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Background: Generally, many individual factors can affect the clinical application of drugs, of which genetic factors contribute more
than 20%. Ticagrelor is a new class of receptor inhibitors receptor antagonist of P2Y12 and is used as an antiplatelet agents. But it is
not affected by the influence of CYP2C19 polymorphism. With lack of predicted biomarkers, especially the research data of Chinese, it
has the important significance in studying individual differences of ticagrelor in the antiplatelet efficacy and safety, through
pharmacogenomics research.
Methods:Whole-exome sequencing (WES) was performed in 100 patients after PCI with ticagrelor treatment. Clinical characteristics
and WES of patients were used to performed genome-wide association analysis (GWAS), region-based tests of rare DNA variant to
find the influencing factors of antiplatelet effect to ticagrelor and bleeding events. Co-expression, protein–protein interaction (PPI)
network and pathway enrichment analysis were then used to find possible genetic mechanisms. Atlas of GWAS (https://atlas.ctglab.nl/)
were used for external data validation.
Results: DNAH17, PGS1 and ABCA1 as the potential variant genes are associated with the expected antiplatelet effect to ticagrelor.
The affected pathways may include the synthesis and metabolism of lipoprotein cholesterol and the catabolic process of pyrimidine-
containing compound (GO:0072529). Age, sex and PLT were found may be potential factors for ticagrelor bleeding events.
Conclusion:We systematically identified new genetic variants and some risk factors for reduced efficacy of ticagrelor and highlighted
related genes that may be involved in antiplatelet effects and bleeding event of ticagrelor. Our results enhance the understanding of the
absorption and metabolic mechanisms that influence antiplatelet response to ticagrelor treatment.
Trial Registration: ClinicalTrials.gov Identifier: NCT03161002. First Posted: May 19, 2017. https://clinicaltrials.gov/ct2/show/
study/NCT03161002.
Keywords: ticagrelor, percutaneous coronary intervention, bleeding, inhibition of platelet aggregation, pharmacogenetic, whole-
exome sequencing

Introduction
AZD6140 is the first reversible oral P2Y12 receptor antagonist, with a half-life of about 12 hours, and belongs to the new
chemical antiplatelet drugs termed cyclopentyl-triazolo-pyrimidines.1 Ticagrelor has a faster onset than clopidogrel, and
its platelet inhibitory effect is more obvious. It is superior to clopidogrel in preventing major adverse cardiovascular
events (such as myocardial infarction, stroke, or death) in patients with an acute coronary syndrome (ACS) in the Platelet
Inhibition and Patient Out-comes (PLATO) trials.2

The current standard treatment of antiplatelet after percutaneous coronary intervention (PCI) in patients with ACS is
dual antiplatelet therapy (DAPT) of combined aspirin and a P2Y12 inhibitor.3–5 Clopidogrel is a prodrug that needs to be
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bioactivated by the CYP2C19 enzyme. CYP2C19 is greatly affected by nucleotide polymorphism, which affects the
metabolism, anti-platelet function and clinical efficacy of clopidogrel.6,7 In contrast, the therapeutic effect of ticagrelor is
not affected by CYP2C19 genotype. So, compared to clopidogrel, ticagrelor is more consistent antiplatelet effects, better
efficacy in ACS patients.8,9 Therefore in clinical practice, one strategy is that the test results of CYP2C19 genotype guide
the escalation and de-escalation of antiplatelet therapy.10 Another strategy is to skip recommended genetic testing before
DAPT and use ticagrelor instead of clopidogrel,9 but it has higher bleeding risk, discontinuation rates, and cost than
clopidogrel.11

Although previous data from the PLATO suggest that DAPT with aspirin and ticagrelor is efficacious in patients with
recent ACS, the specific treatment options including the optimal duration of DAPT after PCI for different populations
remain controversial.3–5,12,13 Because there are two risks, including the risk of cardiovascular events and the risk of
bleeding complications, they do remind us of the fragile balance between efficacy and adverse events.14

The response to these agents can be modulated by platelet-related genetic polymorphisms.15 While the role of
regulating clopidogrel resistance has been well established, few studies have been reported for ticagrelor in Asian
populations. The clinical application of genetic testing to optimize therapeutic strategies lacks sufficient evidence that
understanding of the genetic determinants of ticagrelor.16

Therefore, a prospective experiment involving 100 Chinese patients with the percutaneous coronary intervention was
designed. SNP and clinical characteristics were associated to antiplatelet response and bleeding event after ticagrelor
treatment. Then, SNPs were associated to RNA expression level, and pathway enrichment was performed to elucidate the
potential mechanisms (Figure 1).

