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Abstract

The prevalence of metabolic syndrome (MS) has been rising alarmingly worldwide, including in
the United States, but knowledge on specific genetic determinants of MS is very limited.
Therefore, we planned to identify the genetic determinants of MS as defined by National
Cholesterol Education Program/Adult Treatment Panel 111 (NCEP/ATPIII) criteria. We performed
linkage screen for MS using data from 692 Mexican Americans, who participated in the San
Antonio Family Diabetes/Gallbladder Study (SAFDGS). We found strong evidence for linkage of
MS on chromosome 7¢ (LOD = 3.6, empirical P = 6.0 x 107°), between markers D7S2212 and
D7S821. In addition, six chromosomal regions exhibited potential evidence for linkage (LOD =
1.2) with MS. Further, we examined 29 single nucleotide polymorphisms (SNPs) from the fatty
acid translocase (FAT or CD36, 18 SNPs) gene and guanine nucleotide binding protein, alpha
transducing 3 (GNAT3, 11 SNPs) gene, located within the 1-LOD support interval region for their
association with MS and its related traits. Several SNPs were associated with MS and its related
traits. Remarkably, rs11760281 in GNAT3 and rs1194197 near CD36 exhibited the strongest
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associations with MS (P = 0.0003, relative risk [RR] = 1.6 and P = 0.004, RR = 1.7 respectively)
and several other related traits. These two variants explained about 18% of the MS linkage
evidence on chromosome 7921, and together conferred approximately 3-fold increase in MS risk
(RR =2.7). In conclusion, our linkage and subsequent association studies implicate a region on
chromosome 7qg21 to influence MS in Mexican Americans.
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Metabolic abnormalities such as obesity, insulin resistance and hyperinsulinemia, impaired
glucose tolerance, dyslipidemia, and hypertension often cluster to constitute the Metabolic
Syndrome [MS]. The MS is a predictor of both type 2 diabetes (T2DM) and Coronary Heart
Disease (CHD), and its prevalence has been rising alarmingly worldwide. In the United
States (US), more than 47 million people are affected with MS. Specifically, its prevalence
is high in minority populations such as Mexican Americans, who had the highest age-
adjusted prevalence of MS [~32%] when compared to the non-Hispanic whites, African
Americans and other ethnic groups (1). Added to this burden, over the past 20 years, the
prevalence of MS among children and adolescents has also been increasing at epidemic rates
in several populations including Mexican Americans and African Americans (2-4).

The MS and its components are complex disease conditions that are influenced by genetic
and environmental factors and their interactions MS can be defined as a single, composite
phenotype for genetic analysis using criteria such as the National Cholesterol Education
Program [NCEP]/Adult Treatment Panel 1l [ATPIII] (NCEP/ATPIII) recommendations, the
most widely used definition in the US (5,6). In addition to the NCEP/ATPIII criteria, several
organizations have proposed different definitions for MS. While the various definitions use
similar core components of MS, primarily including the measurements of obesity, glucose,
lipids, and blood pressure, they differ in the number of traits and the cut-off points required
for the diagnosis. Despite certain caveats, several studies have used the NCEP/ATPIII
definition for its simplicity, in the context of clinical practice and epidemiological
investigations (7); most importantly, as noted by Grundy et al. (6), it avoids emphasis on a
single cause.

Several genome-wide linkage and association studies have been performed to understand the
genetic basis of the components of MS by using a number of analytical tools such as
multivariate genetic analysis and factor analysis (8-12). Such studies have identified several
genetic regions linked to MS related traits, but showing limited concordance in their results
(11). In contrast to the above approaches, a single, composite MS phenotype using the
NCEP/ATPIII or other criteria can be used to identify genetic regions with potential
common genetic influences on MS; however, there have been a few such studies (13, 14).

Therefore, the aim of our study was to identify the susceptibility loci for MS using the
NCEP/ATPIII definition in a Mexican American population who are at high risk for the
development of MS. Here, we report the results of our genome-wide linkage screen for MS
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performed by using the multipoint variance components linkage analysis and the phenotypic
and genotypic (~10 cM map) data collected from the Mexican American individuals who
participated in our San Antonio Family Diabetes/Gallbladder Study (SAFDGS). In addition,
we report the results of our preliminary MS association study performed by examining the
genetic variants in two of the positional candidate genes, which are physically close to each
other, located within the 1-LOD support interval region of our MS linkage signal on
chromosome 7q.

Materials and Methods

San Antonio Family Diabetes/Gallbladder Study (SAFDGS)

Phenotypic and genotypic data for the present study were obtained from about 720
individuals from 39 low-income Mexican American families, who were recruited during the
years 1998 through 2001 for the San Antonio Family Gallbladder Study [SAFGS], a follow-
up and extension of the San Antonio Family Diabetes Study [SAFDS]. These studies are
collectively referred to as the San Antonio Family Diabetes/Gallbladder Study (SAFDGS)
and the particulars and procedures of the SAFDGS participant's recruitment and data
collection have been detailed elsewhere (15,16).

