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BACKGROUND: Evidence suggests that LPA risk genotypes are a possible contributor to the clinical diagnosis of familial hyper-
cholesterolemia (FH). This study aimed at determining the prevalence of LPA risk variants in adult individuals with FH enrolled
in the Italian LIPIGEN (Lipid Transport Disorders Italian Genetic Network) study, with (FH/M+) or without (FH/M-) a causative
genetic variant.

METHODS AND RESULTS: An Ip(a) [lipoprotein(a)] genetic score was calculated by summing the number risk-increasing alleles
inherited at rs3798220 and rs10455872 variants. Overall, in the 4.6% of 1695 patients with clinically diagnosed FH, the pheno-
type was not explained by a monogenic or polygenic cause but by genotype associated with high Ip(a) levels. Among 765 sub-
jects with FH/M- and 930 subjects with FH/M+, 133 (17.4%) and 95 (10.2%) were characterized by 1 copy of either rs10455872
or rs3798220 or 2 copies of either rs10455872 or rs3798220 (Ip(a) score >1). Subjects with FH/M— also had lower mean levels
of pretreatment low-density lipoprotein cholesterol than individuals with FH/M+ (¢ test for difference in means between FH/
M- and FH/M+ groups <0.0001); however, subjects with FH/M- and Ip(a) score >1 had higher mean (SD) pretreatment low-
density lipoprotein cholesterol levels (223.47 [50.40] mg/dL) compared with subjects with FH/M- and Ip(a) score=0 (219.38
[564.54] mg/dL for), although not statistically significant. The adjustment of low-density lipoprotein cholesterol levels based on
Ip(a) concentration reduced from 68% to 42% the proportion of subjects with low-density lipoprotein cholesterol level >190mg/
dL (or from 68% to 50%, considering a more conservative formula).

CONCLUSIONS: Our study supports the importance of measuring Ip(a) to perform the diagnosis of FH appropriately and to ex-
clude that the observed phenotype is driven by elevated levels of Ip(a) before performing the genetic test for FH.
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ited disorder mainly caused by variants in genes

encoding for the LDL receptor (LDLR), apoB
(apolipoprotein B), or PCSK9 (proprotein convertase
subtilisin/kexin type 9). FH is characterized by lifelong
exposure to elevated low-density lipoprotein choles-
terol (LDL-C) levels and subsequent premature cardio-
vascular disease development.! Depending upon the

Familial hypercholesterolemia (FH) is a genetic inher-

diagnostic criteria used, a causative variant in candi-
date genes can be detected in 40% to 80% of clinically
defined patients with FH. In all other cases, the cause
for the clinical phenotype of hypercholesterolemia re-
mains undefined.? In some cases, these patients likely
carry a cluster of common polymorphisms affecting
several loci associated with raised LDL-C levels, and a
polygenic cause can be suspected.® In all other cases,
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CLINICAL PERSPECTIVE

What Is New?

e In the 4.6% of patients with clinically diagnosed
familial hypercholesterolemia, the phenotype
was not explained by a monogenic or polygenic
cause but by the genotype associated with high
Ip(@) [lipoprotein(a)] levels.

e The adjustment of low-density lipoprotein choles-
terollevels based on Ip(a) concentration reduced
from 68% to 42% the proportion of subjects
with low-density lipoprotein cholesterol levels
>190mg/dL (or from 68% to 50% considering a
more conservative formula).

What Are the Clinical Implications?

* |n patients with a clinical suspicion of familial hy-
percholesterolemia, Ip(a) should be measured
to perform an appropriate diagnosis and to ex-
clude the possibility that the observed pheno-
type is driven by elevated levels of Ip(a) before
performing the genetic test.

e The differentiation of familial hypercholester-
olemia, elevated Ip(a), or the combination of
both is crucial for an accurate risk stratification.

e |n the future, patients with both elevated Ip(a)
and familial hypercholesterolemia condition
may be shown to benefit from interventions to
reduce both low-density lipoprotein cholesterol
and Ip(a) plasma levels.

