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Abstract Lipoprotein (a) [Lp(a)] is a genetically deter-
mined risk factor of coronary artery disease (CAD). Previ-
ous genome-wide association studies (GWASs), which were
mostly carried out in Caucasians, have identified many
Lp(a)-associated SNPs. Here, we performed a GWAS on
Lp(a) levels and further explored the relationships between
Lp(a)-associated SNPs and CAD severity in 1,403 Han Chi-
nese subjects. We observed that elevated Lp(a) levels were
significantly associated with the increased synergy between
percutaneous coronary intervention with TAXUS and car-
diac surgery (SYNTAX) score and the counts of heavily cal-
cified lesions and long-range lesions (LRLs; P < 0.05), which
are defined as lesions spanning >20 mm. Moreover, we
identified four independent SNPs, namely, rs7770628,
rs73596816, and rs6926458 in LPA, and rs144217738 in
SLC22A2, that were significantly associated with Lp(a) levels.
We also found that rs7770628 was associated with high
SYNTAX scores [odds ratio (OR) (95% CI): 1.37 (1.05-1.80),
P = 0.0213, false discovery rate (FDR) = 0.0852], and that
rs7770628 and rs73596816 were associated with high risk of
harboring LRLs [OR (95% CI): 1.53 (1.17-2.01), P=0.0018,
FDR = 0.0072 and 1.72 (1.19-2.49), P = 0.0040, FDR =
0.0080, respectively]. Our study was a large-scale GWAS to
identify Lp(a)-associated variants in the Han Chinese popu-
lation.Bfl Our findings highlight the importance and poten-
tial of Lp(a) intervention and expand our understanding of
CAD prevention and treatment.—Liu, Y., H. Ma, Q. Zhu,
B. Zhang, H. Yan, H. Li, J. Meng, W. Lai, L. Li, D. Yu, and
S. Zhong. A genome-wide association study on lipoprotein
(a) levels and coronary artery disease severity in a Chinese
population. J. Lipid Res. 2019. 60: 1440-1448.
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Lipoprotein (a) [Lp(a)] is a type of complex particle
that is linked to an apolipoprotein molecule by a disulfide
bond and majorly consists of cholesterol-rich LDL (1, 2).
High Lp(a) levels have been considered as an independent
risk factor for atherosclerosis and coronary artery disease
(CAD) for decades (3-6). The risk of myocardial infarction
increases by 1.2 times with the doubling of serum Lp(a)
levels (7). The prognostic utility of Lp(a) for CAD is attract-
ing considerable attention, and remarkable effort has been
devoted to the exploration of therapy targets (8, 9). Lp(a)
level is undisputedly a genetically determined trait. A twin
population study observed that more than 90% of the varia-
tion in Lp(a) levels is heritable (10). Large-scale genome-
wide association studies (GWASs) (10, 11) and candidate
gene studies (12) have identified sets of SNPs that are sig-
nificantly associated with serum Lp(a) concentration. Sev-
eral Lp(a)-associated SNPs are related to CAD risks or poor
outcomes in patients with CAD. For example, rs3798220,
one of the most-cited variants, accounts for a large extent
of Lp(a) variation and increases the risk of CAD by 92%
in the European population (12). However, studies on the
Asian population have failed to replicate the association of
rs3798220 with increased Lp(a) levels and the risk of car-
diovascular events (13, 14). Racial differences should not
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be ignored, and GWASs on Asian populations are crucial to
identify Lp (a)-associated variants and CAD development.

Therefore, our study aimed to identify Lp(a)-associated
variants and evaluate their association with CAD severity.
We recruited 1,403 Han Chinese patients who were diag-
nosed with CAD and who were undergoing percutaneous
coronary intervention (PCI). We confirmed the association
between increased Lp(a) levels and the CAD severity,
which was evaluated through coronary angiography
(CAG). Moreover, we identified four independent SNPs
(i.e., rs7770628, rs73596816, and rs6926458 in LPA, and
rs144217738 in SLC22A2) that were associated with Lp(a)
variation by performing a GWAS. These SNPs were also in-
dependent of the KIV-2 copy number variation (CNV).
Furthermore, we found that rs7770628 and rs73596816 are
associated with CAD severity. This association indicates
that rs7770628 and rs73596816 have potential roles in CAD
progression.

