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Purpose of review

The current review describes the development, clinical relevance and potential caveats of polygenic risk
scores (PRS) for LDL cholesterol (LDL-C).

Recent findings

In recent years, a large number of common variants have been shown to have a small effect on LDL-C
levels. The aggregate effect of all of these variants on LDL-C levels can be captured in a PRS and an
elevated number of LDL-C increasing common variants is considered to be a cause of high LDL-C levels in
patients with familial hypercholesterolemia (FH) without a large effect, rare mutation. PRS do not only serve
as a tool in diagnostics, but are also helpful in cardiovascular disease (CVD) risk prediction. Moreover,
PRS modulate CVD risk even in patients without a monogenic FH. However, future larger scale PRS directly
aimed at CVD risk may serve as more sensitive tools to identify individuals with severely increased CVD risk.

Summary

LDL-C PRS help explain part of hypercholesterolemia in a proportion of dyslipidemic patients that do not
have monogenic FH. Nevertheless, the CVD risk conferred by current PRS does not appear to match that of
monogenic FH. LDL-C PRS are currently not widely used in clinical care.
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Over the last 2 decades, a large number of genome-
wide association studies (GWAS) have been con-
ducted. These studies have resulted in a better
understanding of the impact of common genetic
variants on a large number of clinical phenotypes,
including dyslipidemia. It is now widely established
that the aggregate burden of many common small
effect-size genetic variants can explain a proportion
of the variation in plasma lipid levels at population
level. This aggregated effect can be captured in a so-
called polygenic risk score (PRS), which is generated
by combining the effect of independent genetic
variants that have been shown to be associated with
the clinical trait of interest.

Several different PRS have been constructed for
LDL-cholesterol (LDL-C) levels. In recent indepen-
dent observational studies, it has been shown that
individuals with an increased LDL-C PRS score are at
increased risk for incident cardiovascular events,
which has widely been considered as yet further
proof that long-term exposure to high LDL-C levels
the LDL-C PRS may be used as a diagnostic criterion,
or as a tool to assess the individual’s cardiovascular
disease (CVD) risk. Moreover, a PRS may, in the
future, also serve to tailor therapeutic choices.

In this review, we describe the development,
clinical relevance and potential caveats of polygenic
LDL-C risk scores. We also describe our reflections
on the potential future perspective of the LDL-C PRS
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KEY POINTS

� Polygenic LDL-C risk scores capture information on the
aggregate burden of many small effect genetic variants
associated with LDL-cholesterol and may help explain
severe hypercholesterolemia in some patients where no
single large effect variant is found.

� A multitude of different PRS have been described and,
currently there is no clear consensus on how to define a
‘high PRS’ nor on how the PRS could and should be of
additive value in the clinical setting.

� In the setting of similar lipid levels, patients with a
polygenic form of hypercholesterolemia based on the
currently available PRS are at lower CVD risk
compared with patients with monogenic familial
hypercholesterolemia, and at higher CVD risk
compared with patients who have neither a monogenic
nor a polygenic form of dyslipidemia.

� A PRS in which effect sizes from many variants on a
direct coronary artery disease phenotype are
combined, could have a larger predictive value and
may therefore be preferred to classify CVD risk and
tailor therapy.
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in relation to recently developed ‘genome-wide’ risk
scores for CVD in general.
THE CONSTRUCTION OF LDL-
CHOLESTEROL POLYGENIC RISK SCORES

At present, over 3100 common genetic variants have
been shown to be associated with LDL-C levels or
LDL-C-related traits such as statin-response [1]. Cur-
rent large-scale studies such as the UK Biobank or
Million Veterans Program [2] will probably result in
an even larger number of variants, with smaller
effect size. As such, we are getting to an even further
refinement of our understanding of the genomic
determinants of variation in LDL-C levels. The iden-
tified variants are located all across the genome,
both in coding and noncoding regions of genes
[3]. Ever since the first LDL-C PRS was constructed
over a decade ago, more than 50 different lipid PRS
have been used to assess the contribution of poly-
genic variation to lipid and lipoprotein levels in the
population [4–6].

