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Abstract

Ectonucleotide pyrophosphatase phosphodiesterase (ENPP1) is a positional candidate gene at 

chromosome 6q23 where we previously detected strong linkage with fasting-specific plasma 

insulin and obesity in Mexican Americans from the San Antonio Family Diabetes Study (SAFDS). 

We genotyped 106 single-nucleotide polymorphisms (SNPs) within ENPP1 in all 439 subjects 

from the linkage study, and measured association with obesity and metabolic syndrome (MS)-

related traits. Of 72 polymorphic SNPs, 24 were associated, using an additive model, with at least 

one of eight key metabolic traits. Three traits were associated with at least four SNPs. They were 

high-density lipoprotein cholesterol (HDL-C), leptin, and fasting plasma glucose (FPG). HDL-C 

was associated with seven SNPs, of which the two most significant P values were 0.0068 and 

0.0096. All SNPs and SNP combinations were analyzed for functional contribution to the traits 

using the Bayesian quantitative-trait nucleotide (BQTN) approach. With this SNP-prioritization 

analysis, HDL-C was the most strongly associated trait in a four-SNP model (P = 0.00008). After 

accounting for multiple testing, we conclude that ENPP1 is not a major contributor to our previous 

linkage peak with MS-related traits in Mexican Americans. However, these results indicate that 

ENPP1 is a genetic determinant of these traits in this population, and are consistent with multiple 

positive association findings in independent studies in diverse human populations.

In a genome scan of Mexican Americans from the San Antonio Family Diabetes Study 

(SAFDS), we previously found a strong linkage signal with several obesity-related 
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phenotypes in non-diabetic individuals, at the same chromosome 6q23 region that also 

contains the ectonucleotide pyrophosphatase phosphodiesterase (ENPP1) gene (1). Strong 

linkage was also found with bivariate traits composed of fasting-specific insulin and obesity 

measures (serum leptin concentration, sum of skinfold thickness, BMI, and log serum 

triglyceride concentration). Independent evidence for linkage at this locus with metabolic 

syndrome (MS)-related phenotypes has been reported in several studies in diverse 

populations (2–5).

Previous studies have shown genetic association of ENPP1 with obesity, insulin resistance, 

type 2 diabetes mellitus (T2DM), and related conditions including myocardial infarction (6–
8). In a large European cohort, a three-variant haplotype containing the missense variant 

K121Q was strongly associated with severe obesity and T2DM (9). This haplotype was also 

associated with childhood obesity in both French and German children (8,10). In this and 

other studies, the Q121 allele was associated with increased insulin resistance and obesity. 

However, two recent studies reported association of the Q121 allele with decreased BMI, in 

whites and African Americans (11,12). These contradictory findings indicate a complex 

relationship between ENPP1 and metabolic disease, including the possibility that the K121Q 

variant is in linkage disequilibrium with other unknown functional variants. Similarly, 

contrasting and apparently incompatible results have been reported in several large 

association studies (13–16). Many ENPP1 association studies have included only a small 

number of DNA variants, often only the K121Q variant. Therefore, the relationship between 

genetic variation in the ENPP1 gene and common metabolic disease remains unclear.

We performed a comprehensive analysis of the association of genetic variation in ENPP1 
with T2DM and related phenotypes in Mexican Americans from the SAFDS. Advantages of 

this study included, the analysis of all available single-nucleotide polymorphisms (SNPs) 

and a novel statistical assessment of the contributions of all SNPs, singly and in 

combination, to phenotypic association. We deliberately chose a comprehensive approach to 

SNP selection and genotyping of all available SNPs, including many SNPs with low minor 

allele frequency (<5%), to capture all variation potentially contributing to disease. Given 

recent evidence of the contribution of rare variants to complex multifactorial disease (17), 

we believe this is an appropriate safeguard against drawing false conclusions from 

insufficient data.