MATERIALS AND METHODS

Study population

A total of 3,099 patients with CAD who were undergoing atorv-
astatin or rosuvastatin treatment at Guangdong General Hospital
over the period of January 2010 to December 2013 were sequen-
tially and prospectively enrolled. We included only those receiv-
ing PCI therapy in this study. The exclusion criteria were as
follows: 1) 18 years < age > 80 years; 2) renal dysfunction [defined
as serum creatinine (CREA) concentration greater than two times
the normal upper limit (230 wmol/1) or a history of renal trans-
plantation or dialysis]; 3) hepatic dysfunction [defined as serum
alanine aminotransferase or aspartate aminotransferase (AST)
transaminase concentration greater than two times the normal
upper limit (80 U/1) or cirrhosis diagnosis]; 4) pregnant or lactat-
ing; 5) diagnosed with advanced cancer or undergoing hemodi-
alysis; 6) history of thyroid disease and related medication; and 7)
unavailable blood sample and CAG images. Baseline information,
including demographics, medical history, biochemical measure-
ments, and medication, was obtained from the hospital informa-
tion database. The corrected LDL cholesterol (LDLCc) value was
calculated by subtracting 30% of the Lp(a) mass from circulating
LDL cholesterol (LDLC). This study was approved by the Medical
Ethical Review Committee of Guangdong General Hospital
(GDREC2010187 and GDREC2017071H) and conducted accord-
ing to the Declaration of Helsinki. Informed consent (20170211)
was obtained from all individual participants included in the study.

CAD diagnosis and severity evaluation via CAG

CAG was performed using the standard technique, and CAG
images were acquired with from Syngo Dynamics cardiovascular
imaging software (Siemens Medical Solutions USA, Inc., Malvern,
PA). All angiograms were assessed by two expert cardiologists who
were blinded to the genotype data. The SYNTAX score was used
to determine the complexity and severity of CAD (15). The
SYNTAX score characterizes the anatomy of coronary vasculature
with respect to the number, location, and length of lesions, occur-
rence of total occlusions, bridging collaterals, bi/trifurcations,
aorto-ostial lesions, tortuosity, calcification, thrombus, and diffu-
sion of disease/small vessels. The SYNTAX score of each patient
was calculated by using the online SYNTAX score calculator
version 2.11.

We included two sub-items of the SYNTAX score [i.e., counts of
heavily calcified lesions (HCLs) and long-range lesions (LRLs) ]
into the subsequent analyses. A scored lesion was defined as
a =50% diameter stenosis in vessels =1.5 mm. A LRL was defined
as a lesion spanning >20 mm, and a HCL was defined as a persist-
ing opacification visible in more than one projection of the com-
plete lumen of the coronary artery.

Lp(a) concentration determination

Fasting blood Lp(a) concentration was determined on the sec-
ond day of each patient’s admission by biochemical methods. In
brief, Lp(a) was measured in plasma samples by using sandwich
ELISAs [Lp(a) ELISA kit; Yaji Biosystems, Shanghai, China) and a
SYNCHRON LX20 UniCel DxC800 analyzer (Beckman Coulter
Inc.). The Lp(a) concentrations of 1,123 subjects were measured.

SNPs and KIV-2 CNV genotyping

DNA was extracted with an established genomic DNA kit
(TIANGEN; OSR-M102). Each subject was genotyped using a
Global Screening Array bead chip from Illumina. Genotyping
procedures followed the standard manual protocol for an Illu-
mina Infinium HTS assay, and Genome Studio software and the
calling algorithm from Illumina were used for normalized inten-
sity data analyses. A total of 700,078 SNPs were genotyped for each
individual.

Real-time fluorescence quantitative PCR was performed to de-
tect the relative KIV repeat number by using the Bio-Rad CFX96
system. The synthesis of TaqgMan® probe and primers for LPA
KIV-2 exon2 and the detection experiment were formed by fol-
lowing established methods (7, 16). ACT values were obtained by
subtracting the CT value of the single-copy gene from the CT
value of KIV-2 and were used to represent KIV-2 CNV. Details are
presented in the supplemental material.

