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Abstract

Sequence variants affecting blood lipids and coronary artery disease (CAD) may enhance
understanding of the atherogenicity of lipid fractions. Using a large resource of whole-genome
sequence data, we examined rare and low-frequency variants for association with non-HDL
cholesterol, HDL cholesterol, LDL cholesterol, and triglycerides in up to 119,146 Icelanders. We
discovered 13 variants with large effects (within ANGPTL3, APOB, ABCA1, NRIH3, APOAI,
LIPC, CETFR, LDLR, and APOCI) and replicated 14 variants. Five variants within PCSK9, APOA
1, ANGPTL4, and LDLR associate with CAD (33,090 cases and 236,254 controls). We used
genetic risk scores for the lipid fractions to examine their causal relationship with CAD. The
non-HDL cholesterol genetic risk score associates most strongly with CAD (P= 2.7 x 10728), and
no other genetic risk score associates with CAD after accounting for non-HDL cholesterol. The
genetic risk score for non-HDL cholesterol confers CAD risk beyond that of LDL cholesterol (P=
5.5 x 1078), suggesting that targeting atherogenic remnant cholesterol may reduce cardiovascular
risk.

Reducing LDL cholesterol levels with statins has proven effective at lowering the risk

of CAD. This success has inspired the development of new therapeutics that target other
lipid fractions and further reduce cardiovascular risk1-3. However, therapies that target HDL
cholesterol and/or triglyceride levels have failed to consistently reduce cardiovascular events
in randomized trialsl-3,

Major progress in sequencing technology has enabled comprehensive detection of rare
sequence variants with large effects on phenotypes. Large studies have recently yielded
four such variants affecting lipid fractions* and shown that rare variant burden within
several genes® associates with lipid traits and, in some cases, with the risk of CAD6-8,
Further discoveries of such variants may promote understanding of lipid pathways and their
relationship with CAD.

Sequence variants can be used as proxies for exposure to infer causality, a key factor

in understanding the potential of novel therapeutics. The limitations of observational
epidemiology are then minimized given the random assignment of genetic predisposition,
termed Mendelian randomization. Genetic and epidemiological studies have consistently
supported a direct role for LDL cholesterol in atherogenesis®11. Recently, large studies that
jointly examined the effects of sequence variants on LDL cholesterol, HDL cholesterol, and
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triglyceride levels concluded that triglycerides'®11, but not HDL cholesterol10-12, also have
a role in the pathogenesis of CAD.

Cholesterol and triglycerides are transferred together in blood by triglyceride-rich
lipoproteins, including very low-density lipoprotein (VLDL), chylomicrons, and their
cholesterol-enriched remnants. A body of evidence suggests that triglycerides are not causal
in the pathogenesis of CAD but are rather a marker of the atherogenic cholesterol content
of triglyceride-rich lipoproteins (reviewed in ref. 13). This hypothesis can be addressed

in genetic studies by accounting for effects of variants on non-HDL cholesterol (total
cholesterol minus HDL cholesterol), which incorporates cholesterol from triglyceride-rich
lipoproteins whereas LDL cholesterol does not.

As common sequence variants have been extensively studied in large genome-wide
association studies (GWAS)!, we used a large population-based resource of whole-genome
sequence datal41° to search for new rare and low-frequency lipid-associated variants that
may suggest new therapeutic targets for CAD. We subsequently used information on both
rare and common variants to dissect the relationship between lipid traits and CAD.

