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Polygenic Versus Monogenic Causes of Hypercholesterolemia
Ascertained Clinically

Jian Wang, Jacqueline S. Dron, Matthew R. Ban, John F. Robinson, Adam D. Mclntyre,
Maher Alazzam, Pei Jun Zhao, Allison A. Dilliott, Henian Cao, Murray W. Huff,
David Rhainds, Cécile Low-Kam, Marie-Pierre Dubé, Guillaume Lettre, Jean-Claude Tardif,
Robert A. Hegele

Objective—Next-generation sequencing technology is transforming our understanding of heterozygous familial
hypercholesterolemia, including revision of prevalence estimates and attribution of polygenic effects. Here, we examined the
contributions of monogenic and polygenic factors in patients with severe hypercholesterolemia referred to a specialty clinic.

Approach and Results—We applied targeted next-generation sequencing with custom annotation, coupled with evaluation
of large-scale copy number variation and polygenic scores for raised low-density lipoprotein cholesterol in a cohort of 313
individuals with severe hypercholesterolemia, defined as low-density lipoprotein cholesterol >5.0 mmol/L (>194 mg/dL). We
found that (1) monogenic familial hypercholesterolemia—causing mutations detected by targeted next-generation sequencing
were present in 47.3% of individuals; (2) the percentage of individuals with monogenic mutations increased to 53.7%
when copy number variations were included; (3) the percentage further increased to 67.1% when individuals with extreme
polygenic scores were included; and (4) the percentage of individuals with an identified genetic component increased from
57.0% to 92.0% as low-density lipoprotein cholesterol level increased from 5.0 to >8.0 mmol/L (194 to >310 mg/dL).

Conclusions—In a clinically ascertained sample with severe hypercholesterolemia, we found that most patients had a discrete
genetic basis detected using a comprehensive screening approach that includes targeted next-generation sequencing, an
assay for copy number variations, and polygenic trait scores. (Arterioscler Thromb Vasc Biol. 2016;36:2439-2445.

DOI: 10.1161/ATVBAHA.116.308027.)
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amilial hypercholesterolemia (FH) is a relatively com-

mon disorder, previously thought to have a monogenic
basis.! The paradigmatic heterozygous form of FH (HeFH)
is characterized by lifelong elevations in plasma low-density
lipoprotein (LDL) cholesterol, typically >5.0 mmol/L (194
mg/dL), sometimes occurring with characteristic physi-
cal signs and frequently with a personal or family history
of early cardiovascular disease (CVD).! Recent population-
based surveys, including screening with DNA sequencing,
suggest that HeFH has a prevalence of =1 in 217 individuals
in Northern Europe.” Large-scale whole-exome sequencing
efforts indicate that =4% of individuals with early coronary
heart disease have HeFH resulting from one of several loss-
of-function mutations in the LDLR gene encoding the LDL
receptor.’ Other large-scale sequencing efforts indicate that
within subgroups of individuals with severe hypercholester-
olemia, defined as untreated LDL cholesterol >5.0 mmol/L

(>194 mg/dL), only =2% had a pathogenic mutation in an
autosomal dominant FH gene.*

Furthermore, high-throughput DNA sequencing has
shown that 20% to 40% of individuals with phenotypic HeFH
have no mutation in canonical FH genes, such as LDLR,
APOB, or PCSK9.> A few such individuals have rare muta-
tions in minor genes, such as APOE, ABCGS5, ABCGS, LIPA,
or STAPI, underlying a phenotype that resembles FH.® Others
carry a disproportionately high burden of multiple small-
effect common variants (single nucleotide polymorphisms),
each of which incrementally raises plasma LDL cholesterol
by a fraction of a millimole per liter, but which cumulatively
raise LDL cholesterol into the FH range.’ Other individuals
with apparent HeFH have none of the above causes identified,
suggesting that mutations inaccessible by exome sequenc-
ing, such as intronic variants or copy number variations
(CNVs),” mutations in as yet undefined genes, gene-by-gene
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Nonstandard Abbreviations and Acronyms
CNV copy number variation
CvD cardiovascular disease
FH familial hypercholesterolemia
HeFH heterozygous familial hypercholesterolemia
LDL low-density lipoprotein
MLPA multiplex ligation primer amplification
NGS next-generation sequencing
WGRS weighted genetic risk score

interactions, gene-by-environment interactions, non-Men-
delian mechanisms (eg, epigenetic imprinting), or purely
environmental factors, could explain their phenotype. To the
extent that a molecular diagnosis of HeFH is desirable,"® for
instance as a condition for third-party reimbursement of novel
LDL-lowering therapies,”'” molecular screening may need to
concurrently assess monogenic and polygenic determinants,
as well as CNVs.

Next-generation sequencing (NGS) is a powerful tech-
nology that has the potential to address clinically relevant
hypotheses related to genetic conditions, such as FH. We
have developed an NGS panel for dyslipidemias, including
FH, which simultaneously assesses the monogenic and poly-
genic determinants of severely elevated LDL cholesterol from
batches of 24 clinical samples.’ We assess major genes (LDLR,
APOB, PCSK9, and LDLRAPI) and minor genes (APOE,
ABCGS5, ABCGS8, LIPA, and STAPI) underlying monogenic
FH, as well as single nucleotide polymorphism, genotypes for
LDL cholesterol. We include an adjunctive method, namely
multiplex ligation primer amplification (MLPA), to detect
large-scale CNVs in the LDLR gene.” This process allows us
to address a specific hypothesis, such as what proportion of
patients referred to a specialty clinic with possible or prob-
able FH have a monogenic versus polygenic basis. We applied
this procedure to samples from 313 individuals referred with
severe hypercholesterolemia, defined as LDL cholesterol >5.0
mmol/L (>194 mg/dL), and showed that 53.7% of individu-
als had monogenic FH mutations and another 13.4% had an
extreme polygenic score for high LDL cholesterol. These pro-
portions markedly exceed those observed in population- or
cohort-based studies for patients with elevated LDL choles-
terol levels, suggesting enrichment for genetic causes through
the medical referral process.