Data analyses

Genotype imputation and quality control. We applied a series of
criteria for quality control (QC) and excluded unqualified sam-
ples and SNPs prior to imputation. Briefly, we excluded: 1) indi-
viduals with a missing rate of >5%; 2) SNPs with a missing rate
of >5%; 3) SNPs with a Pvalue of Hardy-Weinberg disequilibrium
test <le-6; and 4) minor allele frequency (MAF) of <5%. Imputa-
tion was then carried out using IMPUTEV2 software (http://
mathgen.stats.ox.ac.uk/impute/impute_v2.html), and haplotype
data of Chinese Han subsets in the 1000 Human Genomes Project
phase III were used as reference. After imputation, post-QC proce-
dures were applied to exclude those SNPs with: 7) low imputation
quality of information <0.6; 2) a missing rate of >5%; 3) a Pvalue
of Hardy-Weinberg disequilibrium test <le-6; and 4) MAF of <5%.

GWAS analysis on Lp(a) levels. Prior to the GWAS, a Shapiro-
Wilk test was used to test the normality of Lp(a) concentrations,
and an inverse-normal transformation was performed to normal-
ize the highly skewed data. Each QCed SNP with a LP(a) level was
subjected to an association test assuming a linear model under the
additive mode using PLINK v1.07 software (http://zzz.bwh.harvard.
edu/plink/). Sex and age were included for adjustment.

As the LPA gene is the most important determinant of Lp(a)
levels, the association between Lp(a) level and other SNPs could be
weakened and missed. We performed a further GWAS on Lp(a)
by including Lp(a)-associated SNPs in the LPA gene into the origi-
nal models, so as to identify additional variants for Lp(a) levels.

Independence of Lp(a)-associated SNPs. 'The linkage disequilib-
rium (LD) between SNP pairs was accessed from the genotype
data of the Han Chinese subsets (CHB and CHS subsets) in the
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1000 Human Genomes Project. Conditional analyses were se-
quentially performed to evaluate the independence of each ge-
nome-wide significant SNP by including other SNPs in the original
model. To evaluate the independence of Lp(a)-associated SNPs
from KIV-2 CNV, we included ACT into the original linear model
in genome-wide association analyses.

Association among Lp(a), LP(a)-associated variants, and CAD
severity. Linear and logistic regression analyses were used to as-
sess the association among Lp(a), LP(a)-associated variants, and
CAD severity. Confounding factors (i.e., sex, age, AST, CREA, hy-
pertension and diabetes statuses, and lipid traits including LD-
LCc, HDL cholesterol, triglyceride, and total cholesterol) were
included in the multivariate regression models for correction.

Statistical analyses were performed using R (version 3.4.3,
http://www.R-project.org/).

RESULTS

Patient characteristics

We included 1,403 patients with CAD who were under-
going PCI therapy in this study after screening on the basis
of inclusion and exclusion criteria. The subject screening
procedure is shown in supplemental Fig. S1. The average
Lp(a) level of the subjects was 30.27 + 31.97 mg/dl. The
average SYNTAX score of the subjects was 16.70 + 10.93.
The detailed demographic characteristics of the study pop-
ulation were summarized and are presented in Table 1. We

TABLE 1. Baseline characteristics of the overall study population

Characteristics Value [N (%) or Mean + SD]

Age 62.73 + 10.06
Sex (male) 1,119 (79.8)
BMI, kg/m” 24.27 + 4.46
Arrhythmia 106 (7.6)
Diabetes 385 (27.4)
Heart failure 120 (8.6)
Hypertension 816 (58.2)
Hyperlipidemia 174 (12.4)
ALT, U/1 27.58 +13.48
AST, U/1 26.72 + 10.88
CK, U/1 86.16 + 25.34
CREA, umol/1 91.96 + 68.08
CKMB, U/1 7.38 +5.48
TC, mmol/1 4.36 + 1.24
LDLC, mmol/1 2.65 + 1.01
LDLCc, mg/dl 93.51 + 38.67
HDLC, mmol/1 0.97 +0.25
TG, mmol/1 1.61 +1.14
GLUC, mmol/1 6.73 + 2.69
Lp(a), mg/dl 30.27 = 31.97
ApoA, g/1 1.05 £ 0.27
BNP, pg/ml 827.50 + 1948.94
B-blocker use 1,254 (89.4)
ACEI use 880 (62.7)
CCB use 376 (26.8)
PPI use 679 (48.4)
SYNTAX score 16.70 + 10.93

ACEI, angiotensin-converting enzyme inhibitor; ALT, alanine
aminotransferase; BNP, brain natriuretic peptide; CCB, calcium channel
blocker; CHOL, cholesterol; CK, creatine kinase; CKMB, creatine kinase
MB; GLUC, glucose; HDLC, HDL cholesterol; PPI, proton pump
inhibitor; SYNTAX score, synergy between PCI with TAXUS and cardiac
surgery score; TRIG, triglyceride.
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compared the two subgroups of statin users to evaluate
their homogeneity. The details are presented in the sup-
plemental material and supplemental Table S1.

