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Abstract

Background and aims: Atherosclerosis develops with age and is partially controlled by
genetics. Research to date has identified common variants with small effects on atherosclerosis
related traits. We aimed to use family-based genome-wide linkage analysis to identify
chromosomal regions potentially harboring rare variants with larger effects for atherosclerosis
related traits.

Methods: Participants included 2205 individuals from the Long Life Family Study (LLFS),
which recruited families with exceptional longevity from Boston, New York, Pittsburgh, and
Denmark. Participants underwent B-mode ultrasonography of the carotid arteries to measure
intima-media thickness (IMT), inter-adventitial diameter (IAD), and plaque presence and severity.
We conducted residual heritability and genome-wide linkage analyses adjusted for age, age?, sex,
and field center using pedigree-based maximume-likelihood methods in SOLAR.

Results: All carotid traits were significantly heritable with a range of 0.68 for IAD to 0.38 for
IMT. We identified three chromosomal regions with linkage to IAD (3g13; max LOD 5.3), plaque
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severity (17922-g23, max LOD 3.2), and plaque presence (17924, max LOD 3.1). No common
allelic variants within these linkage peaks were associated with the carotid artery traits.

Conclusions: We identified three chromosomal regions with evidence of linkage to carotid
artery diameter and atherosclerotic plaque in exceptionally long-lived families. Since common
allelic variants within our linkage peaks did not account for our findings, future follow-up
resequencing of these regions in LLFS families should help advance our understanding of
atherosclerosis, CVD, and healthy vascular aging.
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INTRODUCTION

The risk for atherosclerosis increases with age and is the underlying cause of most coronary
artery disease and myocardial infarction. While atherosclerosis is accelerated by poor
lifestyle, it is also partially determined by genetics, with heritability estimates ranging from
0.1-0.7.1 Atherosclerosis commonly manifests as clinical cardiovascular disease (CVD)
events; however, it is also possible to assess subclinical atherosclerotic burden using carotid
ultrasound,? which measures the thickness of the arterial wall (intima-media thickness: IMT)
and atherosclerotic plague presence and burden. Additionally, these images can be used to
measure arterial diameter, such as inter-adventitial or lumen diameters (IAD and LD,
respectively), which reflect early arterial remodeling in response to increased blood pressure
and atherosclerosis.3

Genome-wide association studies (GWAS) have identified dozens of common genetic
variants with small effects on carotid artery ultrasound IMT and plaque.*~14 However, in
order to identify genetic variants with larger effects, which most likely arise from rare
variants, family-based linkage analysis is a more powerful study design.1® Linkage analysis
has been very successful in identifying rare variants associated with inherited Mendelian
diseases, but has also been used to identify chromosomal regions throughout the genome
with linkage to chronic cardiovascular disease.16 The Long Life Family Study (LLFS)17 was
designed to harness this analytic approach by recruiting families with exceptional longevity
in an attempt to identify novel genetic determinants of successful aging, including vascular
aging. Indeed, the LLFS participants have a lower prevalence of heart disease and peripheral
artery disease compared with other population cohorts.1” As such, we conducted a genome-
wide linkage study of carotid artery ultrasound traits in 2205 men and women from the
LLFS in order to identify chromosomal regions harboring genes and variants that are
potentially protective against vascular aging.

MATERIALS AND METHODS

Long-Life Family Study

The Long-Life Family Study is a family-based cohort study of exceptional longevity that
recruited families at four study centers (Boston, New York, Pittsburgh and Denmark) based
on having 2 or more siblings who were exceptionally long-lived (aged 80+ years in the US
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and 90+ years in Denmark). The study also aimed to recruit all other siblings of the long-
lived individuals, all spouses, and all offspring. Other characteristics of family eligibility,
recruitment, and composition have been previously described.1’- 18 In total, the LLFS
recruited 4559 men and women from 2006 to 2009. From 2014 to 2017, surviving
participants were invited to take part in an in-home follow-up visit that included imaging of
the carotid arteries to determine the burden of atherosclerotic plaque and subclinical CVD.
In total, 3198 individuals participated in the follow-up visit (86% of survivors) and we have
complete data on genetic markers, common carotid artery wall dimensions, and carotid
artery plaque severity in 2205 individuals who serve as the basis of the current analysis. The
discrepancy in sample sizes corresponds to participants who did not agree to or could not
participate in the carotid exams (A= 598), had incomplete carotid data (A= 227), or had
incomplete genetic data (/= 168). Written informed consent was obtained from each LLFS
participant using forms and procedures approved by each participating institution’s
Institutional Review Board.

Carotid Artery Ultrasound Measurement

During their in-home LLFS visit, participants underwent B-mode ultrasound imaging of
their carotid artery by centrally trained and certified research assistants using a GE LOGIQ 3
BT12 Ultrasound System (GE Healthcare, Wauwatosa, WI) equipped with a high-resolution
linear array variable frequency transducer (12L5 6-10 MHz) with a superimposed
simultaneous ECG recording for image standardization.

