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ORIGINAL ARTICLE

Role of Rare and Low-Frequency Variants in
Gene-Alcohol Interactions on Plasma Lipid Levels
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BACKGROUND: Alcohol intake influences plasma lipid levels, and such effects may be moderated by genetic variants. We
aimed to characterize the role of aggregated rare and low-frequency protein-coding variants in gene by alcohol consumption
interactions associated with fasting plasma lipid levels.

METHODS: In the Cohorts for Heart and Aging Research in Genomic Epidemiology consortium, fasting plasma triglycerides and
high- and low-density lipoprotein cholesterol were measured in 34 153 individuals with European ancestry from 5 discovery
studies and 32277 individuals from 6 replication studies. Rare and low-frequency functional protein-coding variants (minor
allele frequency, <b%) measured by an exome array were aggregated by genes and evaluated by a gene-environment
interaction test and a joint test of genetic main and gene-environment interaction effects. Two dichotomous self-reported
alcohol consumption variables, current drinker, defined as any recurrent drinking behavior, and regular drinker, defined as the
subset of current drinkers who consume at least 2 drinks per week, were considered.

RESULTS: We discovered and replicated 21 gene-lipid associations at 13 known lipid loci through the joint test. Eight loci
(PCSK9, LPA, LPL, LIPG, ANGPTL4, APOB, APOC3, and CD300LG) remained significant after conditioning on the common
index single-nucleotide polymorphism identified by previous genome-wide association studies, suggesting an independent role
for rare and low-frequency variants at these loci. One significant gene-alcohol interaction on triglycerides in a novel locus was
significantly discovered (P=6.65x107° for the interaction test) and replicated at nominal significance level (P=0.013) in SMC5.

CONCLUSIONS: In conclusion, this study applied new gene-based statistical approaches and suggested that rare and low-
frequency genetic variants interacted with alcohol consumption on lipid levels.

Key Words: exome ® gene-environment interaction ® genome-wide association study ® lipids ® self-report

cholesterol (HDL-C), low-density lipoprotein choles-
terol (LDL-C), and triglyceride (TG) levels, have been
well characterized for their roles in the development
and prevention of cardiovascular disease.'? Genome-
wide association studies (GWAS) and advanced DNA

Plasma lipid profiles, including high-density lipoprotein

sequence technology have uncovered >200 genetic
loci influencing lipid levels,*® and these common (minor
allele frequency [MAF], >5%) single-nucleotide poly-
morphisms (SNPs) often reside in noncoding regions
of the genome. In addition to the evidence that genetic
factors affect plasma lipid profiles, environmental factors
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Nonstandard Abbreviations and Acronyms
HDL-C high-density lipoprotein cholesterol
LDL-C low-density lipoprotein cholesterol

TG triglyceride

CVD cardiovascular disease

GWAS genome-wide association study

SNP single nucleotide polymorphism

MAF minor allele frequency

GxE gene-by-environment

MAC minor allele count

influence lipid levels as well. Epidemiological studies
have demonstrated an association between moderate
alcohol consumption and improved lipid profile, includ-
ing higher HDL-C levels, HDL particle concentration,
and HDL-C subfractions.®'®© However, the association
evidence between alcohol use and LDL-C or TG levels
is inconsistent. Some studies reported positive associa-
tions, whereas others reported negative associations.'~'°

Studying gene-by-environment (GXE) interactions is
important, as it extends our knowledge of the genetic
architecture of complex traits and improves our under-
standing of the underlying mechanisms of common dis-
eases for novel and known loci.'®""® Several large-scale
genome-wide GXE studies have successfully identified
novel common variants accounting for the environmental
effects such as alcohol consumption and smoking status
on lipid levels and other cardiovascular disease—related
traits.’®"22 These studies have successfully identified com-
mon variant loci that were not detected in main effects
GWAS. However, unlike well-established GXE interac-
tion tests for common variants,?®?* methods for detect-
ing rare variant GXE interactions are emerging. Recently
developed novel approaches for testing rare variant GXE
interaction effects include a joint test that allows for simul-
taneous testing of the genetic main effect and interaction
effect, as well as the ability to assess gene-based GxE
interactions for both related and unrelated individuals.?®

Accounting for the effect of alcohol consumption
in defining the genetic architecture of lipid levels may
not only provide valuable insights into relationship
between alcohol consumption and lipids but also may
help refine association signals at previously identified
GWAS loci or identify new loci. This study is the first
to incorporate GXE interaction in modeling rare and
low-frequency variant genetic and alcohol effects on
plasma lipid levels.

