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The plasma level of the tumor necrosis factor-alpha receptor 2 (TNFR2) is associated with obesity
phenotypes. However, the genetic polymorphisms for such an association have rarely been
explored and are generally unknown. In this study, by employing a large sample of 1,873 subjects
from 405 Caucasian nuclear families, we explored the association of 12 SNPs of the TNFR2 gene
and obesity-related phenotypes, including body mass index (BMI), fat mass, and percentage fat
mass (PFM). The within-family quantitative transmission disequilibrium test, which is robust to
sample stratification, was implemented to evaluate the association of TNFR2 gene with obesity
phenotypes. Evidence of association was obtained at SNP9 (rs5746059) with fat mass (P =
0.0002), BMI (P =0.002), and PFM (P = 0.0006). The contribution of this polymorphism to the
variation of fat mass and PFM was 6.24 and 7.82%, respectively. Individuals carrying allele A at
the SNP9 site had a 4.6% higher fat mass and a 2.5% increased PFM compared to noncarriers. The
results remained significant even after correction for multiple testing. Evidence of association
between the TNFR2 gene and obesity phenotypes are also found in 700 independent Chinese Han
and 1,000 random Caucasians samples. The results suggest that the TNFR2 gene polymorphisms
contribute to the variation of obesity phenotypes.

Introduction

Obesity has become a common metabolic disorder associated with higher mortality, as it
may lead to serious metabolic syndromes and diseases with lethal risks such as stroke,
cancer, and sleep-breathing disorders (Kopelman 2000). Genetic factors contribute
significantly to the etiology of obesity, with the heritability of body mass index (BMI), fat
mass, and percentage fat mass (PFM) ranging from 0.5 to 0.9, 0.2 to 0.7, and 0.6 to 0.8,
respectively (Liu et al. 2003).

Tumor necrosis factor-alpha (TNFa) regulates obesity through two genetically distinct
receptors, TNFa receptor 1 (TNFR1) and TNFR2. This study focuses on TNFR2. Soluble
TNFa plays an important role in energy regulation. In adipocytes, it regulates the secretion
of leptin (Kirchgessner et al. 1997), which is important for systemic energy regulation.
Polymorphisms of the TNFa gene are linked and associated with obesity (Herrmann et al.
1998; Norman et al. 1995). Moreover, the TNFa gene and protein expression level in
adipose tissue is elevated in obesity rodent models and human beings, and decreases with
weight loss (Good et al.2006; Hotamisligil et al. 1993, 1995; Kern et al. 1995). The TNFR2
gene expression correlated tightly with that of TNFa and it is also elevated in obesity (Good
et al. 2006; Hotamisligil et al. 1997). Compared to the lean controls, the TNFR2 expression
level increases twofold in fat tissue and sixfold in plasma in obese women (Hotamisligil et
al.1997). The plasma level of TNFR2 is positively correlated with BMI, fat mass, and waist-
to-hip ratio (Fernandez-Real et al. 1998). Consistently, a study in identical twin pairs who
had an average 18-kg intrapair difference in body weight showed that the serum-soluble
TNFR2 level was higher in the obese individual (Ronnemaa et al. 2000). All this evidence
supports that TNFR2 is potentially important for obesity.

The TNFR2 gene is composed of 10 exons and is situated in chromosomal 1p32, a region
that has been replicated to be linked with obesity-related phenotypes by several independent
studies (Chagnon et al. 1997; Saar et al. 2003). Although the importance of TNFR2 for
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obesity has been revealed, few genetic association studies have comprehensively
investigated the polymorphisms in the gene accounting for obesity phenotypes (Fernandez-
Real et al. 2000; Huang et al. 2006). The earlier association studies on TNFR2 and obesity
have two limitations: first, they examined only two common markers in the TNFR2 gene
(Fernandez-Real et al. 2000; Huang et al. 2006); and second, potential population
stratification/admixture in the unrelated samples (Chagnon et al. 1997) may vyield false-
positive results (Deng 2001). These limitations impeded testing a candidate gene
exhaustively and definitively. In this study, we tested associations of the TNFR2 gene with
the obesity phenotypes using high-density SNPs in a large sample of Caucasian nuclear
families. The TDT method was employed to resolve the hidden population substructure,
with the aim of providing robust findings for follow-up studies.

