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Abstract
The genome-wide association study by Herbert and colleagues identified the INSIG2 single
nucleotide polymorphism (SNP) rs7566605 as contributing to increased BMI in ethnically distinct
cohorts. The present study sought to further clarify by testing whether SNPs of INSIG2 influenced
quantitative adiposity or glucose homeostasis traits in Hispanics of the Insulin Resistance
Atherosclerosis Family Study (IRASFS). Using a tagging SNP approach, rs7566605 and 31
additional SNPs were genotyped in 1425 IRASFS Hispanics. SNPs were tested for association
with six adiposity measures: BMI, waist circumference (WAIST), waist to hip ratio (WHR),
subcutaneous adipose tissue (SAT), visceral adipose tissue (VAT), and VAT to SAT ratio (VSR).
SNPs were also tested for association with fasting glucose (GFAST), fasting insulin (FINS), and
three measures obtained from the frequently sampled intravenous glucose tolerance test: insulin
sensitivity (SI), acute insulin response (AIR), and disposition index (DI). Most prominent
association was observed with direct CT-measured adiposity phenotypes, including VAT, SAT,
and VSR (P-values range from 0.007 to 0.044 for rs17586756, rs17047718, rs17047731,
rs9308762, rs12623648, and rs11673900). Multiple SNP associations were observed with all
glucose homeostasis traits (P-values range from 0.001 to 0.031 for rs17047718, rs17047731,
rs2161829, rs10490625, rs889904, and rs12623648). Using BMI as a covariate in evaluation of
glucose homeostasis traits slightly reduced their association. However, association with adiposity
and glucose homeostasis phenotypes is not significant following multiple comparisons adjustment.
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Trending association after multiple comparisons adjustment remains suggestive of a role for
genetic variation of INSIG2 in obesity, but these results require validation.
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Introduction
INSIG2 is a ~21.5 Kb gene located on chromosome 2q14 that has been functionally linked
to obesity, most notably due to its role in cholesterol and fatty acid synthesis feedback
inhibition (1,2). After conducting a genome-wide association study evaluating the
contributions of single-nucleotide polymorphisms (SNPs) to obesity, Herbert et al. reported
compelling evidence that SNP rs7566605 was associated with increased Body Mass Index
(BMI) in a cohort of the Framingham Heart Study (FHS). Their finding of association of
rs7566605 with BMI was replicated in ethnically distinct populations, including several
European-derived and an African American cohort (3). The rs7566605 SNP is located ~10
Kb upstream of the transcription start site for Insulin-induced gene 2 (INSIG2).

Subsequent to the report by Herbert et al., association studies of INSIG2 have been reported
in several populations. A majority of these replication studies have focused efforts solely on
the initial rs7566605 and BMI. Several of these replication studies did not corroborate the
INSIG2 findings in European American, Indian, Chinese, and Afro-Caribbean samples (4–
11). However, rs7566605 association with BMI was reported in other European-derived
cohorts (12). In addition, a recent study reported that a SNP in the INSIG1 promoter was
associated with higher plasma glucose and post-load plasma glucose in middle-aged men
(13). This finding implies additional consideration of a role for INSIG2 in glucose
homeostasis maintenance. The diverse results from these studies suggest that INSIG2 (and
rs7566605) could evince its genetic effect through other adiposity phenotypes, such as those
affecting adiposity at specific depots rather than whole-body BMI. Furthermore, the
variance in association results could be explained if other SNPs near or within INSIG2, and
in linkage disequilibrium (LD) with rs7566605, have true biological effects that vary
between populations and/or also require differing levels of power for detection.

In light of these observations, we evaluated INSIG2 using a systematic SNP tagging
approach in a Hispanic study sample from the Insulin Resistance and Atherosclerosis Family
Study (IRASFS). The IRASFS possesses more sophisticated measures of adipose tissue
distribution that are assessed using computed tomography (CT), as well as standard
anthropometric adiposity measures, and detailed measures of glucose homeostasis (14). We
hypothesized that SNPs of INSIG2 will be associated with multiple measures of adiposity
and/or glucose homeostasis, further clarifying the role of this well-studied gene.