METHODS

This study includes 66430 men and women between 18 and
80 years of age from 11 European ancestry population stud-
ies that are part of the Cohorts for Heart and Aging Research
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in Genomic Epidemiology Gene-Lifestyle Interactions Working
Group'® (Figure | in the Data Supplement). Each study obtained
informed consent from participants and approval from the
appropriate institutional review boards. Additional detail
for these studies and full Methods are available in the Data
Supplement of the article. Data from consortia were accessed
subject to the applicable data-sharing agreements. Summary
data are available to other researchers on reasonable request
to the corresponding authors.

RESULTS

Descriptive statistics for up to 34 1563 participants of the
5 discovery and 32277 participants of the 6 replication
studies are summarized in Table 1 and Table | in the Data
Supplement. On average, two-thirds of the study par-
ticipants were current drinkers and 39.5% were regular
drinkers. The proportion of current and regular drinkers
was greater in the discovery studies as compared with
the replication studies.

We performed gene-based analyses for each lipid/
alcohol consumption combination using (1) a GXE test
that considers the genetic main effects as random
effects and (2) a joint analysis of the genetic main and
the GxE interaction effects in each study participating
in the discovery phase. Significant genes from meta-
analysis of the discovery studies were pursued for repli-
cation. Overall, meta-analyses showed highly consistent
results across current drinker and regular drinker (Table
Il in the Data Supplement). Distributions of QQ plots for
meta-analyzing discovery studies are shown in Figure
[l in the Data Supplement. In the discovery phase, we
observed 31 gene-lipid associations (F<Bx1079) in the
joint analysis and 5 gene-lipid associations (P<B5x107°)
in the interaction test, with 3 genes (INDK, REMZ2, and
SMC5) overlapping between the 2 approaches (Table
Il in the Data Supplement). These gene-lipid pairs were
taken forward for replication, one of which (IDNK) was
only available in 1 replication study (the CHS [Cardiovas-
cular Health Study]). Therefore, we evaluated 30 gene-
lipid associations for replication using the joint test and
4 using the gene-alcohol interaction test (Table Il in the
Data Supplement). Thirteen known lipid loci (21 gene-
lipid associations) were replicated, and 1 novel interac-
tion at a novel locus was replicated at the borderline
for Bonferroni-corrected significant level (P _=0.013)
for the SMC5-by-current drinker interaction on TG lev-
els (Table 2). The average TG levels for SMCH carriers
and noncarriers by current drinker status among discov-
ery studies were showed in Figure 1. Among the repli-
cated genes, 4 were shared between TG and HDL-C but
none were shared between LDL-C and TG or HDL-C, as
shown in a Venn diagram (Figure 2).

For the 13 known lipid loci that were replicated through
the joint test, additional analyses were conducted follow-
ing the flowchart shown in Figure 3. First, we performed
conditional analyses to examine whether the gene-based
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Table 1. Descriptive Characteristics for Discovery and Replication Studies

Study Design n CurDrinker, % RegDrinker, %
Discovery ARIC Unrelated 10989 64.9 36.8
FHS Family 7258 83.6 65.5
NEO Unrelated 5718 86.8 69.0
WHI Unrelated 8021 76.5 32.6
CARDIA Unrelated 2167 68.7 59.6
Total/average 34153 75.5 48.7
Replication WGHS Unrelated 22478 56.7 29.3
CFS Family 253 50.2 25.1
CHS Unrelated 3690 53.8 25.0
FamHS Family 1735 50.7 28.3
GENOA Family 1543 53.1 29.2
MESA Unrelated 2578 71.9 43
Total/average 32277 57.2 29.8
Overall 66430 66.6 39.5