The Creighton University Institutional Review Board approved this study. All the study
subjects signed informed-consent documents before entering the project. The study subjects
came from an expanding database created for ongoing studies in the Osteoporosis Research
Center (ORC) of Creighton University to search for genes underlying common human
complex traits, including obesity and osteoporosis. The families were recruited without
consideration of body weight/fat mass. The sampling scheme and exclusion criteria have
been detailed elsewhere (Deng et al. 2002). Briefly, patients with chronic diseases and
conditions that may potentially affect the development of human obesity as well as other
studied traits were excluded from the study. All the study subjects were Caucasians of
European origin and were recruited from Omaha, NE, Midwestern US.

In this study, we selected a total of 405 Caucasian nuclear families with 1,873 individuals.
The sample includes 740 parents (ages with a mean + SD of 62.62 + 10.52), 389 male
children (ages with a mean + SD of 36.00 + 10.92), and 744 female children (ages with a
mean + SD of 37.73 + 10.33). The nuclear families were selected based on the following
criteria: (1) families with two parents and at least two children have priority in selection; (2)
if there is only one parent available, families with at least three children have priority in
selection; and (3) age preference for offsprings of less than 50 years or premenopausal for
females. Among them, 341 families comprised both parents and at least one offspring. The
remaining 64 families, with one or no parent, contained two or more children. There were
27.2,22.7,22.7, and 27.4% nuclear families with one, two, three, and more than three
children, respectively, yielding 1,512 sibling pairs in our sample. The descriptive
characteristics of the study subjects have been detailed in our previous studies (Guo et al.
2006; Liu et al. 2004)

Phenotype measurement

We calculated BMI as body weight (in kilograms) divided by the square of height (in
meters). Weight was measured in light indoor clothing without shoes, using a calibrated
balance beam scale, and height was measured using a calibrated stadiometer. The PFM is
the ratio of fat mass divided by body weight (i.e., the sum of fat mass, lean mass, and bone
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mass). Fat mass and lean mass were measured by dual-energy X-ray absorptiometry using a
Hologic 2000+ or 4500 scanner (Hologic, Bedford, MA, USA). Both machines were
calibrated daily. The measurement precision of BMI as reflected by the coefficient of
variation was 0.2%. The coefficients of variation for fat mass, PFM, and lean mass were 2.2,
2.2 and 1.0%, respectively, for measurements obtained on the Hologic 2000+, and 1.2, 1.1
and 0.7%, respectively, for measurements obtained on the Hologic 4500. Generally,
members of the same family were measured on the same type of machine, ensuring minimal
or no effect on our analyses due to measurements by different scanners.

For each subject, DNA was extracted from peripheral blood using a Puregene DNA
Isolation Kit (Gentra Systems, Minneapolis, MN, USA). DNA concentration was assessed
by a DU530 UV/VIS Spectrophotometer (Beckman Coulter, Inc., Fullerton, CA, USA).

We selected SNPs on the basis of the following criteria: (1) validation status (validated
experimentally in human populations), especially in Caucasians; (2) degree of
heterozygosity, i.e., minor allele frequency (MAF) > 0.05; (3) reported to dbSNP by various
sources; and (4) a high average density of one SNP per 5.4 kb. A total of 13 SNPs within
and around the TNFR2 gene were selected and successfully genotyped using the high-
throughput BeadArray SNP genotyping technology of Illumina Inc. (San Diego, CA, USA),
with subjects’ phenotype information blinded. For the 13 SNPs, one SNP (rs625847) has
MAF < 0.05 and was removed for subsequent data analyses according to common practice
(Newton-Cheh and Hirschhorn 2005). PedCheck (O’Connell and Weeks 1998) was
performed to ensure that the genotype data conform to Mendelian inheritance pattern at all
the marker loci. Five of the overall 22,476 genotypes (0.02%) were omitted because of the
violation of the Mendelian inheritance rule. Hardy—Weinberg equilibrium (HWE) was tested
and SNPs that significantly departed from HWE at the P < 0.01 level among parents were
discarded. For SNP genotyping, the reproducibility rate as revealed through blind
duplicating was 100%.