Phenotype Data

Blood samples from the participants were obtained after a 12-h fast, and measured for
various metabolic parameters including glucose concentrations, triglycerides, high density
lipoprotein cholesterol (HDL-C) levels at the Frederic C. Bartter General Clinical Research
Center (GCRC) laboratory, South Texas Veterans Healthcare System, Audie L. Murphy
Division, San Antonio, as described elsewhere (16). Blood samples were collected again 2-h
after a standardized oral glucose load for plasma glucose measurements. In addition to the
collection of demographic and medical history information, the anthropometric (height,
weight, and waist circumference) and blood pressure (systolic and diastolic blood pressure)
data were collected using standardized protocols (16). T2DM was diagnosed in accordance
with the 1999 criteria of the World Health Organization. Also, individuals who did not meet
these criteria but reported that they were under treatment with either oral antidiabetic agents
or insulin and gave a history of diabetes were considered to have T2DM (16).

The MS was defined in accordance with NCEP/ATPIII criteria which use the presence of at
least 3 or more of the following 5 risk factors: increased waist circumference [>102 cm in
men and >88cm in women], hypertriglyceredemia [=150 mg/dl], low HDL-C levels [< 40
mg/dl in men and < 50 mg/dl in women], hypertension [> 130/85 mm Hg or individuals who
were on hypertensive medication with normal blood pressure values], and high fasting
glucose concentrations [> 110 mg/dl or a diagnosis of T2DM, as defined above] (5).
Subsequently, the NCEP/ATPIII definition has changed the threshold for high fasting
glucose values to = 100 mg/dl, in accordance with the ADA recommendation for impaired
fasting glucose (17, 6). In the present study, although we are aware of this change, we have
used the earlier definition which uses the threshold for high fasting glucose values = 110
mg/dl (NCEP/ATPIII, 2001), for the purpose of comparison with other studies. However,
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we have also reanalyzed the data with the newer threshold for impaired fasting glucose (i.e.,
> 100 mg/dl).

Genotype Data

The genotypic data and genetic maps used for this study were described in detail previously
(15,16). Briefly, we used the genotypic data (i.e., ~10 cM map) generated by the Center for
Inherited Disease Research (CIDR) that contained information from 382 highly polymorphic
autosomal markers. The marker genotyping errors and the pedigree discrepancies were
resolved using analytical techniques as implemented in programs Simwalk2 and PREST
(16). The Marshfield genetic maps were used, and the multipoint identical-by-descent (IBD)
matrices given a number of genetic markers (map distance in Haldane cM) were calculated
using Markov chain Monte Carlo methods implemented in the program Loki (16).

Positional Candidate Genes, SNP identification, selection and genotyping

As part of our preliminary screening of positional candidate genes for identifying the
potential functional variants within the 1 LOD-unit support interval surrounding the MS
linkage peak on chromosome 7q21, the fatty acid translocase (FAT; also called leukocyte
differentiation antigen CD36; MIM 173510) gene with potential functional relevance to MS
and its flanking gene guanine nucleotide binding protein, alpha transducing 3 (GNAT3; MIM
139395) were chosen for initial association studies. We performed partial resequencing
(coding exons, including their flanking regions, 5’-UTRs, 3’-UTRs, and approximately 1 kb
of the putative promoter regions of the reported alternatively spliced transcripts; 18) of the
CD36 gene. Sequencing was performed by Polymorphic DNA Technologies (Alameda, CA)
from 30 SAFDGS subjects, who contributed positively to the evidence for linkage of MS on
chromosome 7g21. Briefly, primers were designed for the above mentioned regions based
on the genomic sequences (NCBI Build36) of the alternative transcripts NM_001001547;
AK129899; NM _001001548; AK096858; NM_0072. NA10791. Using conventional PCR
amplification these regions were amplified and sequenced in both directions using Big Dye
Terminator system on ABI 3730xI automated sequencers. DNA from chromosome 7
specific somatic cell hybrid was used in all the sequencing reactions as a “hemizygous”
nonpolymorphic control representing a single allelic version of all variants on this
chromosome. The sequencing results of all these 30 subjects, sent as chromatograms by the
company were aligned, visualized and compared against the reference sequence, to identify
the sequence variations between individuals, using software Sequencher version 3 (Gene
Codes Corporation, Ann Arbor, MI). As a quality control one encrypted duplicate was
included in all the sequencing reactions which showed 100% concordance in the sequences.
All the identified sequence variants were confirmed with the chromatogram sequences
derived from the other direction.