Materials and Methods

Materials and Methods are available in the online-only Data
Supplement.

Results

Demographics

Baseline demographic features of the Ontario hypercholes-
terolemia cohort, overall and subdivided by sex, are shown
in Table 1. In total, 91.1% of individuals were self-reported
as white, with the remainder being of South Asian, Chinese,
African, or unspecified ethnic background. The mean+standard
deviation (SD) age was 51.0+15.1 years (range, 18.1-88.8

years), and the mean+SD untreated LDL cholesterol level was
6.78+1.75 mmol/L (262+72 mg/dL), with range 5.01 to 13.3
mmol/L (194-514 mg/dL). According to Dutch Lipid Clinic
Network criteria, 65.5% of individuals had definite or prob-
able HeFH. Personal and family (parental) history of early
CVD (defined as onset <55 years and <60 years in men and
women, respectively) were seen in 17.9% and 46.9% of sub-
jects overall.

Monogenic Variants

Likely or definite causal variants in LDLR, APOB, and
PCSK9 genes detected in this study are listed in Table I in
the online-only Data Supplement. The key findings summa-
rized by mutation type are shown in Table 2. Overall, 148 of
313 (47.3%) individuals had at least 1 likely or definite causal
mutation detected by NGS. All these variants were confirmed
with Sanger sequencing. A further 20 of 313 (6.4%) had a
heterozygous pathogenic CNV detected by MLPA, increas-
ing the proportion of individuals with a mutation to 168 of
313 (53.7%).

Most FH mutation-positive Ontario subjects had a hetero-
zygous LDLR gene mutation (141/168 or 83.9%), whereas 15
(8.9%) and 2 (1.2%) of the subjects had mutations in APOB
and PCSK9 genes, respectively. No potential causative variants
were found in STAPI, APOE, ABCG5, ABCGS, LDLRAPI, or
LIPA. Twenty of all FH mutation-positive subjects (11.9%)
had a large-scale CNV in the LDLR gene. Although no patient
had homozygous FH based on our selection criteria, 10 FH
mutation-positive individuals (6.0%) were found to have 2
variant alleles; of the 20 variant alleles in this pool, 14, 4, and
2 were in LDLR, APOB, and PCSK9 genes, respectively (Table
I'in the online-only Data Supplement). The mean LDL choles-
terol in carriers of 2 mutant alleles was nonsignificantly higher
than that in the rest of the study sample (Table 2; Figure 1A).
Simple heterozygotes for APOB or PCSK9 mutations had sig-
nificantly lower mean LDL cholesterol than simple heterozy-
gotes for LDLR mutations (Figure 1A).

Among the 168 FH mutation-positive individuals were
105 unique mutations, 90 of which (85.7%) were within the
LDLR gene. Among all mutations found in this study, 16 were
novel, of which 12 were within the LDLR gene: 2 splicing,
5 frameshift, O nonsense, and 5 missense mutations (Table I
in the online-only Data Supplement). When considering only
LDLR gene mutations, there were no differences in mean LDL
cholesterol levels between subgroups of individuals with dif-
ferent mutation types (Figure 1A).

There was a stepwise significant increase in the proportion
of individuals with monogenic mutations according to plasma
LDL cholesterol stratum (Figure 1B). For individuals with LDL.
cholesterol 5.00 to 5.99 mmol/L (194-231 mg/dL), 6.00 to 6.99
mmol/L (232-270 mg/dL), 7.00 to 7.99 mmol/L (271-309 mg/
dL), and =8.00 mmol/L. (=310 mg/dL), respectively, 42.1%,
40.4%, 69.8%, and 88.0% were positive for a rare mutation.

Polygenic Trait Scores

Of 145 FH mutation-negative Ontario individuals, 42
(29.0%) had an extreme LDL weighted genetic risk score
(WGRS) >1.96, defined in Table II in the online-only Data
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Table 1. Demographics of the Ontario Hypercholesterolemia Sample

Overall Men Women

(N=313) (N=130) (N=183)
Age,y 51.0+15.1 49.0+13.4 52.4+16.0
Female, % 58.5
Body mass index, kg/m? 27.8+5.8 28.6+5.6 27.2+6.0
Total cholesterol, mmol/L 8.91+1.87 8.57+1.70 9.14+1.95
LDL cholesterol, mmol/L 6.78+1.75 6.56+1.64 6.93+1.81
HDL cholesterol, mmol/L 1.36+0.50 1.26+0.61 1.43+0.40
Triglyceride, mmol/L 1.79+0.89 1.82+0.73 1.76+0.99
Personal history of CVD,* % 17.9 25.0 12.9
Family history of CVD,* % 46.9 50.0 447
Definite or probable HeFH (DLCN criteria),* % 65.5 63.3 67.1
LDL polygenic risk score, unweighted (uwGRS) 13.9+1.77 14.0+1.82 13.8+1.74
LDL polygenic risk score, weighted (WGRS) 1.75x0.24 1.75+0.25 1.75+0.23

All values represent the mean=standard deviation. CVD indicates cardiovascular disease (onset <55 y in men;
<60 y in women); DLCN, Dutch Lipid Clinics Network; HDL, high-density lipoprotein; HeFH, heterozygous familial
hypercholesterolemia; LDL, low-density lipoprotein; uwGRS, unweighted genetic risk score; and wGRS, weighted

genetic risk score.
*Based on complete data from 145 individuals.