Study overview

Sequence variants identified through whole-genome sequencing of 2,636 Icelanders and
subsequently imputed into a large population-based data set were tested for association with
non-HDL cholesterol (7= 119,146), HDL cholesterol (n=119,514), and triglycerides (n
=80,111). For comparison, we also provide results for LDL cholesterol (r7=53,841). We
focused on rare and low-frequency sequence variants (allele frequency <1% and 1-5%,
respectively) annotated!® as having moderate or high impact (including missense, in-frame
indel, splice-region, and loss-of-function variants) (7= 103,456). To account for prior
probabilityl’ of impact, we applied a significance threshold depending on variant class
(moderate or high impact)16 of < 1.7 x 1077 or 3.7 x 1075, respectively. Conditional
analyses were performed to confirm that the reported rare or low-frequency variants

were not explained by more strongly associated variants elsewhere in associated regions
(Supplementary Table 1) and to confirm that known GWAS signals were not explained

by the rare or low-frequency variants reported in our study (data not shown). The lipid-
associated variants were then tested for association with CAD among 33,090 Icelandic cases
and 236,254 controls.

We examined the causal relationship between lipid traits and CAD using the identified rare
and low-frequency variants as well as known common and low-frequency lipid-associated
variants1, specifically addressing whether the previously suggested effect of triglycerides
on risk of CAD19:11 may be explained by the cholesterol content of triglyceride-rich
lipoproteins.

Variant association with lipid traits

We discovered 13 rare and low-frequency variants that associated with at least one lipid
trait in ANGPTL3, APOB, ABCA1, NR1H3, APOA1, LIPC, CETR LDLR, and APOC1
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(Table 1) and confirmed association of 14 previously identified variants in PCSK9, APOB,
LPL, APOC3, MAP1A, CETF, LCAT, ABCA6, CD300LG, LIPG, ANGPTL4, LDLR, and
HNF4A (Table 1 and Supplementary Tables 1 and 2). Many of the variants affected more
than one lipid trait.

Of the newly identified variants, six primarily affected HDL cholesterol. The rare allele of
rs 188308962 in ABCA1 decreased HDL cholesterol levels by 0.23 mmol/L, and five rare
alleles of variants in NRIH3, APOA1, LIPC, and CETPincreased HDL cholesterol levels.
The two CETP variants (encoding p.Val39Glyfs*62 and p.Glu443Lys) had a considerably
larger effect on HDL cholesterol levels (increases of 0.40 and 0.33 mmol/L, respectively)
than the NR1H3, APOA1, and L/PC variants (increases of 0.12, 0.17, and 0.19 mmol/L,
respectively) (Table 1).

Four new variants mainly affected non-HDL cholesterol. A low-frequency splice-region
allele at rs72658867 within the LDL receptor gene LDLR lowered non-HDL cholesterol
levels by 0.42 mmol/L, and three extremely rare mutations (frequency of 0.01-0.02%) in the
apolipoprotein B gene APOB (encoding p.Giy1829Giufs*8, p.Leu 1550Arg, and p.GIn725%)
each lowered non-HDL cholesterol levels markedly (by 3.28, 2.04, and 3.09 mmol/L,
respectively). All phenotyped carriers of these APOB mutations had extremely low non-
HDL cholesterol and triglyceride levels, particularly carriers of the p.Gly1829Glufs*8 and
p.GIn725* variants, indicating that these represent new familial mutations associated with
hypobetalipoproteinemia (Supplementary Fig. 1). The burden of loss-of-function mutations
in APOB, including the p.GIn725* variant seen in a single individual, was recently shown to
reduce levels of LDL cholesterol®.

Two variants within ANGPTL 3 (rs372257803 and p.Asp290His) mainly affected
triglycerides, with the rare allele decreasing levels by 16.9% and 20.9% (corresponding

to decreasing the level of an individual with the population mean by 0.22 and 0.27 mmol/L,
respectively), but these variants also lowered non-HDL cholesterol levels by 0.30 and 0.38
mmol/L.

Finally, we observed an association of a missense variant in ZNMF285 (encoding
p.Gly480Arg) with triglycerides and HDL cholesterol. However, conditional analyses
showed that the ZN/F285 variant is explained by a rare intronic variant (rs539667984) in
APOCI that lowered triglyceride levels by 13.6% (corresponding to decreasing the level of
an individual with the population mean by 0.17 mmol/L) and increased HDL cholesterol
levels by 0.11 mmol/L (Table 1 and Supplementary Tables 1 and 2). We replicated

the recently reported® association between rs186808413 in PARFAH1B2and both HDL
cholesterol and triglycerides. However, we show that this association is largely explained by
the APOC3 splice donor variant®7 rs138326449 (Supplementary Table 1).