Clinical characteristics of the nondiabetic study participants are shown in Table 1. From the 

public databases, we identified 137 polymorphic variants within the gene. These variants 

included 133 SNPs (two in the promoter, seven in the 3′ untranslated region, nine in exons), 

with a mean SNP density of one SNP/625 bp. Of the nine exonic SNPs, one was 

synonymous (A/A) and the rest were nonconservative missense variants, including K121Q. 

We resequenced ∼31% of the ENPP1 gene in each of 20 SAFDS subjects from families that 

contributed most strongly to the linkage signal. Sequenced regions included all exons, 

intron/exon boundaries, the proximal promoter, 3′ and 5′ untranslated regions, plus all 

regions containing SNPs. Of 133 putative SNPs, 27 failed design criteria, 106 were 

genotyped in 439 subjects and, of these, 79 were polymorphic. A further seven SNPs were 

not in Hardy–Weinberg Equilibrium (P < 0.05). Thus 72 SNPs were used for association 

analysis. A substantial proportion of genetic variation in ENPP1 (69%) was found among 
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the less common variants with allele frequencies <20%. Within this group, rare alleles with 

minor allele frequency <5% were the most common type and accounted for a substantial 

proportion (30%) of the low frequency variants.

The K121Q variant had a nominal minor allele frequency of 18.8 ± 2.4%. The structure of 

linkage disequilibrium within the ENPP1 gene, as measured by the absolute correlation (ρ) 

between genotypes, is shown in Figure 1. The average proportion of shared variation 

between SNPs, measured by the pairwise correlation (r2), was 0.047. On the basis of the 

evaluation of the eigenstructure of the correlation matrix among markers the effective 

number of SNPs was 67. Thus, these 72 SNPs behave statistically like 67 effectively 

independent markers. Conditional on the pedigree information, we estimated the haplotypes 

for each individual using the computer program MERLIN. We observed 298 unique 

haplotypes out of the sample theoretical maximum of 902. The observed haplotype diversity 

was 0.99. The most common haplotype had a frequency of 3.97 and 95.3% and the observed 

haplotypes had a frequency <1%.

We initially focused our association analyses on the traits where we found evidence of 

linkage. Using an additive model, all significant SNP association P values from single SNP 

analysis are included in Table 2, including results for T2DM as a discrete trait. The several 

obesity measures (ln leptin, sum of skinfold thickness, BMI, and log serum triglyceride 

concentration) were analyzed as quantitative traits to maximize statistical power. In addition, 

we also analyzed several discrete traits, including obesity (BMI ≥30 kg/m2) and the MS or 

its risk factors, using the National Cholesterol Education Program Adult Treatment Panel III 

criteria (18). All the findings from the additional analyses are included in Supplementary 

Tables 1 (discrete traits) and 2 (quantitative traits). Association analyses in the 

supplementary tables include dominant and recessive models of inheritance in addition to 

the additive model described below. In general, results from additive and dominant/recessive 

analyses were consistent.

We performed a marginal association analysis using a fixed effects measured genotype 

additive model. First, we tested for hidden population stratification using the quantitative 

transmission disequilibrium test approach in the computer program SOLAR (http://

www.sfbr.org/). The tests of association were restricted to nondiabetics (n = 323, 74%), 

except for T2DM which included all subjects. Significantly associated SNPs are shown in 

Table 2, and their location within the gene is summarized in Figure 2. Nominal P values are 

shown uncorrected for multiple testing. For a statistical significance threshold of ≤0.05, the 

required experiment-wide significance threshold, using Bonferroni's correction per trait 

(with 67 statistically independent markers) accounting for multiple testing, was 0.00075. 

There were no additional attempts to correct for multiple testing because correcting for 

multiple testing with regard to multiple correlated traits is not straightforward, given that the 

corresponding models are not independent.