For this study, we analyzed six variables related to carotid artery wall dimensions or plaque
taken from the right and left carotid artery ultrasound images. First, we assessed the mean of
the far and near wall common carotid artery intima-media thickness (total CCA IMT), as
well as, the far wall CCA IMT (FW CCA IMT) alone. We also measured the inter-
adventitial diameter (IAD) and the lumen diameter (LD). All carotid dimensions were
calculated as the mean of the right and left side mean values. We also calculated mean of the
maximum values for each of these carotid measures, but results were similar to those for
mean values (data not shown).

Plague was assessed centrally at the reading center in two ways, first as a dichotomous
variable for plaque presence (yes/no) and, second, as a continuous variable for plaque
severity (index). Consistent with the Mannheim and ASE consensus statements,? 19 plaque
presence was defined as a focal area protruding into the vessel lumen that was at least 50%
thicker than the adjacent IMT. The plaque index was calculated as a summation of plaque
grade (0 (no observable plaque) to 3 (plaque covering 50% or more of the vessel diameter))
in each of 10 sites (right and left side: proximal CCA, distal CCA, carotid bulb, and
proximal internal and external carotid arteries). Therefore, this index has a range from 0 (no
plaque) to 30 (plaque in every imaged carotid artery site), with greater indices indicating
either more numerous lesions, more occlusive lesions, or both. The range for carotid plaque
severity index in the LLFS was 0-20.

All ultrasound technicians performed recertification protocols including at least 10 re-scans
per technician in order to ensure longitudinal comparability. Intra-class correlation
coefficients for the recertifications were excellent (all >0.93). Reproducibility of IMT
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measures was good to excellent with an intra-class correlation coefficient between readers of
> 0.96. Repeat plaque assessments of 40 study participants yielded a kappa of 0.88. The
plaque index was found to be a valid and reproducible measure of carotid atherosclerosis in
a number of our study populations, with intra-class correlations ranging from 0.86 to 0.93.20

Genotyping, Linkage Markers, and Imputation

The Center for Inherited Disease Research assayed all LLFS subjects who provided DNA
samples and consent using the Illumina Human Omni 2.5 v1 chip. Haplotypes were
generated from these genotyped data and used to estimate sex-specific multipoint identity-
by-descent estimates in Loki2! for use in linkage analysis. For analysis of variants under the
linkage peaks, genotype data were imputed to the haplotype reference consortium (HRC)
imputation panel using the Michigan Imputation Server.22 The HRC was selected due to its
appropriateness for the predominantly European ancestry of LLFS and ability to obtain
accurate genotype imputation for minor allele frequencies as low as 0.1%.23 Additional
details of the genotyping, quality control, haplotype generation, and imputation in LLFS
have been published.?4

Statistical Analysis

All carotid ultrasound traits were tested for deviations from normality and transformed as
necessary. We estimated residual genetic heritability using the maximum likelihood methods
as implemented in SOLAR.2> 26 All heritability analyses were adjusted for age, age?, sex,
and field center. We used histograms to depict differences in mean plaque severity index
distribution by generation.

For genome-wide linkage analyses, the significance of a theoretical quantitative trait locus
(QTL) was tested with a likelihood ratio test at 1 centi-Morgan (cM) intervals across each
autosomal chromosome. All models were adjusted for age, age?, sex, and field center to
control for demographic differences between families, only. No additional covariates were
considered as we wanted to elucidate chromosomal regions harboring genetic variants
working to influence carotid artery traits through any and all physiologic pathways.
Logarithm of the odds (LOD) scores, computed as the logyq of the likelihood ratio, was used
to assess the significance of the test. LOD scores greater than 3.0 and 2.5 were considered to
represent genome-wide significant and suggestive evidence for QTLs, respectively. We also
performed linkage analysis allowing for heterogeneity between families (HLOD) to refine
the linkage peaks.2’

Lastly, we performed regional genetic association analysis under the HLOD-refined,
significant linkage peaks using genotyped data that had been imputed to the HRC reference
panel as previously described.2# We tested variants within the HLOD-refined genomic
regions that had = 1% minor allele frequency and an imputation info score >0.8 using
Imekin in R (for continuous traits) or GEE in SAS (for dichotomous traits) to assess if
common variation within the linkage peak regions was associated with the carotid trait of
interest. We used a Bonferrroni-corrected alpha for the number of independent tests under
each peak as the significance threshold for these analyses. LocusZoom plots28 were used to
visualize the results of the genetic association analyses. We also evaluated the association of
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any previously reported candidate SNPs (or SNPs in linkage disequilibrium (r>0.8) with
previously reported candidate SNPSs) in these regions with the respective carotid artery traits
using an individual alpha of 0.05.