For follow-up in populations from the Netherlands (7= 5,473) and Iran (7= 9,491),

we prioritized the genotyping of variants that were likely to be polymorphic outside

Iceland (reported in dbSNP8 or the Exome Aggregation Consortium (EXAC)). We observed
association with the same lipid traits as in Iceland for the new rs188308962 (ABCAJI)

and rs72658867 (LDLR) variants and for the previously reported rs138326449 (APOC3)
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variant (Supplementary Table 3). The remaining variants were extremely rare in the outside
populations, resulting in insufficient power to detect association.

The 185 variants previously reported to associate with various lipid traits'! account for
7.7%, 9.8%, and 5.7% of the population variance in Iceland in the levels of non-HDL
cholesterol, HDL cholesterol, and triglycerides, respectively, and the 27 rare and low-
frequency variants reported in our study account for an additional 4.1%, 4.1%, and 2.4%,
respectively.

Variant association with coronary artery disease

Of the 27 rare and low-frequency lipid-associated variants identified in our study, 5
associated with CAD in Iceland (Table 2 and Supplementary Table 2) when adjusting

for 27 tests (P< 1.7 x 1073). Conditioning on known signals from lipid GWAS in the
respective loci had negligible effects on the association of the five variants with CAD (data
not shown). Carriers of the LDLR splice donor mutation at rs200238879 had 2.8-fold higher
risk of CAD, whereas the minor allele of LDL R splice-region variant rs72658867 and the
variant in PCSK9encoding p.Arg46Leu decreased risk by 23% and 27%, respectively.

The APOA1 variant encoding p.Val43Leu that primarily increased HDL cholesterol levels
and the ANGPTL4 variant encoding p.Glu40Lys that primarily lowered triglyceride and
increased HDL cholesterol levels decreased risk of CAD by 26% and 20%, respectively. The
APOAI and ANGPTL4 variants also affected non-HDL cholesterol levels to a lesser degree
(each resulting in a decrease 0f0.16 mmol/L). All five variants affected age at diagnosis in a
direction consistent with their effect on CAD (Table 2).

An aggregate of loss-of-function mutations in APOCS3, primarily driven by rs138326449,
was recently reported to associate with CAD®7. There was no association between
rs138326449 and CAD in Iceland (Supplementary Tables 2 and 4). Although our results

do not support the reported effects of APOC3 loss-of-function mutations on risk of CAD, a
more modest effect cannot be excluded.

Blood lipids causing coronary artery disease

We constructed genetic risk scores for each lipid trait based on the 27 rare and low-
frequency lipid-associated variants identified in this study and the 185 reported common
and low-frequency lipid-associated variants'l. Genetic risk scores for non-HDL cholesterol,
HDL cholesterol, LDL cholesterol, and triglycerides all associated individually with CAD
(Table 3). As expected, the CAD risk associated with the LDL cholesterol genetic risk
score was fully captured by that of non-HDL cholesterol (2= 0.075; Table 3). In contrast,
the genetic risk score for non-HDL cholesterol conferred additional risk of CAD after
accounting for the risk associated with the LDL cholesterol genetic risk score (P=5.5 x
1078) (Table 3).

In joint analysis of non-HDL cholesterol, HDL cholesterol, and triglycerides, after adjusting
for the genetic risk scores of the other lipid traits, only the association of non-HDL
cholesterol with CAD remained significant (2 value for the genetic risk score including

all variants (Py) = 4.4 x 10718, 0.44, and 0.24 for non-HDL cholesterol, HDL cholesterol,
and triglycerides, respectively). Further, the genetic risk score for non-HDL cholesterol was
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associated with earlier age at diagnosis of CAD (2.55 years per unit of the genetic risk score.
Py = 3.9 x 10713) and shorter lifespan (1.63 years per unit of the genetic risk score, Py =
6.0 x 10718) (Table 4).