Elevated Lp(a) levels associated with CAD severity

We initially included the SYNTAX score as the major
and composite index for CAD severity and two sub-items of
the SYNTAX score, namely, HCL and LRL, as the minor
indexes to evaluate the association between Lp(a) levels
and CAD severity. Univariate and multivariate linear re-
gression analyses, including confounding factors, were per-
formed in succession. As expected, elevated Lp(a) levels
were significantly associated with a high SYNTAX score
(adjusted estimates: 1.23 + 0.32, P = 1.28E-04) and in-
creased LRL counts (adjusted estimates: 0.08 + 0.02, P =
2.66E-04). However, no significant association was ob-
served between Lp(a) levels and increased HCL counts.

We further grouped the cohort on the basis of the me-
dian value of the SYNTAX score and the presence of LRL
and HCL and applied logistic regression analysis to analyze
the association between Lp(a) levels and CAD severity. El-
evated Lp(a) levels were significantly associated with the
risk of having a high SYNTAX score and developing LRLs
and HCLs (P<0.05).

Details are presented in Table 2. In conclusion, elevated
Lp(a) levels showed a significant association with high
CAD severity in Han Chinese patients undergoing PCI.

Identification of Lp(a)-associated variant via GWAS

A total of 3,448,668 common SNPs were available for
GWAS after imputation and QC procedures. The details of
genotypic data processing are presented in supplemental
Fig. S2. We performed a GWAS on each SNP against the
inverse-normal transformed Lp(a) concentration to iden-
tify variants that affected Lp(a) levels. The threshold of
genome-wide significance was defined as P < 0.05/
3,448,668 = 1.45E-08. After correction for age and sex, 60
SNPs in the LPA gene reached the threshold (Fig. 1A, B).
Conditional analyses were performed to candidate SNPs,
and three SNPs in the LPA gene, namely, rs7770628,
1573596816, and rs6926458, showed their independence
from each other. As shown in Table 3, rs7770628 (T > C)
and rs73596816 (G > A) were related to increased Lp(a)
levels [B + SE = 0.73 + 0.06, P=2.01E-30 (Fig. 2A) and B =
SE =0.86+0.09, P=1.26E-22 (Fig. 2B), respectively]. More-
over, 156926458 (A > G) were related to reductions in Lp(a)
levels [B + SE = 0.34 + 0.04, P=4.59E-16 (Fig. 2C)].

Then, we performed further analyses by including three
independent Lp(a)-associated SNPs in the LPA gene as co-
variates to identify other potential variants. Notably, we
identified a SNP in SLC22A2, namely, rs144217738, which
was nominally associated with Lp(a) levels (P=6.90E-08) in
the original model, but showed a genome-wide significant
association [ + SE = 0.36 + 0.06, P= 6.06E-09 (supplemen-
tal Fig. S3, Fig. 2D)] when including three LPA SNPs as
covariates in a multi-SNP model (Table 3). And four SNPs
together accounted for 16.2% of the Lp(a) variation in this
Chinese cohort. LD analyses were conducted on four SNPs
and the 7 of two SNPs exceeding 0.5 in LD analysis was



TABLE 2. Association between Lp(a) levels and CAD severity

Univariate Analysis Adjusted Analysis

Univariate Analysis Adjusted Analysis

Severity of CAD Estimates + SE P Estimates + SE P Severity of CAD OR (95% CI) P OR (95% CI) P
SYNTAX score 1.23+0.32 1.28E-04 1.25+0.32 9.10E-05 High SYNTAX score 1.27 (1.12-1.43) 1.28E-04 1.29 (1.14-1.47) 4.36E-05
Counts of HCLL.  0.02+0.01 0.1180 With HCL 1.25 (1.01-1.56) 0.0431 1.35 (1.02-1.80) 0.0350
Counts of LRL 0.08 £0.02 2.66E-04 0.08+0.02 0.0007 With LRL 1.23 (1.09-1.39) 0.0010 1.22 (1.07-1.38) 0.0021

Variables with P< 0.1 were entered into the multivariable model. Sex, age, AST, CREA, LDLCc, HDL cholesterol, triglyceride, total cholesterol,
and hypertension and diabetes statuses were taken as covariates in adjusted analysis.

considered in LD (Fig. 1B). A full list of the 61 SNPs is
shown in supplemental Table S4.