Statistical analyses

In total, 12 SNPs with MAF > 0.05 were used for the data analyses. LD block structure of
the TNFR2 gene was examined using the Haploview program (Barrett et al. 2005). The D’
values for all pairs of SNPs were calculated and the haplotype blocks were estimated using
the confidence-interval method (Gabriel et al. 2002). SNPs with low MAF may inflate
estimates of D’ and the use of confidence-bound estimates for D’ reduces this bias. The
default settings were used in these analyses invoking a one-side upper 95% confidence
bound of D’ > 0.98 and a lower bound of >0.7 to define SNP pairs in strong LD. A block is
identified when at least 95% of SNP pairs in a region meet these criteria for strong LD.
Haplotypes were reconstructed and their frequencies estimated using an accelerated
expectation-maximization (EM) algorithm similar to the partition/ligation method (Qin et al.
2002) implemented in Haploview.

Under a flexible variance-component framework, tests of population stratification, total
association, and within-family associations were implemented for both the single SNP
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marker and haplotype blocks in the program package QTDT (quantitative transmission
disequilibrium test, http://www.sph.umich.edu/csg/abecasis/QTDT/) (Abecasis et al. 20003,
b). The data analyses were performed under the assumption of an additive model. The total
association evaluates the evidence for association at the whole population level using all
information, including within-family and between-family components and is susceptible to
spurious results due to population stratification. The within-family association test isa TDT
method and therefore robust to population stratification. Initially, population stratification
was tested for single SNPs. If population stratification existed, then only within-family
association was tested. The permutation test built into the QTDT was performed to set up
the threshold of the significance levels. When significant association is observed, the
approximate phenotypic variation, due to the detected marker, is calculated as 2p(1 — p)a2,
where p is the allele frequency of the marker, and a is the estimate of additive effect, i.e.,
E(/w) = a (Abecasis et al. 2000a). In all the statistical analyses, age and sex have been
adopted as covariates (if they have significant effects in our sample) to adjust for BMI, fat
mass, and PFM.

The information about the 12 SNPs of the TNFR2 gene used for data analyses is listed in
Table 1. The SNPs are within or around the TNFR2 gene, with average marker distance of
~5.4 kb. The SNP markers are presented according to their physical location, with an
average MAF of 26%, ranging from 6 to 47%.

In our sample, both age and sex have significant effect on BMI (P < 1E-10), fat mass (P <
3E-16), and PFM (P < 3E-54). Age and sex together account for 9.40, 7.78, and 44.16% of
fat mass, BMI, and PFM variation, respectively. Obesity phenotypes are adjusted for these
two covariates of the data analyses, and all the presented results take into account the effects
of age and sex. Table 2 presents the results of the QTDT population stratification test for
single-locus analyses. Because population stratification was detected at SNP9 and SNP11
for all obesity phenotypes, only the within-family association test was adopted and the
results are presented in Table 3.

Three SNPs (SNP1, SNP9, and SNP11) showed evidence of association with fat mass, BMI,
and PFM (P < 0.05). Evidence of association was obtained at SNP1 (P = 0.005), SNP9 (P =
0.0002), and SNP11 (P = 0.024) with fat mass; SNP1 (P = 0.016), SNP8 (P = 0.049), SNP9
(P =0.002), and SNP11 (P = 0.014) with BMI; SNP1 (P = 0.022), SNP9 (P = 0.0006), and
SNP11 (P = 0.039) with PFM. Among the 12 SNPs, SNP9 showed the most significant
consistent associations across all phenotypes (P < 0.01).

It should be pointed out that the above significant associations were only at the nominally
significant level (P < 0.05) before the multiple testing corrections. Because of the dense
markers and three correlated phenotypes used for data analysis, the Monte-Carlo
permutation was performed for 1,000 repetitions to adjust for the multiple tests (Table 3).
After 1,000 permutations, it was established that a P < 0.002 was required for an individual
test to achieve a global significance level of 0.05. Thus, SNP9 retained significant
association with all three obesity phenotypes (P < 0.001) even after correction for multiple
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testing. The contribution of SNP9 to the phenotypic variation of fat mass, BMI, and PFM
was 6.24, 0.57, and 7.82%, respectively. Individuals carrying allele A had 4.6% higher fat
mass and 2.5% increased PFM compared to noncarriers.