Individuals in the LLFS had a mean age of 72 years, with the proband generation (/= 336)
being 92 years and the offspring generation (/= 1869) being 63 years (Table 1). Mean
carotid IMT was 0.84 mm and 0.86 mm for the total and far wall measurements,
respectively, while the mean carotid diameter was 6.10 mm and 7.81 mm for LD and IAD,
respectively (Table 2). While 62% of LLFS participants had carotid plaque, the average
plaque severity index (range 0—20) was only 2.3, but was greater in the proband generation
than the offspring generation (Supplemental Figure). As expected, plaque burden was higher
in the much older proband generation (94% prevalence, 5.3 mean severity index) compared
to the offspring (56% prevalence, 1.7 mean severity index; data not shown).

All carotid artery traits were significantly heritable and ranged from 0.38 (far wall IMT) to
0.68 (1AD; Table 2). The strongest evidence for linkage was for carotid IAD on chromosome
3at 120 cM (LOD =5.3, 3913.31-13.32). This same genomic region also showed
significant evidence of linkage to carotid LD (LOD = 3.9). We also found evidence for
linkage to plaque severity index (peak LOD = 3.2 at 82 cM) and any plaque presence (peak
LOD = 3.1 at 96 cM) on chromosome 17. In addition, there was one suggestive peak found
on chromosome 20 for plaque severity index (peak LOD = 2.5 at 56 cM). There were no
genome-wide significant or suggestive linkage peaks for carotid IMT.

To further refine the genomic regions on chromosomes 3 and 17, we used linkage analysis
that allowed for heterogeneity between families (HLOD) and selected the top 15% of
families contributing to each trait (Table 3; Figure). In these subsets of families, we were
able to narrow the linkage regions to 4.5 Mb on average (range: 2.1-5.7 Mb). The HLOD
analysis also resolved the signal on chromosome 17 into two separate regions: one for
plaque severity index (HLOD = 9.0, g22-23.3) and one for any plaque presence (HLOD =
7.1, 3924.3). We tested within the HLOD-refined genomic regions for genetic association
with all genotyped and imputed common variants (MAF = 0.01) to identify potential genes/
variants that might explain the genome-wide linkage signals (Figure 2). After testing all
common variants under the peaks in all families, there were no significant associations
between common variants in the linkage regions and carotid artery traits. We did not find
any nominally significant associations for previously reported candidate SNPs in these
regions (all P-value > 0.05).

DISCUSSION

In a cohort of families recruited for exceptional longevity, we demonstrated moderate to
strong heritability for several subclinical measures of carotid atherosclerosis, in line with
previous reports.} Using genome-wide linkage and association analysis, we identified four
chromosomal regions with significant evidence of linkage or association with carotid artery
traits. In particular, a region on chromosome 3g13 harbors a locus linked to novel measures
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of carotid artery diameter. We also found genome-wide evidence of linkage for two
independent regions of chromosome 17 (g22 and g23) for carotid plaques: one associated
with the presence of any plaque and the other associated with the severity of the plaque.
Further analyses narrowed these genomic regions down to regions as small as 2.1 Mb.
Additionally, these analyses identified a subset of families with strong evidence for genetic
linkage to carotid artery traits and who, therefore, may be valuable targets for further
resequencing to identify rare variants in these regions.

Inter-adventitial diameter demonstrated the strongest evidence for linkage on chromosome 3
between q13.31-13.32 (114-118 Mb), which had a max LOD score of 5.3 in the full sample
and 7.8 in the top 15% of families contributing to the linkage signal. This region contains 20
annotated genes (Figure 2a), some of which have been previously identified from GWAS as
CVD-related loci. For example, a previous GWAS meta-analysis in >7,000 European adults
found a SNP in an intron of CD&0with suggestive genome-wide association (rs112225152;
P-value = 6 x 1075) with carotid plaque burden (current study P-value = 0.06).10 The CD80
gene has been shown to be upregulated in coronary artery disease (CAD) plaques.2® Another
GWAS on nearly 300,000 participants from the UK Biobank identified an intergenic SNP in
this region with suggestive genome-wide association (rs9840892; A-value = 2 x 1075) with
CAD (current study A-value = 0.11).3% The glycogen synthase kinase 3 beta (GSK3B) gene,
a known negative regulator of glucose homeostasis3! and member of the Wnt signaling
pathway,32 also lies within the chromosomal region of this linkage peak. While it is
unknown what function this gene may have in determining the largely understudied carotid
IAD trait, previous GWAS have reported GSK3B as a strong locus for high-density
lipoprotein cholesterol concentration33 and there is ongoing research into the underlying link
between Wht signaling and CVD.34-36 Given the general lack of strong previous genetic
association or candidate genes in this chromosomal region for carotid artery 1AD, follow-up
of this linkage signal may lead to the identification of a novel regulator of arterial size and
remodeling.