Partial resequencing of CD36 gene and single nucleotide polymorphism (SNP)
identification

We identified 22 SNPs, of which one was unique to our study population. Among the 22
SNPs, 14 SNPs which were polymorphic and for whom probes were designable were chosen
for genotyping. In addition, 5 SNPs in the CD36 gene and 11 SNPs in the GNAT3 gene
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available in the public SNP database (dbSNP) were chosen for genotyping to assure
adequate coverage of the locus. All together, 30 single nucleotide polymorphisms (SNPs)
were examined.

Genotyping was performed in ~720 SAFDGS subjects by the PCR based, 5" nuclease
Tagman allelic discrimination method, employed by Applied Biosystems's (ABI) TagMan
platform per the company's protocol (Foster City, CA). Following PCR amplification, end-
point fluorescence was read in the ABI's Primer 7900HT sequence detection system and
genotypes were assigned using SDS2.1 Allelic Discrimination Software. Each analysis
included negative controls with no DNA and 10% duplicated samples (randomly selected
and genotyped) for reproducibility.

Variance-Components Linkage Analysis

Association

The variance-components (VVC) approach uses information from all possible biological
relationships simultaneously in an attempt to disentangle the genetic architecture of a
quantitative trait. The VC method was extended to analyze the dichotomous trait MS using a
liability or threshold model. The variance components (i.e., heritability attributed to the
susceptibility locus and heritability attributed to the residual additive genetic effects), and
covariates for MS (i.e., age) were estimated simultaneously in likelihood terms. Since sex
information was used for the definition of certain risk factors of MS, it was not considered
as a covariate for the genetic analysis. The hypothesis of no linkage (i.e., h2q = 0) was tested
by comparing the likelihood of this restricted model with that of a model in which the
parameter h2OI was estimated. Twice the difference in likelihoods of these two models yields
a test statistic that is asymptotically distributed as a ¥2:% mixture of a y2; and a point mass at
zero. To obtain lod scores, the In likelihood values were converted into values of logyg. A
LOD score of 3.0 and above was considered as strong or significant evidence in support of
linkage (19). For the purpose of discussion, other genetic regions across the genome with
LOD = 1.2 were considered as evidence for potential linkage.

Because the SAFDGS families were ascertained on T2DM probands, as a conservative
approach, all our genetic analyses incorporated correction for ascertainment bias by
computing the likelihood of a pedigree conditional on the phenotype (i.e., MS) of the
proband. To verify our major MS linkage finding on chromosome 7q, we performed
simulation analysis to determine the empirical P value, using information obtained from
100,000 replicates. All analytical procedures are incorporated in the program SOLAR as
described elsewhere (16).

Analysis

We performed association analysis of the SNP data with MS and various MS related traits,
using the measured genotype analysis (MGA) and Bayesian quantitative trait nucleotide
(BQTN) analysis. The genotypic data were checked for Mendelian consistency using the
program SimWalk2 (20). This program employs Markov Chain Monte Carlo and simulated
annealing algorithms to assign probabilities of mistyping to each genotype that will be used
to make decisions about the appropriate genotypes to blank. This approach also takes into
account the low likelihood of recombination events within the gene; thus, can be used to
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identify spurious recombinations due to typing error. Using SOLAR, the allele frequencies
were calculated, SNPs were tested for Hardy—Weinberg Equilibrium (HWE), and linkage
disequilibrium (LD) between SNP pairs was estimated using r2 values.

Measured genotype analysis (MGA)

In the variance components (VC) approach described above, variance components are
modeled as random effects, whereas the effects of measured covariates are modeled as fixed
effects on the trait mean. In the MGA, the marker genotypes are generally incorporated in
the mean effects model as a measured covariate assuming additivity of allelic effects (19).
The maximum likelihood techniques were used to estimate the VCs, the association
parameters, and the other covariate effects (e.g., age and sex). The hypothesis of no
association was tested by comparing likelihood of a model in which the effect of measured
genotype was estimated with a model where the effect of measured genotype was fixed at
zero. Prior to performing MGA, the presence of population stratification was tested using
quantitative transmission disequilibrium test [QTDT], as implemented in SOLAR. With
regard to the dichotomous traits, the threshold-based liability model was projected onto the
dichotomous outcome in a manner directly analogous to logistic regression to obtain
genotypic relative risks. These calculations of genotype-specific prevalence were obtained
from the estimated liability model using a standard normal distribution function. In reference
to the quantitative traits, we estimated mean trait values by genotype category. The program
SOLAR was used to carry out these analyses.