ARIC indicates Atherosclerosis Risk in Communities study; CARDIA, Coronary Artery Risk Development in Young Adults study; CFS,
Cleveland Family Study; CHS, Cardiovascular Health Study; CurDrinker, current drinker; FamHS, Family Heart Study; FHS, Framingham
Heart Study; GENOA, Genetic Epidemiology Network of Arteriopathy study; MESA, Multi-Ethnic Study of Atherosclerosis; NEO,
Netherlands Epidemiology of Obesity study; RegDrinker, regular drinker; WGHS, Women's Genome Health Study; and WHI, Women's

Health Initiative study.

rare variant associations are independent of the com-
mon index SNP identified by previous GWAS. In total, 8
loci (PCSK9, LPA, LPL, LIPG, ANGPTL4, APOB, APOCS3,
and CD300LG; 10 gene-lipid associations) remained
significant after conditioning on a common index SNP.
However, the genes that were not reported to be associ-
ated with lipids themselves but in known lipid loci, such
as BCAM and CBLC on LDL-C, were strongly attenu-
ated after adjusting for rs7412, the index SNP of APOE
identified by previous GWAS and, in part, defining the
APOEZ2/3/4 alleles (Table Il in the Data Supplement).
Second, single-variant analyses were performed for
the b gene-lipid associations that were not evaluated in
the conditional analyses because they did not have previ-
ously reported common SNPs and for the 10 gene-lipid
pairs that remained significant following conditional anal-
yses (Figure 3; Table Ill in the Data Supplement ). Single-
variant tests at these genes confirmed previous known
low-frequency lipid variants. For example, rs11591147
in PCSK9 was associated with LDL-C, and rs77960347
in LIPG and rs116843064 in ANGPTL4 were associ-
ated with HDL-C. Additionally, we provide evidence that
2 of the driving variants underlying the joint test results
are novel rare variants associated with LDL-C (Table IV
in the Data Supplement). One of them is rs41267813,
a variant in the LPA gene (P=6.55x10"% discovery,
P=1.83x107% replication), and the other is rs4 1288783
of APOB gene (P=5.40x10% discovery, P=7.92x10~%"
replication). In the joint model, the genetic main effect
per A allele of rs41267813 was associated with a 31.6-
mg/dL decrease in LDL-C levels (B, [se ] —31.55
[2.78]), while the estimated interaction effect indi-
cated a positive interaction with regular drinker status
B,, [se, ), 2707 [6.66]). In contrast, the genetic main
effect of rs41288783 was associated with an increase

Circ Genom Precis Med. 2020;13:e002772. DOI: 10.1161/CIRCGEN.119.002772

in LDL-C levels among regular drinkers and nondrink-
ers B, [se, ] 16.18 [634]; B [se, ], 11.03 [7.68]).
For the novel interaction between SMC5 and current
drinker on TG levels, we identified the driving variant as
rs142488686, a missense mutation (minor allele count,
5-7 discovery [ARIC (Atherosclerosis Risk in Communi-
ties) and CARDIA (Coronary Artery Risk Development
in Young Adults)]; minor allele count, 7-17 replication
[WGHS (Women's Genome Health Study), CHS, and
MESA (Multi-Ethnic Study of Atherosclerosis)]), with
a replicating interaction effect (P =0.016 discovery,
P =0.008 replication), while the genetic main effect was
modest (A<0.1 discovery and replication, respectively).

DISCUSSION

This is the first large-scale study to evaluate the role of
rare and low-frequency variants in lipids by incorporat-
ing gene-alcohol consumption interactions. We tested
for gene-alcohol interaction effects on lipid levels, as
well as the joint effects of genetic main effects and
gene-alcohol interactions. We replicated 13 gene-lipid
associations at known lipid loci, among which 2 lead-
ing rare variants in APOB and LPA genes associated
with LDL-C were novel. Only 1 novel gene-alcohol
interaction was identified as significant and replicated
at nominal significance level (the interaction between
rare and low-frequency variants in SMC5 and current
drinker on TG levels).

