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SUMMARY
A carotid artery calcified plaque (CarCP) linkage peak on chromosome 16p (LOD 4.39 at 8.4cM)
in European American (EA) families with type 2 diabetes mellitus (T2DM) from the Diabetes
Heart Study (DHS) has been refined by fine-mapping and candidate genes and SNPs evaluated for
association with subclinical CVD. Fine-mapping was based on 104 SNPs in 937 subjects from 315
families, including 45 SNPs in six candidate genes (CACNA1H, SEPX1, ABCA3, IL32, SOCS1,
and KIAA0350). Linkage and association analyses using variance components analysis (SOLAR;
adjusting for age, gender, BMI, and T2DM status) refined the original CarCP linkage into two
distinct linkage regions (LOD scores: 3.89 at 6.9cM and 4.86 at 16.0cM). Evidence of linkage for
coronary calcified plaque (LOD: 2.27 at 19cM) and a vascular calcification principle component
(LOD: 3.71 at 16.0cM) was also observed. The strongest evidence for association with CarCP was
observed with SNPs in the A2BP1 gene region (rs4337300 p=0.005) with modest evidence of
association with SNPs in CACNA1H (p=0.010–0.033). Bayesian Quantitative Trait Nucleotide
analysis identified a SNP, rs1358489, with either a functional effect on CarCP or in linkage
disequilibrium with a functional SNP. This study refined the 16p region contributing to vascular
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calcification. Although the causal variants remain to be identified the results are consistent with a
linkage peak which is due to multiple common variants, though rare variants cannot be excluded.
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INTRODUCTION
Cardiovascular disease (CVD) is the major cause of mortality in Western industrial
countries and diabetes is widely recognized as an independent risk factor for the
development of atherosclerotic CVD (Kannel & McGee, 1979; Pan et al., 1986; Abbott et
al., 1987; Brand et al., 1989; Haffner et al., 1998). Diabetes contributes substantially to the
development of premature mortality and morbidity from CVD and atherosclerotic heart
disease, and patients with diabetes are at an increased risk of mortality from coronary heart
disease (Miettinen et al., 1998). While the relationship between CVD risk and diabetes risk
has been extensively documented, the origin of diabetic macrovascular disease remains
poorly understood. The risk for CVD and diabetes is widely accepted as being due to genetic
and environmental factors.

Numerous reports document that vascular calcification, i.e. vascular calcified plaque, is an
excellent surrogate marker of CVD. Coronary artery calcified plaque (CorCP) has long been
considered a primary determinant of CVD (Greenland et al., 2004; Terry et al., 2005;
Vliegenthart et al., 2005), predicting both prevalent CVD and total mortality in
asymptomatic individuals (Raggi et al., 2001; Raggi et al., 2004; Detrano et al., 2008;
Greenland et al., 2004; Shemesh et al., 2004). Pathological studies indicate that CVD is a
systemic disease, and as such, it is unusual for an individual to have disease localized to a
single vascular bed. In addition to coronary artery calcified plaque CorCP, calcified lesions
are also commonly seen in the carotid artery and the abdominal aorta (Simon et al., 1995),
and the extent of this peripheral arterial calcification correlates with CorCP (Wagenknecht et
al., 2004).

Because of the high prevalence of clinical and subclinical CVD in diabetes-affected
populations, families with multiple diabetes-affected members provide an enriched
environment for the expression of CVD susceptibility genes. To date, most CVD mapping
studies have focused on CorCP as the primary measure of CVD. However, we recently
reported evidence for linkage of carotid artery calcified plaque (CarCP) to chromosome 16p
at 8.4 cM with a logarithm of the odds (LOD) score of 4.39 (support interval tel-15 cM) in
357 pedigrees consisting of European American (EA) subjects with type 2 diabetes mellitus
(T2DM) in the Diabetes Heart Study (Bowden et al., 2008).

Here we describe fine-mapping of the chromosome 16p quantitative trait locus (QTL),
evaluation of selected candidate genes within 16p and SNPs across the QTL, and explore
SNP contributions to variation in measures of subclinical CVD.