Nonstandard abbreviations and acronyms

FH familial hypercholesterolemia
FH/M- negative at FH genetic test

FH/M+ positive at FH genetic test

LDLR LDL receptor

LIPIGEN Lipid Transport Disorders ltalian
Genetic Network

Ip(a) lipoprotein(a)

LPA lipoprotein(a) coding gene

the presence of unknown genetic or environmental fac-
tors could be assumed, which results in a FH pheno-
type consistent with that observed in monogenic FH.
This clinical and genetic heterogeneity can make the
FH diagnosis very complex.

It has been already described that patients clinically
diagnosed with FH have elevated levels of Ip(a) [lipo-
protein(a)],*° which is a causal genetic risk factor for
atherosclerotic cardiovascular disease, but the reasons
for this remain unclear. It has been suggested, how-
ever, that high Ip(a) cholesterol could be responsible for
clinical FH.48
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Lp(a) levels are 75% to 95% heritable and predom-
inantly determined by single-nucleotide variants at
the LPA gene and copy number variants specifically
in the kringle IV type 2 domain.” To date, 2 specific
genetic variants in the LPA gene have been shown to
significantly influence Ip(a) plasma values: rs3798220
(le4399—-Met) and rs10455872 (intronic A/G poly-
morphism).8 A single copy of the rs10455872-G allele,
which is common in European populations, is known to
associate with extremely elevated Ip(a) that can result
in a phenotype similar to FH.® This evidence points out
the possibility that LPA genotypes are a possible cause
of clinical FH, especially in those individuals presenting
a low LDL-C polygenic predisposition.

The objective of this study was to determine the
prevalence of LPA risk variants in a large cohort of
ltalian subjects clinically diagnosed with FH, by com-
paring this distribution in subjects with or without caus-
ative variants.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

This analysis was performed in patients enrolled in
the LIPIGEN (Lipid Transport Disorders Italian Genetic
Network) study, an observational, multicenter, retro-
spective, and prospective ongoing study started in 2012
and aimed at identifying and registering patients with
FH in Italy.' Detailed information about the procedures
of LIPIGEN study has been previously published.’® The
LIPIGEN project and its amendments were approved
by the Ethics Committee of the Coordinating Unit
(Ethical Committee IRCCS MultiMedica, Via Milanese
300—20099, Sesto San Giovanni, Milan, September
13, 2011 and June 23, 2015) and by ethics commit-
tees of each participating institution. Eligible patients
who were able to understand the study procedures
and who voluntarily agreed to participate provided writ-
ten informed consent.

In brief, patients with hypercholesterolemia attend-
ing lipid clinics were enrolled in the registry if they had
a clinical diagnosis of FH. The clinical diagnosis may be
guided by clinical scores, such as the Dutch Lipid Clinic
Network Score,!! and ultimately based on the decision
of the lipid specialist, supported by an evocative lipid
profile or by a familial history of premature cardiovas-
cular disease. After the visit, patients fulfilling the afore-
mentioned criteria are referred for genetic testing of the
appropriate candidate genes.

Statistical Analysis

In the present analysis, we included adult (aged
>18years) patients with FH, with genetic testing
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performed in a centralized laboratory searching for
possible causative variants in candidate genes and
evaluating the 2 common Ip(a)-raising single nucleo-
tide polymorphisms (rs3798220 and rs10455872).
We defined patients as genetic-positive FH (those with
at least 1 causative variant on LDLR [FH/M+]), and
genetic-negative FH (ie, without causative variants on
LDLR [FH/M-]). Subjects presenting only variants of
uncertain significance were excluded from the analy-
sis (393 individuals, 18.8% of the sample), as well as
individuals with homozygous FH. For each subject,
a polygenic score (LDL-C-score) including 12 com-
mon LDL-C-raising single nucleotide polymorphisms
(rs2479409 [PCSK9 gene], rs629301 [CELSR2 gene],
rs1367117 [APOB gene], rs4299376 [ABCGS8 gene],
rs1564348 [SLC22A1 gene], rs1800562 [HFE gene],
rs3757354 [MYLIP gene], rs11220462 [ST3GAL4
gene], rs8017377 [NYNRIN gene], rs6511720 [LDLR
gene], rs429358 [APOE gene], rs7412 [APOE gene]),
selected by Talmud et al'® from the Global Lipid
Genetic Consortium for being significantly associated
with LDL-C with a P value cutoff of <5x1078, was
also evaluated. Briefly, for each individual, we cal-
culated the specific gene scores using the weighted
sum of the risk allele (ie, the LDL-C-raising allele). The
weights used were the corresponding per-risk-allele
beta coefficients reported by the Global Lipid Genetic
Consortium, as proposed by Talmud et al'?> Because
the beta-coefficients reported by the Global Lipid
Genetic Consortium are for the effect of each minor
allele, where the effect is LDL lowering, the other al-
lele is considered the risk allele and the absolute ef-
fect size is used as the weight. An LDL-C score value
>1.08 (the cutoff that identifies the 80th percentile of
the distribution of the score in their general popula-
tion'?) was considered as indicative of a high prob-
ability of having polygenic hypercholesterolemia. An
Ip(a) genetic score was calculated for each partici-
pant by summing the number risk-increasing alleles
inherited at rs3798220 and rs10455872 variants.
Four different groups of subjects were then created
based on genetic test response and LPA genotype
(Ip(a)/FH groups).