Using a single-variant test, we confirmed numerous
previously identified rare and low-frequency missense
lipid variants. For example, rs11591147 (MAF, =1.5%)
of PCSK9 has been associated with LDL-C levels,?4?¢
rs77960347 (MAF, =1.2%) of LIPG and rs116843064
(MAF, =2.0%) of ANGPTL4 have been associated with
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Table 2. Genes Discovered and Replicated by the Joint Test or Interaction-Only Test

Discovery, No. Discovery, Replication, Replication,
Trait Gene CHR Alcohol* Test of Studies cMAF Ranget P Value No. of Studies P Value
HDL-C LPL 8 Both Joint 5 0.036-0.040 8.76x10722 5 4.25x107%
APOC3 11 Both Joint 3 0.001-0.001 2.82x107° 2 4.62x10°°
CD300LG 17 Both Joint 5 0.031-0.055 2.64x107"2 6 5.94x107"°
LIPG 18 Both Joint 5 0.014-0.019 7.65x107"7 5 4.09x107"
ANGPTL4 19 Both Joint 5 0.024-0.031 2.34x10°% 5 5.53x107°
HNF4A 20 Both Joint 5 0.031-0.034 3.37x1071° 5 3.20x1077
CELSR2 1 Both Joint 5 0.079-0.093 1.63x107"° 6 3.21x107®
MYBPHL 1 Both Joint 5 0.044-0.051 7.26x107° 6 6.49x10°°
PCSK9 1 Both Joint 5 0.050-0.055 3.16x107%2 6 9.06x107""
LDL-C APOB 2 Both Joint 5 0.174-0.226 5.33x107'® 6 1.20%x107"®
LPA 6 RegDrink Joint 5 0.096-0.147 2.28x107° 6 3.7x107*
APOH 17 Both Joint 5 0.074-0.081 1.11x10°° 6 1.18x107°
BCAM 19 Both Joint 5 0.120-0.166 1.49x107'® 6 1.77%107%7
CBLC 19 Both Joint 5 0.084-0.104 7.48x10722 6 1.64x107%°
LPL 8 Both Joint 5 0.036-0.040 8.55x107"° 5 7.30x1071®
APOA4 11 Both Joint 5 0.019-0.024 8.83x10°° 6 3.77x107°
APOA5 11 Both Joint 5 0.025-0.033 8.93x1077 5 2.3x107*
TG APOC3 11 Both Joint 3 0.001-0.001 2.09x1071° 3 7.92x10°®
MAP1A 15 Both Joint 5 0.129-0.166 1.70x107°® 6 4.30%x107°
CD300LG 17 Both Joint 5 0.031-0.055 1.39x107° 6 5.26x107®
ANGPTL4 19 Both Joint 5 0.024-0.031 1.833x10724 5 3.66x107"°
SMC5 9 CurDrink Interaction 4 0.001-0.002 6.65x107° 4 0.013%

Significant threshold for replication was set as £<0.0017 for joint test and £<0.0125 for interaction test using Bonferroni correction. CHR indicates chromosome;
cMAF, cumulative minor allele frequency; CurDrinker, current drinker; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; RegDrinker,

regular drinker; and TG, triglycerides.

*Both indicates the gene-lipid pair was identified through using both current and regular drinker as the alcohol consumption variable.
tcMAF for variants aggregated in the genes across studies involved in discovery phase for that gene.
+SMCB5, current drinking interaction on TG levels just missed the Bonferroni-corrected threshold of significance (P=0.0125) for replication but reached nominal

significance.