The statistical and technical aspects of combin-
ing variants in a PRS are beyond the scope this
review, and have been extensively reviewed else-
where [7–9]. In general, a PRS is constructed by
summing the number of alleles from trait-affecting
variants an individual has, weighted by their effect
size as reported in the GWAS. This results in a single
value quantifying the overall genetically defined
0957-9672 Copyright � 2021 The Author(s). Published by Wolters Kluwe
effect sizes. Since elevated LDL-C is associated with
increased CVD risk, the LDL-raising allele at a locus
is conventionally considered to be the ‘risk’ allele,
irrespective of whether it is the major or minor allele
in terms of frequency.

The selection and effect sizes of genetic variants
are specific to the population and biochemical and
statistical techniques used in the reference GWAS.
Currently, the large majority of PRS are derived from
cohorts with participants from European descent
[6]. This may have ramifications for the perfor-
mance of these PRS in individuals with a different
ethnic background. Indeed, it has been shown that a
PRS based on the effect sizes derived from a GWAS
conducted in individuals from European descent,
generated significant variation in the predictability
for lipid levels among different ethnic subgroups
from the MESA study [10]. The variance explained
by the PRS (on top of age and sex) for any lipid trait
was between 3 and 6% in whites and Hispanics, but
only between 0.1 and 2% in African-Americans.
Another study investigated the generalizability of
lipid loci in European, Chinese, Japanese and Ugan-
dan cohorts. After selecting all major lipid loci with
a P value less than 10�100 in a European discovery
GWAS, they tested whether the loci were associated
with lipid levels in other ethnic populations at a
much less restrictive P value less than 10�3. Repro-
ducibility for LDL-C associated variants only ranged
between 62 and 77% [11

&&

]. Possible explanations
for this relatively poor generalizability could be
sought in environmental factors or ethnic differ-
ences in gene expression [12].
POLYGENIC RISK SCORES AS A TOOL TO
REFINE DIAGNOSING FAMILIAL
HYPERCHOLESTEROLEMIA

In the 1980s, studies on relatively few patients with
extreme LDL-C phenotypes led to the discovery of
the gene encoding the LDL receptor. Mutations in
this single gene were identified as the causative
defect in patients with familial hypercholesterol-
emia (FH) [13–15]. The CVD risk in carriers of an
FH mutation is approximately two to three-fold
higher when compared with individuals with simi-
lar LDL-C levels without such a pathogenic variant
[16], underscoring the importance of cumulative
lifelong exposure to high plasma LDL-C levels on
progression of atherosclerosis in FH patients. Cas-
cade screening is recommended in families of FH
patients who carry a causal monogenic variant, as
FH is a dominant inheritance disease.

However, a single pathogenic variant in the
canonical FH-genes (LDLR, APOB or PCSK9) is iden-
tified in only 15–50% of phenotypical FH patients
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(classified by clinical scoring systems) [17–19]. In a
study by Wang et al. [17], no monogenic variant was
found in 30% of the clinical FH patients with LDL-C
levels above 7 mmol/l, and the authors suggest that
the clinical FH phenotype may be caused by the
cumulative effect of 10 small effect-size variants in
roughly one-third of these patients. Already in
2013, a significantly higher PRS (containing 12
LDL-C associated variants) was observed in clinical
FH patients without FH-mutation compared with
both the general population and to FH patients with
a confirmed monogenic mutation [20]. These
results suggest that a substantial proportion of
patients with mutation-negative FH could have a
polygenic explanation for the observed high LDL-
C levels.

The enrichment of common LDL-C raising var-
iants in patients with severe hypercholesterolemia
was independently confirmed multiple times there-
after. Recently, a study in healthy young women
from the general population used the same 12-vari-
ant PRS and found that 21% of women with an LDL-
C above the 99th percentile had a high PRS (defined
as >90% percentile in the reference population)
[21]. Similarly, a study investigating a different
29-variant PRS in a large Canadian cohort of clinical
FH patients showed that 38% of all FH patients
without a known mutation had a PRS in the top
quintile compared with the reference population
[19]. In a Portuguese FH-cohort, 41% of FH-muta-
tion negative patients were considered to have
‘high PRS’ (defined as the top 25% of a 6-variant
PRS) [22].

