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Abstract
Objective—Carotid plaque is a marker of subclinical atherosclerosis with a genetic component.
The aim of this follow-up fine mapping study was to identify candidate genes for carotid plaque
within four linkage regions.

Methods—We successfully genotyped 3,712 single nucleotide polymorphisms (SNPs) under the
four linkage regions that were previously identified in 100 extended Dominican families. Family-
based association tests were performed to investigate their associations with carotid plaque.
Promising SNPs were evaluated in an independent population-based subcohort (N=941, 384
Dominicans) from the Northern Manhattan Study (NOMAS).

Results—In the family study, evidence for association (p<0.0005) was found regarding several
genes (NAV2, EFCAB11/TDP1, AGBL1, PTPN9, LINGO1 and LOC730118), with the strongest
association at rs4143999 near EFCAB11/TDP1 (p=0.00001 for carotid presence and 0.00003 for
plaque area, multiple testing corrected p≤0.02). The association in AGBL1 and PTPN9 was
mainly driven by the families with linkage evidence (p=0.00008~0.00001 and 0.76~0.32,
respectively, in the families with and without linkage evidence). However, these associations
explained only a small portion of the observed linkage. In NOMAS, replication (p<0.05 in the
whole NOMAS subcohort and p<0.10 in the smaller Dominican subcohort) was found for SNPs
within/near EFCAB11, NAV2, AGBL1 and other genes.

Conclusion—This follow-up study has identified multiple candidate genes for carotid plaque in
the Dominican population. Many of these genes have been implicated in neurodegenerative and
cardiovascular diseases. Further studies with in-depth re-sequencing are needed to uncover both
rare and common functional variants that contribute to the susceptibility to atherosclerosis.
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INTRODUCTION
Carotid plaque is an established measure of subclinical atherosclerosis and a better predictor
of future vascular events than carotid intima media thickness (IMT) [1, 2]. Although several
family studies have shown that atherosclerotic plaque has a considerable genetic component,
few genome-wide linkage and association studies have been reported, with substantial
variability in the findings [3, 4]. To date, only two genetic loci (chromosome 4q31 and
7q22) have been associated with the presence of plaque with genome-wide significance
(p<5×10−8) in a meta-analysis among 31,211 individuals of European ancestry from the
Cohort for Heart and Aging Research in Genomic Epidemiology (CHARGE) consortium
[5]. As with other common diseases, the variability and lack of replication among studies is
in part due to phenotypic and genetic complexity, small effects for individual susceptibility
genes, and multiple study differences, including the research protocols, ascertainment
methods, choice of genetic model, marker density, and the population under study.

One strategy to rectify some of these issues is to follow-up with association in the same
pedigrees used to identify linkage, utilizing increased marker density in the candidate
regions. Family-based designs have several favorable features for gene discovery as
summarized by Laird and Lange [6]: “They are robust to confounding and variance
inflation, which can arise in standard designs in the presence of population substructure;
they test for both linkage and association; and they offer a natural solution to the multiple
comparison problem.”. In a previous 10- centimorgan (cM) genome scan of 100 multi-
generation Dominican families with a median family size of 14, we found 4 chromosomal
regions on 7q, 11p, 14q and 15q with suggestive linkage (logarithm of odds (LOD) ≥2.0) to
carotid plaque presence or area [3]. In the present study, we report a follow-up fine mapping
study on carotid plaque presence and area by surveying these four regions with 3,712
densely mapped single nucleotide polymorphisms (SNP) (average 1 SNP per 17.5 kb) in the
same Dominican family data set and in an independent population-based subcohort.

MATERIALS AND METHODS
Subjects

The family study was derived from the Northern Manhattan Study (NOMAS) and has been
described in detail previously [7]. In brief, probands for the family study were selected from
Caribbean Hispanic members of NOMAS at high risk for cardiovascular disease based on
the following criteria: (1) having a sibling with a history of myocardial infarction or stroke;
or (2) having 2 of 3 quantitative risk phenotypes (maximal carotid plaque thickness, left
ventricular mass, or homocysteine level above the 75th percentiles in the NOMAS cohort).
Families were then enrolled if the proband was able to provide a family history, obtain the
family members' permission to contact them, and had at least 3 first-degree relatives able to
participate. The probands were initially identified in Northern Manhattan and family
members were enrolled in New York at Columbia University as well as in the Dominican
Republic (DR) at the Clinicas Corazones Unidos in Santo Domingo. In addition, a subset of
941 (384 Dominicans) subjects in the NOMAS cohort who had carotid measurements and
were not members of the Family Study served as an independent validation sample.

