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Abstract
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O’DELL. The SH2B gene is associated with serum leptin
and body fat in normal female twins. Obesity. 2007;15:5-9.
Src-homology-2 (SH2)-B, a Janus tyrosine kinase 2-inter-
acting protein, has been identified recently as a key reg-
ulator of leptin and insulin sensitivity, glucose homeo-
stasis, and body weight in mice. The aim of this study was
to determine whether single-nucleotide polymorphisms
(SNPs) in the human SH2B gene are associated with these
variables. A tagging SNP (tSNP), Ala484Thr (rs7498665),
was selected to represent five common SNPs (minor allele
frequency > 0.05) in perfect linkage disequilibrium in a
16-kb region encompassing the SH2B gene. The tSNP was
genotyped in 2455 white female twins (mean age, 47.4 *
12.6 years) from the St. Thomas’ United Kingdom Adult
Twin Registry (Twins United Kingdom). Ala484Thr (minor
allele frequency, 0.38) was associated with serum leptin,
total fat, waist circumference, and body weight (P = 0.02 to
0.04). The coding SNP has no predicted effect on protein
structure or function and is likely to be in linkage disequi-
librium with an as-yet unidentified functional variant in the
SH2B gene. Our results support a role for SH2-B in mod-
ulating the regulation of body weight and fat by leptin in
this female population. If SH2-B signaling is attenuated in
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diet-induced obesity, it could become a target for drug-
induced leptin sensitization.
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Leptin, a product of the obese gene (1), signals nutritional
status to key regulatory centers in the hypothalamus,
thereby acting as an important signal regulating energy
homeostasis (2). On binding to hypothalamic receptors,
leptin induces tyrosine phosphorylation of Janus tyrosine
kinase (JAK?2) and signal transducer and activator of tran-
scription 3, paralleled by a comparable increase in phos-
phoinositol 3-kinase activity associated with insulin recep-
tor substrate 2 (IRS-2)' (3). The Src-homology-2 (SH2)
domain-containing putative adapter SH2-B is a ubiquitously
expressed cytoplasmic protein which binds through its SH2
domain (4) simultaneously to both JAK2 and IRS-2, pro-
moting leptin-stimulated activation of the phosphoinositol
3-kinase pathway in cultured cells (5). Recently, it has been
shown that SH2-B-deficient mice develop insulin resistance
and type 2 diabetes (6), as well as severe leptin resistance,
hyperphagia, and obesity (7). Thus, SH2-B is a key cyto-
plasmic signaling molecule that acts as a positive regulator
of leptin and insulin signal transduction in mice.

The aim of this study was to determine whether single-
nucleotide polymorphisms (SNPs) in the human SH2B gene
are associated with measures of body fat and insulin sensi-
tivity in 2455 women from the St. Thomas’ United King-
dom Adult Twin Registry (Twins United Kingdom). Char-
acteristics of the subjects are shown in Table 1. Pair-wise
linkage disequilibrium (LD) among five relatively common
SNPs [minor allele frequency (MAF) > 0.05] located in a
16 kb region including the SH2B gene, rs4788102,
rs8055982, rs7498665, rs7359397, and rs3888190, were

! Nonstandard abbreviations: IRS, insulin receptor substrate; SH2, Src-homology-2; SNP,
single-nucleotide polymorphism; LD, linkage disequilibrium; MAF, minor allele frequency;
HOMA, homeostasis model assessment; SiM, sensitivity to insulin measurement; MZ,
monozygous; DZ, dizygous.
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Table 1. General characteristics of subjects

Variable n Mean = SD
Age (years) 2455% 474 £ 12.6
Postmenopausal (%) 2161 48.1
Obesity-related variables
Leptin (ng/mL) 2455 164 = 11.9
BMI (kg/m?) 2199 248 + 4.4
Weight (kg) 2200 654 = 11.9
Waist (cm) 2106 78.1 = 10.3
Total fat (kg) 2204 232+ 8.9
Total fat (%) 2066 352 = 8.1
Central fat (kg) 2090 1.31 = 0.74
Central fat (%) 2090 304 = 11.6
Insulin sensitivityt
Fasting glucose (mM) 998 440 £ 046
Fasting insulin (uwU/mL) 893 6.29 £ 451
HOMA 889 1.25 = 0.91
2-Hour glucose (mM) 647 5.19 = 1.10
2-Hour insulin (nU/mL) 647 343 =255