Supplement. This was significantly higher than the propor-
tion of FH mutation-positive individuals (11.9%) who had
such an extreme wGRS (odds ratio, 3.02; 95% confidence
interval, 1.61-5.68; P<0.0001). Similarly, 11.8% of 1092
individuals in the 1000 Genomes Project had an extreme
LDL wGRS >1.96 (Figure 2A). We examined the distribu-
tion of wGRS in various cohorts (Figure 2B) and found no
difference between 1000 Genomes Project and Ontario FH
mutation-positive individuals (mean+SD scores, 1.66+0.27

and 1.68+0.23, respectively, NS). In contrast, the distribu-
tion of wGRS in Ontario FH mutation-negative individuals
was markedly shifted to the right, with a mean+SD score of
1.84+0.21. Although the absolute differences in mean scores
were modest, as is typical for polygenic effects, the differ-
ences in overall distribution of scores were highly significant
between FH mutation-negative and both FH mutation-posi-
tive (P=4.3x107'%) and 1000 Genomes Project control indi-
viduals (P=2.9x107'8).

Table 2. Genetic Diversity in the Ontario Hypercholesterolemia Sample
Overall LDL Cholesterol, Number of Unique Novel to This
Mutation Type (N=313) mmol/L Mutations Study
FH mutation-positive 168 7.36x2.17 105 16
LDLR (single mutations) 141 7.40+1.97 90 12
Splicing 20 7.65+1.78 12 2
Frameshift 14 7.84+2.20 10 5
Copy number variation 20 711177 8 0
Nonsense 13 7.81+1.65 9 0
Missense (and small in-frame deletion) 74 7.07+1.61 51 5
APOB (missense) 15 6.51+1.30 2 0
PCSK9 (missense) 2 6.38+0.45 2 0
Two mutations 10 7.96+4.50 11 5*
FH mutation-negative 145 6.23+1.27
LDL wGRS <1.96 103 6.20+1.22
LDL wGRS >1.96 42 6.28+1.39

All values represent the mean+standard deviation. APOB indicates gene encoding apolipoprotein B; FH, familial hypercholesterolemia;
LDL, low-density lipoprotein; LDLR, gene encoding LDL receptor; PSCK9, gene encoding proprotein convertase subtilisin/kexin type 9;
WGRS, weighted genetic risk score; and 2 mutations, individuals with 2 likely or definite FH-causing alleles.

*LDLR, 1623T was counted once in the missense mutation category.
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Figure 1. Monogenic and polygenic components of hypercho-
lesterolemia in the Ontario cohort. A, Low-density lipoprotein
(LDL) cholesterol levels (mean+standard deviations) according
to monogenic variant genotype in the Ontario severe hyper-
cholesterolemia sample. Individuals are classified according to
presence of 0, 1, or 2 variants (mutations) detected by next-
generation sequencing (NGS) and multiplex ligation primer
amplification (MLPA) in LDLR, APOB, or PSCK9 genes. Familial
hypercholesterolemia mutation-positive individuals (Mut.+) are
further subgrouped according to extreme weighted genetic risk
score (GRS) <1.96 and >1.96, respectively. Comparisons of
mean LDL cholesterol levels between selected genotype classes
are shown, with nominal significant P<0.05. B, Percentages of
individuals with severe hypercholesterolemia within different LDL
cholesterol ranges (numbers of individuals shown), classified

as having a monogenic variant detected by NGS and MLPA or

a polygenic basis defined as an extreme weighted GRS >1.96
(=90th percentile for elevated LDL cholesterol).

We then evaluated the mean LDL cholesterol levels in
mutation-negative individuals according to extreme wGRS
and found no difference (Table 2). We also found no differ-
ence in mean LDL cholesterol levels in FH mutation-positive
individuals according to extreme wGRS (Figure 1A).

Combining Monogenic and Polygenic Determinants
Overall, the percentage of Ontario individuals with severe
hypercholesterolemia who had an identifiable probable
genetic cause detected with NGS was 148 of 313 (47.3%),
which increased to 168 of 313 (53.7%) with MLPA results.

December 2016

This increased further to 210 of 313 (67.1%) when individu-
als with an extreme wGRS were included. Because LDL cho-
lesterol levels increased, so did the percentage of individuals
with an identifiable genetic cause. Specifically, for individuals
with LDL cholesterol 5.00 to 5.99 mmol/L (194-231 mg/dL),
6.00 to 6.99 mmol/L (232-270 mg/dL), 7.00 to 7.99 mmol/L
(271-309 mg/dL), and =8.00 mmol/L (=310 mg/dL), respec-
tively, 57.0%, 59.5%, 79.2%, and 92.0% had a genetic basis
for their elevated LDL cholesterol (Figure 1B). Furthermore,
polygenic determinants were less common among individuals
with the highest LDL cholesterol levels (Figure 1B).

Discussion
High-throughput NGS has transformed our understanding of
HeFH. Here, we applied targeted NGS with custom annota-
tion, coupled with MLPA evaluation of large-scale CNV and
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Figure 2. Polygenic component of hypercholesterolemia in