Bayesian quantitative trait nucleotide (BQTN) analysis

The BQTN technique was used to analyze SNPs simultaneously to find the nucleotide
variants responsible for influencing MS, using a measured genotype approach (22). This
technique can be used with a set of SNP data from a candidate gene to identify the sequence
variants that are either functional or that exhibit the highest disequilibria with the true
functional sites and is detailed elsewhere (22, 23). Given that a candidate gene may contain
a number of SNPs that could generate several possible competing models of QTN action, a
Bayesian model averaging approach was used to analyze the SNP data simultaneously in
order to estimate the probability that each SNP has an effect on the MS phenotype. The
BQTN approach is described in detail elsewhere (23).

Conditional Linkage/Association Analysis

To determine whether the associated SNP(s) account for the MS linkage signal, we
combined the QTN analysis with our identity by descent (IBD)-based variance component
linkage analysis (21). If a variant or set of variants is/are responsible for the observed
linkage signal, linkage analysis conditional on a fixed-effect measured genotype analysis of
the polymorphism will yield an expected LOD score near zero. Alternatively, if the
associated polymorphism is in less than complete linkage disequilibrium with the true
functional site, linkage analysis will generally yield a non-zero LOD score. The analytical
procedures described above are implemented in the program SOLAR.
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The clinical characteristics of the 692 individuals, for whom information on MS (NCEP/
ATPIII) were available, are shown in Table 1. The mean age (+ SD) was 44.5 (+ 16.3)
years; and ~61% of the study sample were females. The prevelence of MS in our family
data was 43.5% and the prevalence rates of its components ranged from 33.0% (high fasting
glucose) to 60.7% (waist circumference or abdominal obesity) [Table 2].

Multipoint linkage analysis

Association

Prior to conducting linkage analysis, after accounting for the age effects on MS, we detected
a high heritability for MS (h? = 0.51 + 0.10). The results of our genome-wide linkage screen
are provided in Table 2a and Figure 1. The strongest evidence for linkage of MS (LOD =
3.6; empirical P = 6.0 x 107°) occurred on chromosome 7, between markers D7S2212 and
D7S821, after accounting for age influences (Figures 1 & 2). Of the examined 39 families,
22 families (56.4%) positively contributed to this linkage signal, and the evidence for
linkage in this subset of 22 families is much stronger (LOD = 7.8). As shown in Table 2b, all
of the five MS risk factors as defined by NCEP/ATPIII criteria in the total data set, exhibited
some evidence of linkage at this location. For the purpose of comparison, evidence for
linkage of the quantitative measures of these dichotomized risk factors was also reported in
Table 2b. In addition, six genetic locations representing 5 chromosomes across the genome
exhibited potential evidence for linkage (i.e., LOD > 1.2) with MS (Table 3, Figure 1). The
1 LOD-unit support interval surrounding the MS linkage peak on chromosome 7q is flanked
by the markers D7S2490 and D7S2539. This chromosomal region is ~21 ¢cM long and
harbors about 123 genes (NCBI Build 36.2). Of the positional candidate genes most relevant
to MS in this region, the CD36 gene (MIM 173510) and its adjacent gene GNAT3 were
chosen for our preliminary association studies in order to identify the potential functional
variant(s) that could relate to our MS linkage signal. The reanalysis of our data using the
newer threshold for impaired fasting glucose (i.e., = 100 mg/dl) was found to be moderately
heritable (h? = 0.43 + 0.10). The strongest evidence for linkage (LOD = 3.1) again occurred
at the 7q chromosomal region, between markers D7S2212 and D7S821, although it was
attenuated slightly. Such an observation suggests that the threshold for impaired fasting
glucose (i.e., = 110 mg/dl) used for the original analysis was more informative for linkage.

Analysis and Conditional Linkage/Association Analysis

As described earlier, 19 SNPs in or near the CD36 gene and 11 SNPs in the GNAT3 gene
were genotyped in our entire sample of approximately 720 individuals. We tested all the 30
SNP data for Hardy-Weinberg Equilibrium (HWE), in turn finding that only one SNP in the
CD36 gene (rs13230419) deviated from the HWE expectation. This SNP was thus excluded
from further analysis. The particulars of the 29 SNPs (i.e., CD36 = 18 and GNAT3 = 11)
including their physical location and minor allele frequencies (MAFs) considered for further
analysis are reported in Table 4. The LD patterns between 18 SNPs in CD36 are depicted in
Supplementary Figure 1 S1 online. The pair wise LD (r2) for the 18 SNPs examined in
CD36 ranged between 0 and 1, and the following SNP pairs exhibited strong LD (r? > 0.80):
rs57312550 and rs59637606 [r2 = 1.0], rs7755-rs1049673 (r2 = 0.99), rs1194182-rs1761667
(r2=0.97), rs2366855-rs1049654 (r2 = 0.88), and rs2151916-rs997906 (r2 = 0.86). The LD
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patterns between 11 SNPs in GNAT3 are shown in Supplementary Figure 2 S2 online. The
range of pair wise LD observed for the 11 SNPs in GNAT3 was between 0 and 0.93. The
following SNP pairs showed strong pair wise LD (r2 > 0.80): rs2944398-rs799929 (r2 =
0.93), rs1473122-rs799929 (r2 = 0.90), rs6467212-rs1524600 (r2 = 0.90), and rs2944398-
rs1473122 (r2 = 0.84).