* Number of subjects (754 MZ, 1701 DZ) with leptin and geno-
type data.
1 Nonfasting subjects (n = 166), patients with either type 1 or 2
diabetes, fasting glucose > 7.8 mM or 2-hour glucose > 11.1 mM
(n = 11), and patients on any antidiabetic drugs (n = 1) were all
excluded.

quantified by D’/#*. The five variants were in perfect LD
(all pair-wise * = 1.00), i.e., defining just two common
haplotypes (Figure 1). Hence, one tagging SNP was re-
quired to represent all HapMap variants with MAF > 0.05.
The only coding SNP, rs7498665 (Ala484Thr), was selected
and genotyped in the complete cohort. The MAF of this
tagging SNP (tSNP) was 0.38, and genotypes did not devi-
ate significantly from Hardy-Weinberg equilibrium (p =
0.92).

Carriers of the minor allele of SNP rs7498665 had a
significantly higher general obesity factor score (p = 0.02).
Follow-up analyses of individual obesity phenotypes re-
vealed further significant associations with serum leptin
(p = 0.04), total fat mass (p = 0.04), waist circumference
(» = 0.02), and weight (p = 0.02) (Table 2). This tSNP
explained between 0.21% and 0.34% of the variance for
these traits. The higher level of serum leptin in allele 2
carriers infers an impaired sensitivity to leptin action (leptin
resistance), which typically accompanies overweight. This
is represented here by the parallel associations with fat
mass, waist circumference, and body weight. There were no
significant associations with insulin resistance [homeostasis
model assessment (HOMA)] or sensitivity to insulin mea-

6 OBESITY Vol. 15 No. 1 January 2007

Il 1yl
: — 18]

4788102 1B0S5082 rsTOBG6S  reT3S0397 rs3888190
(A018) (3787) (5826) (B244) (12071)
037 .37 0.37 0.37 037

I o o

./

g 8§ § g B

E g & 7 &

E B B ¥ B

E
=
E
E

’1>'=|
o=l

Figure 1: Structure of SH2B gene and position of SNPs relative to
start site in exon 1. The SNPs span a distance of 16 kb including
the 10.2-kb SH2B gene on chromosome 16. Minor allele frequen-
cies and pair-wise LD representation are from output of Tagger
program, based on HapMap SNP genotype data in 30 white trios.

surement (SiM) measures. We tested the association be-
tween SNP rs7498665 and obesity variables in the sub-
groups with HOMA (n = 889) and SiM (n = 647) data and
found outcomes similar to the full cohort. Significant asso-
ciations were found with BMI, weight, total fat percentage,
and central fat percentage (P = 0.0l to 0.04) (data not
shown).

The main strengths of our study lie in the large sample
and the availability of detailed measurements of body fat by
DXA in all subjects. This is the first attempt to examine a
possible role for SH2-B in predisposition to human obesity
and insulin sensitivity and the first reported association of
an SH2B variant with serum leptin, total fat mass, waist
circumference, and weight. The current study had 80% (a=
0.05) power to detect a biallelic quantitative trait locus,
explaining as little as 0.51% of the variance in HOMA index
(n = 889) and 0.90% of the variance in SIM (n = 647).
However, sample sizes for these variables were not suffi-
cient to detect an association accounting for a similar pro-
portion of variance accounted for by the associations with
leptin and fat in the full cohort.