the Ontario cohort. A, Percentages of individuals from various
samples and subgroups with an extreme weighted genetic risk
score (WGRS) >1.96 (=90th percentile for elevated low-density
lipoprotein [LDL] cholesterol), including the 1000 Genomes
(1KG, Release 1; http://www.1000genomes.org/) control cohort
and individuals with and without a monogenic cause for familial
hypercholesterolemia (FH) detected by next-generation sequenc-
ing or multiplex ligation primer amplification in the Ontario cohort.
Total numbers of individuals and percentages with extreme
WGRSs are shown. FH mutation-negative with severe hyper-
cholesterolemia had significantly higher odds of an extreme
wWGRS than mutation-positive individuals (odds ratio, 3.02; 95%
confidence interval, 1.61-5.68; P<0.0001) and normal controls
from the 1KG cohort. B, Distribution of wGRSs for elevated LDL
cholesterol in individuals from the 1KG cohort, and Ontario indi-
viduals with severe hypercholesterolemia who are FH mutation-
positive or negative. There is no significant difference in the
distribution of WGRSs between 1KG and FH mutation-positive
individuals, whereas the distribution of WGRSs in FH mutation-
negative individuals differs significantly from both these other
groups (P=2.9x107'® and P=4.3x10""°, respectively).
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polygenic GRS assessment in a cohort of 313 individuals
with severe hypercholesterolemia, in whom FH was the likely
clinical diagnosis. We found that (1) monogenic FH-causing
mutations detected by targeted NGS were present in 47.3% of
individuals; (2) the percentage of individuals with monogenic
mutations increased to 53.7% when heterozygous CNVs were
included; (3) 83.9% of monogenic mutations were within the
LDLR gene; (4) the percentage of individuals with a genetic
component further increased to 67.1% when individuals with
extreme WGRS were included; (5) the percentage of indi-
viduals with an identified genetic component increased from
57.0% to 92.0% as LDL cholesterol level increased from 5.0
to >8.0 mmol/L (194 to >310 mg/dL); and (6) individuals with
LDLR gene mutations had higher mean LDL cholesterol lev-
els than individuals either with APOB or PSCK9 mutations or
those with an extreme wGRS.

Within this clinical cohort, NGS alone underestimated the
number of individuals with a genetic basis for severe hyper-
cholesterolemia. About half of individuals were FH mutation-
positive solely based on NGS results, but this increased to
more than two-thirds of individuals when CNVs and extreme
polygenic wGRS were considered. We suggest that these addi-
tional genetic determinants should be considered in routine
molecular assessment of patients with severe hypercholester-
olemia. The actual proportion of patients with each type of
genetic determinant will vary between cohorts and popula-
tions. At present, at least 2 methods are required: our NGS
method (see Materials and Methods) and pipeline reports both
small monogenic variants and polygenic risk scores, whereas
detection of CNVs requires that the independent MLPA
method is run in parallel. However, we note that there has
been marked progress in improving bioinformatic annotation
tools to predict CNVs from NGS data.' It is likely that in
the near future, a single platform, namely NGS plus bioinfor-
matics, will permit reporting of small-scale sequence variants,
large-scale CNVs, and genetic risk scores. MLPA could then
be reserved for confirming predicted CNVs from NGS results.

A recent large-scale sequencing study performed in
individuals with LDL cholesterol >4.91 mmol/L (>190 mg/
dL) ascertained through CVD case—control and population-
based samples showed, perhaps surprisingly, prevalence of
FH mutation-positive individuals of only =2%.* This is much
lower than the 47.3% of individuals with LDL cholesterol >5
mmol/L observed in our clinically ascertained cohort. Why is
there such a wide disparity in the prevalence of FH mutation-
positive individuals? The most likely explanation is the differ-
ence in ascertainment strategy.

Individuals in our study were all medically identified with
severe hypercholesterolemia, resulting in referral for assess-
ment and treatment advice. From the outset, they represented
a selected group of individuals, in whom FH was already con-
sidered as possible on clinical grounds. In contrast, agnostic
screening in broader, nonselected cohorts, when genetic dys-
lipidemia is not at top-of-mind, could be expected to yield a
lower prevalence of FH mutation-positive individuals for the
LDL cholesterol level, especially if family history was not
considered.* Similar disparities of frequencies of FH muta-
tion-positive individuals have been observed previously.'> For
instance, 35% to 65% of patients in other clinically ascertained
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hypercholesterolemia cohorts of various ethnic backgrounds
were FH mutation-positive by DNA sequencing,'*' in contrast
to only 2.4% of individuals with total cholesterol >7 mmol/L
(>271 mg/dL) ascertained agnostically in a population-based
study.'® This disparity was proposed to be related to enrichment
for FH mutation-positive individuals through the medical refer-
ral process combined with unavailability of other prioritizing
clinical data, such as family history in population-based sam-
ples.® Also, unmeasured types of variation, such as CNVs and
polygenic effects, may be present in a high proportion of hyper-
cholesterolemic individuals from population-based samples.

Our findings also indicate that as LDL cholesterol increases,
so does the likelihood that the patient is FH mutation-positive.
A critical point of inflection seems to be LDL cholesterol >8.0
mmol/L (>310 mg/dL), where almost all patients have a mono-
genic basis, whereas almost none have a polygenic basis. In con-
trast, at the lower end of the severe hypercholesterolemia range,
that is, LDL cholesterol 5.0 to 6.9 mmol/L, =15% to 20% of
individuals have an extreme wGRS. Among individuals with a
monogenic basis for their severe hypercholesterolemia, we found
no differences between genetic subgroups. Interestingly, several
patients carried 2 mutant alleles, of which 1 always affected
LDLR: in 4 cases, the second mutation was also in the LDLR gene
(ie, compound heterozygotes), whereas in 6 cases the second
mutation was in either APOB or PSCK9 genes (ie, double het-
erozygotes). Such genotypes have been occasionally reported in
some cases of phenotypic homozygous FH.!” Although individu-
als in this study with this genotype tended to have higher LDL
cholesterol levels, the difference was not significant, although
this may have reflected the small subgroup size. Alternatively,
the mutations found in this subgroup may only have had mar-
ginal additive effects on LDL cholesterol levels.