Methods and Procedures
Subjects

The IRASFS is a multi-center family-based study designed to discern genetic components of
quantitative measures of adiposity and glucose homeostasis in Hispanic and African
Americans. IRASFS subjects were recruited from three sites: San Luis Valley, CO, a rural
Hispanic population; San Antonio, TX, an urban Hispanic population; and Los Angeles, CA,
an African American population. The study design, recruitment, and phenotyping are
described elsewhere in more detail (14,15). We have chosen to focus this report on the 90
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multigenerational Hispanic families (1425 individuals). Study of INSIG2 polymorphisms in
our African American cohort is underway. Individuals were recruited over a 2.5 year period
at the clinical centers on the basis of large family size, rather than disease phenotype.
Proband recruitment required at least four living siblings and five living offspring among the
four siblings. Family size ranged from 4 to 39 individuals. All subjects provided informed
consent. Though the subjects were recruited on the basis of family size and not disease
status, approximately 13.7% were diagnosed with type 2 diabetes (by self report). The actual
number of diabetics in the total Hispanic cohort is n=181 (14.2%), confirmed during clinical
exams. Table 1 summarizes the primary phenotypes measured on study participants.

Phenotypes
The IRASFS subjects have been extensively phenotyped with adiposity and glucose
homeostasis quantitative traits. Body Mass Index (BMI, kg/m2) was obtained from height
and weight measurements taken for each subject at the study exam. Waist circumference
(WAIST, cm) was taken with a standard metric tape measurer and consisted, at minimum, of
the circumference between the tenth rib and the iliac crest. Hip circumference was also
obtained using a standard metric tape measure and consisted of the maximum circumference
of the buttocks. The waist-to-hip ratio (WHR) was calculated as the ratio of the WAIST and
hip circumference measurements. In addition to standard anthropometric measures of
adiposity, the IRASFS incorporates direct measures of adiposity at specific abdominal
depots with the use of computed tomography (CT) scanning. Visceral and subcutaneous
adipose tissue (VAT; SAT; respectively, cm2) were acquired in a standard protocol
consisting of a single scout of the abdomen that was followed by two 10mm thick axial
images (obtained at L2–L3 and L4–L5 spinal discs). The CT images were transferred to
magnetic tape and sent to a reading center at the University of Colorado Health Sciences for
analysis (15). The visceral to subcutaneous ratio (VSR) was obtained by calculating the ratio
of the visceral to subcutaneous adipose tissue estimates.

Measures of glucose homoeostasis were assessed using the frequently sampled intravenous
glucose tolerance test (FSIGT), and minimal model analyses (MINMOD software program),
in order to calculate insulin sensitivity (SI) and glucose effectiveness (SG; 16,17). Acute
insulin response (AIR) was calculated as the mean insulin increment in plasma insulin
concentration above basal during the first 8 minutes following glucose infusion. Disposition
Index (DI) was calculated as DI=AIR × SI. Plasma glucose (GFAST) and insulin (FINS)
values were obtained using standard methods. Diabetes-affected individuals were excluded
from SNP association analysis with glucose homeostasis traits.

DNA Preparation
Genomic DNA was purified from whole blood PUREGENE DNA isolation kits (Gentra
Inc., Minneapolis, MN, USA). Quantification of the purified DNA was performed by
fluorometric assay (Hoefer DyNA Quant 200 fluorometer; Hoefer Pharmacia Biotech Inc.,
San Francisco, CA, USA). All of the samples were diluted to a final concentration of 5 ng/
μl.

SNP Genotyping and Selection
Genotyping was performed using the iPlex MassARRAY SNP genotyping system
(Sequenom Inc., San Diego, CA, USA), which utilizes mass tagging to differentiate between
alleles (18). SNPs were selected to cover a 52.46 Kb genomic region, which included the
INSIG2 gene, 26 Kb 5′ to the gene, and 8 Kb 3′ to the gene. At the time of SNP selection for
this study, only the Phase 2 HapMap Project data was available, and thus did not include a
Hispanic population. However, existing Phase 2 HapMap Project population tagging SNPs
had been shown to be largely transferable as tagging SNPs for other ethnic cohorts, such as
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the IRASFS Hispanics (19). Thus, the Hapmap pairwise tagging algorithm was run to select
CEU HapMap tagSNPs with an r2 threshold of 0.8 at the MAF cut-off of 5%. The tagging
SNPs were supplemented with additional HapMap (www.hapmap.org) genotyped SNPs, as
well as those of dbSNP. According to the tagging function of HapMap, over 90% of the
CEU haplotypic variation in the genomic region is captured by the 31 selected SNPs at an r2

threshold of 0.8. This same set of SNPs also captures over 75% of the haplotypic variation
in the INSIG2 genomic region at an r2 threshold of 0.8 in the YRI HapMap population.