The abovementioned studies emphasize that
both the number of variants used in the different
PRS, as well as the cut-off threshold that defines a
‘high PRS’ vary greatly. There is currently no inter-
national consensus which PRS, and which cut-off-
point defines a diagnosis of ‘polygenic hypercholes-
terolemia’ [23]. Regardless of the exact definition,
identification of polygenic hypercholesterolemia
could have an impact on the clinical value of cas-
cade screening, because polygenic hypercholester-
olemia does not follow the strict autosomal
dominant pattern of inheritance of the monogenic
form of FH [20]. The aggregation of many small
effect variants means that only a portion of these
variants will be inherited by the offspring, making it
highly unlikely that they inherit a similar hyper-
cholesterolemic phenotype as one of their parents.
POLYGENIC RISK SCORES IN
CARDIOVASCULAR RISK PREDICTION

Several studies have shown that the LDL-C PRS is
independently associated with the risk for CVD. It is
114 www.co-lipidology.com
important to realize that ‘polygenic hypercholes-
terolemia’, unlike monogenic hypercholesterol-
emia, is not a dichotomous diagnosis but rather a
continuous scale that confers CVD risk in a dose-
dependent manner. Moreover, hypercholesterol-
emia due to a polygenic or monogenic origin
are not mutually exclusive but rather interacting
entities. An individual’s predisposition to an
LDL-C level based on polygenic background may
aggravate CVD risk even in patients who already
have extreme hypercholesterolemia due to a single
FH-mutation.

Patients with monogenic FH and superimposed
elevated LDL-C PRS are at greatest risk of CVD,
which was shown by Trinder et al., who investigated
the occurrence of CVD in a cohort of 626 clinical FH
patients of whom 274 (44%) had monogenic FH.
The authors found that an elevated 28-variant LDL-
C PRS (defined as >80th percentile) further
increased CVD risk in patients with monogenic
FH [hazard ratio 3.06 (95% confidence interval
(CI) 1.56–5.99)] compared with patients with simi-
lar LDL-C levels without a genetic explanation for
their hypercholesterolemia. In turn, patients with
monogenic FH alone had a more ‘moderate’ cardio-
vascular risk increase [hazard ratio 1.97 (95% CI
1.09–3.56)] [19]. Using the same PRS, the authors
later showed that among exclusively genetically
confirmed FH patients (n¼1120 from three separate
cohorts) an elevated PRS was associated with
increased CVD risk [hazard ratio 1.48 (95% CI
1.02–2.14, P¼0.04)] [24

&

]. These studies show that
polygenic contributions to LDL-C can still modulate
CVD risk, even in a population already at extreme
CVD risk such as FH patients.

In a different study, the same authors investi-
gated the CVD risk associated with both monogenic
and polygenic hypercholesterolemia in 47 841 indi-
viduals from the UK Biobank for whom whole
exome sequencing data was available [25

&&

]. This
allowed for the unbiased identification of 227
(0.57%, one in 176 individuals) carriers of a FH-
mutation, as well as for the creation of a polygenic
hypercholesterolemia group (n¼2379) which was
defined by a PRS more than 95th percentile using a
novel 223-variant PRS. A ‘nongenetic hypercholes-
terolemia’ group was created for comparison, by
matching the polygenic hypercholesterolemia par-
ticipants 1 : 1 according to LDL-C, age, sex and
genetic ancestry. The authors showed that risk for
cardiovascular events increased with higher PRS in a
dose-dependent manner, illustrated by a hazard
ratio of 1.35 (1.30–1.40) when comparing the top
PRS decile with the bottom decile. After selecting a
subset of patients from each group to form three
groups with similar LDL-C levels, it was found that
Volume 32 � Number 2 � April 2021
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carriers of a monogenic FH-mutation were at great-
est CVD risk [hazard ratio 1.93 (95% CI 1.34–2.77)],
followed by the polygenic hypercholesterolemia
group [hazard ratio 1.26 (95% CI 1.03–1.55)] com-
pared with the nongenetic hypercholesterolemic
group (reference group). This suggests that a larger
cumulative LDL-C exposure may cause the risk of
atherosclerosis in the former despite similar LDL-C
levels at the time of inclusion. These observations
also show that when hypercholesterolemia is attrib-
utable to a high PRS, it only explains a modestly
increased CVD risk compared with patients with
similar LDL-C levels without polygenic explanation
and that the CVD risk in these patients does not
come close to that of their ‘monogenic FH’ counter-
parts with similar LDL-C levels. This is likely due to
the fact that the PRS in this study only explains 10%
of the total LDL-C as being genetic and thus lifelong
additive, which is modest compared with the LDL-C
increase explained by an FH mutation.