Overall, the odds of FH mutation-negative individuals in
this cohort having an extreme wGRS is =3-fold greater than
both the general population and the FH mutation-positive
individuals. This is similar to the =2-fold greater odds of an
extreme WGRS found FH mutation-negative individuals in
a comparable FH cohort studied using an analogous but dif-
ferent risk score.”> An extreme wGRS thus identifies a subset
of patients, although by no means all, who are at increased
genetic risk for severe hypercholesterolemia. Interestingly, an
extreme wGRS did not seem to modulate the severity of the
LDL cholesterol phenotype in either FH mutation-positive
or mutation-negative subjects, although again this could sim-
ply reflect small subgroups and insufficient statistical power.
In our 145 FH-mutation negative patients, there was no cor-
relation between LDL cholesterol level and wGRS (r=0.05;
P=NS). Nonetheless, the strong association of wGRS with
high LDL cholesterol levels shown by discrete statistical anal-
ysis (ie, odds ratio, 3.02; P<0.0001) confirms the validity of
this score as a genetic marker of risk of elevated LDL choles-
terol. However, demonstrating a continuous positive propor-
tional linear relationship between wGRS and LDL cholesterol
levels may require a much larger sample size. Alternatively, it
is possible that in FH mutation-negative individuals, those with
alow wGRS have another unidentified cause for elevated LDL
cholesterol, independent of wGRS. Furthermore, in FH muta-
tion-positive individuals, the influence on phenotype of the
monogenic mutation could trump that of the polygenic wGRS.
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The role of polygenic risk in severe hypercholesterolemia
requires further evaluation to address several questions. For
instance, several risk scores for elevated LDL cholesterol
have been proposed'®; which one performs best clinically?
Are different scores required for different ethnic groups? For
the same degree of LDL cholesterol elevation, is there a dif-
ference in prognosis or treatment response based on whether
the patient has monogenic or polygenic hypercholesterol-
emia? For instance, when LDL cholesterol is >5.0 mmol/L
(>194 mg/dL) and a monogenic FH mutation is present,
there is a 22-fold increased risk of early CVD.* However,
even when a monogenic cause is absent, CVD risk in such
individuals, whose LDL cholesterol is elevated presumably
because of polygenic factors, is increased 6-fold,* which is
not inconsiderable. Given this difference in risk, should more
intensive efforts be made to identify FH mutation-positive
individuals or is the difference between a 22-fold and 6-fold
increase clinically irrelevant? Should intervention be guided
predominantly by the degree of LDL cholesterol elevation
irrespective of the genetic basis? A mitigating factor is that
baseline untreated LDL cholesterol levels may not always
be available: in such cases, documenting a patient’s genetic
architecture with respect to elevated LDL cholesterol may
still be important.

Finally, about one-third (32.9%) of individuals in this
study with severe hypercholesterolemia had no identifiable
genetic cause, although this was reduced to 8.0% in individu-
als with LDL cholesterol >8.0 mmol/L (>310 mg/dL). It is
possible, although unlikely, that as yet undiscovered mono-
genic causes of hypercholesterolemia could explain the phe-
notype in some patients.* Other possible determinants
include (1) additional as yet uncharacterized polygenic deter-
minants, some of which may be ethnicity specific; (2) higher
order or nonlinear interactions between 2 or more genetic
variants that act synergistically to raise LDL cholesterol; (3)
the impact of non-Mendelian factors, such as mitochondrial
or epigenetic effects; or (4) strong predominant environmental
factors or environmental factors that require interactions with
either known or unknown genetic determinants to influence
the phenotype.

Thus, in a real-world sample, we show that comprehen-
sive screening of patients with severe hypercholesterolemia
should include targeted resequencing, preferably using an
NGS platform, plus an assay to detect CNVs, plus a set of
single nucleotide polymorphisms for a genetic risk score
based on the LDL cholesterol-raising alleles. Inclusion of
CNVs and a wGRS substantially increases the proportion of
individuals with a genetic basis for their clinically ascertained
severe hypercholesterolemia, although the actual proportions
will vary between cohorts and subpopulations. Stratification
by genetic cause can be used in prospective observational or
intervention studies, whereas individuals with severe hyper-
cholesterolemia in the absence of a defined genetic cause can
be subjects for further investigation to characterize the basis of
their phenotype. Finally, because single nucleotide polymor-
phisms for elevated LDL cholesterol also cluster in families,
we think that cascade screening of relatives should proceed
whether a proband has elevated LDL cholesterol on either a
monogenic or a polygenic basis.
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Highlights

¢ |n a clinically ascertained cohort of 313 Ontario patients with hypercholesterolemia, a targeted next-generation sequencing panel identified
monogenic mutations in 53.7% and an extreme polygenic risk score in an additional 13.4% of individuals.
e The percentage of individuals with an identified genetic component increased from 57.0% to 92.0% as LDL cholesterol level increased from

5.0 to >8.0 mmol/L (194 to >310 mg/dL).

¢ Next-generation sequencing based on evaluation of hypercholesterolemia needs to consider both monogenic and polygenic causes.
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Materials and Methods
Subjects

Three hundred and thirteen consecutive unrelated adults aged >18 years from Ontario, Canada
referred with possible heterozygous familial hypercholesterolemia (HeFH) were included;
patients known to have homozygous FH were excluded. Untreated fasting lipid profiles were
recorded, according to our established clinic procedure.® 2 All subjects had untreated
Friedewald-determined plasma low-density lipoprotein (LDL) cholesterol >5.0 mmol/L (194
mg/dL), plus either a personal or family history of early cardiovascular disease (CVD), plus
family history of hyperlipidemia. Physical findings were not uniformly recorded. Diagnosis of
HeFH was made using the Dutch Lipid Clinic Networks (DLCN) criteria.® All subjects provided
signed informed consent and the protocol was approved by the Western University Ethics
Review Board (number 07290E). Of note, 55 of the patients in this study were also part of the
analysis conducted by Futema et al.*

As a reference group for the genetic risk score (GRS) analysis, Phase 1 of the 1000 Genomes
Project (1KG) was used. This cohort is comprised of 1,092 individuals of varying ethnicities over
the age of 18 who are self-reported as healthy. Based on these reports and lack of additional
phenotype information, we assume some fluctuations in LDL cholesterol levels, but by and
large, we consider the majority of the population as normolipidemic.