Each pedigree has previously been examined for consistency of stated family structure and
is described in detail elsewhere (20). Maximum likelihood estimates of allele frequencies
were computed using the largest set of unrelated individuals (n=228) and tested for
departures from Hardy-Weinberg equilibrium proportions (HWE) using a chi squared
goodness of fit test. The largest set of unrelated individuals was also used to calculate the D′
and r2 inter-SNP linkage disequilibrium (LD) statistics. Each of the SNPs evaluated in this
work were examined for Mendelian inconsistencies in their genotypes using the program
PEDCHECK (21). Any genotypes inconsistent with Mendelian inheritance that could not be
resolved by examination of the genotyping data were converted to missing.

Statistical Analysis
Single-SNP analysis was performed using the variance components method as implemented
in the software package, SOLAR (http://www.sfbr.org/solar/). Briefly, analysis consisted of
the two degree of freedom overall test of genotypic association and the three individual
models defined by the a priori genetic models (e.g., dominant, additive, recessive). To
minimize type 1 error, we reported the individual genetic models only when the genotypic
association test (2df test) suggested an association, or after adjusting the individual genetic
model P-values by a principal component analysis method. Tests were computed by
adjusting measures of adiposity and glucose homeostasis for age, gender and recruitment
center (San Antonio, TX and San Luis Valley, CO) and, in parallel, adjusting for age,
gender, BMI, and recruitment center. When necessary, quantitative traits were transformed
to best approximate the distributional assumptions of the test (i.e., conditional normality and
homogeneity of variance).

The data were also analyzed using the quantitative pedigree disequilibrium test (QPDT),
using one, two, three, and four marker moving windows, which assess single SNP and
haplotype association. The moving window analysis considers progressive combinations of
physically adjacent SNPs as part of multi-SNP haplotypes. The method determines whether
those haplotypes are under- or over- transmitted to offspring in family units whose
quantitative trait variance departs from that expected based upon the quantitative trait
variance and mean of the population (22). A global p-value is generated by the QPDT,
which represents the overall significance based on the association tests of all the individual
allele combinations of that haplotype, and these are what are initially reported (in Figure 2).
Additionally reported are the most associated combinations of alleles for each globally
associated haplotype (Supplementary Table 2). The QPDT uses the expectation-
maximization algorithm to estimate the haplotype frequencies and is generally robust to
potential population stratification.

In order to adjust for multiple comparisons, we computed a principal component analysis to
estimate the number of independent dimensions in the dataset (23). The number of
independent dimensions in the phenotypic data was determined using the estimated genetic
correlations between adiposity traits (Supplementary Table 3). It was found that 3
dimensions accounted for approximately 96% of the variation in the adiposity traits (data not
shown). The number of independent dimensions in the genotypic data was determined using
the pairwise D′ and r2 statistics, calculated and represented in Supplementary Figure 1. It
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was found that 9 dimensions accounted for approximately 95% of the variation in the
genotyped SNPs (data not shown). Subsequently, the estimated number of independent
dimensions across the dataset (9 × 3 = 27) is used to determine a standard Bonferroni
threshold of statistical significance (.05/27 = .002).

Results
The present study genotyped rs7566605 and 31 additional Phase 2 HapMap CEU tagSNPs
in 1425 Hispanic Americans of the IRASFS. In total, 17 genotyped SNPs are in the region 5′
to INSIG2, 9 are in introns of the genic region, and 6 are within the 3′ UTR (locations
represented to scale in Supplementary Figure 1). As such, the present study depicts one of
the first higher density haplotype block structures of the INSIG2 genomic region.
Furthermore, now that the Phase 3 Hapmap Project data is available, we were able to
compare the IRASFS-genotyped MAFs for INSIG2 tagging SNPs to those represented for
the Mexican Ancestry in Los Angeles, California cohort (MEX). As expected, we found that
the INSIG2 SNP MAFs are more reflective of those of the MEX cohort than those of the
CEU cohort.