Initially, it appeared that chromosome 17 harbored a broad region linked to both any plaque
presence and plaque severity index. However, HLOD analysis resolved this signal into two
independent linkage peaks on chromosome 17: one for plaque severity index (max LOD 3.2
in all; 9.0 in the top 15% of families) at 17q22-g23.2 (57-62 Mb), and the other for any
plaque presence (max LOD 3.1 in all; 7.1 in the top 15% of families) at 17q24.3 (70-72
Mb). The refined linkage peak for plaque severity index contains 42 annotated genes and
overlaps with a number of previous GWAS, including two previous LLFS GWAS for
leukocyte telomere length24 and high-density lipoprotein cholesterol.3” There are many
potential biological candidates in the region including ACE, BCAS3, and VMPI1, among
others. The angiotensin I converting enzyme (ACE) gene is a well-described contributor to
CVD-related pathophysiology in the chromosomal region and genetic variation in ACE has
been associated with myocardial infarction.38-40 The ACE gene encodes an enzyme that
catalyzes angiotensin | into angiotensin 11,41 which is a potent vasopressor that controls BP.
42 However, other genes in the region may be more closely related to carotid plaque severity,
such as the microtubule associated cell migration factor (BCAS3), which was identified in
multiple previous large GWAS for CAD and myocardial infarction.30: 43. 44 The vacuole
membrane protein 1 (VMPI) gene encodes a transmembrane protein that regulates
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autophagy“® and has been associated with idiopathic cardiomyopathy*® and lipoprotein-
associated phospholipase A2 activity and mass.#’ There was no significant association
between common variation in this chromosomal region with carotid plaque severity, so
additional signal refinement and re-sequencing are needed to determine the causal variant(s).

The second region on chromosome 17, which was in linkage with any plaque presence,
contains 29 annotated protein coding genes. There were two previously published genome-
wide associations for CVD-related traits within this region: coronary artery calcification
(CAC)*8 and sudden cardiac arrest.49 A prominent candidate is SRY-box 9 (S0X9), a DNA-
binding protein that regulates the transcription of a number of genes, has been linked to
cardiac fibrosis,?0 stroke,>! and aortic valvular calcification.>2 The previous CAC GWAS
was a meta-analysis in nearly 6,000 African Americans that found a significant association
between a SNP 0.6 Mb upstream from SOX9and coronary artery calcification (rs9907236;
current study P-value = 0.272).48 However, we did not find significant associations with
common variation in this genomic region after adjustment for multiple comparisons. The
previous GWAS of sudden cardiac arrest identified a significant association with an
intergenic SNP upstream of CASC17 (rs17718586; current study AP-value = 0.387),4% which
may suggest there is more than one potential CVD-related variant or locus in this
chromosomal region. Thus, further follow-up is needed to determine the causal variant(s) in
our families.

A previous linkage analysis®3 reported loci with suggestive evidence of linkage to carotid
IMT, including a region on chromosome 17. However, the chromosome 17 regions from the
current analysis (80-83cM and 94-97cM) did not overlap with the loci from this previous
report (24—-31cM). The previous report also highlighted regions on chromosomes 2, 4, 6, 7,
13, and 14 with suggestive evidence of linkage to carotid IMT, but none of those regions
overlapped with significant or suggestive loci from the current analysis of any carotid
ultrasound trait. As such, we believe the results from the current study may represent
genomic regions containing novel variants unique to the LLFS. We are currently sequencing
the regions of interest. The family study design of the LLFS will be particularly useful in

prioritizing rare variants that segregate within families and with our carotid traits of interest.
16

The top families identified from this analysis had somewhat healthier carotid arteries than
the LLFS sample overall (any plaque: 55% in top families vs. 62% in total sample; plaque
severity: mean 1.96 in top families vs. 2.29 in total sample), suggesting that the LLFS may
harbor genetic variants responsible for healthy vessel aging. The LLFS was designed to
study exceptional longevity and, as such, includes individuals who are somewhat healthier
and with less disease variation than their same-aged counterparts, though they still harbor
varying degrees of vascular and other disease. In the subset of the healthiest individuals
(e.g., those not on lipid-lowering or anti-hypertensive medications), suggestive linkage peaks
remained in the same chromosomal locations, even though this analysis excluded 750-980
individuals of medications (data not shown). Nonetheless, we present significant residual
genetic heritabilities and genomic loci in linkage with carotid ultrasound traits. Ultimately,
we believe this study is strengthened by both the family design — to detect rare variant
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effects — and the exceptional longevity design — to research determinants of healthy vessel
aging.

In summary, we investigated whether exceptionally long-lived families harbor novel genetic
variants for carotid artery traits. In these families, we identified three significant
chromosomal regions, all of which contained some genes with previous evidence of
association to CVD and atherosclerosis. Follow-up studies of these chromosomal regions
and families may advance our understanding of atherosclerosis and CVD etiology, which
could lead to future therapeutic options conferring increased longevity with a healthy
vasculature.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

FUNDING SOURCES

The LLFS was supported by the National Institute on Aging (U01AG023712, U01AG023744, U01AG023746,
U01AG023749, and U01AG023755). Dr. Kuipers was supported by grant KOIHL125658 (PI: Kuipers) from the
National Heart, Lung and Blood Institute.

REFERENCES

[1]. Ryder JR, Pankratz ND, Dengel DR, Pankow JS, Jacobs DR Jr., Sinaiko AR, et al., Heritability of
Vascular Structure and Function: A Parent-Child Study, J Am Heart Assoc 6 (2) (2017).