Independence of Lp(a)-associated SNPs from KIV-2 CNV

We randomly selected 645 subjects and used quantitative
(q)PCR to quantify the copy number of KIV-2 in the LPA
gene to evaluate independence of the Lp(a)-associated
SNP from KIV-2 CNV. The mean + SD of the ACT values
was 1.79 + 0.84 among all subjects. We first used linear re-
gression analysis to evaluate the correlation between Lp(a)
levels and KIV-2 CNV. As shown in supplemental Fig. S4, an
increase in KIV-2 CNV was associated with a decrease in
Lp(a) levels (univariate estimate: —0.14 + 0.05, P=0.0017;
adjusted estimate with age and sex: —0.15 + 0.05, P =
0.0014). This result was consistent with previously reported
results. We included the ACT values in the original models

and found that four identified SNPs were independent of
KIV-2 CNV, given that they remained significantly associ-
ated with Lp(a) level (P< 0.0125 = 0.05/4). This result in-
dicates that the effect of the four SNPs on Lp(a) is
independent of that of KIV-2 CNV. Details are shown in
supplemental Table S3.

Comparison of Lp(a) SNPs identified in previous studies

By referring to the published GWAS catalog and the En-
sembl database, we found that rs7770628, rs73596816, and
1s6926458 have been identified in previous GWASs or candi-
date gene studies, but have not been identified in the Chi-
nese population. Furthermore, rs7770628 and rs73596816
have been reported to be associated with CAD risk. How-
ever, no study on Lp(a) has reported on rs144217738. We
used the Linkage Disequilibrium Calculator in the Ensembl
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TABLE 3.

GWAS-identified Lp(a)-associated SNPs

Original Models” Multi-SNP Models”

Locus SNP MAF EA/ OA" Number Beta + SE P Beta + SE P

LPA 1s7770628 0.11 C/T 1,147 0.73 + 0.06 2.29E-30 0.43 +0.09 6.08E-06
LPA 1s73596816 0.06 A/G 1,147 0.86 + 0.09 1.27E-22 0.36 +0.12 1.75E-06
LPA rs6926458 0.33 G/A 1,147 —0.34 +0.04 4.59E-16 —0.21 £ 0.04 4.10E-03
SLC22A2 rs144217738 0.12 G/A 1,136 0.34 + 0.06 6.90E-08 0.36 + 0.06 6.06E-09

EA/OA, effect allele/other allele.
“Sex and age were included into the models for adjustment.

"Multi-SNP models included all four SNPs together to observe their independence from each other.

Project to identify the proxy SNP of rs144217738 and to
search for rs144217738 in databases (e.g., Clinvar, GWAS
catalog, and Ensembl) to verify its novelty.

We also explored the replication of some previously re-
ported SNPs available in our data. For example, studies on
Caucasian populations have reported that rs3798220 and
rs7412 in the LPA gene are related to Lp(a) levels. How-
ever, we found that rs3798220 and rs7412 were nominally
associated with Lp(a) levels (MAF = 0.09 and P= 0.0039 for
rs3798220 and MAF = 0.06 and P = 0.0183 for rs7412).
Although other published SNPs (e.g., rs10455872 and
rs143431368) were also included in our genotyping panel,
these SNPs were all rare in the Chinese population (both
with MAF <0.01 in our cohort and 1000 Human Genomes
Project subjects). A full list of previously reported SNPs
associated with Lp(a) levels is shown in supplemental
Table S5.

Association between Lp(a)-associated variants and CAD
severity

We conducted linear regression analyses on four SNPs
and the indexes of CAD severity described above to explore
whether the Lp(a)-associated variants could account for
the difference in CAD severity among individuals. Al-
though no significance was observed in analysis with the
SYNTAX score and HCL counts (P > 0.05), we observed
that the increase in the minor allele dose of rs73596816 was
associated with increments in LRL counts (adjusted esti-
mates: 0.19 + 0.07, P=0.0044, false discovery rate (FDR) =
0.0176; Fig. 3A). Furthermore, rs7770628 showed a nomi-
nally significant association with the LRL counts (adjusted
estimates: 0.10 + 0.05, P= 0.0348, FDR = 0.0696; Fig. 3B).
Supplemental Table S2 provides the details.