Demographic, socioeconomic and risk factor data were collected for all the subjects through
direct interview based on the NOMAS instruments [8]. Written informed consent was
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provided by the participants. The study was approved by the Institutional Review Boards of
Columbia University, University of Miami, the National Bioethics Committee, and the
Independent Ethics Committee of Instituto Oncologico Regional del Cibao in the DR.

Carotid Plaque Phenotypes
High-resolution B-mode 2-dimensional ultrasound was performed for the examination of
carotid plaque according to the standard scanning and reading protocols [9]. Carotid
bifurcation and internal and common carotid arteries were examined for plaque defined as
an area of focal wall thickening >50% greater than surrounding wall thickness in
millimeters. Once plaques were detected, in-depth imaging of plaques was performed in
long axes and multiple angles. The optimized and normalized images were analyzed offline
by automated computerized edge detection system M'Ath (Intelligence in Medical
Technologies, Inc, Paris, France) and area of each plaque was measured.. The sum of all
plaque areas (mm2) within each subject was calculated and expressed as a total carotid
plaque area.

SNP Selection and Genotyping
In a subcohort of nearly 1200 NOMAS subjects, we had genome-wide data available from
the Human SNP Array 6.0 chip (AffyMetrix). Among the genotyped individuals, there were
384 DR subjects, thus providing a unique database of SNP allele frequency and linkage
disequilibrium (LD) structure in the DR population. Using this database, we selected SNPs
with minor allele frequency >0.05 and pairwise LD (r2) <0.8 to cover the one-LOD-unit
down critical regions on chromosomes 7q, 11p, 14q, and 15q. Assays for selected SNPs
were manufactured on Infinium iSelectHD Custom BeadChips (Illumina Inc). Genotyping
results were analyzed using the Illumina GenomeStudio® Genotyping module. To ensure
high genotyping quality, samples with a GenTrain score <0.15 were dropped from further
analysis. Genotypes on SNPs with a GenCall score > 0.8 were automatically called by the
GenomeStudio® Genotyping module, whereas SNPs with lower GenCall scores were
manually called. SNPs with <95% call rate and DNA samples with genotyping efficiency
<95% were removed from the final statistical analysis in both the family data set and
population-based NOMAS DR subset. No SNP was found to be severely deviated from
Hardy-Weinberg equilibrium (p>10−3).

Statistical Analysis
Using SOLAR[10], polygenic models for carotid plaque presence and total carotid plaque
area were employed to screen for the significant covariates (p<0.10) that would be adjusted
for in all final association analyses. Covariates that were tested included age, sex, waist hip
ratio (WHR), body mass index (BMI), hypertension, hypercholesterolemia, diabetes, and
smoking (pack years). Hypertension was defined as having a history of high blood pressure,
anti-hypertensive medication usage, systolic blood pressure ≥140 mmHg, or diastolic blood
pressure ≥90 mmHg. Diabetes was defined by having a history of diabetes, anti-diabetic
medication usage, or fasting blood sugar ≥126 mg/dL. Hypercholesterolemia was defined by
having a history of high cholesterol, lipid-lowering medication usage, or total cholesterol
≥240 mg/dL. Smoking was defined as pack years of smoking and calculated as the number
of cigarette packs per day*years smoked.

For the association analysis in the family data set, the Quantitative Transmission-
Disequilibrium test (QTDT) was used as the primary analytical tool because it is designed to
evaluate association in the presence of linkage without inflating type I error, is robust
against population stratification, and is able to use data from all available relatives in a
pedigree, which makes it more powerful in analyzing data sets with missing parental data
[11]. In addition, family-based association analysis based on generalized estimating
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equations (GEE) was performed with PBAT to assess consistency of results[12]. QTDT
analysis was then performed for each peak in each of two subsets defined by the family-
specific LOD score on the trait of interest: one consisted of the families with a positive LOD
score and another included the families with a zero or negative LOD score at the peak loci of
each of our 4 regions. To correct for the multiple testing in the peak-wide association
mapping, we used SOLAR to estimate the effective number of tests based on the
dependence (i.e. LD) between SNPs. The peak-wide significance threshold was defined as
0.05/effective number of tests under each linkage peak.

To validate the SNPs showing an association with a plaque phenotype in the family study
(p<0.05 for QTDT), we carried out logistic regression for plaque presence and linear
regression for plaque area in an independent population-based sample from the NOMAS
cohort, using an additive genetic model and adjusting for the same covariates as in the
family data set, as well as for the top 2 principal components (PC) of ancestry estimated
with EIGENSTRAT [13]. We used the first top 2 PCs for the adjustment because among the
10 top PCs, none of other 8 top PCs showed a plaque area-associated p <0.1 and majority of
genetic variation can be explained by the first and second principal components [14]. We
also explored the potential function of the associated SNPs using FuncPred, one of a set of
web-based tools for SNP information (SNPinfo Web Server at
http://snpinfo.niehs.nih.gov/index.html).