[2]. Stein JH, Korcarz CE, Hurst RT, Lonn E, Kendall CB, Mohler ER, et al., Use of carotid ultrasound
to identify subclinical vascular disease and evaluate cardiovascular disease risk: a consensus
statement from the American Society of Echocardiography Carotid Intima-Media Thickness Task
Force. Endorsed by the Society for Vascular Medicine, J Am Soc Echocardiogr 21 (2) (2008) 93—
111; quiz 189-190. [PubMed: 18261694]

[3]. AlGhatrif M, Lakatta EG, The conundrum of arterial stiffness, elevated blood pressure, and aging,
Curr Hypertens Rep 17 (2) (2015) 12. [PubMed: 25687599]

[4]. Shrestha S, Irvin MR, Taylor KD, Wiener HW, Pajewski NM, Haritunians T, et al., A genome-
wide association study of carotid atherosclerosis in HIV-infected men, Aids 24 (4) (2010) 583-
592. [PubMed: 20009918]

[5]. Xie G, Myint PK, Voora D, Laskowitz DT, Shi P, Ren F, et al., Genome-wide association study on
progression of carotid artery intima media thickness over 10 years in a Chinese cohort,
Atherosclerosis 243 (1) (2015) 30-37. [PubMed: 26343869]

[6]. Dong C, Della-Morte D, Beecham A, Wang L, Cabral D, Blanton SH, et al., Genetic variants in
LEKR1 and GALNT10 modulate sex-difference in carotid intima-media thickness: a genome-
wide interaction study, Atherosclerosis 240 (2) (2015) 462-467. [PubMed: 25898001]

[7]. Della-Morte D, Wang L, Beecham A, Blanton SH, Zhao H, Sacco RL, et al., Novel genetic
variants modify the effect of smoking on carotid plaque burden in Hispanics, J Neurol Sci 344
(1-2) (2014) 27-31. [PubMed: 24954085]

[8]. Shendre A, Wiener HW, Irvin MR, Aouizerat BE, Overton ET, Lazar J, et al., Genome-wide
admixture and association study of subclinical atherosclerosis in the Women’s Interagency HIV
Study (WIHS), PLoS One 12 (12) (2017) e0188725. [PubMed: 29206233]

[9]. O’Donnell CJ, Cupples LA, D’Agostino RB, Fox CS, Hoffmann U, Hwang SJ, et al., Genome-
wide association study for subclinical atherosclerosis in major arterial territories in the NHLBI’s
Framingham Heart Study, BMC Med Genet 8 Suppl 1 (2007) S4. [PubMed: 17903303]

Atherosclerosis. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kuipers et al.

[10].

[11].

[12].

[13].

[14].

[15].

[16].

[17].

[18].

[19].

[20].

[21].
[22].

[23].

[24].

[25].

[26].

Page 9

Pott J, Burkhardt R, Beutner F, Horn K, Teren A, Kirsten H, et al., Genome-wide meta-analysis
identifies novel loci of plaque burden in carotid artery, Atherosclerosis 259 (2017) 32-40.
[PubMed: 28282560]

Ikram MA, Zonneveld HI, Roshchupkin G, Smith AV, Franco OH, Sigurdsson S, et al.,
Heritability and genome-wide associations studies of cerebral blood flow in the general
population, J Cereb Blood Flow Metab (2017) 271678x17715861.

Mitchell GF, Verwoert GC, Tarasov KV, Isaacs A, Smith AV, Yasmin, et al., Common genetic
variation in the 3’-BCL11B gene desert is associated with carotid-femoral pulse wave velocity
and excess cardiovascular disease risk: the AortaGen Consortium, Circ Cardiovasc Genet 5 (1)
(2012) 81-90. [PubMed: 22068335]

Bis JC, Kavousi M, Franceschini N, Isaacs A, Abecasis GR, Schminke U, et al., Meta-analysis of
genome-wide association studies from the CHARGE consortium identifies common variants
associated with carotid intima media thickness and plaque, Nat Genet 43 (10) (2011) 940-947.
[PubMed: 21909108]

Franceschini N, Giambartolomei C, de Vries PS, Finan C, Bis JC, Huntley RP, et al., GWAS and
colocalization analyses implicate carotid intima-media thickness and carotid plague loci in
cardiovascular outcomes, Nat Commun 9 (1) (2018) 5141. [PubMed: 30510157]

Ott J, Kamatani Y, Lathrop M, Family-based designs for genome-wide association studies, Nat
Rev Genet 12 (7) (2011) 465-474. [PubMed: 21629274]

Arnett DK, Baird AE, Barkley RA, Basson CT, Boerwinkle E, Ganesh SK, et al., Relevance of
genetics and genomics for prevention and treatment of cardiovascular disease: a scientific
statement from the American Heart Association Council on Epidemiology and Prevention, the
Stroke Council, and the Functional Genomics and Translational Biology Interdisciplinary
Working Group, Circulation 115 (22) (2007) 2878-2901. [PubMed: 17515457]

