of BMI, T2D and DN
Individuals living in the GRIC in Arizona are predominately of
Pima Indian or Tohono O′odham (a closely related tribe) heritage,
and many participated in a longitudinal study of the etiology of
T2D (1). Among the GRIC residents who participated in the pre-
sent study, 3625 are full-heritage Pima Indian and the remaining
4085 are, on average, half Pima and three-quarters AI (any tribe).
These participants at ages ≥5 years were invited to biennial out-
patient health examinations that includedmeasurements of BMI
and a 75-g OGTT. T2D was determined according to the 1997 cri-
teria of American Diabetes Association (23) or prior clinical diag-
nosis (diabetic: n = 2549, male = 39%, mean ± SD age = 46 ± 15
years, BMI = 39 ± 9 kg/m2; non-diabetic: n = 5161, male = 47%,
age = 27 ± 13 years, BMI = 35 ± 9 kg/m2). Among subjects with

Figure 5. Inverse correlations between PFKFB2 expression levels in adipose tissues

and % body fat (A) and BMI (B) in 201 non-diabetic Pima Indians. The relative

PFKFB2 expression levels are log10-transformed to approximate the normal

distribution. The P value is adjusted for age, sex and Pima heritage. M: male; F:

female.
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T2D, many also had quantitative measurement of urinary albu-
min concentration by a nephelometric immunoassay, which
has been performed since 1982 (24). Measurement of urinary cre-
atinine concentration was also made by a modified Jaffé method
(25), and the urinary albumin-to-creatinine ratio (ACR) was used
to define DN. DN cases (n = 530, male = 38%, age = 53 ± 13 years,
BMI = 32 ± 8 kg/m2) were defined by a urinary ACR≥ 300 mg/g or
by the presence of end-stage renal disease (ESRD), defined as
the need for renal replacement therapy, at the last examination.
Individuals with urinary ACR < 300 mg/g who did not have ESRD
were considered unaffected (n = 1922, male = 39%, age = 45 ± 14
years, mean BMI = 36 ± 9 kg/m2). Among those with DN, 421
(79%) had ACR ≥ 300 mg/g and 109 (21%) had ESRD. For analyses
of maximum BMI during adulthood, the highest BMI recorded
after the age of 15 years was taken (n=6839, males = 44%, age = 33±
13 years, BMI = 36 ± 9 kg/m2). For analyses of childhood obesity,
Pima-specific standardized BMI z-scores were calculated by div-
iding BMI by its standard deviation in categories of age (1-year)
and sex. The maximum sex- and age-specific BMI z-score was
identified between the ages of 5 and 20 years (n = 5350, males =
45%, age = 14 ± 4 years).

Analyses of metabolic phenotypes
A subset of AI from the outpatient longitudinal study was also
metabolically phenotyped as inpatients in our Clinical Research
Center (CRC) when theywere non-diabetic (n = 555, predominate-
ly of full-heritage Pima Indian, males = 58%, age = 27 ± 6 years,
BMI = 34 ± 8 kg/m2). Body composition was estimated by under-
water weighing until 1994 and by dual energy x-ray absorpti-
ometry (DPX-1, Lunar Radiation Corp.) thereafter; a conversion
equation was used to make these two methods comparable
(26). Pancreatic β-cell function was assessed by the AIR after a
25-g intravenous glucose bolus and calculated as themean incre-
ment in plasma insulin concentrations from 3 to 5 min (27). A hy-
perinsulinemic, euglycemic clamp was used to measure rates of
insulin-stimulated glucose disappearance (27). Energy expend-
iture over 24 h and sleeping metabolic rate (extrapolated to
24 h) were assessed using indirect whole room calorimetry (28).
Spontaneous physical activity was detected by radar sensors
and expressed as percentage of time inmotion over the 24-h per-
iod. Sleeping metabolic rate was defined as the average energy
expenditure between 01:00 am and 5:00 am during which spon-
taneous physical activity was <1.5% (29) and the thermic effect
of the last meal was undetected (30). The 24-h respiratory quo-
tient (RQ) was calculated as the ratio of 24-h VCO2 to 24-h VO2.
A subset of individuals (n = 194, including 48 Caucasians who
wereadditionally genotyped,males = 60%, age = 35 ± 9 years, BMI =
33 ± 8 kg/m2) also participated in an ad libitum food intake study.Ad
libitum food intake was assessed over 3 days by an automated
vending machine system in our CRC (31).

American Indians from urban Phoenix, analyses of T2D and DN
Across-sectional sample of predominately urban-dwellingAI liv-
ing in or near Phoenix, Arizona has recently been recruited as
part of the Phoenix extension of the FIND. Individuals were
≥50%AI (any tribal heritage) and 76% reported being full-heritage
Indians. Diabetes was diagnosed by fasting plasma glucose
≥ 126 mg/dl, HbA1c ≥ 6.5% or prior clinical diagnosis (23). T2D
association was analyzed in 868 diabetic subjects (male = 43%,
age = 44 ± 12 years) and 2238 non-diabetic subjects (male = 52%,
age = 34 ± 12 years). Among diabetic subjects, DN association
was analyzed in 147 DN cases (male = 50%, age = 47 ± 12 years)
and 717DN controls (male = 42%, age = 44 ± 12 years). Diabetic ne-
phropathy was defined in the same way as in the GRIC study

described above. Body mass index data in this sample set were
obtained by self-report, and thus not used in these analyses.