MATERIALS AND METHODS
Subjects

The Diabetes Heart Study (DHS) is being conducted in Forsyth County, North Carolina to
elucidate the genetic and epidemiological origins of CVD in families affected with T2DM.
Ascertainment and recruitment have been described previously (Bowden et al., 2006; Lange
et al., 2002; Wagenknecht et al., 2001). Briefly, siblings concordant for T2DM and lacking
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renal insufficiency were recruited from internal medicine clinics, endocrinology clinics, and
community advertising. T2DM was defined as a clinical diagnosis of diabetes after the age
of 34 years, in the absence of historical evidence of diabetic ketoacidosis, and active
treatment at the time of examination. Unaffected siblings, similar in age to the siblings with
T2DM, were also invited to participate, as were any additional diabetes-affected siblings.
Individuals with other serious health conditions, such as renal replacement therapy, were not
eligible to participate. Recruitment was based upon family structure and there were no
inclusions/exclusions based on prior or current evidence of prevalent CVD at the time of
recruitment. The sample includes European American (EA) and African-American (AA;
approximately 15% of the total) participants. The results reported here are from 937 EA
subjects from 315 pedigrees with at least two individuals with T2DM. All protocols were
approved by the Institutional Review Board of Wake Forest University School of Medicine,
and all participants gave informed consent prior to participation.

Clinical Evaluation
Participant examinations were conducted in the General Clinical Research Center of the
Wake Forest University Baptist Medical Center and included interviews for medical history
and health behaviors, anthropometric measures, resting blood pressure, a fasting blood draw
and a spot urine collection. Laboratory assays included urine albumin and creatinine, total
cholesterol, non-high density lipoprotein (HDL) cholesterol, low density lipoprotein (LDL),
HDL, triglycerides, glycated hemoglobin, fasting glucose and blood chemistries. A detailed
medical history was collected with emphasis on CVD. In addition, a resting 12-lead
electrocardiogram (ECG) was performed to assess history of clinically significant (past or
present) CVD.

CorCP, CarCP and abdominal aortic calcified plaque (AACP) were measured with single
and multidetector cardiac CT systems using a standardized protocol based on those
implemented in the National Heart, Lung and Blood Institute's (NHLBI's) CARDIA and
MESA studies for measuring the coronary arteries (Carr et al., 2005; Detrano et al., 2005).
High-resolution B-mode carotid ultrasonography was performed as described previously
(Lange et al., 2002) using a 7.5-MHz transducer and a Biosound Esaote (AU5) machine
(Biosound Esaote, Inc., Indianapolis, IN, USA). Scans were performed of the near and far
walls of the distal 10-mm portion of the common carotid artery at five predefined
interrogation angles on each side. The mean value of up to 20 common carotid artery intima-
media thickness (IMT) values was reported.

Genotyping
Fine-Mapping—Single nucleotide polymorphisms (SNPs) located within and surrounding
the initial chromosome 16p linkage region were selected to fine-map the CarCP locus. All
available SNP data for the chromosome 16p linkage interval was extracted from the
HapMap database (http://www.hapmap.org/cgi-perl/gbrowse/hapmap_B36/; (Frazer et al.,
2007)). Specifically, the genotypes of all HapMap SNPs genotyped in the CEU population
were selected, loaded into the Haploview program (Barrett et al., 2005), filtered based on a
minor allele frequency threshold of 0.30, and the resulting filtered SNPs binned based on
genetic map position with bin boundaries being designated every 0.30 cM. Within each bin,
the single SNP with the highest heterozygosity and closest to the center of the bin was
selected. The HapMap CEU genotyping data for this final SNP list was loaded into
Haploview for evaluation of pairwise linkage disequilibrium (LD) between consecutive
SNPs. A pairwise r2<0.30 was used to minimize the LD and to reduce the type 1 error in the
subsequent linkage analysis. For SNP pairs that failed to meet the LD criteria, different
SNPs were selected from the affected SNP bins. The LD evaluation was reiterated until a
complete SNP list was generated where all pairwise r2 values were less than 0.30. Primers
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for PCR amplification and extension reactions were designed using the MassARRAY Assay
Design Software (Sequenom Inc., San Francisco, CA) for 69 SNPs.

Total genomic DNA was purified from whole blood samples obtained from subjects using
the PUREGENE DNA isolation kit (Gentra, Inc., Minneapolis, MN). DNA concentration
was quantified using standardized fluorometric readings on a Hoefer DyNA Quant 200
fluorometer (Hoefer Pharmacia Biotech Inc., San Francisco, CA). Each sample was diluted
to a final concentration of 5 ng/μl.