Genetic analyses

Genomic DNA was isolated from whole blood as described." Genomic libraries of indexed and
pooled patient samples were generated for target candidate genes in lipid metabolism, including
coding regions, >150 base pairs (bp) at intron-exon boundaries and >1000 bp of the 5'
untranslated region of the known causative genes for FH, namely LDLR, APOB, PCSK®9,
STAP1, APOE, and LDLRAP1 on the LipidSeq Panel, as described.>® ABCG5, ABCGS, and
LIPA, some mutations in which can cause similar phenotypes in some patients, were also
included. The reagents also allow capture of the 10 genotypes for common single nucleotide
polymorphisms (SNPs) statistically associated with LDL cholesterol levels in the general
population’; the trait-raising alleles are tallied to create a polygenic trait score.® Prepared
sample libraries were assayed in the MiSeq personal sequencer (lllumina, San Diego CA) as
described.” The method has average >300-fold coverage for each base. Samples were also run
using multiplex ligation primer amplification (MLPA) for coding regions of the LDLR gene, as
described.® Sanger sequencing was used to confirm variants detected by next-generation
sequencing (NGS).

Annotation and evaluation of observed variants

FASTQ files derived from the MiSeq output were processed individually using a custom
automated workflow in CLC Genomics Workbench version 8.5.1 (CLCbio, Aarhus, Denmark) for
sequence alignment, variant calling, producing a variant call format (vcf) file, and target region
coverage statistics. Variant annotation was performed using ANNOVAR (http://www.biobase-
international.com/product/annovar) with customized scripts.

There is no consensus on the procedure to attribute causality or pathogenicity to variants
detected by NGS.> ° Fortunately, variants detected in FH genes have had a long history of
archiving and annotation, as well as abundant publications of functional consequences.™* For
instance, >1700 individual variants previously reported as being causative in FH are reported in
the Human Gene Mutation Database (HGMD; http://www.biobase-
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international.com/product/hgmd) and the University College London (UCL) FH mutation
database (http://www.ucl.ac.uk/IdIr/Current/); these are the reference databases for all variants
detected by our procedure.

Annotated coding and noncoding (10 base pair from adjacent exon) variants in vcfs were first
filtered to select the rare variants according to minor allele frequencies (MAF) <1% in 1KG
(http://www.1000genomes.org/), Exome Variant Server (EVS;
http://evs.gs.washington.edu/EVS/) or Exome Aggregation Consortium (EXAC;
http://exac.broadinstitute.org/) databases. Polymorphism Phenotype Version 2 (PolyPhen-2)*
Sorting Intolerant from Tolerant (SIFT)*® and Combined Annotation Dependent Depletion
(CADD)™ scores were used to evaluate the deleteriousness of the filtered coding variants.
Splicing Based Analysis of Variants (SPANR)* and Automated Splice Site and Exon Definition
Analyses (ASSEDA; www.http://splice.uwo.ca) were used to identify rare deleterious splicing
variants.

Novel variants found in this study were determined to be likely causative when: 1) they had no
listed allele frequencies in 1KG, EVS or EXAC databases, no rsID in the dbSNP database,
and/or were not reported in HGMD or UCL FH databases; 2) for coding variants, a deleterious
score from >2 in silico algorithms; and 3) for non-coding variants, a deleterious score for >1 in
silico algorithm. Copy number variants (CNVs) detected by MLPA were similarly searched for in
HGMD and UCL FH databases. Hereafter, we will use the term "mutation” interchangeably with
"rare definite or very likely causative variant” for the sake of brevity. As controls for our
annotation pipeline, we used sequence data from the 1KG database. Rare variants are
summarized in Supplemental Table I.

Polygenic trait scores

A set of 10 genetic markers associated with raising plasma LDL cholesterol were selected from
the original lipid genome-wide association study (GWAS) (Supplemental Table 11)’, as the
association signals from these loci have persisted as the strongest signals in the subsequent
Global Lipid Genetic Consortium GWAS reports.'® '’ Both weighted and unweighted GRS
(WGRS and uwGRS, respectively) were calculated; for the former, the weighting factors were
the published beta-coefficients for per-allele change in LDL cholesterol.”. We chose the 90"
percentile for WGRS - i.e. >1.96 - as the definition for an extreme score from the subjects in the
1KG database. The 90" percentile for the uwGRS from 1KG was 16/20.

Statistical analysis

All statistical comparisons were conducted using SAS version 9.3 (SAS Institute, Cary NC).
Between-group differences in quantitative traits means were evaluated using unpaired Student’s
t-test assuming unequal variances. For discrete traits, x* analysis was used and odds ratios
(ORs) were calculated using the case-control method with the FREQ procedure. Statistical
significance for all comparisons was defined as a two-tailed P-value <0.05.
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Supplementary Table I. Summary of Causative Mutations in Patients Presenting with Low-Density Lipoprotein Cholesterol > 5 mmol/L