Te most significant associations were with fasting plasma glucose (FPG) (P = 0.0047; 

rs6918013) and high-density lipoprotein cholesterol (HDL-C) (P = 0.0068 and 0.0096 for 

rs9372999 and rs1830971, respectively). Figure 3a shows the gene location and –log P 
values for all genotyped SNPs with HDL-C, which was significantly associated with seven 
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SNPs. Interestingly, we previously found strong evidence for linkage of both HDL-C and 

BMI (univariate and bivariate analyses) to the 6q23 region using the Framingham study data 

(3). In this context, the present HDL-C findings are of interest, given the well-established 

connections between the MS, T2DM, obesity, and dyslipidemia. Figure 3b shows the gene 

location and –log P values for FPG, which were significantly associated with four SNPs. 

The genotype class specific mean values for the phenotypes that were most strongly 

associated (P < 0.01) are summarized in Table 3. These P values were not corrected for 

multiple testing because the SNPs were subsequently tested by a novel statistical procedure, 

Bayesian quantitative trait nucleotide (BQTN), which is robust to multiple testing.

To predict statistically the causal variants responsible for the observed associations, we 

performed BQTN analysis (19) to examine all possible additive gene action models. BQTN 

analysis provides a rigorous approach to prioritization of all associated SNPs, to predict the 

causal variants responsible for the observed associations, by comparing all possible additive 

gene function models. It allows us to calculate the probability that any given SNP or 

combination of SNPs may be involved in a trait, and to compare that probability with the 

probabilities for all other SNP models. BQTN analysis provided modest evidence of a “true” 

signal. The most strongly associated trait was HDL-C, where a four-SNP model (with SNPs 

at 21,107, 25,663, 52,324, and 64,063 bp) gave a P value of 0.000080 and one SNP (21,107 

bp) had a good overall posterior probability of 0.843, although the experiment-wide P value 

for this model was 0.081.

Interestingly, several recent studies have found genetic variants in ENPP1 interacting with 

obesity to influence variation in MS-related traits (7,8,16). Likewise, in our data we 

observed significant ENPP1-BMI interaction effects on fasting-specific insulin: (P = 

0.00050 and 0.00070 for SNPs rs858342 and v24, respectively).

In summary, we found modest suggestive evidence of ENPP1 association with the MS-

related phenotypes that contributed to our previous linkage finding in Mexican Americans. 

On the basis of our findings, after accounting for multiple testing, it appears that the ENPP1 
gene is not a major contributor to the linkage signal. However, given the correlations 

between traits and between SNPs, the correction for multiple testing is conservative and sets 

a threshold for significance which may be overly stringent, with a corresponding increased 

risk of false negative findings (type II errors). A potential limitation of this study is that the 

power to detect significant associations between metabolic traits and rare genetic variants 

may be somewhat compromised by the moderate sample size. Taken together, it is 

reasonable to conclude that the observed associations of multiple ENPP1 variants with 

several MS-related traits, is consistent with positive association results from multiple 

independent studies in diverse populations. Furthermore, the strongest association signals 

came predominantly from intronic SNPs, potentially indicating a role of transcript regulation 

in disease causation. We are pursuing the 6q23 region further to identify DNA sequence 

variants that could relate to our original linkage findings.
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Research Methods and Procedures

The SAFDS

All study participants were Mexican Americans from the SAFDS (20). In brief, probands for 

the SAFDS had T2DM identified in an earlier epidemiologic survey, the San Antonio Heart 

Study. All 1st, 2nd, and 3rd degree relatives of the probands, aged 18–98 years, were invited 

to participate in the study. Metabolic, anthropometric, demographic, and medical-history 

information was obtained on 439 (116 with T2DM) individuals distributed across 27 low-

income Mexican-American pedigrees. All procedures were approved by the Institutional 

Review Board of the University of Texas Health Science Center at San Antonio, and all 

subjects gave informed consent before their participation.