Given the complexity of CAD etiology, the effects of the
variants may be inadequately reflected in a moderate sam-
ple size and could not fit well in a linear relationship with
CAD severity. We further divided the cohort into groups
on the basis of the median value of the SYNTAX score [<15
(N =649) and =15 (N =725)], the presence of LRLs [with-
out LRLs (N = 817) and with LRLs (N = 557)], and pres-
ence of HCLs [without HCLs (N = 1,274) and with HCLs
(N = 100)]. Moreover, we used the logistic regression
model to analyze the inter-group differences of Lp(a)-asso-
ciated SNPs. Notably, an increase in minor allele dose of
rs7770628 was associated with an increase in the risk of a
high SYNTAX score [adjusted odds ratio (OR) (95% CI):
1.37 (1.05-1.80), P = 0.0213, FDR = 0.0852]. Carrying the
minor alleles of rs7770628 and rs73596816 was associated
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with a high risk of harboring LRLs [adjusted OR (95% CI):
1.53 (1.17-2.01), P=0.0018, FDR = 0.0072 and 1.72 (1.19-
2.49), P = 0.0040, FDR = 0.0080, respectively]. No signifi-
cant association with heavy calcification was found. Table 4
presents the details of these results. Moreover, when the
Lp(a) level was included in the models, the relationship
between rs7770628 and rs73596816 with CAD severity be-
came insignificant.

In summary, we tested the association of Lp(a) SNPs
with CAD severity, and found that the minor frequency al-
lele carriers of rs7770628 and rs73596816 were at a high
risk of developing serious lesions in CAD.

DISCUSSION

Potential of Lp(a) as an indicator of CAD severity

In this study, we recruited 1,403 Han Chinese patients
who were diagnosed with CAD and were undergoing PCI
to identify Lp(a)-associated variants and evaluate their as-
sociation with CAD severity. We observed that high Lp(a)
levels were significantly associated with increased CAD se-
verity, which is represented by a high SYNTAX score and
the presence of LRLs and HCLs. This result is consistent
with a recently reported finding demonstrating that ele-
vated Lp(a) levels were associated with CAD severity (evalu-
ated by Gensini score) in patients with type 2 diabetes
mellitus (17). Moreover, the weaker association between
Lp(a) and HCL than that between Lp(a) the other indexes
indicates that Lp(a) may mainly affect CAD severity on the
basis of lesion extent, but not through calcification. High
SYNTAX scores, which indicate an extensive lesion, could
predict high risks of poor outcomes during long-term fol-
low-up (18-20). Hence, CAD severity, which is evaluated by
the SYNTAX score, can reflect the prognosis of patients
with CAD. For decades, researchers have continuously ex-
plored the clinical application of Lp(a) in CAD. The addi-
tion of Lp(a) to the Framingham risk score helped in the
reclassification of patients with the risk of cardiovascular
incidence (21). These findings support the conclusion that
Lp(a) is a risk factor for CAD and is involved in atheroscle-
rosis development (3, 4, 22). Therefore, we hypothesized
that an elevated Lp(a) level could induce exacerbated
lesions (e.g., accompanied by LRLs and HCLs) and might
lead to poor outcomes in patients with CAD. This hypoth-
esis requires further comprehensive and large-scale studies
for verification.
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Fig. 2. Box plots for Lp(a)-associated SNPs against Lp(a) levels. Four plots show the distribution of each genotype of Lp(a) level among
four SNPs: rs7770628 (A); rs73596816 (B); rs6926458 (C); and rs144217738 (D).

Review of the mechanism of Lp(a) in CAD progression

The underlying mechanism of Lp(a) in CAD progres-
sion remains unclear. Previous works have reported that
oxidized phospholipids carried by Lp(a) could mediate in-
flammatory activity by increasing in the arterial wall and
enhancing the inflammatory response of monocytes (23).
Furthermore, oxidized phospholipids promote proinflam-
matory reactions in the arterial wall and result in smooth
muscle cell proliferation (24). The apo(a), another com-
ponent of Lp(a), contains 10 types of kringle domains that
are homologous to kringle IV, a plasminogen. The kringle

domains in apo(a) could abolish the ligand interactions
between kringles and lysine-containing substrates to de-
crease plasmin synthesis and inhibit fibrinolysis (25). These
processes, which are mediated by Lp(a), are likely involved
in CAD development. However, additional evidence for
the underlying pathogenic roles of Lp(a) are still required.