Association between MS and SNPs in CD36 and GNAT3 was examined using MGA, and the
presence of population stratification was tested by performing QTDT prior to MGA. There
was no evidence for the presence of population stratification. The nominally significant
results (P < 0.05) of our association analysis are reported in Table 4. Briefly, among the 18
SNPs examined in CD36, 4 were associated with MS (rs1194197: P = 0.0044; rs1194182: P
=0.0164; rs1761667: P = 0.0431; and rs3173798: P = 0.0481), although the markers
rs1194182 and rs1761667 were found to be in strong LD (r2 = 0.97). Of the 11 SNPs
examined in GNAT3, 5 exhibited nominally significant associations with MS (rs799975: P =
0.0414; rs2944398: P = 0.0326; rs6942728: P = 0.0437; rs1473122: P = 0.0271; and
rs11760281: P = 0.0003). As shown in Table 4, the markers rs2944398, rs1473122, and
rs799929 were in strong LD (r2 = 0.84). To address the issue of multiple testing, given the
LD patterns among the examined SNPs, an effective number of SNPs was obtained using
the method of Li and Ji (22) to derive a P value adjusted for multiple testing. The effective
number of SNPs was 17, and the required significance threshold was 0.0030. Thus, the
observed association between MS and rs11760281 remained significant after correction for
multiple testing and the association between MS and rs1194197 appeared to exhibit a similar
trend, but failed to meet the required statistical significance threshold.

Subsequently, we performed BQTN analysis on our SNP data from both CD36 and GNAT3
genes simultaneously. Models which used rs1194197 and rs11760281 provided the strongest
evidence for associations with the estimated probability of 0.78 and 0.77 respectively. As
stated above, these were the two markers which exhibited relatively strong associations with
MS. The minor allele A of marker rs11760281 and the major allele T of marker rs1194197
were associated with increased risk for MS. The relative risks (RR) associated with these
markers were estimated to be 1.6 (rs11760281) and 1.7 (rs1194197), respectively. These two
variants together conferred an approximately 3-fold increase in MS risk (RR = 2.7).
Subsequently, we reanalyzed our data by performing linkage analysis conditional on the
associations involving these two variants; and, determined that these two sequence variants
explained about 18% of the MS linkage evidence on chromosome 7q (Figure 2).

Secondary data analyses of quantitative traits related to MS

After determining the correlations between the 29 SNPs and MS, association analyses of the
same markers with various MS-related quantitative traits, including the MS individual
components (Table 1) treated as continuous traits, were performed. As can be seen in
Supplementary Table S1 online, several of the traits were associated with various SNPs
examined in this study. On multiple occasions, more than one MS-related quantitative trait
was associated with a given SNP. For example, rs11760281, the SNP that showed the
strongest association with MS, also was found to be significantly associated with waist
circumference (P = 0.0090), BMI (P = 0.0028), fasting glucose (P = 0.0171), and fasting
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insulin (nondiabetic individuals only) (P = 0.0037). As detailed in Supplementary Table 1,
the carriers of the minor allele were found to be at increased risk for all of these four traits as
indicated by the mean trait value by genotype class. In contrast, the marker rs1194197 that
exhibited the second strongest association with MS, also showed significant associations
with waist circumference (P = 0.0087), BMI (P = 0.0507), fasting glucose (P = 0.0054). The
carriers of the major allele were at increased risk for all of the three traits as indicated by the
mean trait value by genotype class. Since the traits/models were correlated (thus, not
completely independent), no attempt was made to adjust the P values reported in
Supplementary Table 1 S1 online for multiple comparisons.

Discussion

Metabolic syndrome is a complex phenotype, representings a constellation of several traits
related to obesity, T2DM and CHD. Despite the debate on its clinical utility (25, 7), as stated
earlier, previous studies including our own have shown that the MS-related traits are under
potentially strong common genetic (or pleiotropic) influences, using multivariate genetic
analyses and/or factor analytical techniques. In this study, we aimed to determine the
heritability of MS and to localize its susceptibility loci, using the NCEP/ATPIII definition in
a Mexican American population at high risk for the development of MS. The prevalence of
MS in our family data was 43.5%. This study suggests that additive genetic effects (h? =
51%) significantly influence variation in susceptibility to MS. Given that the heritability
estimates are population sample specific, some previous studies determined the heritability
for MS defined by NCEP/ATPIII criteria to be ~13-60% (26, 27, 11), which are comparable
to our finding in Mexican Americans.