Number of occurrences

Gene Location Nucleotide change Mutation name in patients PMID / Novel
LDLR Intron 2 c.190+4A>T IVS2+4A>T 1 16250003
LDLR Intron 2 €.191-2A>G IVS2-2A>G 1 9259195
LDLR Intron 3 €.313+1G>A IVS3+1G>A 2 7718019
LDLR Intron 3 €.313+2T>C IVS3+2T>C 3 7616128
LDLR Intron 3 €.314-2A>C IVS3-2A>C 5 11668627
LDLR Intron 4 €.695-1G>A IVS4-1G>A 1 Novel
LDLR Intron 7 €.1060+2T>G IVS7+2T>G 1 Novel
LDLR Intron 8 c.1187-10G>A IVS8-10G>A 2 11668627
LDLR Intron 9 €.1359-1G>A IVS9-1G>A 1 9254862
LDLR Intron 12 €.1845+1G>A IVS12+1G>A 1 15556094
LDLR Intron 12 €.1845+15C>A IVS12+15C>A 1 15576851
LDLR Intron 12 c.1846-1G>A IVS12-1G>A 1 8828981
LDLR Exon 1 €.16_17insTTCCT p.W6Ffs*201 1 Novel
LDLR Exon 2 €.233delG p.R78Lfs*127 1 Novel
LDLR Exon 4 €.647_648insT p.C216Cfs*1 1 Novel
LDLR Exon 4 €.652delG p.G218Vfs*46 1 7649546
LDLR Exon 4 €.680_681delAC p.D227Gfs*11 1 8093663
LDLR Exon 6 €.820delA p.T274Hfs*95 4 19026292
LDLR Exon 6 €.905delG p.C302Sfs*67 1 Novel
LDLR Exon 9 €.1205 1206delTC p.F402Ffs*37 1 11040093
LDLR Exon 10 €.1476 _1477delCT p.S493Cfs*41 2 7866407
LDLR Exon 17 €.2411 2412insG p.V806Gfs*10 1 Novel
LDLR Promoter, Exon 1 >15kb del Promoter & Exon 1 del Promoter & Exon 1 12 15576851
LDLR Exons 1, 2,3, 4 del Exons 1-4 del Exons 1-4 1 ND
LDLR Exons 3,4, 5, 6 del Exons 3-6 del Exons 3-6 1 ND
LDLR Exons 6 del Exon 6 del Exon 6 1 ND
LDLR Exon 7 dup Exon 7 dup Exon 7 1 ND
LDLR Exons 11, 12 del Exons 11, 12 del Exons 11, 12 1 ND
LDLR Exons 16, 17, 18 del Exons 16-18 del Exons 16-18 1 ND
LDLR Exons 17, 18 del Exons 17, 18 del Exons 17, 18 2 ND




LDLR Exon 2 €.168 170delTGA p.D57del 1 11668627
LDLR Exon 2 c.131G>A p.W44X 1 1301956
LDLR Exon 3 c.337G>T p.E113X 2 1301956
LDLR Exon 4 c.460C>T p.Q154X 1 10206683
LDLR Exon 4 c.501C>A p.C167X 1 7616128
LDLR Exon 8 c.1176C>A p.C392X 1 8831933
LDLR Exon 10 €.1467C>G p.Y489X 1 7833932
LDLR Exon 12 c.2043C>A p.C681X 4 3025214
LDLR Exon 15 C.2167G>T p.E723X 1 Amse”Leg"D(é?gg)?LDLR
LDLR Exon 15 €.2215C>T p.Q739X 1 12417285
LDLR Exon 2 c.81C>G p.C27TW 1 1301956
LDLR Exon 2 c.187T>C p.C63R 1 11668627
LDLR Exon 3 c.259T>G p.W87G 2 2318961
LDLR Exon 3 C.268G>A p.D9ON 1 9259195
LDLR Exon 3 C.299A>T p.D100V 1 Novel
LDLR Exon 3 c.301G>A p.E101K 4 1301940
LDLR Exon 4 CA2TT>A p.C143S 1 Amse'fg“D(é?gggLDLR
LDLR Exon 4 c.504C>A p.D168E 1 15823276
LDLR Exon 4 c.517T>C p.C173R 1 1301956
LDLR Exon 4 c.551G>A p.C184Y 2 9678702
LDLR Exon 4 c.590G>A p.C197Y 1 1301956
LDLR Exon 4 C.662A>G p.D221G 1 1301956
LDLR Exon 4 €.681C>G p.D227E 2 2569482
LDLR Exon 4 €.682G>A p.E228K 1 2318961
LDLR Exon 6 c.858C>A p.S286R 3 1301956
LDLR Exon 6 €.862G>A p.E288K 1 10090484
LDLR Exon 7 c.979C>T p.H327Y 1 9259195
LDLR Exon 7 C.986G>A p.C329Y 1 9452118
LDLR Exon 7 ¢.1003G>A p.G335S 2 1301956
LDLR Exon 7 c.1027G>A p.G343S 1 1301956
LDLR Exon 8 c.1085A>C p.D362A 1 11810272
LDLR Exon 8 c.1091G>A p.C364Y 1 Novel
LDLR Exon 8 €.1102T>C p.C368R 1 9452094