HDL-C levels?™® A missense mutation in the APOC3
gene, rs147210663(MAF, =0.07%), has been associated
with a>40% lower average TG level in individuals carrying
1 A allele?3° In the present study, we observed a novel
relationship between increased HDL-C levels in individu-
als carrying rs147210663 (A) allele as rs147210663
was previously reported as a founder mutation in a Penn-
sylvania Amish population associated with TG.2

Between the 2 novel rare driving variants that were
identified and replicated, rs41267813 (LPA, missense
variant; MAF, =0.16%) is located 28 kb away from a stop/
gain variant rs41267811 (LPA; MAF, =0.02%) that was
also significantly associated with LDL-C levels in the dis-
covery phase. However, we were unable to replicate the
association with rs41267811 as it was only available in
1 replication study (WGHS) and, therefore, did not meet
our criteria to be included in replication. LPA encoded
protein constitutes a substantial portion of lipoprotein(a)
and associated with inherited conditions including type
Il hyperlipoproteinemia and familial hyperlipidemia.3? A
stop/gain mutation in this gene would be associated with
lower LDL-C levels in carriers, which is true among non-
drinkers. However, such association may be modified by

Circ Genom Precis Med. 2020;13:e002772. DOI: 10.1161/CIRCGEN.119.002772

alcohol consumption as we observed the carriers of this
variant with a higher LDL-C levels compared with noncar-
riers in a population who had at least 2 drinks per week
in the ARIC study. A previous study of gene-alcohol inter-
action on lipids focusing on common variants identified
rsb014650 (MAF, 15%; intergenic), at the LPA locus that
was associated with LDL-C levels in a joint test?' sug-
gesting that this locus affects LDL-C levels through both
main effects and an interaction with alcohol consumption.
Previous studies have reported a relationship between
moderate alcohol consumption and lower Lp(a) lipopro-
tein concentrations®2* yet no published evidence of an
association between genetic variation at the LPA locus
and alcohol consumption. It is possible that that alcohol
modifies the LPA expression for carriers of rs41267813,
changing the Lp(a) lipoprotein concentrations and thereby
influencing LDL-C levels. Unfortunately, the LDL-C mea-
surement we used did not distinguish Lp(a) concentra-
tions from the LDL-C levels; further experimental study is
warranted to test such hypothesis. However, the observed
modification effect should be interpreted with caution as
LDL-C levels in ARIC was determined by the Friedewald
formula, and this does not distinguish between cholesterol
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SMC5_noncarrier 7,448 23,636
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Figure 1. SMCS5, current alcohol consumption and

average triglyceride levels across 4 discovery studies: the
Atherosclerosis Risk in Communities study, the Framingham
Heart Study, the Netherlands Epidemiology of Obesity study,
and the Women’s Health Initiative study.

derived from LDL and lipoprotein(a) and, therefore, repre-
sent the sum of cholesterol from both. It is possible that
the observed association represents a relationship with
lipoprotein(a) levels.

In addition to the variant described above, the other driv-
ing rare variant had not been previously associated with
a lipid trait; rs41288783 (p.Pro994Leu), is a deleterious
variant in APOB gene (missense variant; MAF, =0.10%).
A previous study reported its existence in a patient who
was clinically diagnosed as familial hypercholesterolemia
without a detectable mutation.®® Familial hypercholes-
terolemia is characterized by very high levels of LDL-C,
and we observed an association with higher LDL-C lev-
els though jointly testing the effects of rs41288783 and
its interaction with alcohol consumption. Nevertheless,
the exact biological function of rs41288783 remains
unknown. We note that a Mendelian randomization study
has suggested a causal role of alcohol consumption in
reducing plasma apo B (Apolipoprotein B) and LDL-C
levels in a general population.®® Considering this, alcohol
consumption may have contributed to the observed sig-
nificant joint effect of APOB and alcohol consumption on
LDL-C levels. It is also worth noting that these 2 novel
rare driving variants showed 4 to 16x larger main effect
sizes on LDL-C levels as compared with the effect sizes
of previously identified common variants (rs1367117 and
rs15664348).2 Such observations supported the hypoth-
esis of rare alleles of large effect®” and pinpointed the
importance of analyzing rare variant GXE interactions.