Only one SNP, rs3849327, was found to depart significantly from HWE (Supplementary
Table 1). Inter-SNP D′ calculation revealed that linkage disequilibrium (LD) was generally
high (mean D′ > .80), and inspection of results shows three major haplotype blocks (Gabriel
method; Supplementary Figure 1). The largest haplotype block is ~28Kb and encompasses a
large portion of the promoter and 5′ end of the genic region (Haplotype Block 1), the second
haplotype block is ~3Kb and encompasses portions of the second and third introns
(Haplotype Block 2), and the third haplotype block is less than 1Kb within the 3′-UTR
(Haplotype Block 3). Additionally, r2 calculations show an overall low degree of inter-SNP
correlation (grand mean r2 < .13), consistent with the selection of tagging SNPs for
genotyping. However, inter-SNP correlation was significantly higher within and near
Gabriel-defined Haplotype Blocks 1 and 2, where the mean r2 is ~.90 across 7 distinct intra-
correlated SNP elements, consisting of 20 variants among them (mean calculated using
variants with pairwise r2 statistics > .70; Supplementary Figure 1).

The results of single-SNP association analyses using the 2df test of SOLAR are depicted in
Figure 1, while significant a priori genetic model test results for 2df-associated SNPs are
depicted in Table 2. The SNP rs7566605 did not show evidence of association with any
measure of adiposity or glucose homeostasis. The minor allele frequency (MAF) of
rs7566605 was similar to that observed in previous studies (~30%), and it was in LD with
virtually every other genotyped SNP (mean D′ with other variants = .936; D′ range =.05–
1.0). Moreover, rs7566605 shows low inter-SNP correlation with all but two variants,
rs17047697 (r2=.96) and rs2161830 (r2=.75), which also were not associated with any
measures of adiposity or glucose homeostasis. Overall, associated SNPs under SOLAR were
spread throughout the surveyed genomic region, with a higher concentration in the promoter
and 5′ region of the gene. Standard anthropometric measures of adiposity (e.g. BMI,
WAIST, and WHR) had little evidence of association with INSIG2 SNPs. However, one low
frequency SNP showed evidence of association with BMI and WAIST (MAF ~3%,
rs10490626, P=.016–.053), and another with WHR (MAF ~33%, rs9308762, P=.026). The
SNP rs10490626 has a genotyped MAF < 5%, which is reflective of a bias in tag SNP
selection towards the CEU HapMap population, as a Mexican American cohort in the
HapMap Phase 3 release also has a lower rs10490626 MAF. More striking was evidence of
association with CT-measured adiposity phenotypes, including VAT, SAT, and VSR. Most
prominent are 3 moderately correlated SNPs that were associated with VAT (rs17047718 in
promoter, rs17047731 in promoter, rs12623648 in 3′-UTR MAF=~7%–10%; P=.007–.044;

Talbert et al. Page 5

Obesity (Silver Spring). Author manuscript; available in PMC 2010 August 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mean r2 is ~.65). The intronic SNP rs9308762 was also associated with VAT (MAF=33%;
P=.021).

When the single-SNP adiposity phenotype results incorporated adjustment for BMI, in
addition to age, gender, and center, there were additional associations with WAIST and
WHR (rs17587352, rs9308762, MAF=9–33% P=.009–.046). Adjustment for BMI also had
varying effects on associations with CT-measured adiposity phenotypes. SNP associations
with VAT largely persisted after BMI adjustment, save for the loss of one SNP (rs17047731,
P=.196), and the appearance of an additional association (rs7565584, MAF=34%, P=.032).
The SNP rs17586756 remains associated with VSR (P=.011), while rs17047733 shows
newly modest association with VSR (MAF=21%; P=.043). The BMI adjusted single-SNP
association results are also depicted in Figure 1.

Interestingly, in addition to evidence of association with obesity, correlated SNPs
rs17047718, rs17047731, and rs12623648 accounted for the association with glucose
homeostasis phenotypes gauging insulin resistance (Figure 1). These SNPs shared strong
associations with GFAST, FINS, and SI, and appear to follow a recessive model with minor
allele homozygotes exhibiting a protective effect (MAF=7%–9%; P=.001–.027). 3 SNPs in
intron 2 were associated with glucose homeostasis phenotypes that measure β-cell function,
including AIR and DI. The SNPs rs2161829 (MAF=49%) and rs10490625 (MAF=7%) were
associated with DI (P=.010–.031), and rs889904 was associated with AIR (MAF=34%, P=.
026). The effects of prominently associated SNPs rs17047718, rs17047731, and rs12623648
on glucose homeostasis and adiposity phenotypes are represented in Table 2.