Genetic regulation of plasma Lp(a) levels

The plasma Lp(a) level is a genetically influenced phe-
notype that is mainly controlled by the LPA locus and var-
ies greatly because of the variants (26). Lp(a) levels vary
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from less than 0.1 mg/dl to more than 200 mg/dl among
individuals. The Mendelian randomization approach and
GWAS:s revealed that variants, mostly referring to the CNV
of KIV-2 repeats and SNPs in the LPA gene (1), were associ-
ated with the Lp(a) levels. The size of the KIV-2 CNV is re-
lated to apo(a) size positively and inversely to the Lp(a)
levels (26, 27) and apo(a) isoform size (28). The indepen-
dence of Lp(a)-associated SNPs and apo(a) isoform size is
essential to identify their independent effect for Lp(a) levels.
Detection of the apo(a) isoforms’ size is not possible, re-
sulting in a limitation of this study. However, published
studies (7, 16) stated that the copy number of KIV-2 repeats
in the LPA gene could represent the apo(a) isoforms’ size.
Therefore, we applied qPCR to relatively quantify the copy
number of KIV-2 in the LPA gene in reference to estab-
lished methods to generate the ACT value and represent
the apo(a) isoforms’ size.

Numerous SNPs have been identified and replicated in
large-scale GWASs in Caucasian populations. However, few
GWASs on Lp(a) in Asian populations, especially in Chi-
nese populations, exist. A large-scale study estimated that
1rs3798220 and rs10455872 together account for 36% of the

Fig. 3. Bar plots of two SNPs associated with count of
LRLs. Each bar shows the proportion of harboring dif-
ferent counts of LRLs in each genotype (the darker
the color of the block, the more LRLs it has). Both
plots indicate that individuals carrying alleles with mi-
nor frequency are likely to be harboring more LRLs.
Minor frequency alleles are A and C for rs73596816
(A) and 187770628 (B), respectively.

(]
Counts of long-range lesions

total variations in the Lp(a) level (12). This result has been
replicated by other studies on Caucasian populations (29,
30). However, our previous study and other studies in the
Asian population have failed to replicate the association
between rs3798220 and Lp(a) variation (13, 14), whereas
rs10455872 is extremely rare in the East Asian population
(MAF = 0.005). Therefore, one of the possible reasons for
lack of these associations in our study is the limited power
generated from a minor sample size. This is a limitation
of the present study and more studies on the Asian popula-
tion are still necessary. Another reason was inferred that
those Lp(a)-associated SNPs failed to be replicated did not
independently affect Lp(a) levels but were in LD with the
KIV-2 CNV among Europeans (13). Moreover, the size of
the KIV-2 CNV varied considerably among races (31). The
lack of associations between these two SNPs and Lp(a) was
also observed in a study in an African-descent population
(32). This study (32) identified another SNP, namely
1s9457951, as potentially responsible for Lp(a) variation
and independent of the KIV repeat copy number in Afri-
can-descent populations. However, this SNP is rare in the
non-African population according to data from the NCBI

TABLE 4. Association of Lp(a)-associated SNPs with CAD severity

Univariate Analysis Adjusted Analysis

Item EA/OA Effect Allele Frequency OR (95% CI) P OR (95% CI) P
SYNTAX score <15 (N =650) =15 (N =725)
rs7770628 C/T 9.8% 12.3% 1.28 (1.01-1.63) 0.0441 1.37 (1.05-1.80) 0.0213
rs73596816 A/G 5.2% 6.1% 1.18 (0.86-1.64) 0.3130 — —
rs6926458 G/A 42.2% 41.2% 0.96 (0.98-1.36) 0.5839 — —
rs144217738 G/A 10.9% 12.5% 1.17 (0.92-1.50) 0.1963 — —
LRLs Genotype No LRL (N =818) With LRL (N = 557) OR (95% CI) P OR (95% CI) P
rs7770628 C/T 9.8% 13.0% 1.38 (1.09-1.38) 0.0080 1.53 (1.17-2.01) 0.0018
1573596816 A/G 4.8% 71% 1.52 (1.10-2.10) 0.0110 1.72 (1.19-2.49) 0.0040
rs6926458 G/A 42.9% 40.0% 0.89 (0.76-1.04) 0.1366 — —
rs144217738 G/A 11.0% 12.9% 1.18 (0.92-1.51) 0.1786 — —
HCLs Genotype No HCL (N = 1275) With HCL (N = 100) OR (95% CI) P OR (95% CI) P
rs7770628 C/T 13.5% 10.9% 1.27 (0.82-1.91) 0.2610 — —
rs73596816 A/G 6.5% 5.7% 1.16 (0.62-2.00) 0.6200 — —
rs6926458 G/A 42.5% 41.6% 1.04 (0.78-1.38) 0.8070 — —
rs144217738 G/A 13.8% 11.6% 1.22 (0.78-1.83) 0.3556 — —

EA/OA, effect allele/other allele.
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dbSNP database. A splice variant in LPA was identified in
Finns, which was considered a population-specific locus as-
sociated with reduced Lp(a) levels (33). Therefore, the iden-
tification of variations associated with Lp(a) is essential.