Genotypes were determined using a MassARRAY SNP Genotyping System (Sequenom
Inc., San Diego, CA)(Oeth et al., 2005). This genotyping system uses single-base extension
reactions to create allele-specific products that are separated and scored in a matrix-assisted
laser desorption ionization/time of flight mass spectrometer. Thirty-six individuals from 31
families served as blind duplicates (duplicated samples given new unique identifiers) to
evaluate genotyping accuracy.

Candidate Genes—Six positional candidate genes were chosen within the linked region
based on their hypothesized functional role in vascular calcification and CVD. SNPs were
selected from the HapMap database
(http://www.hapmap.org/cgi-perl/gbrowse/hapmap_B36/; (Frazer et al., 2007)) to capture
the genetic variation within each gene plus 5 kb upstream and downstream of each gene.
Tagging SNPs for the CEU population were selected using the greedy pair-wise tagging
algorithm implemented in the Tagger program (de Bakker et al., 2005) of Haploview
(Barrett et al., 2005). Using a minimum minor allele frequency of 0.10 and an r2 threshold
of 0.80, genotyping assays for 47 SNPs were successfully designed using the MassARRAY
Assay Design Software (Sequenom Inc., San Francisco, CA). Genotypes were determined as
described above. Forty-two individuals from 27 families served as blind duplicates
(duplicated samples given new unique identifiers) to evaluate genotyping accuracy.

Statistical Analysis
Fine-Mapping—Quantitative traits were transformed to best approximate the distributional
assumptions for the variance component QTL linkage analysis (i.e., conditional normality
after adjusting for covariates, homogeneity of variance). The reported results represent the
analyses of the square root of AACP after adding 10 and the natural logarithms of IMT,
CorCP and CarCP after adding 1. All available genotypic data were used to compute the
identity-by-descent (IBD) statistics using a Bayesian Markov Chain Monte Carlo approach
implemented in the software LOKI (Heath, 1997). Previously, self-reported familial
relationships were examined and modified using the genome scan data and the software
PREST (McPeek & Sun, 2000). Evidence of linkage to a QTL was tested using the variance
component approach implemented in the SOLAR software package (Almasy & Blangero,
1998), adjusting for the covariates age, gender, body mass index (BMI), and diabetes status
(where appropriate). Trait-specific LOD scores reported are empirical LOD scores
determined with SOLAR by simulation (lodadj procedure) as described (Bowden et al.,
2008).

As previously reported (Bowden et al., 2008), strong genetic correlations exist between the
measures of subclinical CVD (CorCP, CarCP, AACP and IMT) in the Diabetes Heart Study
participants. These correlations between vascular calcified plaque in all three vascular beds
suggests that genetic variants contribute to systemic vascular calcification in multiple beds.
A principal component (PC) analysis based on the significant genetic correlations between
CorCP, CarCP, AACP and IMT indicated that two PCs explain more than 80% of the
variation in these four measures. The first principal component was derived from mean of
CorCP, CarCP and AACP to reflect vascular calcified plaque across multiple vascular beds
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(subsequently referred to vascular calcified plaque principal component (VCP-PC)); the
second principal component was IMT alone (Bowden et al., 2008). Therefore, in addition to
evaluating the CarCP phenotype alone for significant linkage to chromosome 16p, we also
analyzed the genome scan data for linkage to calcification in other individual vascular beds
and to the VCP-PC. Generation of the principal components has been described previously
(Bowden et al., 2008).

Candidate Genes—For each gene, the physical map interval was obtained from the
National Center for Biotechnology (NCBI) build 36 of the human genome. The Rutgers
Combined Linkage-Physical Map of the Human Genome (Kong et al., 2004) was used to
map each gene to the chromosomal sex-averaged genetic positions based on the NCBI build
36 physical map coordinates. The Rutgers Map Interpolator uses smoothed chromosomal
maps to interpolate the genetic map positions.

Maximum likelihood allele and genotype frequencies for each SNP were calculated from
unrelated probands and were tested for departures from Hardy-Weinberg equilibrium using
χ2 tests. Estimates of linkage disequilibrium between SNPs were determined by calculating
pairwise D' and r2 statistics in unrelated individuals. As previously reported, the
microsatellite markers from a 10 cM genome scan were used to examine and correct self-
reported familial relationships (Bowden et al., 2006).