Baseline LDL-C levels were defined as those before
initiation of cholesterol-lowering medication. Among
the subgroup of patients with measured Ip(a) levels
available, Ip(a)-adjusted LDL-C was calculated as rec-
ommended by Dahlen'®'4 as follows (in mg/dL): total
cholesterol—(triglycerides/5)-high-density lipoprotein
cholesterol-[0.3xIp(a)], and also as recommended by
Yeang et al'* as follows (in mg/dL): total cholesterol—
(triglycerides/5)-high-density lipoprotein cholesterol—
[0.173xIp(a)], which is a more conservative correction.

Continuous variables are presented as mean+SD,
or as median and interquartile range, whereas cat-
egorical variables are presented as cases and
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Figure. Distribution of patients with clinically diagnosed
FH by genotype.

The figure describes the distribution of patients with clinically
diagnosed FH according to the results of the genetic test (FH/
M+: 54.87% of the sample; FH/M-: 45.13%), and based on the
presence of a causative variant, polygenic score, orIp(a) genotype.
FH/M- indicates negative familial hypercholesterolemia genetic
test; FH/ M+, positive familial hypercholesterolemia genetic test;
and Ip(a), lipoprotein A.

percentage rate. Chi-square tests were used for con-
tingency analyses. Normally distributed data were
analyzed with unpaired Student’s t tests or 1-way
ANOVA, whereas nonnormal data were analyzed
with Wilcoxon-Mann-Whitney test as appropriate.
Analyses were performed in SAS software version
9.4 (SAS Institute, Cary, NC).

Statistical significance was claimed when 2-sided
P values were <0.05.

RESULTS

We reported data on 1695 subjects with clinically di-
agnosed FH. Considering the presence of a causative
variant, the polygenic score, and the genetic score for
Ip(a) as the cause of the FH phenotype (Figure), a total
of 54.87% of the sample had a causative variant (FH/
M+), 11.80% had only a high polygenic score, and
4.60% had only an Ip(a) score >1 (representing 10.2%
among individuals with FH/M-), whereas in the 3.24%
of the total sample both these conditions were present.
The remaining 25.49% were subjects with FH/M- for
whom neither polygenic cause nor high Ip(a) genetic
score were found.
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Among 765 subjects with FH/M- and 930 sub-
jects with FH/M+, 632 and 835 individuals presented
0 copies of the variant (Ip(a) score=0), respectively,
and 1383 (17.4%) and 95 (10.2%) were characterized
by 1 copy of either rs10455872 or rs3798220 or 2
copies of rs10455872 or rs3798220 (Ip(a) score >1).
Demographic and clinical data of Ip(a)/FH groups
are shown in the Table 1. We found that subjects
with FH/M- had higher levels of Ip(a) than patients in
the FH/M+ group (median values 41 mg/dL [9-103]
versus 19mg/dL [8-41], Wilcoxon-Mann-Whitney
test <0.0001), with increasing Ip(a) concentrations
among subjects with the same FH genetic back-
ground based on increasing number of Ip(a) alleles
(P<0.0001 for patients with FH/M- and P=0.001 for
patients with FH/M+).