Previous Mendelian randomization studies1%-11 that concluded that triglycerides have a
causal role in CAD used LDL rather than non-HDL cholesterol in their analysis, ignoring
the atherogenic cholesterol contained by triglyceride-rich lipoproteins. We replicated a
residual association between triglycerides and CAD when LDL cholesterol was used in

the causal analysis, but this association was no longer seen after also accounting for remnant
cholesterol through non-HDL cholesterol (Table 3).

To compare our results using individual-level genetic risk scores with results based on
summary-level data for Mendelian randomization, we applied two variations of weighted
multiple regression: a modified approach used by Do et a/11 and an extension to multiple
exposures of the framework proposed by Bowden et a/19 in which the effect of each

variant is based on the allele that has a positive effect on the blood lipid level. All methods
showed that the CAD risk associated with these lipid traits was best and fully captured by
non-HDL cholesterol, with no independent association with HDL cholesterol or triglycerides
(Supplementary Tables 5 and 6). Further, all methods agreed that non-HDL cholesterol
confers additional risk of CAD beyond that from LDL cholesterol (Supplementary Tables 5
and 6).

Reanalysis of the data of Do et al., where a causal link between triglycerides and CAD
was claimed, accounting for non-HDL instead of LDL cholesterol levels using weighted
multiple linear regression did not support an independent effect for triglycerides on CAD
risk (Supplementary Note).

We plotted the relationship between variant effects on non-HDL cholesterol levels and the
associated effects on CAD (Fig. 1). Although there was a strong positive correlation between
levels of non-HDL cholesterol and degree of CAD risk, disparities in effect magnitudes were
frequently observed.

DISCUSSION

We discovered 13 rare and low-frequency sequence variants with large effects on

lipid levels and confirmed 14 previously reported ones. Some of these variants are
mutations with large effects, presumably causing Mendelian dyslipidemia, including

the splice donor mutation (rs200238879) in LDLR, which was previously described

as causing familial hypercholesterolemia?® in Iceland. We also discovered two highly
penetrant APOB mutations, encoding p.GIn725* and p.Gly1829Glufs*8, causing familial
hypobetalipoproteinemia.

The newly identified variants all reside within genes with strong evidence for roles in lipid
metabolism (Supplementary Fig. 2), including extensive literature support from analysis

of familial mutations within respective genes, characterization of transgenic mice, and
biochemical studies®21-24, Many of the new variants have similar effects on the lipid profile
as known loss-of-function mutations within these genes, such as the CETP mutations?
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encoding p.Val39Glyfs*62 and p.Glu443Lys. In contrast, whereas over 40 rare APOA1
mutations that lower HDL cholesterol levels are known?, rare mutations of APOAI that
increase HDL cholesterol levels, such as the p.Val43Leu variant, to our knowledge have not
been reported before.

The results of our causality analysis applying genetic risk scores based on the 27

rare and low-frequency variants reported in this study combined with 185 known lipid-
associated variantsl1 were consistent with an effect of non-HDL cholesterol, but not of
HDL cholesterol or triglycerides, on the pathogenesis of CAD. This is in agreement

with epidemiologic data from the Emerging Risk Factors Collaboration, based on 2.79
million person-years of follow-up of 302,430 individuals, showing no association between
triglycerides and CAD after adjustments for HDL cholesterol and non-HDL cholesterol?>.
Our findings are also consistent with a recent genetic study that supports a causative role
for remnant cholesterol (defined as non-HDL cholesterol minus LDL cholesterol) in CAD13,
Consistent with our reanalysis of the data of Do ef a/. (Supplementary Note), we show that
the observed association between triglycerides and CAD can be explained by the effect of
cholesterol carried within triglyceride-rich lipoproteins, captured by non-HDL cholesterol,
and that non-HDL cholesterol confers additional risk of CAD over the risk associated with
LDL cholesterol. Therefore, targeting atherogenic cholesterol beyond that carried by LDL
particles may represent a promising strategy for further reduction of cardiovascular risk.