RESULTS
Association Mapping in the Whole Family Dataset

Among the four regions identified in our linkage study, the one-LOD-unit-down region
extends from 152 to 156 megabases (Mb) on chromosome 7q (4Mb total), from 8 to 25 Mb
on chromosome 11p (17Mb), from 82 to 101 Mb on chromosome 14q (19 Mb), and from 68
to 93 Mb on chromosome 15q (25Mb). To fine map these linkage regions, 4048 highly
informative tagSNPs were selected for genotyping. 306 SNPs failed manufacturing and 30
SNPs did not pass genotyping quality controls. As a result, 3712 SNPs (100, 1190, 1304,
and 1118 on chromosomes 7q, 11p, 14q, and 15p respectively) were available for the
family-based association analysis. The number of effective independent tests is 80, 558, 598,
and 536 for each linkage region, respectively. Overall, 1306 subjects from the 100 DR
families had complete genotype and phenotype data for analysis.

As all four regions had a LOD score >2.00 for at least one plaque phenotype (plaque area or
plaque presence) and LOD scores >1.50 for both plaque phenotypes, we evaluated the
associations to both plaque phenotypes within each region (Figure 1). Table 1 displays the
top associated SNPs (p <0.0005 for QTDT for either plaque phenotype) in the fine mapping
family study. On chromosome 11p, two SNPs (rs2702663, intronic; rs1442710, coding-
synonymous) in neuron navigator 2 (NAV2) gene were associated with both plaque
presence and area. On chromosome 14q, the most significant association with both plaque
presence (p=0.00001, multiple testing corrected p=0.006) and plaque area (p=0.00003,
multiple testing corrected p=0.02) was found for an intergenic SNP (rs4143999) between
tyrosyl-DNA phosphodiesterase 1 (TDP1) and EF-hand calcium binding domain 11
(EFCAB11) genes. Another association was seen for rs10144811 near a hypothetical gene
LOC730118 to plaque presence. On chromosome 15q, the top three associations were found
for rs16939720 in ATP/GTP binding protein-like 1 (AGBL1), rs11635996 in protein
tyrosine phosphatase, non-receptor type 9 (PTPN9), and rs12902898 near leucine rich repeat
and Ig domain containing 1(LINGO1). The results from PBAT also supported these
associations (Table 1).
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On chromosome 7q, although no association was detected with QTDT p<0.0005 (Figure 1),
six SNPs in dipeptidyl-peptidase 6 (DPP6) showed an association with QTDT p<0.05
(supplemental table), including rs3807218 (QTDT p=0.002 for plaque presence and 0.006
for plaque area) at a splicing site in a coding region.

Association Tests in the Families with and without Linkage Evidence
In our original linkage analysis, not all families showed evidence for linkage to these
regions, suggesting that some families may carry genetic variants outside these regions that
contribute to the inter-individual plaque variations. To further reduce genetic heterogeneity,
we performed a subset analysis using families with and without evidence for linkage based
on family-specific LOD scores at each locus. For each of the loci, roughly half of the 1306
individuals were in families contributing LOD≥0 (Table 2). In the subset of families with
evidence for linkage, despite a smaller sample size (about half of the overall analysis), the
associations became more significant between rs2702663 in NAV2 and plaque presence
(p=0.00005) and between the two SNPs in AGBL1 and PTPN9 and both plaque phenotypes
(p=0.00001~0.00008). In the subset of families without evidence for linkage, the association
for these SNPs were not significant (p=0.17~0.76) (Table 2). Therefore, the evidence for
association to these SNPs was mainly driven by the families with evidence for linkage. In
contrast, rs1442710 in NAV2, rs4143999 near EFCAB11/TDP1, rs10144811 near
LOC7311, and rs12902898 near LINGO1 showed an association (p ≤ 0.05) in both subsets.
A stronger association was found in the subset of families with linkage evidence, suggesting
that variants at or linked to these SNPs may contribute to carotid plaque variations in
broader populations.