Association between each SNP and each phenotype was tested using variance components
methods implemented in SOLAR (Almasy & Blangero, 1998), adjusting for the covariates
age, gender, BMI, and diabetes status (where appropriate). For each SNP, the two degree of
freedom test of genotypic association with each phenotype was performed as the primary
inferential analysis. In cases where there was nominal or trending evidence of association in
the two degree of freedom test, genetic models (dominant, additive, and recessive) were
computed to assess whether individual models provided greater insight into the trait
association. No formal haplotype analyses were performed for the candidate genes. Within
each candidate gene, SNPs were selected for genotyping based on their ability to tag the
genetic variation within the gene region. Therefore, the genotyped SNPs within a gene were
not necessarily contained within a single block of LD.

Bayesian Quantitative Trait Nucleotide (BQTN) Analysis—The BQTN analysis
was conducted to identify variant(s) most strongly related to the trait. This approach to
perform association is an extension of the classical variance component approach, and
estimates not only the main effects of SNP genotypes but also the random effects to unravel
the genetic structure of the trait (Almasy & Blangero, 1998; Blangero et al., 2005).

Details of the BQTN analysis are given elsewhere (Blangero et al., 2005; Curran et al.,
2005). In short, in a Bayesian framework, the null hypothesis in which there are no fixed
QTN effects is compared with a hypothesis in which QTN effects are being estimated.
Bayesian information criterion (BIC) is defined with reference to a null model and is used to
assess whether the QTN model explains sufficient variation in the phenotype to justify the
number of parameters used. BIC difference provides an estimate of the evidence of support
of one model over another. For example BIC differences of greater than two units provides
evidence of support of one model over another with posterior probability of 75%, and BIC
differences greater than 10 units represent support for one model over another with 99%
posterior probabilities (Blangero et al., 1999). This approach (BQTN) has been shown to
provide accurate determination of functional variants in conditions where all the variants
have been identified (Blangero et al., 2005; Blangero et al., 1999; Curran et al., 2005; Soria
et al., 2005), however, in those cases where a subset of SNPs have been genotyped, it has
also proven extremely useful in identifying a SNP or set of SNPs, that are most likely to be
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functional or in high LD with a functional variant that has not been typed. To be consistent
with the linkage and association results, age, gender and BMI were used as covariates.

RESULTS
The characteristics of the 937 EA participants evaluated in the fine-mapping and candidate
gene analyses are presented in Table 1. Overall, these participants have biometric and
clinical characteristics consistent with a diabetes-enriched family population: older age
(mean age of 62 years in T2DM-affected individuals, mean age of 60 years in unaffected
individuals), clinically obese (mean BMI of 32.5 in T2DM-affected individuals, mean BMI
of 28.8 in unaffected individuals), and hypertensive (87.7% of T2DM-affected individuals,
66% of unaffected individuals). While the majority of all EA participants (both T2DM-
affected and unaffected) have detectable calcified plaque in all three vascular beds (coronary
artery, carotid artery, and abdominal aorta), the amount of quantifiable vascular calcium is
significantly greater in the diabetes-affected individuals. In addition, the diabetes-affected
individuals have lower total cholesterol and LDL cholesterol than their unaffected family
members, which is likely due to a treatment effect since 45% of the T2DM-affected
individuals were being treated with statins the time of recruitment (Bowden et al., 2005).

Mapping of Vascular Calcified Plaque Loci
Based on the prior evidence of linkage of CarCP to chromosome 16p in EA T2DM-affected
individuals, fine mapping of the region was carried out by genotyping 69 SNPs across the
region. Of the 69 SNPs genotyped, eight SNPs failed to reach the genotyping efficiency
threshold of 90% and two SNPs were not polymorphic in the DHS EA population. The
remaining 59 SNPs (Supplementary Table 1) covered a 30cM region, with an average SNP
density of 1 SNP/0.54 cM and the largest interval being 2.29 cM. A variance components
QTL linkage analysis combining the initial genome scan microsatellite markers and the 59
additional fine-mapping SNPs was completed in the EA T2DM-affected individuals. As
shown in Figure 1A, with fine mapping the prior CarCP linkage peak from the initial
genome scan ((Bowden et al., 2008); LOD score of 4.39 at 8.4 cM) resolved into two
distinct linkage regions with LOD scores of 3.89 at 6.9 cM (flanked by markers rs150929
and rs1859137) and 4.86 at 16.0 cM (flanked by markers rs12102452 and rs4337300). When
all EA subjects (i.e., both T2DM-affected and unaffected) were included in the analysis the
maximum LOD scores were 3.72 at 9.8 cM and 2.61 at 16.0 cM (Figure 1A).