Although there is a strong correlation between the effects of sequence variants on non-HDL
cholesterol and risk of CAD, disparities in effect magnitude are evident, which can probably
be explained by a variety of pleiotropic effects?® that extend beyond the crude lipid measures
used in our study and in clinical practice. More detailed phenotyping, such as lipoprotein
subfraction profiling, may provide more information on the causal role of lipid traits in
cardiovascular disease. Furthermore, although general causal relationships between HDL
cholesterol or triglyceride levels and CAD are not supported, the possibility remains that
certain mechanisms that affect these variables could have a role in the pathogenesis of the
disease. Indeed, we do find that two variants that primarily affect HDL cholesterol and/or
triglycerides, the APOA1 variant encoding p.Val43Leu and the ANGPTL 4 variant encoding
p.Glu40Lys, have considerable effects on CAD, pointing to the products of these genes as
potential therapeutic targets. Their effects on CAD may be explained by their impact on
non-HDL cholesterol, although other mechanisms2’ could have a role.

In conclusion, we have discovered 13 rare and low-frequency sequence variants with large
effects on lipid levels and replicated 14 other such variants. The identification of rare
variants underlying common traits is facilitated by the reduced allele diversity in Iceland?8
relative to larger and less homogenous populations. Our results are consistent with a role
of non-HDL cholesterol, but not of HDL cholesterol or triglycerides, in the pathogenesis of
CAD.
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ONLINE METHODS

Study governance.

Participants.

The Icelandic study and the studies from the Netherlands, Iran, and the United States were
approved by the appropriate bioethics and/or data protection authorities. All participating
subjects donating blood signed informed consent forms. The personal identities of the
individuals from whom phenotype information and biological samples were obtained were
encrypted by a third-party system provided by the Icelandic Data Protection Authority.

Iceland.—Participants (Supplementary Table 7) were enrolled as part of various genetics
programs at deCODE. Lipid measurements were obtained from three of the largest clinical
laboratories in Iceland: (i) Landspitali-National University Hospital (LUH), Reykjavik
(hospitalized and ambulatory patients); (ii) the Laboratory in Mjédd (RAM), Reykjavik
(ambulatory patients); and (iii) Akureyri Hospital, Regional Hospital in North Iceland,
Akureyri (hospitalized and ambulatory patients). LDL cholesterol concentration was
calculated using the Friedewald equation3! (for triglyceride levels <4.00 mmol/L), and non-
HDL cholesterol concentration was calculated by subtracting HDL cholesterol levels from
total cholesterol levels. CAD cases were defined as (i) individuals in the MONICA registry32
who suffered myocardial infarction before the age of 75 years in Iceland between 1981 and
2002; (ii) subjects with discharge diagnoses of CAD (ICD-9 codes 410.*, 411.*, 412.*, and
414.* or ICD-10 codes 120.0, 121.*, 122.*, 123.*, 124.*, and 125.*) from LUH; (iii) subjects
diagnosed with significant angiographic CAD (at least 50% luminal reduction33) identified
from a nationwide clinical registry of coronary angiography and percutaneous coronary
interventions at LUH between 1987 and 2012; (iv) subjects undergoing coronary artery
bypass grafting (CABG) procedures at LUH between 2002 and 2011; or (v) individuals
with cause of death or a contributing cause of death listed as myocardial infarction or

CAD on death registries between 1996 and 2009. Coronary angiograms were evaluated by
interventional cardiologists. The lifespan variable was based on individuals who were born
after 1890 and lived to be at least 50 years old.

The Netherlands.—Subjects from the Netherlands were recruited within the ‘Nijmegen
Biomedical Study’, a population-based survey in which age- and sex-stratified adult
residents of Nijmegen were invited to participate34.