For the significant gene-alcohol interaction effect we
observed on TG levels, the driving variant was identified
as rs149488686—a missense mutation in SMC5 (Struc-
tural Maintenance of Chromosomes 5). SMC5 encodes a
core component involved in repair of DNA double-strand
breaks and required for telomere maintenance.®-*° Vari-
ants in SMC5 have been previously reported to be asso-
ciated with body mass index in a Japanese population*'

Circ Genom Precis Med. 2020;13:e002772. DOI: 10.1161/CIRCGEN.119.002772

TG

ANGPTL4

MAPIA
LPL
CD300LG ﬁ%ﬁf
APOC3

SMC5

LDL-C
BCAM / CBLC
PCSKY
APOB
CELSR2 / MYBPHL
LPA
APOH

Figure 2. Genes as revealed by gene-environment (GxE)
interaction test or jointly testing the gene and GxE
interaction effects in association with plasma lipid levels.
Bolded genes were genes that remained significant after
conditioning on common index single-nucleotide polymorphisms.
Genes in red were not previously reported to be associated with
=1 lipid trait, but they are in known lipid loci. HDL-C indicates
high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; and TG, triglycerides.

but not with lipid levels or alcohol consumption, and it is
unknown whether the interaction we observed between
SMC5 locus and current drinking behavior on TG levels
has a biological aspect. As the gene level interaction test
results just missed Bonferroni-corrected significance
level for replication, further studies are warranted to vali-
date such findings.

A limitation of this study is the imbalance in percent-
age of alcohol consumers between discovery (on average
48.7% regular drinkers and 78.5% current drinkers) and
replication studies (on average 29.8% regular drinkers
and 57.2% current drinkers), which may have impacted
our ability to identify and replicate additional loci beyond
what is reported here. All participating studies used simi-
lar questionnaires (either interviewer-administered or
self-reported; Table | in the Data Supplement) to collect
alcohol consumption information. The variation in per-
centage of current and regular drinkers may represent
the heterogeneity of drinking behaviors across popula-
tions and, therefore, may contribute to the generalizability
of our results. Additionally, as self-reported alcohol con-
sumption was used and may very likely be underreported,
this study may suffer from loss of statistical power due
to potential misclassification.*? Similarly, dichotomizing
alcohol consumption into regular drinkers and current
drinkers may also reduce power as compared with treat-
ing it as a continuous variable.*® It is possible that a more
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17 gene-lipid pairs go to
conditional analysis

22 replicated gene-lipid
pairs from meta-analysis

7 gene-lipid pairs are not
independent of the known
common index SNPs

10 gene-lipid pairs remain
significant suggesting
independent signals

Identify driving rare
variants

L 5 gene-lipid pairs without common index SNP

Identify driving rare
variants

Figure 3. Flowchart of follow-up analyses, including conditional analysis and single-variant test to identify driving rare variants.
For conditional analysis, significant results were defined as P<6x107° in meta-analysis of discovery studies and £<0.05/10 (Bonferroni
correction for 10 gene-lipid pairs with P<6x107° in discovery phase) in meta-analysis of replication studies. For single-variant test to identify
driving rare variants, we included variants with minor allele count at least 5 and present in at least 2 studies. Bonferroni correction for number
of single-nucleotide polymorphisms (SNPs) tested in discovery phase and number of SNPs taken forward to replication was applied separately

for joint test and interaction test for each lipid trait.

comprehensive characterization of alcohol consumption
could reveal associations that were missed in the pres-
ent study. In addition, although the sample size of 66428
may provide sufficient power for a traditional GWAS, on
the identification of rare variants and GXE interactions,
may require even larger sample sizes or bigger effect
sizes. !4

In conclusion, this study applied emerging statistical
approaches to investigate the role of rare and low-fre-
quency variants in gene-alcohol consumption interaction
effects on lipid levels, and identified 2 novel rare variants
at known lipid loci for LDL-C levels, with larger effect
sizes than those of the previously known common vari-
ants, and suggested 1 novel locus for gene-alcohol inter-
action on TG levels. Our results show promise for other
larger scale studies analyzing rare variant GXE interac-
tions to refine association signals at previously identified
loci to reveal novel biology.
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