When the single-SNP association analysis with glucose homeostasis traits was performed
adjusting for BMI, evidence of association with GFAST was no longer observed. Significant
association with SI was also reduced (P=.017–.149). Meanwhile, all association with FINS
persisted. The SNP rs2161829 remained associated with DI, while rs10490625 did not (P=.
078). Lastly, rs889904’s association with AIR persisted.

Single and multi-marker SNP association with adiposity and glucose homeostasis
phenotypes was also assessed by the QPDT method. Generally, QPDT associations were
more modest than those observed with SOLAR, but were consistent in both the localization
of and the traits involved in genetic associations. However, there are exceptions, as
exemplified in the lack of single-marker association of rs17047718, rs17047731, and
rs12623648 (Figure 2). Though “1 marker haplotype” testing using QPDT is roughly
equivalent in premise to the single-SNP testing of SOLAR reported in Figure 1, it has
considerably reduced power due to loss of data in implementing the analysis method (see
Methods and Procedures). The most associated individual allele combinations underlying
the significant global P-values reported here can be found in Supplementary Table 2. 1, 2, 3,
and 4 adjacent SNP haplotypes, as formed by QPDT’s moving window analysis, were
modestly associated with adiposity phenotypes, including WHR (P=.039–.043) and VSR
(P=.049–.050). 1, 2, 3, and 4 marker haplotypes were modestly associated with glucose
homeostasis phenotypes, including GFAST (P=.025), SI (P=.010–.043), and DI (P=.030–.
042). Similar results were seen following QPDT analysis adjusted for BMI, as well as age,
gender, and center. Single and multi-marker SNP haplotypes were associated with BMI-
adjusted adiposity measures, including WHR (P=.017–.048) and VAT (P=.042). Single and
multi-marker SNP haplotypes were also associated with BMI-adjusted glucose homeostasis
measures, including GFAST (P=.046) and SI (P=.040).

Given the prominence and linkage disequilibrium of the moderately correlated SNPs
rs17047718, rs17047731, and rs12623648 in the presented single-SNP associations (Figure
1), we conducted an additional QPDT test involving only these three SNPs. The test
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revealed moderate association with VSR. Single and multi-marker SNP haplotypes
including SNPs rs17047718 and rs17047731 were associated with VSR (p=.005–.049).
Following the additional adjustment of the dataset for BMI, single and multi-marker SNP
haplotypes including rs17047718 and rs17047731 were again associated with VSR (p=.
009–.087). These results are consistent with the inter-SNP correlation pattern of these three
variants. That is, rs17047718 and rs17047731 have a pairwise r2 of .84, but each of the
preceding variants share a pairwise r2 of ~.55 with rs12623648. These results are more
clearly depicted in Supplementary Figure 2.

The potential for type I error as a result of multiple testing raises concerns about these
results. The principal component analysis described previously estimated that a majority of
the genotypic variation in the dataset could be explained in 9 independent dimensions, while
the phenotypic variation in the dataset could be explained in 3 independent dimensions.
Therefore, 27 total dimensions are sufficient to explain a majority of the variance in the
dataset, and are then used to establish a new threshold of significance to account for type I
error. The standard Bonferroni correction yields a new threshold of p=.0018 for significance
(p=.05/27). Though some of the associated SNPs approach significance by this estimated
threshold, none of the more notable SNPs actually survive the correction (ex. rs17047718’s
noted association with VAT, p=.007, and FINS, p=.002, prior to adjustment for BMI; Figure
1).

Discussion
The insulin-induced genes INSIG1 and INSIG2 inhibit Sterol Response Element Binding
Protein (SREBP) activation in response to high cholesterol and are partially regulated by
insulin. When uninhibited by INSIGs or other genes, SREBPs act as transcription factors
promoting expression of endogenous cholesterol and fatty acid synthesis genes. As their
namesake suggests, INSIG function is affected by insulin, which is aberrantly secreted in
obesity and diabetes (1,2). Clearly, there are many avenues by which genetically-driven
alterations in the transcription or function of INSIG2 could contribute to excess circulation
of cholesterol and fatty acids, leading to increased adiposity. The findings of Herbert et al.
and some subsequent replication studies have suggested a role for inherited genetic variation
of INSIG2 in human obesity. The mixed nature of all INSIG2 genetic studies (especially
those targeting BMI) suggests that INSIG2 polymorphisms might affect obesity through
additional modalities. Association of an INSIG1 SNP with plasma glucose, the insulin-
responsiveness of the INSIG proteins, and findings of SREBP binding sites near metabolic
genes, imply an additional role for INSIG2 in the regulation of glucose homeostasis (1,2,13).