We identified three blocks with high linkage disequilibrium (LD), ranging in size from 5 to
10 kb (Fig. 1). Blocks 1-3 mainly spanned from promoter to intron 7. Four SNPs near/in the
3’-UTR had low LD with each other, and could not be assigned to any blocks. Based on the
haplotypes constructed by SNPs, a multiallelic within-family association test was conducted
for the identified haplotype blocks. The haplotype analyses, as an important complementary
source in the study, further supported the association of the TNFR2 gene with obesity. The
haplotype Block 1, representing SNP1 and SNP2, was found to be associated with fat mass
(P =0.043). Haplotype Block 2, containing SNP3, SNP4, and SNP5, was associated with fat
mass (P = 0.025) and BMI (P = 0.027). However, these associations only attained marginal
significance after multiple testing corrections (Table 3).

Discussion

In our study, associations with various obesity phenotypes were detected for some TNFR2
common polymorphisms. Our results are in agreement with those previously reported by
Fernandez-Real et al. (2000), in which the polymorphism at the 3’-UTR is associated with
BMI in human subjects and diet-treated type 2 diabetic patients (Fernandez-Real et al.2000).
Our preliminary study (Huang et al. 2006) also detected a marginally significant association
(P =0.042) between the 13-repeat allele in intron 4 with the PFM. Compared with the
previous studies, our study has several notable strengths. First, SNPs distributed densely
across the TNFR2 gene were genotyped and exhaustively studied. Second, LD analysis was
conducted based on the haplotype information extracted from the multiple SNPs, and the
inferred blocks were used in the association tests. Third, the SNPs with high heterozygosity
were used to maximize the power to find associations. Fourth, our study highlights the
importance of the large sample size and the hidden population substructures in the genetic
association study. The TDT approach, which is robust for the potential population
stratification was employed in current study, and the 1,873 individuals from 405 nuclear
families ensure sufficient power for detection of important variants. Fifth, the permutation
approach was applied to circumvent the multiple testing problems afflicting the association
study, which highly minimized the number of false-positive results.

It is anticipated that positive association results were detected here, because TNFR2 is
overexpressed in adipose tissue in obese subjects (Hotamisligil et al. 1995), and the gene
expression and plasma levels of TNFR2 is different between the obese and lean (Fernandez-
Real et al. 1998; Hotamisligil et al. 1997; Ronnemaa et al. 2000), as we briefly summarized
in the “Introduction”. Additionally, mice lacking TNFR2 exhibit lower body weight and
improved insulin sensitivity (Schreyer et al. 1998). More-over, different independent studies
reported that TNFR2 is correlated with obesity-associated diseases, such as hypertension
(Glenn et al. 2000), hyperlipidemia (Geurts et al.2000), coronary artery disease (Benjafield
et al. 2001), and insulin resistance (Fernandez-Real et al. 2000).
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In our study, SNP11 (rs235214) resided in the 3-UTR of the TNFR2 gene, and was found to
be marginally associated with obesity phenotypes. The 3’-UTR region was associated with
obesity (Fernandez-Real et al. 2000), hypertension (Glenn et al. 2000), and cardiovascular
disease (Benjafield et al. 2001), and effected gene expression and mRNA stability (Puga et
al. 2005). Independent support for the importance of 3’-UTR is provided by our genome-
wide association study on obesity (Liu et al. 2008). SNP rs235237 in 3’-UTR of the TNFR2
gene was geno-typed in 1,000 Caucasian subjects, and it was significantly associated with
PFM (P = 0.0156), fat mass (P = 0.0376), and BMI (P = 0.0082).

In this study, the most significant obesity-associated polymorphism is SNP9 (rs5746059). It
remains significant even after the adjustment of multiple testing. Similar LD patterns around
the SNP9 were observed when we compared the LD structure in our sample with the
Caucasian samples’ LD structure in the HapMap project (http://www.hapmap.org/). Both the
LD structure for HapMap and ours is in low LD, and the SNP9 (rs5746059) could not be
assigned to any of the blocks with any SNPs measured in the 3’-UTR. We hypothesize that
the strong association between SNP9 and obesity may be attributed to the strong LD of
SNP9 with potential functional genetic variants.

Current and earlier association studies on the TNFR2 and obesity (Fernandez-Real et al.
2000; Huang et al. 2006) are all limited to Caucasian samples. To test the association
between the TNFR2 gene and obesity in non-Caucasian ethnic groups, we analyzed the data
in our genome-wide association study using Affymetrix 500K SNP arrays in a sample of
700 unrelated Han Chinese. For the TNFR2 gene, SNP rs496888 (SNP4 in Table 3) was
significantly associated with fat mass (P = 0.0042) and PFM (P = 0.0025). The results
suggest that our finding can be generalized to non-Caucasian ethnic groups.