Newman AB, Glynn NW, Taylor CA, Sebastiani P, Perls TT, Mayeux R, et al., Health and
function of participants in the Long Life Family Study: A comparison with other cohorts, Aging
(Albany NY) 3 (1) (2011) 63-76. [PubMed: 21258136]

Sebastiani P, Hadley EC, Province M, Christensen K, Rossi W, Perls TT, et al., A family
longevity selection score: ranking sibships by their longevity, size, and availability for study, Am
J Epidemiol 170 (12) (2009) 1555-1562. [PubMed: 19910380]

Touboul PJ, Hennerici MG, Meairs S, Adams H, Amarenco P, Bornstein N, et al., Mannheim
carotid intima-media thickness and plaque consensus (2004-2006-2011). An update on behalf of
the advisory board of the 3rd, 4th and 5th watching the risk symposia, at the 13th, 15th and 20th
European Stroke Conferences, Mannheim, Germany, 2004, Brussels, Belgium, 2006, and
Hamburg, Germany, 2011, Cerebrovasc Dis 34 (4) (2012) 290-296. [PubMed: 23128470]
Sutton-Tyrrell K, Kuller LH, Matthews KA, Holubkov R, Patel A, Edmundowicz D, et al.,
Subclinical atherosclerosis in multiple vascular beds: an index of atherosclerotic burden
evaluated in postmenopausal women, Atherosclerosis 160 (2) (2002) 407-416. [PubMed:
11849665]

Heath SC, Snow GL, Thompson EA, Tseng C, Wijsman EM, MCMC segregation and linkage
analysis, Genet Epidemiol 14 (6) (1997) 1011-1016. [PubMed: 9433616]

Das S, Forer L, Schonherr S, Sidore C, Locke AE, Kwong A, et al., Next-generation genotype
imputation service and methods, Nat Genet 48 (10) (2016) 1284-1287. [PubMed: 27571263]
McCarthy S, Das S, Kretzschmar W, Delaneau O, Wood AR, Teumer A, et al., A reference panel
of 64,976 haplotypes for genotype imputation, Nat Genet 48 (10) (2016) 1279-1283. [PubMed:
27548312]

Lee JH, Cheng R, Honig LS, Feitosa M, Kammerer CM, Kang MS, et al., Genome wide
association and linkage analyses identified three loci-4qg25, 17923.2, and 10g11.21-associated
with variation in leukocyte telomere length: the Long Life Family Study, Front Genet 4 (2013)
310. [PubMed: 24478790]

Almasy L, Blangero J, Multipoint quantitative-trait linkage analysis in general pedigrees, Am J
Hum Genet 62 (5) (1998) 1198-1211. [PubMed: 9545414]

Blangero J, Almasy L, Multipoint oligogenic linkage analysis of quantitative traits, Genet
Epidemiol 14 (6) (1997) 959-964. [PubMed: 9433607]

Atherosclerosis. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kuipers et al.

[27].

[28].

[29].

[30].

[31].

[32].

Page 10

Ott J, Bhat A, Linkage analysis in heterogeneous and complex traits, Eur Child Adolesc
Psychiatry 8 Suppl 3 (1999) 43-46. [PubMed: 10638369]

Pruim RJ, Welch RP, Sanna S, Teslovich TM, Chines PS, Gliedt TP, et al., LocusZoom: regional
visualization of genome-wide association scan results, Bioinformatics 26 (18) (2010) 2336-2337.
[PubMed: 20634204]

Dopheide JF, Sester U, Schlitt A, Horstick G, Rupprecht HJ, Munzel T, et al., Monocyte-derived
dendritic cells of patients with coronary artery disease show an increased expression of
costimulatory molecules CD40, CD80 and CD86 in vitro, Coron Artery Dis 18 (7) (2007) 523—
531. [PubMed: 17925605]

van der Harst P, Verweij N, Identification of 64 Novel Genetic Loci Provides an Expanded View
on the Genetic Architecture of Coronary Artery Disease, Circ Res 122 (3) (2018) 433-443.
[PubMed: 29212778]

Plyte SE, Hughes K, Nikolakaki E, Pulverer BJ, Woodgett JR, Glycogen synthase kinase-3:
functions in oncogenesis and development, Biochim Biophys Acta 1114 (2-3) (1992) 147-162.
[PubMed: 1333807]

Li L, Yuan H, Weaver CD, Mao J, Farr GH 3rd, Sussman DJ, et al., Axin and Frat1 interact with
dvl and GSK, bridging Dvl to GSK in Wnt-mediated regulation of LEF-1, EMBO J 18 (15)
(1999) 4233-4240. [PubMed: 10428961]

[33]. Willer CJ, Schmidt EM, Sengupta S, Peloso GM, Gustafsson S, Kanoni S, et al., Discovery and

[34].

[35].

[36].

[37].