The studies described above all exclusively used
PRS limited to LDL-C associated variants to predict
CVD risk. To put these results into perspective it is
noteworthy that other PRS models have been gen-
erated that incorporate many more variants whose
effect on CVD risk is not only explained by changes
in LDL-C.

In 2018, Khera et al. [26] used the UK Biobank to
derive and test a genome-wide PRS comprising over
6 million variants associated with coronary artery
disease (CAD). They showed dose-dependent
increase in the prevalence of CAD with increasing
CAD-PRS. Moreover, participants within the highest
8% of this CAD-PRS had a three-fold increased risk of
CAD compared with the mean of the rest of the
population. This risk is comparable with the
reported risk in patients with a monogenic form
of FH. The latter is relatively uncommon (preva-
lence approximately one in 250 individuals; 0.4%
[13,14]), while the high CAD-PRS was defined as a
score above the 92nd percentile. This implicates that
a 20-fold higher number of patients of risk could be
identified by this CAD-PRS compared with genomic
sequencing of the FH genes. Early assessment of
CVD risk based on a large-scale CAD-PRS may thus
help in identifying many more patients at high CVD
risk to start preventive interventions.
THE USE OF POLYGENIC RISK SCORES IN
CLINICAL MANAGEMENT

Current clinical guidelines provide no recommen-
dations on whether and how to use an LDL-C PRS in
the clinical decision-making process about thera-
peutic interventions. This is in contrast to patients
carrying a monogenetic FH mutation who are by
0957-9672 Copyright � 2021 The Author(s). Published by Wolters Kluwe
default classified as being at high risk for atheroscle-
rosis, warranting early and aggressive treatment of
all CVD risk factors [23,27].

The improvement of current risk models by
quantification of the lifelong cumulative burden of
LDL-C as a result of high LDL-C PRS could possibly
inform which patients are likely to benefit most from
early interventions with – for example – statin ther-
apy. This is of importance because preventive mea-
sures (both lifestyle and pharmacological) in those
patients are likely to result in greater risk reductions
than inpatientswith lowergenetic risk.Although not
yet investigated for LDL-C PRS, a study from 2017
found that patients in the top quintile of a 57-variant
CAD-PRS achieved higher relative risk reduction
from statin therapy compared with the rest of the
study population (46 versus 26%, P¼0.05), despite
similar LDL-C lowering [28]. Another recent study
used a CAD-PRS to predict the benefit of LDL-C
lowering by evolocumab in patients with atheroscle-
rotic disease from the FOURIER trial [29

&

]. The clini-
cal benefit of evolocumab was almost two-fold higher
in patients with high genetic risk compared with the
overall trial population.

Besides improved risk stratification, PRS may
also be used to more adequately inform patients
about their polygenetic risk, which could motivate
patients to adhere to medication and a healthy
lifestyle. While this has never specifically been
investigated for LDL-C PRS, a CAD-PRS was used
to investigate this [30]. A total of 203 patients at
intermediate risk for CAD, who were not taking
statin therapy were randomly assigned 1 : 1 to
receive information about their individual CAD risk,
either based on a conventional risk score or a score
supplemented with information on their CAD-PRS.
It was found that statins were initiated more often in
the group that received information on their poly-
genic risk (39 versus 22%, P<0.01) which helped to
achieve slightly lower LDL-C levels after 6 months
(96.5�32.7 versus 105.9�33.3 mg/dl; P¼0.04).
FUTURE PERSPECTIVES

Our understanding of the aggregate effect of a large
number of variants on both individual LDL-C levels
and CVD risk is evolving. While there is no consen-
sus on how to use the LDL-C PRS in the setting of
diagnosing FH yet, such PRS may hold great value in
risk prediction and tailoring CVD directed therapy
in the near future. It is to be anticipated that the
decreasing cost of genome wide analysis, combined
with an ever-increasing understanding of the
impact of models including PRS that contain more
than a million variants will result in a broader
application of PRS in the clinic.
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