FH/M- subjects had also lower mean levels of
pretreatment LDL-C than FH/M+ individuals (t-test
for difference in means between FH/M- and FH/
M+ groups <0.0001); however, FH/M- subjects
with Lp(a) score>1 had higher mean (SD) pretreat-
ment LDL-C levels (223.47 [50.40] mg/dL) com-
pared to FH/M- subjects with Lp(a) score=0 (219.38
[54.54] mg/dL), although not statistically significant.
Moreover, patients with FH/M- characterized by 1
copy of either rs10455872 or rs3798220, or 2 copies
of either rs10455872 or rs3798220, presented higher
prevalence of clinical history of premature coronary
heart disease (10.69% versus 7.53%, P=0.23) com-
pared with negative FH individuals presented O cop-
ies of the variants; a similar trend was observed for
cerebral/peripheral vascular disease (6.11% versus
4.39%, P=0.40). Even considering only FH/M+ sub-
jects, having the Lp(a) score>1 resulted in a higher

Ip(a) Genotype and Clinical FH Diagnosis

prevalence of clinical history of premature coronary
(12.63% versus 8.00%, P=0.12) or cerebral/periph-
eral vascular disease (4.21% versus 3.03%, P=0.53)
compared with positive FH individuals presented 0
copies of the variants.

Among individuals with baseline Ip(a) measurement
available (138 patients with FH/M—- and 179 with FH/
M+), applying the adjustment based on Ip(a) levels,
LDL-C levels appeared drastically lower in subjects
with Ip(a) score >1 (-14% in FH/M- and -9% in FH/
M+, on average), whereas they were only slightly dif-
ferent in subjects with Ip(a) score=0 (-6% in FH/M-
and —-3% in FH/M+ on average; Table 2). Using the
correction recommended by Yeang et al, LDL-C levels
percentage reduction became —-8%, —5%, —4%, and
—2%, respectively. Considering an LDL-C >190mg/dL
as a threshold for the clinical suspicion of FH,! this
implied that the condition would be recognized in 68%
of individuals with FH/M- who had at least 1 copy of
either rs10455872 or rs3798220 variants presented;
however, this percentage decreased to 42% (or 50%
considering a more conservative formula) when the
assessment was made considering Ip(a)-adjusted
LDL-C values.

DISCUSSION

Despite considerable recent progress in the knowl-
edge of the genetic basis of hypercholesterolemia, a
causative variant is not found in many individuals with
a phenotype and a clinical history consistent with that
of FH. It has been suggested that, in some of these
subjects, the FH phenotype can be explained by
the presence of several genetic variants, which are

Table 1. Clinical, Demographic, and Biochemical Profile of Included Subjects

FH/M- and Ip(a) FH/M- and Ip(a) FH/M+ and Ip(a) FH/M+ and Ip(a)

score=0 score>1 P value |score=0 score>1 P value
N 632 133 835 95
Age at baseline, y; mean (SD) 49.08 (13.59) 49.47 (13.77) 0.76 41.25 (14.92) 43.83 (15.16) 0.1
Female sex, % 53.81 60.15 0.18 54.32 51.58 0.61
Ip(a), mg/dL; median (IQR)* 16.95 (7.00-72.75) 89.00 (62.00-136.00) |<0.0001 |19.00 (8.00-34.00) 64.00 (27.00-113.50) 0.001
Pretreatment low-density 219.38 (54.54) 223.47 (50.40) 0.43 265.13 (58.26) 264.43 (60.09) 0.91
lipoprotein cholesterol, mg/dL;
mean (SD)
Triglycerides, mg/dL; median (IQR) |129.00 (90.00-180.00) |118.50 (89.00-158.00) |0.20 97.00 (69.00-136.00) |100.00 (78.00-138.00) |0.45
Lipid-lowering therapy, % 25.47 37.59 0.005 27.07 34.74 0.1
First-degree relative with premature |36.17 43.65 0.11 42.75 43.33 0.92
CHD
Clinical history of premature CHD  |7.53 10.69 0.23 8.00 12.63 012
Clinical history of premature 4.39 6.11 0.40 3.03 4.21 0.53
cerebral or peripheral vascular
disease

CHD indicates coronary heart disease; FH, familial hypercholesterolemia; FH/M+, patients with genetic-positive FH; FH/M—, patients with genetic-negative
FH; and Ip(a), lipoprotein(a). To convert Ip(a) values to nanomoles per liter, multiply by 2.15.
fN=100 (FH/M- & Ip(a) score=0), N=38 (FH/M- & Ip(a) score>1), N=166 (FH/M+ & Ip(a) score=0), and N=13 (FH/M+ & Ip(a) score=>1).
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Table 2. LDL Cholesterol Profile (Before Initiation of Cholesterol-Lowering Medication and Lp(a)-Adjusted Values) Among