[38].

refinement of loci associated with lipid levels, Nat Genet 45 (11) (2013) 1274-1283. [PubMed:
24097068]

Gay A, Towler DA, Wnt signaling in cardiovascular disease: opportunities and challenges, Curr
Opin Lipidol 28 (5) (2017) 387-396. [PubMed: 28723729]

Stabley JN, Towler DA, Arterial Calcification in Diabetes Mellitus: Preclinical Models and
Translational Implications, Arterioscler Thromb Vasc Biol 37 (2) (2017) 205-217. [PubMed:
28062508]

Caliceti C, Nigro P, Rizzo P, Ferrari R, ROS, Notch, and Wnt signaling pathways: crosstalk
between three major regulators of cardiovascular biology, Biomed Res Int 2014 (2014) 318714.
[PubMed: 24689035]

Feitosa MF, Wojczynski MK, Straka R, Kammerer CM, Lee JH, Kraja AT, et al., Genetic analysis
of long-lived families reveals novel variants influencing high density-lipoprotein cholesterol,
Front Genet 5 (2014) 159. [PubMed: 24917880]

Cambien F, Poirier O, Lecerf L, Evans A, Cambou JP, Arveiler D, et al., Deletion polymorphism
in the gene for angiotensin-converting enzyme is a potent risk factor for myocardial infarction,
Nature 359 (6396) (1992) 641-644. [PubMed: 1328889]

[39]. Wain LV, Vaez A, Jansen R, Joehanes R, van der Most PJ, Erzurumluoglu AM, et al., Novel

Blood Pressure Locus and Gene Discovery Using Genome-Wide Association Study and
Expression Data Sets From Blood and the Kidney, Hypertension pii: HYPERTENSIONAHA.
117.09438. doi: 10.1161/HYPERTENSIONAHA.117.09438. [Epub ahead of print] (2017).

[40]. Warren HR, Evangelou E, Cabrera CP, Gao H, Ren M, Mifsud B, et al., Genome-wide

association analysis identifies novel blood pressure loci and offers biological insights into
cardiovascular risk, Nat Genet 49 (3) (2017) 403-415. [PubMed: 28135244]

[41]. Yang HY, Erdos EG, Levin Y, A dipeptidyl carboxypeptidase that converts angiotensin | and

[42].

[43].

[44].

inactivates bradykinin, Biochim Biophys Acta 214 (2) (1970) 374-376. [PubMed: 4322742]
Halushka MK, Fan JB, Bentley K, Hsie L, Shen N, Weder A, et al., Patterns of single-nucleotide
polymorphisms in candidate genes for blood-pressure homeostasis, Nat Genet 22 (3) (1999) 239—
247. [PubMed: 10391210]

Nikpay M, Goel A, Won HH, Hall LM, Willenborg C, Kanoni S, et al., A comprehensive 1,000
Genomes-based genome-wide association meta-analysis of coronary artery disease, Nat Genet 47
(10) (2015) 1121-1130. [PubMed: 26343387]

Nelson CP, Goel A, Butterworth AS, Kanoni S, Webb TR, Marouli E, et al., Association analyses
based on false discovery rate implicate new loci for coronary artery disease, Nat Genet 49 (9)
(2017) 1385-1391. [PubMed: 28714975]

Atherosclerosis. Author manuscript; available in PMC 2020 December 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kuipers et al.

[45].

[46].

[47].

[48].

[49].

[50].

[51].

[52].

[53].

Page 11

Ropolo A, Grasso D, Pardo R, Sacchetti ML, Archange C, Lo Re A, et al., The pancreatitis-
induced vacuole membrane protein 1 triggers autophagy in mammalian cells, J Biol Chem 282
(51) (2007) 37124-37133. [PubMed: 17940279]

Xu H, Dorn GW 2nd, Shetty A, Parihar A, Dave T, Robinson SW, et al., A Genome-Wide
Association Study of Idiopathic Dilated Cardiomyopathy in African Americans, J Pers Med 8 (1)
(2018) 1-13.

Chu AY, Guilianini F, Grallert H, Dupuis J, Ballantyne CM, Barratt BJ, et al., Genome-wide
association study evaluating lipoprotein-associated phospholipase A2 mass and activity at
baseline and after rosuvastatin therapy, Circ Cardiovasc Genet 5 (6) (2012) 676—685. [PubMed:
23118302]

Wojczynski MK, Li M, Bielak LF, Kerr KF, Reiner AP, Wong ND, et al., Genetics of coronary
artery calcification among African Americans, a meta-analysis, BMC Med Genet 14 (2013) 75.
[PubMed: 23870195]

Aouizerat BE, Vittinghoff E, Musone SL, Pawlikowska L, Kwok PY, Olgin JE, et al., GWAS for
discovery and replication of genetic loci associated with sudden cardiac arrest in patients with
coronary artery disease, BMC Cardiovasc Disord 11 (2011) 29. [PubMed: 21658281]

Lacraz GPA, Junker JP, Gladka MM, Molenaar B, Scholman KT, Vigil-Garcia M, et al., Tomo-
Seq Identifies SOX9 as a Key Regulator of Cardiac Fibrosis During Ischemic Injury, Circulation
136 (15) (2017) 1396-1409. [PubMed: 28724751]