Replication in the NOMAS Subcohort
In the QTDT analysis of 3,712 SNPs in the family data set, a total of 263 SNPs showed an
association with carotid plaque or presence (Supplemental Table) with a p value <0.05. We
further evaluated the association of these SNPs with carotid plaque in our independent
NOMAS subcohort. Table 3 presents the replicating SNPs for a plaque phenotype with p <
0.05 in the NOMAS subcohort (n=941) and ≤0.10 in the NOMAS DR subset (n=384).
Although no replication was found for the top associated SNPs listed in Table 1, multiple
replications in the independent sample were found for SNPs within/near the same three
genes (NAV2, EFCAB11 and AGBL1) listed in Table 1 and DPP6 on 7q. In addition,
replications were found for SNPs within/near other genes, including 4 genes showing a
replication with a p <0.005 in the whole NOMAS subcohort: GALNTL4, (UDP-N-acetyl-
alpha-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase-like 4), LOC730217,
EFTUD1(elongation factor Tu GTP binding domain containing 1) and C15orf38-AP3S2
(Read-through transcription between the neighboring chromosome 15 open reading frame
38 and adaptor-related protein complex 3, sigma 2 subunit).

DISCUSSION
In this follow up study of our previously identified linkage peaks, several peak-wide
significant associations were found between four SNPs in or near five genes (NAV2,
EFCAB11/TDP1, AGBL1, PTPN9) and carotid plaque in the family-based association
analysis of overall 100 Dominican families or the subset of the families with evidence for
linkage. In addition, multiple replications were observed for the SNPs in/near NAV2,
EFCAB11, AGBL1, and multiple other genes in an independent community-based
subcohort that is mainly composed of Caribbean Hispanics. To our knowledge, the current
study presents the first effort to follow up the linkage regions and fine map the genes that
influence carotid plaque burden in Caribbean Hispanics.
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Among the four regions, the most significant association was found for rs4143999 with both
plaque area and presence on 14q, a region reported to be linked to coronary artery
calcification by two other family studies [15, 16]. SNP rs4143999 is located within a
regulatory element (as suggested by histone acetylation marker) between the 5' end of
EFCAB11 and TDP1. EFCAB11 contains 3 EF-hand domains and is probably involved in
muscle relaxation via its calcium-binding activity [17]. TDP1 is involved in repairing stalled
topoisomerase I-DNA complexes by catalyzing the hydrolysis of the phosphodiester bond
between the tyrosine residue of topoisomerase I and the 3-prime phosphate of DNA. TDP1
may also remove glycolate from single-stranded DNA containing 3-prime phosphoglycolate,
suggesting a role in repair of free-radical mediated DNA double-strand breaks [18].
Mutations in/near TDP1 and EFCAB11 are associated with neurodegenerative diseases [19,
20] and type II diabetes [21]. Interestingly, rs10144811, with the second strongest
association on 14q, is also located in a transcription factor binding site. These observations
suggest a potential role of these associated SNPs in transcriptional regulation of the nearby
genes by altering the regulatory element. Moreover, in this region, replication was found for
an EFCAB11 SNP rs765031 and rs7148298 in forkhead box N3 (FOXN3) gene (Table 3), a
member of the forkhead/winged helix transcription factor family [22]. Genetic variations in
FOXN3 have been complicated with serum cholesterol levels [23], type II diabetes mellitus
[24], and Alzheimer's disease [25].

On chromosome 11p, the two strongest associations fell at rs2702663 and rs1442710 in
NAV2. The association (rs11605946) for NAV2 was also extended to our replication sample
of a more generalized population (Table 3). Functionally, NAV2 encodes a member of the
neuron navigator gene family, which may involve in cellular growth and migration. Animal
models indicated that NAV2 functions in mammalian nervous system development, and is
necessary for normal cranial nerve development and blood pressure regulation in the adult
[26]. NAV2 polymorphisms may cause abnormalities in the baroreceptor reflex leading to
poor response to acute changes in blood pressure and development of atherosclerosis.

Evidence for association with carotid plaque on chromosome 15q was marked by three
SNPs in AGBL,1, LINGO1, and PTPN9. Among them, AGBL1 and LINGO1 have been
reported to be associated with neurodegenerative diseases. Proteins encoded by AGBL1 are
expected to have multiple molecular functions (binding, metal ion binding, metallopeptidase
activity, metallocarboxypeptidase activity, zinc ion binding) and the variations in AGBL1
are associated with migraine and schizophrenia [27, 28]. The protein encoded by LINGO1 is
an NGR1 binding partner and a component of the NGR1/NGFR signaling complex [29].
Variations in LINGO1 are associated with neurodegenerative diseases such as Parkinson
disease and essential tremor [30, 31]. The protein encoded by PTPN9 is a member of the
protein tyrosine phosphatase (PTP) family, which are signaling molecules that regulate a
variety of cellular processes, including cell growth, differentiation, mitotic cycle, neuronal
activation, platelet activation, and insulin signaling [32]. The variation near PTPN9 was
found to be associated with adult height [33] and Alzheimer's disease [25].