Additional analysis of the genome scan data for linkage to calcification in other individual
vascular beds and to the VCP-PC revealed evidence of linkage for CorCP (LOD=2.27 at 19
cM; Figure 1B) and the VCP-PC (LOD=2.67 at 5.9 cM, LOD=3.71 at 16.0 cM; Figure 1C)
in analyses restricted to the EA T2DM-affected subjects. When all EA individuals were
included in the analyses, these linkage signals remained statistically significant but
decreased in magnitude by approximately one LOD unit.

Association Analysis
A total of six positional candidate genes located within the linked region were selected for
detailed evaluation. The location and putative function for each gene is shown in Table 2.
Forty-seven SNPs located within the six genes were genotyped based on the ability of the
SNPs to tag the genetic variation in individuals of European ancestry (HapMap CEU
population). Of the 47 SNPs genotyped, two SNPs failed to reach the genotyping efficiency
threshold of 90%. The remaining 45 SNPs, along with the 59 SNPs used for fine-mapping,
i.e., a total of 104 SNPs, were evaluated for association with CarCP, CorCP, AACP, VCP-
PC, and IMT. For all 104 SNPs, the genotyping consensus rate for duplicate DNA samples
within and across DNA plates was 100%.
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The strongest evidence for association with the primary phenotype from the linkage
analysis, CarCP, was observed with a group of four SNPs in a 1.1 Mb region used in the
fine-mapping component of the study (Table 3; p-values ranging from 0.018 to 0.079,
overall two degree of freedom test). Three of these associated SNPs (rs1358489, rs7186211,
rs748987) are located in an intergenic region upstream of the A2BP1 gene, which encodes
the ataxin 2-binding protein. The remaining associated SNP (rs4337300) is located in intron
2 of A2BP1, isoform 4. Evaluation of the mean CarCP scores by genotype indicates that
rs1358489 association is most consistent with a recessive model of inheritance, with
homozygotes for the C allele having greater detectable CarCP than carriers of the T allele
(p=0.005; Table 4A). In contrast, rs748987 appears to follow a dominant model, as
individuals carrying at least one copy of the C allele have lower detectable CarCP than
individuals who are homozygous for the G allele (p=0.026; Table 4A). While at least one
model-specific p-value is significant for each of the two remaining associated SNPs, the
mean CarCP values by genotype do not suggest an obvious genetic model (Table 4A). Two
additional SNPs located within introns 3 and 13 of A2BP1, respectively, exhibited a trend
towards association with calcified plaque in one of the other vascular beds (rs11077123,
p=0.091 for CorCP; rs3785214, p=0.065 for AACP; Table 3).

Modest evidence of association was observed between CorCP and SNPs in CACNA1H,
which functions as the alpha subunit of a voltage-dependent calcium channel that mediates
the relaxation of coronary smooth muscle. As shown in Table 3, two of the nine CACNA1H
SNPs were nominally associated with CorCP in the EA T2DM-affected individuals
(rs4984637, p=0.014; rs1004041, p=0.033); two additional SNPs exhibited a trend towards
association with CorCP (rs11640796, p=0.079; rs1054645, p=0.096). Three of these
associated SNPs (rs4984637, rs1054645, rs1004041) were inconsistent with Hardy-
Weinberg Equilibrium (p<0.05) due to a deficiency in the observed number of heterozygotes
and formed a small LD block (data not shown). Evaluation of the mean CorCP values by
genotype for each of the SNPs indicates that rs11640796 and rs4984637 follow a recessive
model of inheritance. Homozygotes for the minor allele G of rs11640796 have greater
detectable CorCP than carriers of the major allele A (p=0.030; Table 4B). In contrast,
homozygotes for the minor allele T of rs4984637 have much less detectable CorCP than
carrier of the major allele C (p=0.036; Table 4B). The remaining two SNPs exhibit no
significant associations under any of the three genetic models tested and likewise exhibit no
apparent trend in the mean CorCP scores by genotype (Table 4B). It should be noted that
several of the SNPs in Table 4B are out of HWE if uncorrected for the total number of SNPs
in the analysis.