Iran.—The Iranian subjects are part of the ongoing Tehran Lipid and Glucose Study3°
including 15,005 residents of Tehran. For the current study, individuals =18 years old were
included. CAD events and diagnoses (ICD-10 codes 120.0, 121.*, 122.*, 123.*, 124.*, and
125.*) were confirmed by reviewing hospital records, death certificates, or autopsy reports3.

Atlanta, USA.—Participants were enrolled through the Emory Cardiovascular Biobank
Study and Clinical Registry in Neurology3’. CAD was defined as significant luminal
stenosis (=50%) on coronary angiography33. Additional patients (8%) who did not meet
criteria for significant angiographic CAD but had self-reported history of myocardial
infarction, CABG, or percutaneous coronary intervention were included as CAD cases.

Nat Genet. Author manuscript; available in PMC 2022 May 27.
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Controls had no or minimal (<20%) stenosis on angiography and no history of CAD.
Additional controls included individuals with non-vascular neurological diseases (mainly
Parkinson or Alzheimer disease), unrelated friends of cases, and community volunteers,
excluding those with a known history of CAD. The study was restricted to self-reported
Caucasians.

Data handling.

Lipid levels were adjusted for sex, year of birth and age at measurement, lipid-lowering
medication, and measurement site, using the average of multiple measurements for an
individual, and were then normalized to a standard normal distribution using quantile
normalization. To obtain effect estimates in mmol/L, the estimates from the regression
analysis were multiplied by the estimated standard deviation in lipid levels in the population.
Given an approximately log-normal distribution, triglyceride levels were log transformed
before adjustment, and the corresponding effect estimates are presented as percentage
change instead of in units of mmol/L.

Genetic risk scores.

Individual-level genetic risk scores were constructed for each lipid trait by combining the
minor allele counts for the lipid-associated variants weighted by the estimated effect of each
allele on the lipid trait in the Icelandic population. We imputed missing genotypes on the
basis of the expected allele count. Three sets of risk scores were generated based on (i) the
27 rare and low-frequency lipid-associated variants identified in this study (GRS 1); (ii) 185
known lipid-associated variants (GRS 2)1; and (iii) the combination of GRS 1 and GRS 2
(GRS-all). To examine the impact of concomitant statin therapy on the association of genetic
risk scores with CAD, we further constructed modified genetic risk scores (GRS-modified)
in which each variant was weighted by its effect on the lipid trait in individuals not using
statins. These modified GRSs were then tested for association with CAD (Supplementary
Table 8).

Summary-level Mendelian randomization.

We examined variant effect estimates for each lipid trait on the effect estimate for CAD

in our data with weighted multiple regression using 1/(SE)? as weights, where SE is the
standard error. The summary-level data were analyzed both in an approach modified from
Do et a/11 and an extension to multiple exposures of the framework proposed by Bowden
et al19 in which the effect of each variant is based on the allele with a positive effect on the
blood lipid level (Supplementary Tables 5 and 6, and Supplementary Note).

Fraction of variance explained.

The fraction of the variance in a quantitative trait that is explained in a population by a
variant with MAF fand an effect 8 measured in standard units is 241 — £

Genotyping.
Illumina BeadChip genotyping of Icelandic samples was performed on a HumanHap300,
HumanCNV370, HumanHap610, HumanHap1M,, HumanHap660, Omnil, Omni2.5, or

Nat Genet. Author manuscript; available in PMC 2022 May 27.
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OmniExpress BeadChip at deCODE Genetics®. Single-track genotyping using the
Centaurus (Nanogen) platform38 or Sanger sequencing was performed to validate and
improve imputation of reported variants in Iceland and for association testing in other
populations. Whole-genome sequencing was performed for 2,636 individuals selected for
various conditions. All individuals were sequenced to a minimum depth of 10x (average of
22x)15, Paired-end libraries for sequencing were prepared according to the manufacturer’s
instructions (Illumina, TruSeq). Sequencing by synthesis was performed on Illumina
Genome Analyzer l1x and/or HiSeq 2000 instruments, and reads were aligned to NCBI
Build 36 of the human reference sequence using Burrows—Wheeler Aligner (BWA) 0.5.9
(ref. 39).