On chromosome 7q, the most consistent evidence for association with carotid plaque was
found for the SNPs in DPP6. Variants in this gene have been implicated in amyotrophic
lateral sclerosis (ALS) [34], narcolepsy [20], Alzheimer's disease [25], familial idiopathic
ventricular fibrillation [35], coronary artery disease (CAD) [21], and type I diabetes [36] in
several GWAS. Expression studies have also showed a 20-fold increase of DPP6 mRNA
levels in the myocardium of risk-haplotype carriers as compared to controls [35], suggesting
that DPP6 is an attractive candidate for neurodegenerative and vascular disorders.

Some genes that were less significant in the family data set (0.0005<p<0.05) but replicated
in the NOMAS, may be interesting because of their biological functions and association
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with neurodegenerative, vascular and metabolic diseases found in GWAS of large
populations. For example, the protein encoded by GALNTL4 is a member of the large
subfamily of glycosyltransferases, participates in metabolic pathways, and plays a role in
insulin stimulated glucose transport in muscle. The variations in GALNTL4 have been
implicated in narcolepsy [20], Alzheimer's disease [25], diabetes [37] and subclinical brain
infract [38]. PARVA (parvin, alpha) is highly expressed in many tissues and has a role in
cell adhesion, motility and survival. Variations in PARVA have been associated with CAD
[21], heart failure mortality [39], sleep and circadian phenotypes [40], and narcolepsy [20].
The protein encoded by IL16 (interleukin 16) is a modulator of T cell activation, and its
variations have been implicated in CAD [41] and fibrinogen levels [23].

There are several implications in the present study. First, the majority of the genetic variants
associated with carotid plaque reside in regions harboring genes implicated in vascular and
neurodegenerative diseases. Although atherosclerosis is an established mechanism
underlying cardiovascular diseases and stroke, the nature of the connection between
atherosclerosis and neurodegenerative disorders remains less clear. One explanation is that
neurodegenerative diseases could be related to atherosclerosis as they may share the same
vascular risk factors. Another explanation is that atherosclerosis and neurodegeneration are
independent but share convergent disease processes [42], given their shared epidemiology
and pathophysiological elements with aging. Understanding of the genetic basis for these
diseases will provide new promise toward the research for their prevention and treatment in
the elderly individuals with vascular risk factors. Second, none of our top SNPs in QTDT
analysis largely explained the observed linkage peaks although the LOD score for plaque
presence on 14q dropped by 0.39 in the linkage analysis conditional on rs4143999 and
rs10144811 (p=0.04 for likelihood test, data not shown), suggesting that there are multiple
genetic variants, each with a small effect, contributing to the linkage peak. In addition, with
denser coverage of 18,904 SNPs in these four regions, we previously found other
associations in/near LOC730217, EFTUD1 and AP3S2 [3]. Our tagSNP approach may also
miss both rare and common variants responsible for the detected linkage. Therefore, future
studies via in-depth re-sequencing of these regions using the extremes of unexplained
variation of plaque area as the phenotype, an approach described by Lanktree et al[43], are
needed to uncover both rare and common functional variants underlying the variations in
carotid plaque burden. Third, some top associations were mainly driven by the families with
evidence for linkage, highlighting the need for prioritizing the informative families for
deeper sequencing to maximize the probability to capture both common and rare causative
mutations.

CONCLUSION
Our follow-up study has mapped multiple candidate genes for carotid plaque in Dominican
families, showing some genetic effects within a specific population and others in a more
generalized population. Many of these genes have been implicated in cardiovascular and
neurodegenerative diseases suggesting overlapping pathways. Future studies on various
atherosclerotic phenotypes (IMT versus plaque area) via in-depth re-sequencing of these
regions are needed to uncover both rare and common functional variants that influence the
susceptibility to atherosclerosis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Maximum multipoint linkage and fine mapping association results for carotid plaque on
chromosome 7q (A), 11p (B), 14q (C) and 15 (D). Multipoint LOD score curves over the
one-LOD unit down region are displayed as a solid line for carotid plaque area and a dash
line for presence of carotid plaque. Fine mapping association results of quantitative
transmission-disequilibrium test (QTDT) and family-based association test (FBAT) are
represented as a circle symbol for plaque area QTDT, a triangle symbol for plaque area
FBAT, a plus symbol for plaque area, and a times symbol for plaque area FBAT.
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