Review of four Lp(a)-associated SNPs identified in our
study

We conducted this GWAS and identified variants affect-
ing Lp(a) levels in Chinese Han subjects. As previously de-
scribed, we determined fourindependent SNPssignificantly
associated with Lp(a) levels in Chinese Han patients with
CAD. Among the four SNPs, rs7770628, rs73596816, and
1s6926458 in LPA were identified to be related to the Lp(a)
level in other studies (10, 11), whereas rs144217738 in
SLC22A2 was first discovered to be associated with the
Lp(a) level in our study. The MAF of rs7770628 (C allele)
was 40-50% in European populations but approximately
10% in Asian populations (recorded in the NCBI dbSNP
database). Previous studies have reported variants in
SLC22A family member 1-3 associated with Lp(a) levels,
which supports our finding. Besides, a haplotype in the
SLC22A3-LPAL2-LPA gene cluster was reported to be as-
sociated with Lp(a) level and CAD risk in Europeans (34);
however, studies in Asians (35) and Hispanics (36) failed to
replicate the association of haplotype and Lp(a) level or
CAD risk. Therefore, the rs144217738 found in our study
needs further research for confirmation. The difference of
Lp(a)-associated variants among races and the underlying
regulation mechanism in Lp(a) level remains unclear and
requires further studies.

Genetic effects of LPA loci in CAD development

Lp(a) is one of the strongest genetic risk factors for
CAD. Thus, the ability of the genetic variants associated
with Lp(a) variation to account for the variation in risk of
CAD among individuals must be evaluated, and new ideas
for CAD prevention and treatment must be proposed. We
found that rs7770628 and rs73596816 were associated with
CAD severity. The presence of the copy of the minor allele
(C allele) of rs7770628 increased the risks of having high
SYNTAX scores by 37% in patients with CAD. Moreover,
carrying the minor alleles of rs7770628 and rs73596816
may increase the risk of harboring LRLs by 53% and 72%,
respectively. These two SNPs were reported to be associ-
ated with CAD risk (10). We considered these SNPs to be
playing an important role in atherosclerosis development
and CAD progression, especially affecting the lesion extent
in patients with CAD.

Currently, numerous findings for Lp(a)-associated SNPs
related to CAD risk or clinical endpoints are available.
rs10455872 and rs3798220 are associated with reduced
copy number of KIV-2 repeats and the risks of CAD and
clinical endpoints (12, 33, 37-39). A genotype score in-
cluding these two SNPs is predictive of the risk of develop-
ing CAD; nevertheless, this association is abolished when
Lp(a) levels are adjusted (12). Moreover, rs10455872 was
reported to be associated with coronary lesions and CAD
severity (40). These two SNPs have been included in the
multiloci risk score, which is a good predictor of CAD

outcomes (41, 42). These results highlighted the heredi-
tary susceptibility of CAD associated with sequence variants
and their clinical application.

CONCLUSIONS

We performed a large-scale GWAS and identified four
SNPs associated with Lp(a) levels in 1,403 Han Chinese pa-
tients with CAD. We evaluated the relationships among
Lp(a) level, Lp(a)-associated SNPs, and CAD severity. High
Lp(a) levels are associated with the increased risk of devel-
oping serious lesions in CAD. We replicated three SNPs in
LPA, namely, rs7770628, rs73596816, and rs6926458, and
identified one novel SNP in SLC22A2 that is rs144217738.
These SNPs are associated with Lp(a) level in the Chinese
Han population, which are independent of the KIV-2 re-
peats. Moreover, rs7770628 and rs73596816 are associated
with the increased risk of developing serious lesions, espe-
cially LRLs, in CAD. These findings highlight the impor-
tance of Lp(a) intervention and deepen our understanding
of CAD prevention and treatment and the importance of
race variations in precision medical treatment.Hli
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