Importantly, we found the strongest evidence (LOD = 3.6) for linkage of MS on
chromosome 7921 between the markers D752212 (7g21.11) and D7S821/GATA5D08
(7g21.3). This region has been implicated by several studies, including our previous studies,
to contain susceptibility loci that influence MS or its related traits (see Supplementary Table
S2 online). These findings consistent with ours suggest that the relatively broad 7q
chromosomal region of interest in this study could harbor one or more MS susceptibility
genes with potential common genetic influences.

As a preliminary susceptibility gene identification effort, we screened two positional
candidate genes in the 1-LOD support interval region on chromosome 7qg, CD36 and
GNAT3, which are physically very close to each other (Table 4); and, found two sequence
variants, one each from these genes (GNAT3, rs11760281 and CD36, rs1194197), that were
relatively strongly associated with MS and together explained together about 18% of the
observed MS linkage evidence. Of these two genes, CD36 has been the focus of various
investigations in humans with regard to MS and/or its correlated disease conditions. A
unique feature of the CD36 gene is alternative splicing of its exons and their upstream
promoters, which appear to be tissue specific (18, 26). Indeed, as remarked by Andersen et
al. (28), the CD36 gene is regulated by an unusually complex molecular mechanism,
mirroring the multifunctional role of CD36 in different tissues and conditions. Given that
insulin resistance, obesity and their associated inflammatory processes are the major
underlying mechanisms of MS, experimental evidence suggests that CD36 could play a
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significant role in such interrelated complex mechanisms (29). Thus, CD36 is a strong
candidate gene for susceptibility to various components of MS including obesity, insulin
resistance, dyslipidemia, inflammation and atherosclerosis.

In the spontaneous hypertensive rat (SHR), an animal model for MS, a region on
chromosome 4 provided evidence for linkage of various MS related traits. Subsequently, a
deletion in the CD36 gene located in the linked chromosome 4 region was found to be
responsible for the underlying insulin resistance, defective fatty acid metabolism and
hypertriglyceridemia (30). The insulin insensitivity was restored in these rats by
transgenically rescuing the CD36 gene (31). In humans, deficiency in CD36 was found to be
associated with insulin resistance in the Japanese population (32). In addition, following
their previous findings of association between CD36 sequence variants and HDL-C levels
(33), Love-Gregory et al. (34) have recently reported the influence of such HDL-associated
genetic polymorphisms on CD36 expression, revealing the causality of the link between
expression and HDL-C. In consideration of its potential functional significance and location
on chromosome 7q in humans, it is possible that the genetic variants in CD36 by themselves
or together with other variants in the neighboring gene(s) could contribute to the MS linkage
signal found in this study. Of the 29 SNPs examined, 11 from CD36 and 9 from GNAT3
were significantly associated with MS and/or MS-related traits, although some of the SNPs
were found to be in LD (Table 4 and Supplementary Table S1 online).

Numerous studies have reported findings in support of the association between genetic
variation at CD36 and MS and its related traits (Supplementary Table S3 online). Although
there is a certain degree of overlap of the SNP sets used among the studies, some of the
associations reported by such studies were not always between a specific variant and a MS
related trait; instead, with a different, but correlated MS related trait(s). Two studies used
MS diagnostic criteria similar to the one used in this study involving African Americans
(33) and Boston Puerto Ricans (35). The best associated CD36 SNP (rs1194197) in our
study was not examined in these studies, instead they found other SNPs in this gene to be
associated with MS. Of the remaining three SNPs nominally associated with MS in our
study, rs3173798 was evaluated in the African American data, and rs1761667 was examined
in the Puerto Rican sample. Although rs3173798 was not correlated with MS in African
Americans, it exhibited association with HDL-C levels (33). In the Puerto Rican data,
rs1761667 exhibited suggestive association with MS (P = 0.016); but, another SNP
(rs7807607) in strong LD with it was part of one of the haplotypes consisting of three SNPs
(rs1049673, rs3211931, and rs7807607) significantly associated with MS (35). It is worth
noting that rs1049673 is associated with fasting glucose in both the Puerto Rican and our
data sets.