Our findings suggest an association of INSIG2 with human obesity, but also its potential
involvement in physiological control of glucose homeostasis. Relevant to prior reports, we
observed no evidence for association between rs7566605 and any phenotypic measures of
adiposity (or glucose homeostasis) in the IRASFS. The strongest observed SNP associations
with obesity measures was with CT-measured fat deposits at specific abdominal depots
(VAT, SAT, VSR; Figure 1). Many of the same SNPs associated with adiposity levels also
accounted for a majority of the association with glucose homeostasis measures, which
included phenotypes gauging insulin response/resistance (FINS, GFAST, and SI).
Significant evidence of association with AIR and DI was also observed, most of which was
within intron 2 of INSIG2. The most prominent of the adiposity- or glucose homeostasis-
associated INSIG2 SNPs were rs17047731, rs17047718, and rs12623648. The preceding
three SNPs exhibited moderate inter-SNP correlation, as well as some haplotypic association
with VSR, and so they are not completely independent elements (Supp Figure 2). Likewise,
a similar amount of high inter-SNP correlation exists between many other INSIG2 SNPs of
the promoter and the first and second introns (e.g. 20 SNPs can be approximately grouped
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into 7 intra-correlated elements with a mean r2 ≥ .90 in this region). A visual representation
of the data regarding inter-SNP correlations is presented in Supplementary igure 1 (Results;
Figure 1; Supp Figure 1).

Generally, a mechanism by which an INSIG2 SNP may affect adiposity or glucose
homeostasis is by altering the gene’s transcription or response to insulin/cholesterol,
resulting in aberrant SREBP activation and thus gene transcription (13). Given INSIG2’s
regulatory role in the amount of circulating fatty acids and cholesterol, as well as the
inability of BMI to distinguish between lean and fat mass, abdominal fat depot size (VAT,
SAT, VSR) may be a more sensitive measure of the gene’s function. Adjustment for BMI
caused the appearance of some additional single SNP associations with adiposity
phenotypes, but did not alter a majority of the statistical significance of previous
associations (Figure 1). These effects of BMI adjustment further confirm that BMI is not as
consistent a gauge of INSIG2 function as direct adiposity measures (Figure 1). Furthermore,
this could be an indication that downstream SREBPs initiate transcription of genes involved
in bodily fat patterning, which may explain the persistent association of INSIG2 SNPs with
VAT after BMI adjustment.

These results have not been adjusted for type I error as presented, and should thus be
considered with caution. One perspective on accounting for type I error would utilize a
standard Bonferroni correction for all SNP and trait comparisons, but this may be too
conservative (23,24). Such a correction may be too stringent because there is a strong prior
hypothesis that this gene harbors obesity-associated variants, which is based on a body of
genetic and functional evidence (25–27). Secondly, a predetermined set of adiposity and
glucose homeostasis traits were used to test each variant for genetic association, rather than
“fishing” for evidence (24). Thirdly, the glucose homeostasis traits could be considered
secondary and/or exploratory analyses for the purposes of determining the number of
conducted tests. Lastly, there is a nontrivial amount of inter-trait and inter-SNP correlation
present in this data set, which makes the number of conducted tests difficult to determine
(23,24). For instance, the estimated genetic correlation between BMI and WAIST, WHR,
SAT, or VAT ranges from an r2 of .61 to .94 (Supplementary Table 3). Furthermore, as
discussed, the inter-SNP D′ and r2 statistics have shown that most INSIG2 SNPs are within a
region of high, but not complete, overall LD (Results, Supplementary Figure 1).

Therefore, we utilized a principal components method to estimate the number of
independent dimensions in the dataset given the genotypic and phenotypic correlation
(Methods, Results). The number of independent dimensions (n=27) was then used in a
standard Bonferroni adjustment to obtain a new threshold of significance (p=.05/27). The
newly estimated threshold of p=.0018 technically excludes all observed association with
adiposity measures. Thus, multiple comparisons adjustment does not strictly allow an
interpretation of statistically significant difference in INSIG2 SNP genotypic means and
variances. Nevertheless, we believe that we present multiple comparisons-adjusted
suggestive evidence of association, which is both consistent with and augmentative to prior
genetic studies of INSIG2. Furthermore, the correlations between SNPs and adiposity
phenotypes have made the appropriate method of adjustment for type I error, and thus the
proper α, somewhat speculative (23,24).