In conclusion, this study further confirmed a significant association between the TNFR2
gene and obesity. Our efforts, combined together with the previous evidence of TNFR2
function in metabolism, supported its variants as important genetic factors for obesity.
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Fig. 1.
Gene structure and LD patterns for the TNRF2 gene. Exons are depicted as filled boxes.

Positions of the 12 SNPs used in the association study are sketched. LD block structure, as
depicted by Haploview, is shown in the bottom frame. The increasing degree of darkness
from white to black represents the increasing strength of LD. Values for D’ = 1 are dark
black boxes and D’ < 1 (indicated as original value multiple 100) are shown in the cells
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General information of the analyzed TNFR2 SNPs in this study

Table 1

SNP Name® Positionb Ilrr:tt:rr\r);ar(ggr) PolymorphismCc MAF  Role

1 rs1148459 12,140,439 - CIA 0.467  Promoter
2 rs590368 12,146,038 5,599 G/A 0.378  Promoter
3 1s652625 12,147,938 1,900 T/IA 0.065 Promoter
4 rs496888 12,155,393 7,455 AIG 0.300 Intron 1
5 rs499646 12,161,676 6,283 G/A 0.057 Intron 1
6 rs17037696 12,165,861 4,185 G/A 0.232 Intron 1
7 rs945439 12,171,529 5,668 AIG 0.226 Exon2

8 rs2275416 12,176,788 5,259 G/A 0.187  Intron 7
9 rs5746059 12,185,379 8,591 AIG 0.209 Intron 9
10 rs1061628 12,190,586 5,207 G/A 0.396 Exon 10
11 rs235214 12,194,090 3,504 G/A 0.151 3 UTR
12 rs4846100 12,200,251 6,161 CIG 0.442 3 UTR

aSNP ID in the dbSNP (http://www.ncbi.nIm.nih.gov/SNP)

bChromosome position is based on the dbSNP (http://www.ncbi.nlm.nih.gov/SNP)

C. . .
The second allele is the minor allele
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Results of the population stratification test

SNP  Name Fat mass BMI PFM

1 rs1148459 0.085 0.135 0.172
2 rs590368 0.496 0.996 0.349
3 rs652625 0.805 0.928 0.559
4 rs496888 0.880 0.816 0.689
5 rs499646 0.649 0.612 0.848
6 rs17037696  0.262 0.203 0.214
7 rs945439 0.652 0.705 0.617
8 1s2275416 0.179 0.208 0.111
9 rs5746059 0.002 0.038  0.002
10 rs1061628 0.156 0.841 0.129
11 rs235214 0.034 0.058 0.035
12 rs4846100 0.520 0.862 0.561

Empirical P values <0.05 are in bold
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Table 3

P values of within-family association test (TDT) and permutation results

SNP Name Fat mass BMI PFM
1 rs1148459 0.005 (0.015) 0016(0.032)  0.022(0.057)

2 rs590368 0.161 0331 0.149

3 rs652625 0.961 0.650 0.540

4 rs496888 0.584 0.616 0.641

5 rs499646 0.745 0.570 0.955

6 rs17037696 0.124 0.060 (0.109)  0.186

7 rs945439 1.000 0.710 0.830

8 1s2275416 0.078 (0.056) 0.049 (0.045)  0.088 (0.071)

9 rs5746059 0.0002 (< 0.0001) ©  0.002 (0.001) ©  0.0006 (<0.0001) *
10 rs1061628 0.176 0.884 0.121

1 rs235214 0.024 (0.012) 0.014(0.003)  0.039 (0.033)

12 rs4846100 0.671 0.896 0.624

LD block  SNPsinthe Block  Fat mass BMI PFM

Blockl  SNPL,SNP2 0.043 (0.070) 0.113 0.096 (0.157)
Block2 ~ SNP3-SNP5 0.025 (0.051) 0.027 (0.054)  0.071 (0.146)
Block3  SNP6-SNP8 0.195 0.109 0.242

Page 13

The permutation test was performed for those TDT results with P < 0.05 and listed in the parenthesis. Bold values indicate significant P values (P

<0.05)

*
The results remain significant even after the correction for multiple testing
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