It should be noted that we have established these associ-
ations only in a sample of female twins. We have previously
found few differences between twins and singletons in the
population generally, the only indication being that
monozygous (MZ) twins had a slightly lower weight and a
smaller variance for weight than dizygous (DZ) twins and
singletons (8). However, because measurements of leptin
and fat were not made in that study, we are unable to
generalize our present findings on general obesity, fat, and
leptin to age-matched females in the wider population.
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The comprehensiveness of coverage of the SH2B gene by
our selected tSNP was limited by the availability of SNPs
on the HapMap database at the time of the study. Analysis
of the genotypes of five SNPs with MAF > 0.05 in a 16-kb
region including the 10.2-kb SH2B gene, based on HapMap
data from 30 white parent-offspring trios, showed all five to
be in complete LD. The region containing the SH2B gene,
therefore, appears to have undergone little or no recombi-
nation. Accordingly, we were able to choose only one tSNP
to tag all of the common SH2B variants available in Hap-
Map. We are confident that other SNPs at this frequency
within this region are unlikely to remain unmarked by our
chosen tSNP. Although whites are a heterogeneous popula-
tion group in which haplotype composition, LD structure,
and LD decay with physical distance may vary within
subgroups, recent studies indicate that the HapMap data in
whites is representative of other white groups in terms of
allele frequencies and LD structure, especially for the com-
mon SNPs (9). HapMap genotype data further indicates that
the five common SHP2 SNPs are also in perfect LD in
Chinese (MAF = 0.16) and Japanese (MAF = 0.13) and in
almost perfect LD in Africans (MAF = 0.16). In Africans,
Ala484Thr (rs7498665) has a slightly higher MAF (0.17)
and a pair-wise 7> of 0.94 with the other SNPs. Interestingly,
one SNP, 157359397, is not polymorphic in the African
HapMap population.

Leptin regulates energy balance and body weight through
activation of its receptor and several downstream signaling
pathways. SH2-B has been identified as a key regulator of
leptin sensitivity, energy balance, and body weight in mice
on the basis of studies of null homozygotes (7). The mice
were severely hyperphagic and obese and developed a met-
abolic syndrome characterized by hyperleptinemia, hyper-
insulinemia, hyperlipidemia, hepatic steatosis, and hyper-
glycemia. Leptin-stimulated activation of hypothalamic
JAK2 and phosphorylation of hypothalamic signal trans-
ducer and activator of transcription 3 and IRS-2 were sig-
nificantly impaired. This suggests that SH2-B is an endog-
enous enhancer of leptin and insulin sensitivity and is
required for maintaining normal energy metabolism and
body weight in mice. SH2-B is, therefore, a plausible can-
didate for involvement in human obesity, insulin resistance,
and glucose intolerance. The Ala484Thr polymorphism is a
non-synonymous coding SNP and, therefore, may be a
functional variant. We investigated this possibility using
two databases (SNPeffect and PolyPhen) (10,11), which
predict the effects of non-synonymous coding SNPs on
protein structure and function. Ala484Thr appears to be
neutral, suggesting that it is in LD with an as-yet unidenti-
fied functional variant in the SH2B gene. Our results support
arole for SH2B in modulating the regulation of body weight
and fat by leptin in our female twin population, but we are
as yet unable to draw any conclusions regarding an influ-
ence on insulin sensitivity.

8 OBESITY Vol. 15 No. 1 January 2007

The results of our study invite replication in a larger
cohort to confirm these modest associations with obesity
and detect any smaller effects on insulin sensitivity. In
tagging only common SNPs, we excluded the possibility of
discovering any substantial effect associated with rarer
SNPs (MAFs < 0.05). Also, potential LD markers of inter-
genic regulatory regions such as enhancers, which could lie
10 to 20 kb upstream of the gene, were not considered in a
tagged region encompassing 16 kb. Future investigations
could, therefore, extend the tagged region and include SNPs
of lower frequency. If SH2-B signaling is eventually shown
to be attenuated in diet-induced obesity, it could become a
target for drug-induced leptin sensitization.