The following eight MS-related phenotypes, which have been described in detail elsewhere 

(1), were considered for this study: FPG, fasting-specific insulin, fasting HDL-C, fasting 

triglyceride concentration, fasting leptin, BMI, sum of skinfold thickness as a measure of 

overall subcutaneous adiposity, and T2DM (as a discrete trait, see below). For these 

continuous traits we used phenotypic information from only nondiabetic subjects (N = 323 

individuals depending on availability of data) to avoid metabolic effects secondary to T2DM 

or treatment effects. We also tested T2DM, as a discrete trait, in all subjects (N = 439). 

T2DM was defined using two widely accepted classifications: a FPG concentration ≥7.0 

mmol/l (126 mg/dl) and/or a 2-h plasma glucose concentration after a 75-g oral glucose 

tolerance test ≥11.0 mmol/l (200 mg/dl). Patients who gave a history of physician diagnosed 

diabetes or who were on diabetic medication were also considered affected with diabetes. 

Phenotype-specific distinct outliers were excluded from the analyses (e.g., triglyceride 

values >9 mmol/l). Where indicated, the data were log transformed to normalize 

distributions. Selected clinical characteristics of nondiabetic SAFDS subjects are shown in 

Table 1.

DNA sequencing

The ENPP1 gene was amplified by the PCR in overlapping segments and sequenced using 

oligonucleotide primers designed to provide multiple overlapping sequences in both 

directions. Automated DNA sequencing was performed using BigDye fluorescent dye- 

terminator chemistry (Applied Biosystems, Foster City, CA). Contiguous sequences were 

assembled using Sequencher software (GeneCodes, Ann Arbor, MI). Polymorphisms were 

detected by direct comparison of electropherograms from 20 subjects, selected from families 

that contributed most strongly to linkage at 6q23 (see below). Target regions of genomic 

DNA were amplified by the PCR and sequenced with either the same primers used for 

amplification or nested internal primers. The ENPP1 sequence and SNPs from DbSNP can 

be located at http://www.ncbi.nlm.nih.gov/.

SNP genotyping

Genomic DNA was isolated from whole blood (Qiagen, Chatsworth, CA). SNPs were 

selected from resequencing data, the NCBI dbSNP database and from previous association 

studies. SNPs were genotyped according to the manufacturer's instructions (Applied 

Biosystems, Foster City, CA). In brief, in a 384-well plate, 2 μl of purified genomic DNA (2 
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ng/μl) was incubated with primers and probes for the SNP of interest (0.09 μl), 3.5 μl of 

TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA)—No AmpErase 

UNG, and 1.14 μl distilled water. Samples were PCR-amplified on the Applied Biosystems 

9700HT Thermal Cycler under the following conditions: denatured for 10 min at 95 °C, 

denatured annealed and extended for 40 cycles of 15 s at 92 °C and 1 min at 60 °C. The 384-

well microplates were scanned for fluorescence emission using a 7900HT sequence detector 

(Applied Biosystems) and alleles were scored using the allelic discrimination software 

Sequence Detection System v2.1 (Applied Biosystems). All SNPs were tested for Mendelian 

pedigree inconsistencies. For all SNPs genotyped, our mean rate of success for SNP 

genotyping was >98%. Primers and probe sequences used for the SNP genotyping are 

available on request.

Statistical genetic analysis

We performed association analysis in our complex pedigree-based data using the measured 

genotype approach within the variance components (VCs) analytical framework 

implemented in the program SOLAR (21). The VC-based approach accounts for 

nonindependence among family members. In this analytical technique, VCs are modeled as 

random effects (e.g., additive genetic effects and random environmental effects), whereas the 

effects of measured covariates such as age and sex are modeled as fixed effects on the trait 

mean. The VCs, the association parameters, and the other covariate effects (e.g., age and sex 

terms) were estimated, simultaneously, by maximum likelihood techniques. A likelihood 

function based on multivariate normal density was numerically maximized to obtain 

parameter estimates.