We feel the findings following adjustment for multiple comparisons do not meet the criteria
for firm acceptance of a null hypothesis. That is, the null hypothesis that genetic variation
within and near INSIG2 has no bearing on adiposity or glucose homeostasis traits. Despite
the inferences based on our suggestive results that follow, it remains possible that this and
other reports of INSIG2 genetic association are type I errors, thus requiring cautious
validation. It also remains a possibility that the inconsistent association of INSIG2 SNPs is
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due to inter-study differences in statistical power, levels of genetic heterogeneity, and gene-
environment interaction, such as in populations of different ethnicity as studied here (24,28).

It has been hypothesized that rs7566605 associations with BMI are observed only in cases of
pre-existing or extreme obesity, implying a prerequisite genetic or environmental
predisposition (6,9,11,12). Replicated associations with rs7566605 have most consistently
appeared with varying forms of qualitative obesity or overweight/obese subgroup analyses
(9,12,29–31). Meanwhile, evaluation of rs7566605’s contribution to BMI as a continuous
trait and/or in cohorts not selected for obesity most often report more modest or negative
results (6,8,11,12,32–37). The results of testing rs7566605 for association with BMI as a
continuous trait in the IRASFS Hispanics, recruited on the basis of family-size and are on
average of the overweight classification, are consistent with the latter trend. However, the
above trend is imperfect and some qualitative obesity analyses have reported no rs7566605
association with BMI (7,11,32–34,36).

One possibility is that selecting and/or sub-grouping subjects for higher BMI may indirectly
select from the higher ranges in alternative obesity phenotypes (such as VAT). The extent of
indirect augmentation of an alternative adiposity phenotype would be subject to individual
and inter-population differences, which have been most apparent in comparisons of race,
gender, or age (38–40). Subsequently, the continuing mixed association between rs7566605
and BMI could be because INSIG2 contribution to BMI is secondary to its contribution to an
alternative adiposity phenotype. Of relevance to the current study are the results of Boes et
al., which has tested rs7566605’s association with CT-measured abdominal fat area using
linear regression, and report no association of rs7566605 with VAT (or lipoprotein
metabolism) in accordance with our results (34). From this, it seems likely that rs7566605 is
not directly associated with CT-derived abdominal adiposity measures.

Rather, the present association of rs17047718, rs17047731, and rs12623648 with VAT and
measures of glucose homeostasis implies that rs7566605’s prior associations with BMI were
an indirect result of physiologically meaningful SNPs in LD. We found that rs7566605 is in
LD with all but one of the SNPs that showed association in our study (rs12623648), and lies
within a large ~28Kb haplotype block. SNPs of true genetic effect in LD with rs7566605
would exert biological influences that some studies may not have the statistical power, or the
phenotypic capacity, to detect.

One study has putatively identified a physiologically functional SNP (−102G/A) just
upstream of the transcription start site of INSIG2. The novel SNP was modestly associated
with BMI in two cohorts of European descent. Moreover, the A allele of SNP −102G/A was
related to decreased nuclear protein DNA binding, decreased DNA competiveness for
nuclear proteins, and a decreased trend of mRNA expression in primary subcutaneous fat
biopsies (P-value was .07) compared to the G allele (41). The SNP lies within the
demonstrated large LD block that encompasses the INSIG2 promoter, the first intron, as
well as rs7566605, rs17047718, and rs17047731. Furthermore, INSIG2 −102G/A possessed
a MAF similar to the primarily associated SNPs in our study (e.g. 10%), a high D′ (D′ is .96)
but low r2 (r2 is .04) with rs7566605, and a reduced BMI accompanied the minor allele in
two European cohorts (Supplementary Figure 1, Table 2). These findings are consistent with
our data and primary inferences, suggesting that the SNPs we present may also have
functional relevance. Further study of −102G/A in other cohorts is needed, but it is possible
that a haplotype including such a functional SNP, rs17047718, and rs17047731 is the
genetic mechanism for increased adiposity involving INSIG2 in our population.