Lp(a)/FH Groups

FH/M- and FH/M- and FH/M+ and Ip(a) FH/M+ and Ip(a)

Ip(a) score=0 | Ip(a) score>1 | P value |score=0 scorex1 P value
No. 100 38 166 13
Pretreatment LDL-C, mg/dL; mean (SD) 217.58 (62.72) 213.80 (51.15) | 0.74 275.01 (5660.23) 260.49 (48.32) 0.40
Patients with pre-treatment LDL-C>190mg/dL; % 67.00 68.42 0.87 95.18 92.31 0.65
Lp(a)-adjusted LDL-C*; mean (SD) 203.75 (62.68) | 183.52 (50.47) | 0.08 266.64 (59.22) 236.42 (54.92) 0.08
Patients with Lp(a)-adjusted LDL-C* >190mg/dL; % 55.00 4211 0.18 93.37 92.31 0.88
Lp(a)-adjusted LDL-C'; mean (SD) 209.60 (62.10) | 196.34 (49.92) | 0.24 270.18 (59.46) 246.61 (51.18) 017
Patients with Lp(a)-adjusted LDL-Ct >190mg/dL; % 59.00 50.00 0.34 94.58 92.31 0.73

FH indicates familial hypercholesterolemia; FH/M+, patients with genetic-positive FH; FH/M—, patients with genetic-negative FH; LDL-C, low-density

lipoprotein cholesterol; and Ip(a), lipoprotein(a).
*Lp(a) corrected levels of LDL-C calculated based on Dahlen formula.™

Lp(a) corrected levels of LDL-C calculated based on the study by Yeang et al.*

individually associated with a slight impact on LDL-C,
but if present concomitantly can considerably raise
LDL-C values.''5-7 Considering the 80th percentile
score in the general population as indicative of a high
probability of having hypercholesterolemia of polygenic
cause, in our cohort this characteristic was present in
one third of the subjects with FH/M-. Of note, a high
polygenic score was also found in 23% of subjects with
FH/M+, which is in agreement with recent literature that
has shown that the 2 criteria are independent and are
both able to modulate LDL-C levels in an additive man-
ner.? Moreover, the distribution illustrated in the Figure
shows how the pathogenetic picture in a population
clinically diagnosed with FH is particularly complex and
heterogeneous, emphasizing the need for a compre-
hensive clinical and genetic assessment.

We also found that in 1 out of 5 subjects with FH/
M-, 1 copy of either rs10455872 or rs3798220 or 2
copies of either rs10455872 or rs3798220 were de-
tected, a frequency that was double compared with
subjects with FH/M+. Some studies*'82° reported
higher Ip(a) levels in subjects with FH/M—- compared
with those with FH/M+; with a similar approach, our
analysis described difference in LPA genotype in the
population with FH. This genetic feature, associated
with higher Ip(a) levels, determined an increase in
the reported LDL-C levels, although comparisons
were not statistically significant. Our subanalysis
showed that patients with Ip(a) score >1 had even
lower LDL-C levels compared with patients with Ip(a)
score=0 when the adjustment by Ip(a) levels was ap-
plied. Although this approach could be limited by the
inter- and intraindividual variation in the Ip(a) mass,'*
the results strongly support the need to account for
the contribution of Ip(a) concentration to the esti-
mated level of LDL-C not to misidentify individuals
with clinical diagnosis of FH.

Patients with Ip(a) score >1, despite comparable (or
lower, when adjusted) levels of LDL-C, presented with
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a worse cardiovascular clinical profile, although sta-
tistical tests were not significant, possibly due to the
low sample size. This aspect may also contribute to
suggest a clinical diagnosis of FH, remarking the role
of elevated Ip(a) in a phenotype similar to that of sub-
jects with confirmed FH. This evidence warrants further
studies on larger samples. Interestingly, a similar trend
to higher prevalence of premature coronary, cerebro-
vascular, or peripheral disease associated with Ip(a)
score >1 was observed within the FH/M+ cohort, sug-
gesting a role for Ip(a) in increasing cardiovascular risk
that is independent not only from the effect of mono-
genic variants but also from LDL-C levels. Accordingly,
Ellis et al evaluated 316 patients admitted to a coronary
care unit, identifying elevated Ip(a) and the FH condi-
tion in 27.0% and 11.6% of patients, respectively, and
both disorders in 4.4% of individuals. They also found
that elevated Ip(a) alone conferred a 1.9-fold, FH alone
a 3.2-fold, and the combination of both disorders a
5.3-fold increased risk of premature coronary artery
disease.?!