Before performing measured genotype approach, the quantitative transmission 

disequilibrium test (22), as implemented in SOLAR, was used to examine hidden population 

stratification, using the notation of within (w) and between (b) family components. In 

measured genotype approach, generally, the marker genotypes were incorporated in the 

mean effects model as a measured covariate assuming additivity of allelic effects (23). Using 

the notation of w and b family components, a significant test of b = w vs. b = 0 and w = 0 

reflects significant difference between the genotypic means (Table 1). All analyses included 

age and sex terms as covariates, if found to be significant. The nested models were 

compared using the likelihood ratio test. Twice the difference between the log-likelihoods of 

these models yields a test statistic that is asymptotically distributed, approximating a χ2 

distribution with one degree of freedom. A P value ≤0.05 is considered significant. Using the 

program SOLAR, linkage disequilibrium between SNP pairs was estimated using the 

absolute value of the correlation coefficient |ρ|. However, for the purpose of discussion, r2 

values are reported to describe the pairwise linkage disequilibrium patterns.

The BQTN model

The BQTN analytical technique is employed to analyze SNPs to find the responsible 

nucleotide variants (the quantitative-trait nucleotides) influencing a given phenotype. This 

technique has been described in detail elsewhere (19). Given complete SNP data for a gene, 

this statistical technique can be used to identify the sequence variants that are either 

potentially functional or that exhibit the highest disequilibria with such potential functional 

Jenkinson et al. Page 6

Obesity (Silver Spring). Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sites. The BQTN model is a simple extension of the classical VC model that aims to 

disentangle the genetic architecture of a quantitative trait (19).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
SNP linkage disequilibrium structure within ENPP1. SNPs are indicated by their physical 

order within the gene on the y-axis. The relative positions of the SNPs are indicated on the 

x-axis. Physical distance is denoted in bp. The degree of correlation (ρ) between SNP pairs 

is indicated by the intensity of shading in the small squares of the central figure, with perfect 

correlation between identical SNPs along the diagonal. Gene exonic structure is indicated by 

the vertical bars below the x-axis. A total of 79 SNPs are shown, including seven SNPs 

which were not in Hardy–Weinberg equilibrium.
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Figure 2. 
Gene structure of ENPP1 and location of significantly associated SNPs. SNPs exhibiting 

significant nominal association (P < 0.05) are shown. The thick horizontal line represents the 

gene, with thick vertical lines representing the 25 exons, numbered below each exon.
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Figure 3. 
Association of ENPP1 SNPs with (a) HDL-C and (b) FPG. The physical location of each 

SNP is shown on the x-axis. The y-axis shows –log10 P values for association calculated 

using the measured genotype approach.
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Table 1
Characteristics of the nondiabetic SAFDS subjects distributed across 27 families

Distributional properties of the phenotypes

Variable Sample size Mean ± s.d. or % Skewness Kurtosis

Number 323 — — —

Females 187 58% — —

Age (years) 323 38.3 ± 15.4 — —

Fasting-specific insulin (pmol/l) 293 138 ± 86 1.1 0.9

Fasting glucose (mmol/1) 323 4.9 ± 0.6 0.7 1.0

ln HOMA-IR 290 3.8 ± 0.7 0.0 −0.9

ln HOMA-β 293 5.1 ± 0.5 −0.0 −0.6

ln Triglycerides 311 4.9 ± 0.6 0.4 −0.3

HDL-cholesterol (mmol/l) 309 1.0 ± 0.3 0.6 0.3

Leptin (ng/ml) 292 22.2 ± 17.6 1.4 1.6

BMI (kg/m2) 317 29.4 ± 6.6 1.0 1.2

Sum of skinfold thickness (mm) 319 174.0 ± 56.3 0.2 −0.4

Waist circumference (mm) 317 946 ± 171 0.7 0.5

β, beta-cell function (insulin secretion); HOMA, homeostasis model assessment (24); IR, insulin resistance; ln, natural log- transformed; SAFDS, 
San Antonio Family Diabetes Study.
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