LDLR Exon 8 c.1151A>C p.Q384P 1 11810272
LDLR Exon 8 C.1186G>A p.G396S 1 7573037
LDLR Exon 9 C.1241T>G p.L414R 1 9452118
LDLR Exon 9 C.1255T>G p.Y419D 1 Novel
LDLR Exon 9 C.1285G>A p.\V429M 2 2569482
LDLR Exon 9 C.1325A>G p.Y442C 1 15576851
LDLR Exon 9 ¢.1329G>T D.W443C 1 11810272
LDLR Exon 10 C.1436T>C p.L479P 1 11313767
LDLR Exon 10 C.1444G>A p.D482N 1 8535447
LDLR Exon 10 c.1567G>A p.V/523M 3 2088165
LDLR Exon 11 C.1592T>G p.M531R 1 Novel
LDLR Exon 11 c.1618G>A p.A540T 2 9544745
LDLR Exon 11 C.1646G>A p.G549D 1 2088165
LDLR Exon 12 C.1745T>C p.L582P 5 11668627
LDLR Exon 12 C.1775G>A p.G592E 2 1301956
LDLR Exon 12 c.1816G>T p.AG06S 1 9544745
LDLR Exon 12 ¢.1833G>C p.L6LIF 1 11810272
LDLR Exon 13 €.1868T>C p.1623T 1 Novel
LDLR Exon 13 c.1897C>T p.R633C 1 9259195
LDLR Exon 14 ¢.2000G>A p.C667Y 2 2318961
LDLR Exon 14 €.2029T>C p.C677R 1 1301956
LDLR Exon 14 ¢.2054C>T p.P685L 2 2726768
LDLR Exon 14 ¢.2096C>T p.P699L 2 7489239
LDLR Exon 14 C.2120A>T p.D707V 1 20809525
LDLR Exon 15 C.2242G>A p.D748N 1 25487149
LDLR Exon 16 C.2343G>T p.E781D 1 11668627
LDLR Exon 17 C.2475C>A p.N825K 3 11668640
APOB Exon 26 ¢.10580G>A p.R3527Q 14 2563166
APOB Exon 26 ¢.10579C>T p.R3527W 1 7627691
PCSK9 Exon 8 C.1251C>A p.H417Q 1 16465619
PCSK9 Exon 9 c.1405C>T D.RAGIW 1 16211558
LL[[))LLF;' LDLRExons2 &4 | LDLR c.165C>G; LDLR ¢.520G>T | LDLR p.[G55G(;) E174X] 1 Novel; Novel
"L%'LF;' LDLR Exons 3 & 6 LDLR del Exon 3 & Exon 6 LDLR d‘gxi’;og 3(;) del 1 ND; ND




LDLR,

LDLR Intron 6 & Exon

LDLR ¢.941-4G>A; ¢.1285G>A

LDLR [IVS6-4G>A()

R A Fazon 10422804; 2569482
LDLR, LDLR c.1690ASC; LDLR p.[N564H() _

LDLR | WPLRExons1L&I7 1 5393 2401delTCCTCGTCT 1799 F801del] 1 7550239; 9147888
LDLR, | LDLR Exon9; APOB LDLR c.1301C>T; APOB LDLR p.T434M; APOB _

APOB Exon 26 ¢.10580G>A p.R35270Q ! 11668627, 2563166
LDLR, | LDLR Exon 10; APOB LDLR c.1408A>G; APOB LDLR p.S470G; APOB . Novel: 2563165
APOB Exon 26 €.10580G>A p.R3527Q '

LDLR, LDLR Intron 12; LDLR c.1846-10G>T; APOB LDLR IVS12-10G>T: ) Novel- 2563165
APOB APOB Exon 26 ¢.10580G>A APOB p.R3527Q :

LDLR, | LDLR Exon 13; APOB LDLR c.1868T>C; APOB LDLR p.1623T; APOB . Novel: 2563165
APOB Exon 26 €.10580G>A p.R3527Q '

LDLR, | LDLR Exon 3, PCSK9 LDLR c.259T>G: PCSK9 LDLR p.W87G; PCSK9 _

PCSK9 Exon 5 ¢.709C>T 0.R237W 1 2318961; 16465619
LDLR, | LDLR Intron 8, PCSK9 | LDLR c¢.1187-10G>A; PCSK9 LDLR IVS8-10G>A; . 1668627 Novel
PCSK9 Exon 10 C.1537A>G PCSK9 p.N513D :

Abbreviations: LDLR, gene encoding low density lipoprotein receptor, NM_000527; APOB, gene encoding apolipoprotein B, NM_000384; PCSK9, gene encoding
proprotein convertase subtilisin/kexin type 9, NM_174936; PMID, PubMed unique identifier; ND, not determined; del, deletion; ins, insertion; *, termination

codon; dup, duplication; fs, frameshift




Supplementary Table Il. Single Nucleotide Polymorphisms Used in Construction of Weighted Genetic Risk Score

Chr:Start rsiD Gene Associated phenotype | Ref | Alt | LDL-C raising allele | Effect on LDL-C
1:55496039 | rs11206510 | PCSK9 LDL-C T | C T 0.09
1:109817590 | rs12740374 | CELSR2 LDL-C G| T G 0.23
2:21286057 rs515135 APOB LDL-C T | C C 0.16
2:44073881 | rs6544713 | ABCG8 LDL-C T | C T 0.15
5:74655726 | rs3846663 | HMGCR LDL-C C | T T 0.07
5:156398169 | rs1501908 | TIMD4 LDL-C G| C C 0.07
12:121388962 | rs2650000 | HNF1A LDL-C A | C A 0.07
19:11202306 | rs6511720 | LDLR LDL-C G| T G 0.26
19:19407718 | rs10401969 | NCAN LDL-C T | C T 0.05
20:39228784 | rs6102059 | MAFB LDL-C C | T C 0.06

Abbreviations: Chr, chromosome; Ref, reference allele; Alt, alternate allele; LDL-C, low-density lipoprotein cholesterol;
PMID, PubMed unique identifier; PCSK9, gene encoding proprotein convertase subtilisin/kexin type 9; CELSR2, gene
encoding cadherin EGF lag seven-pass G-type receptor 2; APOB, gene encoding apolipoprotein B; ABCG8, gene encoding
ATP-binding cassette subfamily G member 8; HMGCR, gene encoding 3-hydroxy-3-methylglutaryl-CoA reductase; TIMD4,
gene encoding T-cell immunoglobulin and mucin domains-containing protein 4; HNF1A, gene encoding hepatic nuclear factor-
1 homeobox A; LDLR, gene encoding low density lipoprotein receptor; NCAN, gene encoding chondroitin sulfate proteoglycan
3; MAFB, gene encoding V-MAF musculoaponeurotic fibrosarcoma oncogene family protein B. Marker information and effect
sizes, represented by beta coefficients, are from Kathiresan et al.(reference 7 from the Supplemental References).
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