Overall, in our sample of subjects with a clinical diag-
nosis of FH, after excluding the presence of a causative
variant and the polygenic cause, a genotype associ-
ated with high Ip(a) levels could explain the observed
phenotype in 4.6% of cases. Possibly, these are sub-
jects in whom hypercholesterolemia and cardiovascu-
lar risk are essentially driven by high Ip(a) values, and for
this reason, in the future, they may potentially benefit
from therapies targeting this lipoprotein.

The recently published European Atherosclerosis
Society Consensus Statement about the role of Ip(a)
in atherosclerotic cardiovascular disease clearly de-
scribed a continuous relationship between Ip(a) con-
centration and absolute atherosclerotic cardiovascular
disease risk,?? with an Ip(a) level of 100 mg/dL being
associated with a 2-fold risk of atherosclerotic cardio-
vascular disease in the general population, irrespective
of baseline absolute risk. From this point of view, as
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also suggested by our results, the assessment of Ip(a)
levels is of 2-fold importance in the setting of FH. First,
the measurement of Ip(a) allows the FH diagnosis to be
refined in cases where it is essentially based on LDL-C
levels. Second, regardless of the genetic background
on LDLR, Ip(a) levels should be used to refine cardio-
vascular risk assessment, better stratify patients,??
and identify those requiring more intensive and timely
intervention.

Limitations

Some limitations have to be acknowledged. We have
to point out that differences were often not statistically
significant. This could be due to the low number of sub-
jects in each group; thus further studies are warranted
to confirm our observations. In the LIPIGEN study, the
measurement of Ip(a) values was not mandatory and
for many centers belonging to the LIPIGEN Network
it was not a routine practice. Therefore, the measured
values were available for only a subgroup of subjects,
which did not allow us to make an in-depth assess-
ment of this parameter. In addition, the methodology
was not the same in all centers. However, the genetic
score we applied to identify the subjects most likely to
have elevated Ip(a) levels was shown to explain about
40% of the variability in Ip(a) levels®; the use of the score
allowed us to have a larger sample size, as well as to
overcome the limitations linked to the heterogeneity of
the measurement methods.?

CONCLUSIONS

Our results highlight the importance of measuring Ip(a)
to perform the diagnosis of FH appropriately and to
exclude the possibility that the observed phenotype is
driven by elevated levels of Ip(a) before performing the
genetic test that is often requested based on the pres-
ence of elevated LDL-C levels.

Clinical and laboratory investigations for differentiating
FH, elevated Ip(a), or the combination of both are also im-
portant for accurate risk stratification and treatment strat-
egies, as in the future patients with both elevated Ip(a)
and FH condition may be shown to benefit from interven-
tions to reduce both LDL-C and Ip(a) plasma levels.

APPENDIX
The LIPIGEN Study Group

Department of Translational and Precision Medicine,
Sapienza University of Rome.—A.O. Paliclinico Umberto
I, Rome, ltaly (Marcello Arca, Laura D’Erasmo);
Department of Health Promotion, Mother and Child Care,
Internal Medicine and Medical Specialties, University of
Palermo, Palermo, ltaly (Maurizio Averna, Angelo
Baldassare Cefalu); Rare Diseases and Medical Genetic
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Unit, Ospedale Pediatrico Bambino Gesu, IRCCS, Rome,
ltaly (Andrea Bartuli, Paola Sabrina Buonuomo); SCDU
Endocrinologia, Diabetologia e Malattie del Metabolismo,
Dipartimento di Scienze Mediche, Universita degli Studi
di Torino, Turin, Italy (Andrea Benso, Guglielmo Beccuti);
Universita di Parma, Centro Dislipidemie in Eta Evolutiva,
U.O. Pediatria e Neonatologia, Ospedale Guglielmo da
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