Bayesian Quantitative Trait Nucleotide (BQTN) Analysis
The linkage and SNP association analysis was complemented by application of the BQTN
method in an effort to identify the variant(s) most strongly related to the primary traits in
this study. The results of this analysis are summarized briefly in Table 5. With BQTN, a
posterior probability of ≥75% (0.75) is indicative of positive evidence supporting the
functional model over the null model of no effect; ≥95 % (0.95) is indicative of strong
support for the functional model; and ≥99% (0.99) is indicative of very strong support for
the functional model. The SNP rs1358489 had a posterior probability of 0.898, providing
evidence that this SNP warrants consideration as one variant likely to be associated (either
functionally or as a tagging SNP) with the CarCP phenotype. A second SNP, rs4337300,
narrowly missed meeting the criteria for influencing the VCP-PC (0.749).

DISCUSSION
We have conducted detailed genetic analyses of subclinical CVD on chromosome 16p in
European American families from the Diabetes Heart Study. Fine-mapping and analysis of a
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set of positional candidate genes for association with quantitative measures of subclinical
CVD was completed and accompanied by Bayesian Quantitative Trait Nucleotide analysis.
From the fine-mapping efforts, we observed refinement of the initial single linkage peak for
CarCP into two distinct signals that maximize at 6.9 cM and 16.0 cM in the EA T2DM-
affected individuals and observed an increased maximum LOD score of 4.86. In addition,
we observed evidence for linkage to other vascular calcification phenotypes, notably CorCP
and the principal component of vascular calcified plaque (VCP-PC). This evidence of
linkage was not observed in the original genome scan analysis (Bowden et al., 2008). These
new observations suggest that loci within the linked region contribute to calcified plaque in
multiple vascular beds. The coincident linkages of CarCP and CorCP in this region of
chromosome 16p, coupled with the significant genetic correlation between CarCP and
CorCP in the DHS population (0.52±0.11, p<0.05) (Bowden et al., 2008), suggests the same
locus is contributing to calcification in multiple vascular beds.

Although, previous studies have focused primarily on the heritability of carotid artery plaque
and atherosclerotic lesions (Hunt et al., 2002; Moskau et al., 2005), including our own
previous report of a heritability of 0.40±0.08 for CarCP in the DHS EA population (Bowden
et al., 2008), to our knowledge the current results provide the first evidence of a QTL for
CarCP. A recent genome-wide linkage analysis of carotid artery plaque in National Heart,
Lung, Blood Institute (NHLBI) Family Heart Study did not identify any regions of
significant or suggestive linkage for carotid artery plaque; however, they did observe
suggestive evidence for linkage (LOD=2.43) on chromosome 2p11.2 in the subset of sibling
pairs aged 55 years or younger (Pankow et al., 2004). Further, a genome-wide association
study for subclinical atherosclerosis in the Framingham population did not include measures
of CarCP, however did report significant associations for other measures of subclinical CVD
at regions that did not include 16p (O'Donnell et al., 2007). The lack of reproducibility
between these studies is not unusual and it is worth noting at this point that the DHS is a
novel population sample, being highly enriched for T2DM. The observation that linkage is
amplified when analyses were limited to diabetes affected subjects is consistent with our
prior observations (Bowden et al 2008). The observation of increased evidence of linkage in
diabetic subjects is consistent with a model in which the diabetes environment amplifies the
effect of risk polymorphisms.