Research Methods and Procedures

Study Design

Twins United Kingdom comprises unselected, mostly
female volunteers ascertained from the general population
through national media campaigns in the United Kingdom
(12). The study cohort comprised 2455 subjects (754 MZ,
1701 DZ) with available leptin data. The number of indi-
viduals in the study with data on other phenotypic variables
is shown in Table 1. Information on all twins was used in
association analyses (see statistical analysis below).

Means and ranges of disease and lifestyle characteristics
in Twins United Kingdom were similar to an age-matched
sample of singleton women from the general population (8).
Informed consent was obtained from participants before
they entered the study and approved by the local research
ethics committee.

Zygosity, Body Composition, and Biochemical Analyses
Zygosity confirmation and measurement of body compo-
sition by DXA, serum leptin, insulin, and glucose were
performed as described previously (13). A subsample of
~750 subjects, representing unselected female twins from
the general population, underwent an oral glucose tolerance
test for which glucose and insulin levels were measured
before and 2 hours after a 75-gram oral glucose load (13).

Selection of tSNPs

The SH2-B gene spans over 10 kb and contains nine
exons. Five polymorphic SNPs with MAF > 0.05 in a 16-kb
region including the SH2B gene are listed on the HapMap
database (HapMap Data Release no. 20/Phase II January
2006; http://www.hapmap.org). Their positions with re-
spect to the first coding base in exon 1 (shown in parenthe-
ses) are as follows: rs4788102 (—4018), rs8055982 (3787),
1s7498665 (5826), 157359397 (8244), and rs3888190
(12,071) (Figure 1). (Note that rs12599217 in the HapMap
database lies between rs8055982 and rs7498665, but it is
not polymorphic). Genotypes were downloaded from Hap-
Map CEU 30 parent-offspring trio data into Haploview
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(http://www.broad.mit.edu/mpg/haploview/). The integral
Tagger program (http://www.broad.mit.edu/mpg/tagger)
was then used to collectively capture all SNPs at minimum
7 of 0.8, using the aggressive multimarker tagging mode.

Genotyping in Cohort

SNP 157498665 was genotyped in the complete cohort
by Pyrosequencing (Biotage, Uppsala, Sweden). Genotyp-
ing accuracy as assessed by inclusion of duplicates (pairs
of MZ twins) in the arrays was 98%, and negative controls
(water blanks) were included on each plate. Primers and
polymerase chain reaction conditions for genotyping by
Pyrosequencing can be obtained on request.

Statistical Analysis

For related individuals, conventional statistical analyses
lead to inflated significance. Dependency of the observa-
tions within pairs was accounted for by use of the general-
ized estimating equations procedure (14) in which both MZ
and DZ twins can be used in tests of association. The
approach accounts for dependency of the observations
within pairs and yields unbiased SEs and p values. Associ-
ation analyses in the full cohort included both twin subjects
from each pair. To limit the number of models tested, we
first performed a 2 df overall test of genotypic association.
Only in the presence of a significant association were ad-
ditive, dominant, and recessive models (all 1 df) further
tested to find the best mode of inheritance. Factor analysis
was used to combine strongly correlated indices of obesity
into two measures: one for general obesity (serum leptin,
BMI, weight, total fat mass, and percentage total fat) and
one for central obesity (waist, central fat mass, and percent-
age central fat). We used two indices of insulin sensitivity,
one based on fasting insulin and glucose data (HOMA) and
the other based on both fasting and 2-hour insulin and
glucose data (SiM), as described previously (13). To reduce
the likelihood of generating false positive associations
through multiple testing, single variables characterizing
obesity were analyzed only if initial tests with the general
and central obesity scores yielded a positive association for
at least one of these combined variables. This strategy was
also used for the two indices of insulin sensitivity. Hardy-
Weinberg equilibrium was tested by a x* test with 1-df in
one twin of each pair chosen at random to prevent inflated
significance. For all of the phenotypes, age and menopausal
status were included as covariates in the models. Pheno-
types significantly (p < 0.05) deviating from normal were
log transformed to obtain normal distributions before anal-
ysis. p = 0.05 was considered to be statistically significant.
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