Several studies have reported associations between CD36 genetic variants and MS correlates
(Supplementary Table S3 online). Some SNPs found to be associated with MS related traits
in our study were also shown to be correlated with other related phenotypes by several
investigations as discussed below. Ma et al. (36) reported the association of some common
genetic variants in CD36 with increased risk of cardiovascular disease and serum lipid levels
in a Caucasian population. A common haplotype derived from five tagging SNPs was found
to be associated with free fatty acids (FFA) and triglycerides in men. Interestingly, two of
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these tagging polymorphisms (i.e. rs1761667 and rs1049673) which were associated with
FFA, were also found to be associated in our study, with MS (rs1761667), fasting glucose
(rs1761667 and 1049673), and diastolic blood pressure (rs1049673). In a North Indian
population, T2DM was strongly associated with rs1761667 (37). This polymorphism (i.e.,
rs1761667) was one of the four CD36 SNPs recently found to be associated with decreased
CD36 expression in monocytes (34). It should be noted that the observation of more of the
SNPs associated with glucose traits in our study compared to others may be due to the high
background prevalence of diabetes in our data. However, a thorough evaluation of the
genetic region of interest to identify potential functional variants with the use of deep
sequencing could reveal the true patterns of correlation between a full spectrum of sequence
variants, both common and rare, and correlated MS-related traits.

To our knowledge, sequence variants in the GNAT3 (or a-gustducin) gene, which flanks
CD36, have not been examined for their correlation with MS or its components. Gustducin
is a G-protein originally found to be expressed in taste receptor cells and is considered to be
an essential component of the mammalian sweet taste transduction pathway (38, 39). The
GNAT3 gene encodes a-Gustducin, one of the three subunits of Gustducin. Fushan et al.
(39) have recently reported significant associations between 11 SNPs in GNAT3 and sweet
taste perception, using data from individuals with Caucasian, African-American and Asian
population backgrounds. Of these variants, two were examined in our study (rs1524600 and
rs6961082), but only rs6961082 exhibited significant associations with BMI, fasting glucose
and 2-hr glucose levels. It is worthwhile noting that, Laugerette et al. (40), based on studies
in animal models, have shown that CD36 is involved in oral long-chain fatty acid detection;
thus, highlighting its role in “fat taste” perception (38). Toguri examined whether CD36
genetic variants (rs1984112, rs1761667, rs1527483, and rs1049673) were associated with
habitual fat intake in Caucasian and Asian populations, in turn finding associations of
rs1984112 and rs1761667 with %energy from fat in Caucasians and rs1049673 with
%energy from carbohydrate in Asians, respectively (41; Ph.D dissertation; http://
proquest.umi.com/pqdlink?
Ver=1&Exp=11-07-2016&FMT=7&DID=1671905181&RQT=309&attempt=1&cfc=1). All
of these three associated SNPs were examined in our study, and rs1761667 and rs1049673
exhibited associations with MS or its components (i.e., fasting glucose and diastolic blood
pressure).

It is well known that glucagon-like-peptide-1 (GLP-1) is a regulator of appetite, insulin
secretion and gut motility which is released in the enteroendocrine cells of the gut in
response to glucose. Still the mechanism of how the glucose taken orally can signal the
release of GLP in the gut is not well understood. Interestingly, recent studies have shown
that the taste G protein gustducin (a-gustducin, GNAT3) along with other taste signaling
elements could play a very important role in this link (42-45). Recently, in a sample of 97
Japanese individuals at high risk for cardiovascular disease with abdominal obesity, fasting
serum GLP-1 levels were found to be on average 28% higher in individuals with MS
compared to those with pre-MS, and the GLP-1 levels were elevated with increasing
numbers of MS components or risk factors (46). In the present study, 5 of 11 GNAT3 SNPs
examined were associated with MS (Table 4), and several SNPs exhibited correlations with
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various MS-related quantitative traits including obesity measures; fasting lipids, insulin and
glucose concentrations; and 2-hr glucose concentrations (Supplementary Table S1 onlinge).

We also tested rs11760281 for association with MS-related quantitative traits in an
independent sample of Mexican American families ascertained on probands with or without
a previous diagnosis of gestational diabetes mellitus; the BetaGene Study (47). Data were
available on a maximum of 1,703 non-diabetic individuals (687 males, 1016 females) with
average age of 34.8 + 8.4 years (mean = SD) and BMI of 29.5 + 5.9 (mean + SD) kg/m?.
The A allele of rs11760281 was associated with increased 30-minute OGTT insulin levels,
both absolute (P = 0.006) and the increment above fasting (P = 0.007), increased
insulinogenic index (P = 0.004), and with increased acute insulin response to intravenous
glucose (P = 0.036) adjusting for age and sex. The additional adjustment for body fat did not
substantially alter the results. These results are consistent with the hypothesis that gut-
expressed proteins related to taste signaling may regulate glucose-stimulated secretion of
GLP-1 and its effects as an insulin secretagogue.