Analysis of both the fine mapping SNPs and candidate gene SNPs, revealed the most
significant evidence for association with the CarCP phenotype was observed with SNPs
located in an intergenic region. Three of the associated SNPs are located upstream of the
A2BP1 gene, with the fourth SNP being located in intron 2 of A2BP1. However, if one takes
into account the multiple comparisons, results are at best marginally significant. That said,
the multiple comparisons problem with correlated SNPs and correlated traits is not
straightforward and simple Bonferonni corrections are inappropriate (Rice et al., 2008). By
using a BQTN approach, the intergenic SNP most strongly associated with CarCP,
rs1358489, had a posterior probability of 0.898 for CarCP providing further evidence that
this SNP may be one variant with a functional impact on CarCP. In addition, the SNP
located in intron 2 of A2BP1 (rs4337300) fell just short of the 0.75 BQTN threshold
supporting a functional role, with a further two SNPs in introns 3 and 13 exhibiting a trend
towards association with calcified plaque in other vascular beds. Given that A2BP1 encodes
the ataxin 2-binding protein 1 and is predominantly expressed in muscle and brain it is
difficult to speculate how SNPs in the A2BP1 gene might be involved in the development of
vascular calcified plaque. However, intergenic SNPs should not be automatically ignored in
linkage studies; polymorphisms in an intergenic region of chromosome 9 have been
consistently and reproducibly demonstrated to be significantly associated with T2DM
(Saxena et al., 2007; Scott et al., 2007; Zeggini et al., 2007), coronary heart disease
(McPherson et al., 2007), myocardial infarction (Helgadottir et al., 2007), and measures of
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subclinical atherosclerosis (O'Donnell et al., 2007). Other possibilities are that the associated
SNPs are not causally responsible for the development of CarCP, but are instead in strong
LD with the true causal variant(s), although evidence for this interpretation is limited in the
current Involvement of other hypothetical genes and expressed sequences located within the
region should also be considered. The associated SNPs are located in an intergenic region
between the A2BP1 and FAM86A genes. FAM86A encodes a hypothetical protein and there
is additional evidence of a predicted gene (based on expressed sequence data) located within
the region. It is therefore possible that the associated SNPs may be involved in the
expression of these unknown genes

Six positional candidate genes were also evaluated for association with the quantitative
measures of subclinical CVD with the most consistent evidence of association observed with
SNPs in the CACNA1H gene and the CorCP phenotype. CACNA1H encodes the alpha -1H
subunit of voltage-dependent calcium channels and is involved in the mitogen-activated
protein kinase (MAPK) signaling pathway. This complex signal transduction pathway
regulates various cellular activities such as apoptosis, proliferation, differentiation and
inflammation. As atherosclerosis is a chronic inflammatory condition that begins early in
life (Scheuner, 2001) and culminates in the accumulation of plaque in the artery wall, genes
involved in the inflammatory process are attractive candidates for vascular calcified plaque
formation. Of the nine SNPs evaluated in CACNA1H, rs4984637 and rs1004041 were
significantly associated with CorCP and two additional SNPs exhibited a trend towards
association with CorCP.

In summary, the Diabetes Heart Study is an extensively phenotyped sample of T2DM-
enriched families that provides a unique resource for genetic studies of subclinical CVD.
This study reports the first strong evidence for a QTL for CarCP. These loci may be
involved more broadly in systemic vascular calcification, as demonstrated by the coincident
linkages of CarCP, CorCP and the VCP-PC to this region of chromosome 16p. The current
study refined the regions of interest and potential regions for follow-up investigation include
the CACNA1H gene and the intergenic region between A2BP1 and FAM86A. As it is now
widely acknowledged that common variations frequently contribute relatively modestly to
the genetic basis of complex traits (Manolio et al., 2009), many investigators are reassessing
the relevance of family studies and their ability to contribute insights into the molecular
basis of complex traits. A linkage analysis such as this, which results in good evidence of
linkage, may be an excellent candidate for detailed analysis such as exome sequencing to
identify rare variants.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Variance components QTL linkage analysis of chromosome 16 in EA families and EA
T2DM-affected individuals. Results shown here reflect the linkage signals observed before
and after fine-mapping. Broken lines represent results from the original genome scan, while
solid lines represent the results from fine-mapping. To optimize legibility, not fine-mapping
analyses SNPs are displayed on the figures.
(A) carotid artery calcified plaque (CarCP)
(B) coronary artery calcified plaque (CorCP)
(C) vascular calcified plaque principal component
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Table 1

Clinical characteristics of the European American study sample.