Long-range phasing and genotype imputation.

Sequence variants identified through whole-genome sequencing were imputed into

104,220 chip-genotyped and long-range-phased Icelanders and, with the aid of Icelandic
genealogical information, into 294,212 first- and second-degree relatives of array-genotyped
individuals41540, To improve the imputation quality of rare mutations (7= 33,026) with
potential effect on lipids (those carried by 135 Icelandic exome-sequenced individuals with
extreme lipid levels (below the 1st or above the 99th percentile)), the imputation process was
repeated after adding genotypes from 728 exome-scqucnced individuals and/or genotypes
from 90-400 individuals obtained through single-track genotyping or Sanger sequencing to
the imputation training set.

Association analysis.

A generalized form of linear or logistic regression that accounts for relatedness between
individuals and potential population stratification was used to test for the association

of quantitative and binary traits, respectively, with sequence variants#1. Other available
characteristics that correlate with disease status were also included in the model as nuisance
variables. These characteristics were sex, county of birth, current age or age at death

(first- and second-order terms included), blood sample availability for the individual, and
an indicator function for the overlap of the lifetime of the individual with the timespan of
phenotype collection. Conditional analyses were performed by including variants or genetic
risk scores as covariates in the model. Association of genetic variants with lipid traits and
CAD in replication samples was tested using R software.

Thresholds for genome-wide significance and genomic control correction factors.

We applied thresholds for genome-wide significance that depended on the variant class to
account for prior importance of sequence variants, as described previouslyl?. We performed
a weighted Holm-Bonferroni correction based on giving equal weight to the classes
annotated!® as high-impact or loss-of-function variants (stop gain, frameshift indel, and
splice site), moderate-impact variants (missense and in-frame indel), and other variants.
Whole-genome sequencing of 2,636 Icelanders identified 4,499 and 98,957 high- and
moderate-impact variants, respectively, that passed our quality thresholds. The sum of

the weights over all the variants in the genome is 1, and the Bonferroni threshold for
significance within a class containing /7 sequence variants will be 0.05/3m. We thus used
significance thresholds of P< 3.7 x 1078 and 1.7 x 1077 for high- and moderate-impact

Nat Genet. Author manuscript; available in PMC 2022 May 27.
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riants, respectively. The genomic control correction factors for non-HDL cholesterol,

HDL cholesterol, triglycerides, CAD, age at diagnosis of CAD, and lifespan were 1.36, 1.40,
1.58,1.71, 1.41, and 1.49, respectively.

Gene and variant annotation.

Sequence variants were annotated with information from Ensembl release 70 using Variant
Effect Predictor (VEP) version 2.8 (ref. 16).

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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4 -
1.3 9 +I:PA

CAD OR

Non-HDL cholesterol effect of the Non-HDL cholesterol effect of the
minor allele (mmol/L) minor allele (mmaol/L)

Figurel.
Relationship between the effect of sequence variants on non-HDL cholesterol and their

effect on risk of coronary artery disease, (a) Effect on CAD risk of 100 known common
(minor allele frequency (MAF) >5%) lipid-associated variants11:29.30 that associate with
non-HDL cholesterol in Iceland (P < 0.05). (b) Effect on CAD of the 27 rare and low-
frequency lipid-associated variants identified in this study. Previously published variants
are colored blue, and new variants are colored red. In both plots, the effect on non-HDL
cholesterol (n=119,146) is given in mmol/L, and the effect on CAD risk (7= 33,090 cases
and 236,254 controls) is represented by the odds ratio (OR). Bars represent 95% confidence
intervals for the effect on non-HDL cholesterol and risk of CAD. The black line is the line
best fitting the common variant, and the gray line is the line best fitting the CAD odds ratio
on the log scale transformed back to the original scale.
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