Sun W, Cornwell A, Li J, Peng S, Osorio MJ, Aalling N, et al., SOX9 Is an Astrocyte-Specific
Nuclear Marker in the Adult Brain Outside the Neurogenic Regions, J Neurosci 37 (17) (2017)
4493-4507. [PubMed: 28336567]

Huk DJ, Austin BF, Horne TE, Hinton RB, Ray WC, Heistad DD, et al., Valve Endothelial Cell-
Derived Tgfbetal Signaling Promotes Nuclear Localization of Sox9 in Interstitial Cells
Associated With Attenuated Calcification, Arterioscler Thromb Vasc Biol 36 (2) (2016) 328-338.
[PubMed: 26634652]

Hessler N, Geisel MH, Coassin S, Erbel R, Heilmann S, Hennig F, et al., Linkage and
Association Analysis Identifies TRAF1 Influencing Common Carotid Intima-Media Thickness,
Stroke 47 (12) (2016) 2904-2909. [PubMed: 27827325]

Atherosclerosis. Author manuscript; available in PMC 2020 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Kuipers et al. Page 12

LOD Score
O R, N W b U1 OO N 0 VO

LOD Score
O P N W H U1 OO N 00 O

=
o

=
o

(A) Chromosome 3

g !‘ MMA
Ao o N WY |

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210

IAD (LOD) IAD (HLOD)  ===-=-LD (LOD) LD (HLOD)

(B) Chromosome 17

1
A /
o a 7
S st S s R i e 0 0 o I s s 3 A e
0 60 70

0 10 20 30 40 5

80 90 100 110 120

—— Any Plaque (LOD) Any Plaque (HLOD)  ===-=-Plaque Index (LOD) Plaque Index (HLOD)

Figure 1. Chromosomes with Significant Evidence of Linkageto Carotid Artery Traits
LOD (black lines) and HLOD (grey lines) scores for carotid artery traits with suggestive or

significant evidence of linkage are plotted by centi-Morgan (cM) location for the
chromosomes containing the peaks of interest. (A) Chromosome 3 includes plots for IAD
(solid lines) and LD (dashed lines). (B) Chromosome 17 includes plots for any plaque
presence (solid lines) and plaque severity index (dashed lines). Each plot includes a
staggered dashed horizontal line at a LOD of 3.0 representing the threshold for genome-
wide significant evidence of linkage.
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Figure 2. Plots of the Genetic Association Results from Analyses Performed Under the

Significant Linkage Peaksfor Carotid Artery Traits

Presented are LocusZoom plots for the refined chromosomal regions with significant
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evidence of linkage to: (A) IAD, (B) plague severity index, and (C) any plaque presence. All
plots depict the respective chromosomal region with genes annotated on the bottom. The
genetic association results are plotted as the —logg(p-value) [left Y-axis] for all tested SNPs

in the chromosomal region with the most significant (index) SNP shown as a purple

diamond. Also depicted are the linkage disequilibrium values between the index SNP and all
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other tested SNPs in the region [see legend] and the recombination rate (cMMb) [right Y-
axis].
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Table 1.

Characteristics of the LLFS Participants in this Analysis

Characteristica

Overall (N = 2205)°

Proband Generation (N = 336)

Offspring Generation (N = 1869)

Age (years)
Female Sex (%)
Study Site (%)
Boston
New York
Pittsburgh

Denmark

72.0 £ 11.6 (42-108)

55.7

24.9
18.1
26.5
30.5

59.2

20.2
33.3
35.7
10.7

92.4 + 7.0 (56-108)

63.4 % 7.8 (42-93)
55.0

25.8
153
24.9
25.8

a. . .
Age is shown as mean + SD (range), while the other values are shown as N (%)

bTotaI number of individuals is 2205, which corresponds to 5184 relative pairs.
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Table 2.

Residual genetic heritability and genome-wide linkage results for carotid artery traits

_ Residual Genetic Heritability Analysis® b
Trait Mean (SD) or % Peak LOD": chr (cM)
h2, P-value  Variance explained by covariates
Total CCA IMT (mm) 0.86 (0.16) 0.499 1x10°Y 0.388 -
FW CCA IMT (mm) 0.84 (0.19) 0376 6x 1071 0.310 -
IAD (mm) 7.81(0.89) 0.683 1x 10727 0.350 5.3: 3(120)
LD (mm) 6.10 (0.73) 0593 2x 1072 0.233 3.9: 3(120)
Any Plaque (%) 61.7 0.402 4x10°5 0.150° 3.1: 17 (96);
) 2.8:17 (78)
Plaque Index 2.3(3.0) 0.447 2x10713 0.299 3.2: 17 (82);
2.5: 20 (56)

aAII heritability and linkage models were adjusted for age, agez, sex and field center.
bOnIy peak LODs = 2.5 are shown for each trait and are BOLD if = 3.0 representing genome-wide significance.

Covariate R2 is shown as an estimate of the variance explained by covariates for the dichotomous model of any plaque.
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