T2DM-affected (n=778) Unaffected (n=159)

Age (years) 61.9±9.2 (61.8) 59.6±10.4 (59.4)

Gender (% female) 53.6 67.3

BMI (kg/m2) 32.5±6.8 (31.4) 28.8±5.2 (28.1)

Duration of Diabetes (years) 10.2±6.9 (8.0) N/A

Systolic Blood Pressure (mm Hg) 139.8±19.0 (138.5) 135.3±19.3 (133.3)

Diastolic Blood Pressure (mm Hg) 72.8±10.2 (72.0) 74.3±10.2 (74.0)

Diagnosis of Hypertension (%) 87.7 66.0

Medications

 Use of Hypertension Medication (%) 78.6 43.7

 Use of Lipid Lowering Medication (%) 44.3 26.8

 Insulin (%) 26.2 0

 Oral hypoglycemic (%) 76.2 0

Laboratory

 HbA1c (%) 7.65±1.76 (7.30) 5.57±0.51 (5.50)

 Fasting Glucose (mg/dL) 150.0±57.0 (138.0) 93.5±11.5 (93.0)

 Total Cholesterol (mg/dL) 187.6±43.0 (182.0) 195.7±34.2 (195.5)

 HDL Cholesterol (mg/dL) 42.8±12.0 (41.0) 48.0±13.4 (46.0)

 LDL Cholesterol (mg/dL) 104.2±32.3 (102.0) 115.0±29.3 (113.0)

 Triglycerides (mg/dL) 214.0±145.4 (179.0) 163.7±78.0 (153.5)

Smoking

 Current (%) 16.3 20.9

 Past (%) 42.7 35.4

 Never (%) 41.0 43.7

Subclinical CVD Measures

 CorCP 1391.0±2643.7 (357.0) 444.7±989.5 (35.5)

 CorCP>0 (%) 94.8 83.0

 CarCP 359.3±723.3 (77.5) 133.8±355.3 (1.5)

 CarCP>0 (%) 77.4 55.9

 AACP 3724.0±4518.3 (1937.0) 2031.9±3447.6 (605.5)

 AACP>0 (%) 94.7 83.3

 IMT (mm) 0.68±0.13 (0.66) 0.64±0.11 (0.61)

Data are presented as mean ± SD (median). CorCP = coronary artery calcified plaque; CarCP = carotid artery calcified plaque; AACP = abdominal
aortic calcified plaque; IMT = intima-media thickness
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Table 2

Positional candidate genes on chromosome 16p.

Name Gene Symbol Genetic Location (cM)* Physical Location (bp)* Role

Calcium Channel,
Voltage-Dependent, T
Type, Alpha-1H Subunit

CACNA1H 4.05–4.29 1,143,242–1,211,772
Allows for temporal and spatial control
of intracellular calcium and supports
regulation of cellular activity

Selenoprotein X SEPX1 6.45–6.44 1,933,295–1,928,235 Methionine sulfoxide reductase;
functions as an antioxidant

ATP-Binding Cassette,
Subfamily A, Member 3 ABCA3 7.16–7.05 2,330,748–2,265,880 Involved in regulation of lipid transport

and membrane trafficking

Interleukin 32 IL32 8.24–8.25 3,055,314–3,059,668
Functions as a cytokine that induces
TNFα, IL1β, IL6 and chemokines; plays
a role in inflammatory and autoimmune
diseases

C-type Lectin Domain
Family 16, Member A KIAA0350 27.84–28.38 10,945,943–11,183,539 Unknown function; recently implicated

in the development of type 1 diabetes

Suppressor of Cytokine
Signalling 1 SOCS1 28.53 11,257,540–11,255,775

Inhibits signal transduction of some
cytokines; abnormal expression of
SOCS1 is involved in the development
of leukemia, rheumatoid arthritis, liver
cirrhosis, and liver cancer; ability to
diminish insulin action

*
Genetic and physical positions relative to NCBI Build 36.
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Table 5

Results from Bayesian Quantitative Trait Nucleotide (BQTN) analysis of the SNP data.

Trait Gene/Region_SNP Posterior probability of a functional effect (BQTN analysis)*

CorCP N/S N/S

IMT CACNA1H_rs1004041 0.738

CarCP
KIAA0350_rs723586 0.496

Chr16p_rs1358489 0.898

AACP N/S N/S

VCP-PC Chr16p_rs4337300 0.749

CorCP = coronary artery calcified plaque; IMT = intima-media thickness; CarCP = carotid artery calcified plaque; AACP = abdominal aortic
calcified plaque; VCP-PC = vascular calcified plaque principal component

*
Posterior probability of 75% (0.75) and greater is indicative of positive evidence of support for the functional model over the null model of no

effect; 95 % (0.95) is indicative of strong support favoring the functional model over the null model of no effect; 99% (0.99) is indicative of very
strong support of a functional model.
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