SNP identification across PFKFB2 and genotyping

Sequence data of a ∼127.7 kb region encompassing PFKFB2
(chr1:207176620-207304368, 50 kb flanking each side of the
gene, GRCh37/hg19) were obtained from whole-genome se-
quence data (30–40 × coverage) of 234 AI, predominately of full-
heritage Pima Indians (Complete Genomics Inc., Mountain
View, CA, USA; Illumina, San Diego, CA, USA). Sequenced sub-
jects were fromdifferent nuclear families tomaximize identifica-
tion of genetic variation. Linkage Disequilibriumwas determined
using Haploview (version 4.2). Tag SNPs were selected based on
the Pima sequence data using the Tagger algorithm (Haploview)
with a pair-wise r2≥ 0.8 taken as indicative of redundancy. Geno-
typing utilized the SNPlex genotyping System 48-plex (Applied
BioSystems, Carlsbad, CA, USA) or BeadXpress System (Illumina,
San Diego, CA, USA). Quality control for genotyping required a
successful call rate of >95%, lack of deviation from Hardy Wein-
berg equilibrium (P > 1.0 × 10−3) and a discrepancy rate of <2.5%
for blind duplicates (>100 for each sample set).

Analyses of PFKFB2 expression levels in adipose and
kidney tissues

Percutaneous abdominal adipose tissue biopsies were obtained
from 201 non-diabetic AI, predominately of full-heritage Pima In-
dians, who had been metabolically characterized in our CRC as
described above. Subjects had undergone a 12-h overnight fast
prior to the biopsy, and the specimens were immediately frozen
in liquid nitrogen (32). Total RNA was extracted using TRIzol re-
agent (Invitrogen, Carlsbad, CA, USA) and was further purified
using a RNeasy Micro Kit (Qiagen, Valencia, CA, USA). cDNA
was synthesized using a RETROscript Kit (Ambion, Austin, TX,
USA). PFKFB2 expression levels were quantified by real-time
PCR with an ABI PRISM 7900 system (Applied Biosystems, Foster
City, CA, USA) using a TaqMan probe specific for PFKFB2 (Applied
Biosystems, Foster City, CA, USA). PFKFB2 expression level was
normalized to reference genes beta-actin or cyclophilin (Applied
Biosystems, FosterCity, CA,USA); both reference genes gave com-
parable results. The relative expression level was determined by
the ΔΔCt method and expressed as 2ΔΔCt for fold change.

Kidney biopsy specimens were procured from 61 diabetic AI
enrolled in a randomized, placebo-controlled, clinical trial to
evaluate the renoprotective efficacy of losartan in T2D (clinical-
trials.gov, NCT00340678) (33). Biopsy tissue specimens were mi-
crodissected as described previously (34–36). Glomerular and
tubule-interstitial gene expression profiling was performed
using Human Genome U133A and U133plus2 Affymetrix Gene-
Chip arrays (34,36). Image files were processed using GenePattern
analysis (http://www.genepattern.com). The Robust Multichip
Analysis algorithmwas used to perform background adjustment,
quantile normalization and summarization of probesets (37). Ad-
justment for batch effects was performed with Combat (38).

Statistical analyses

Statistical analyseswere performed using the software of the SAS
Institute (Cary, NC, USA). A logistic regression analysis was used
to assess the association of genotypes with T2D including age,
sex, birth-year, self-reported Pima heritage and AI/European
ancestry, estimated from ancestry informative markers, as cov-
ariates. Association with DN was also analyzed by logistic
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regressionwith duration of diabetes, sex and ancestry as covari-
ates. The model was fitted with the generalized estimating
equations (GEE) to account for dependence among siblings.
Genotype was analyzed as a numeric variable representing 0,
1 or 2 copies of a given allele. The association of quantitative
traits with genotypes was analyzed by linear regression using
the GEE procedure to account for the correlation among
siblings. Results were adjusted for covariates as indicated. The
individual estimate of the proportion of European ancestry was
derived by the method of Hanis et al. (39) from 45 informative
markers with large differences in allele frequency between
populations (40) for use as a covariate in all analyses. Meta-
analyses were conducted by the inverse variance method. To
evaluate potential causal relationships between genotype, ex-
pression and clinical phenotypes (such as BMI and % body
fat), the causal models of Schadt et al. (12) were applied. The cor-
relations between genotype and expression, genotype and clin-
ical phenotype and expression and clinical phenotype were
calculated, and the model parameters were estimated by path
analysis of these correlations (41). Three models were fitted: a
‘causal’ model in which genotype influences expression
which influences clinical phenotype, a ‘reverse’ model in
which genotype influences clinical phenotypewhich influences
expression and an ‘independent’ model in which genotype in-
fluences expression and clinical phenotype directly, along
with a residual correlation, and which allows for more complex
relationships. Models were compared according to Akaike’s
Information Criterion (42).

Supplementary material
Supplementary Material is available at HMG online.
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