In conclusion, we performed a genome-wide linkage screen to localize MS susceptibility
loci in Mexican Americans, a population at high risk for the development of MS, and found
the strongest evidence for MS linkage on chromosome 7g21. Subsequent screening and
examination of sequence variants in positional candidate genes CD36 and its flanking gene
GNAT3 provided strong evidence for their association with MS and their related traits.
Importantly, two variants (one from each gene) that exhibited strongest associations partially
contributed to the linkage signal on chromosome 7g21. On one hand, the current
observations shed light on the role of genetic variation at CD36 and GNAT3 genes, which
are associated with complex pathways related to insulin action, insulin secretion and food
taste perception, in determining susceptibility to MS and/or its risk factors including obesity,
insulin resistance/hyperinsulinemia, hyperglycemia, dyslipidemia, and elevated blood
pressure. On other hand, these findings strongly support an immediate need for a systematic
targeted sequencing of not only CD36 and GNAT3 genes but also other genes within the 1-
LOD support interval in the 7q chromosomal region of interest to identify the causal genes
and the functional relevance of the implicated genetic variants, both common and rare. Such
activities may ultimately help to develop effective strategies to prevent disease or treat
individuals that are at high risk for MS and its co-morbid disease conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Multipoint linkage findings of Metabolic Syndrome in Mexican Americans
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Figure 2. Linkage* of MS on chromosome 7g21 without (M1) and with (M2) associations
involving rs11760281 (GNAT3) and rs1194197 (CD36)

*Reanalyzed data (N = 648), given the availability of rs11760281 and rs1194197 marker
data.
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Table 1

Characteristics of the 692 SAFDGS participants

Quantitative MS components*

Mean + SD or %

Total (N =692) | Males (N=270) | Females (N =422)
Mean age (years) 445+16.3 442 £16.7 448 +16.1
Waist circumference (mm) 1003.0 + 161.7 1029.7 + 146.0 976.2 + 177.4
Fasting glucose (mg/dl) 1159 +49.2 116.2 +47.4 1155+51.0
Systolic blood pressure (mm Hg) 127.7+17.4 130.4+15.4 126.0+18.4
Diastolic blood pressure (mm Hg) 70.3+9.7 72.1+9.6 68.8+9.4
Triglycerides (mg/dl) 163.8 +170.7 184.4 + 241.6 143.2 +99.8
High density lipoprotein cholesterol (mg/dl) 455+119 43.0+£11.2 4791126
Dichotomous MS components* and MS
Abdominal Obesity 37.1 45.6 69.4
High fasting glucose 53.8 35.2 322
High blood pressure 60.7 55.9 42.0
High Triglycerides 33.0 445 325
Low HDL-C 46.5 434 60.3
Metabolic syndrome** 435 43.3 43.6

Page 18

*
the sample size used for the lipid traits were slightly different from the 692 as shown below: Triglycerides/High density lipoprotein cholesterol =
Total: 665/663; Males: 256/256; Females: 409/407.

*%

The MS was defined in accordance with NCEP/ATPIII criteria (2001). The criteria uses the presence of at least 3 or more of the following 5 risk
factors: increased waist circumference [>102 cm in men and >88cm in women], hypertriglyceredemia [2150 mg/dl], low HDL-C levels [< 40
mg/dl in men and < 50 mg/dl in women], hypertension [> 130/85 mm Hg or individuals who were on hypertensive medication with normal blood

pressure values], and high fasting glucose concentrations [= 110 mg/dl or a diagnosis of T2DM as described in the text].
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Table 2

a. Chromosomal regions linked to MS with LOD scores = 1.2 based on multipoint linkage
analyses

Marker region Distance from p-ter (cM)2 | Chromosomal location | Maximum LODP

D2S1360 38 2p24.2 1.2

D2S1328 133 2q14.3 1.3

D5S2845 36 5p14.3 15

D7S2212-D75821/ GATA5D08 95-109 7921.11-7921.3 3.6

D8S1136/GATA41A01 82 8g13.1 2.6

D11S1999 17 11p15.4 2.3

D13S1265-D13S285 99-111 13033.3-13934 1.6

@Marshfield data (Kosambi cM)

bMS adjusted for covariate effects of age

quantitative traits on chromosome 7q

b. Evidence for linkage of the five dichotomous MS risk factors as defined by NCEP/ATPIII criteria and the corresponding

Traits (Dichotomous; Quantitative)

Distance from p-ter (cM)&

Maximum LODP

Abdominal Obesity; WC 95-109 1.45; 1.65
High Triglycerides; TG 95-109 0.76; 0.19
Low HDL-C; HDL-C 95-109 1.12; 1.36
High fasting glucose; FG 95-109 0.85; 0.22
High blood pressure; SBP and DBP 95-109 0.43; 0.05 and 0.54

aMarshfield data (Kosambi cM)

ball dichotomous traits adjusted for covariate effects of age as in the case of original linkage analysis (Table 2a); quantitative traits were adjusted
for age and sex terms as well as for medication status for TG, HDL-C, FG, SBP and DBP
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