The study also detected association between INSIG2 SNPs and measures of glucose
homeostasis. Association between INSIG2 SNPs and glucose homeostasis phenotypes could
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reflect a direct influence of INSIG on glucose homeostasis or, alternatively, could reflect the
indirect influence of adipose tissue (42,43) on these measures. Evidence of association with
glucose homeostasis measures is inconclusively reduced when BMI is added as a covariate
in the analysis (Figure 1, Figure 2). In the single-SNP results, BMI adjustment caused the
moderately inter-correlated and prominently associated SNPs rs17047731, rs17047718, and
rs12623648, to have a reduction in association with GFAST (P=.05–.10), SI (P=.02–.11),
and FINS (P=.01–.02). We further explored this possibility by adjusting for VAT, but not
BMI (data not shown). VAT adjustment caused the three prominently associated SNPs to
have a similar reduction in significance of association with GFAST (P=.14–.17), FINS (P=.
03–.08), and SI (P=.07–.28). Finally, adjustment of the three SNPs by BMI and VAT was
found to have a reduction in significance of the association with GFAST (P=.15–.20), FINS
(P=.04–.09), and SI (P=.06–.31), which closely resembled the effects of VAT adjustment
alone. These explorations imply that the mechanism by which these three SNPs affect
glucose homeostasis is their effect on adiposity levels, especially fat area of abdominal
depots. It should be emphasized, though; that adjustment for measures of adiposity reduces,
but does not eliminate, evidence of association with glucose homeostasis traits. Therefore,
we cannot exclude an adiposity-independent role for INSIG2 in regulation of glucose
homeostasis.

This study has investigated INSIG2 genetic variants and tested these for association with
several adiposity and glucose homeostasis phenotypes in the IRASFS Hispanic population.
Though we do not observe replication of rs7566605’s association with adiposity measures in
our study, we do observe novel association of SNPs (most notably rs17047731, rs17047718,
and rs12623648) with more direct measures of adiposity and measures of glucose
homeostasis. The SNP rs7566605 was not correlated with the novel associated SNPs via
high r2, but was in LD with practically every SNP by high D′. This underscores the need for
more extensive haplotype block tagging approaches in addressing histories of mixed
association in candidate genes, due to the potential link between regional LD and said mixed
association. The novel SNP associations with adiposity and glucose homeostasis traits
reported above should be validated through analysis in other cohorts, especially given the
present results of multiple comparisons adjustment. In conclusion, more extensive study of
the genomic interval suggests that polymorphism of the INSIG2 genic region plays a role in
human obesity and diabetes. Future study of INSIG2 should consider genetic variants near
rs7566605, alternative adiposity phenotypes, and functional evaluation of novel or
associated SNPs.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Single SNP Genotypic Association (2df test) Results in the IRASFS Hispanics. The minor
allele frequency (MAF) and SNP designations are in the far left columns. Results adjusted
by standard parameters (age, gender, center) and those adjusted by standard parameters and
BMI are presented. SAT is not included in the BMI adjusted results due to high correlation
with BMI (r2≥.90). Associated P-values are in bold (P<.05) and those trending towards
association are italicized (P<.10). A dot (“.”) represents no association. These results have
not been adjusted for multiple comparisons or inter-SNP correlation. BMI, WAIST, and
BMI-ADJUSTED GFAST not included below due to scarce association.
Body Mass Index (BMI); Waist Circumference (WAIST); Waist to Hip Ratio (WHR);
Visceral Adipose Tissue (VAT); Subcutaneous Adipose Tissue (SAT); Visceral to
Subcutaneous Ratio (VSR); Fasting Glucose (GFAST); Fasting Insulin (FINS); Insulin
Sensitivity (SI); Acute Insulin Response (AIR); Disposition Index (DI)
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Figure 2.
Global P-values from QPDT association analysis of single and multi-marker SNP
haplotypes with adiposity and glucose homeostasis phenotypes. Italicized numbers represent
trending association of a single-SNP or haplotype with a trait (P<.08) and bold numbers in
shaded boxes represent association (P<.05). Only those phenotypes with two or more
trending/associated elements are shown here, others are excluded. SAT is not included under
BMI adjusted results due to high correlation with BMI. Results adjusted for age, gender, and
center are on the left and those adjusted for age, gender, center, and BMI are on the right.
These results have not been adjusted for multiple comparisons or inter-SNP correlation.
Waist to Hip Ratio (WHR); Visceral Adipose Tissue (VAT); Subcutaneous Adipose Tissue
(SAT); Visceral to Subcutaneous Ratio (VSR); Fasting Glucose (GFAST); Fasting Insulin
(FINS); Insulin Sensitivity (SI); Acute Insulin Response (AIR); Disposition Index (DI)
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