Materials and Methods
Study Population and Design
Patients were recruited to this study from the 7th People’s Hospital of Zhengzhou. The enrolled patients met the
diagnostic criteria for ACS in the Chinese Society of Cardiology (CSC) guidelines.17 The inclusion criteria and exclusion
criteria methods were described in detail in https://clinicaltrials.gov/ct2/show/NCT03161002. Upon inclusion, blood
sample tests and multiple clinical parameters were recorded. All received the percutaneous coronary intervention (PCI)
or coronary artery bypass graft, and received aspirin enteric-coated tablets (Bayer 100mg qd) combined with ticagrelor
tablets (AstraZeneca 90mg bid) antiplatelet drug treatment. Follow-up for one year, the bleeding events were recorded
according to Bleeding Academic Research Consortium Definition.18

Measurement of P2Y12 Reaction Units (PRU)
VerifyNow P2Y12 assay, which is approved by the FDA to quantify platelet responsiveness to many antiplatelet
medications including ticagrelor, was used to measure platelet function. Patients’ high on-treatment platelet reactivity
(PRU>208) has been shown to correlate with a worse prognosis. There is consensus on

The standardized definitions and cutoff values of high platelet reactivity or low platelet reactivity have reached
consensus.19 The inhibition of platelet aggregation (IPA) was calculated from the PRU which prior- and post-treatment
with ticagrelor by the following formula:

IPA = [(prior-PRU − post-PRU)/ prior-PRU] × 100%

Whole Exon Sequencing and Variant Calling
At study entry, we collected blood samples from every participant and extracted DNA from an EDTA sample. The
experimental process of whole total exon sequencing: sample quality control, nucleic acid extraction, library preparation
and computer sequencing were conducted by the experimental process of HaploX (ShenZhen HaploX Biotechnology
Co). Details on sequencing, quality control and variant calling were reported in the Supplementary Method. A total of 59
MB of captured DNA was sequenced with an average depth of coverage of 146-fold and >99.89% coverage in the
targeted region (Supplementary File 2). Such high depth and coverage ensure the reliability of the subsequent analysis.
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Covariates
To avoid the confounding variables of population structure on gene expression, we used principal component analyses
(PCA) using PLINK 1.9 (www.cog-genomics.org/plink/1.9/) for all cases and selected the top ten principal components
(PCs) in genotype data as covariates. To avoid the potential confounding variables of clinical characteristics, age, sex,
BMI and smoking were added to all models as covariates.

Phenotype and Association Analysis
PLINK 1.9 is a wide toolset for GWAS and research in population genetics.20

For linear regression, a quantitative phenotype and possibly some covariates (in a –covar file) were entered into the
software PLINK 1.9, and linear regression report was written to file plink.assoc.linear using –linear. For logistic
regression, a case/control phenotype and some covariates were entered into PLINK 1.9 and –logistic was performed.

Figure 1 Schematic diagram of the study design.
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Expression Quantitative Trait Loci (eQTLs) and Splicing Quantitative Trait Loci
(sQTLs)
The eQTLs and sQTLs variants data from GTEx (https://www.gtexportal.org/) that catalog thousands of tissue and
identify signals from GWAS.21 We input variant loci to filter high-confidence eQTLs and sQTLs from whole blood and
liver samples using GTEx.

Region-Based Tests of Rare and Common DNA Variants
For region-based tests of rare DNA variants, we obtained P values for the association by comparing all 100 patients using
the unified sequence kernel association test with optimal kernel weighting (SKAT-O).22 The SKAT function was called
with default parameters to tests of rare DNA variants, except for the argument “method” which was set to “SKATO”. To
test for combined effects of common and rare variants, SKAT CommonRare function was used in the R package SKAT.23

The variants regions were mapped to the gene level, and the model was adjusted by the top ten PCs using PLINK. The
significance level was defined as 1×10−6.

Analysis of Mutant Genes Functional Enrichment and Pathway
Correlation analysis of mutant gene expression and construction of PPI network. To verify the expression correlation
between genes, we extracted the expression data of whole blood and liver tissue from the GTEx database and made a
correlation analysis.

STRING online database 11.0 (https://www.string-db.org/) was used to build protein-protein interaction (PPI) net-
works of variants genes. The PPI networks with confidence scores >0.4 were preserved and visualized by Cytoscape
software.

The gene set enrichment analysis was performed using PASCAL software.24 To fit into the Chinese LD structure, the
custom reference panel was generated from the 1000 Genomes Phase 3 release. The 14,462 gene sets (Z-score > 3) were
reconstituted using DEPICT (https://data.broadinstitute.org/mpg/depict) and default settings were adopted for the
analysis.

Statistical Analysis
The spearman nonparametric test was performed to evaluate correlations. Differences between groups were evaluated by
Chi-square test for categorical variables and Wilcoxon test, or Kruskal–Wallis, or Students test for continuous variables.
All these were done using the R package “tableone” and “ggstatsplot”.

Result
Platelet Function Testing (PFT)
The extent of platelet aggregation was determined by PRU in the presence of a P2Y12 inhibitor, and lower PRU levels
represent higher antiplatelet activity. To assess the efficacy of ticagrelor, platelet function monitoring was performed
twice prior- and post-treatment with ticagrelor with the VerifyNow assay. We found that the value of PRU was
significantly reduced with treatment of ticagrelor, and no patients had high on-treatment platelet reactivity (PRU >
208) post-treatment (Figure 2A). Prior PRU was approximate to the normal distribution, and post PRU and IPA
distribution were more concentrate (Figure 2B). Meanwhile, there was a significantly negative correlation (r = −0.97)
between IPA and post PRU. However, there was little correlation (r = −0.05) between IPA and prior PRU (Supplementary
Figure 1). For bleeding events, our results showed that there was no significant difference in platelet function (prior, post
PRU and IPA) between the bleeding group and the non-bleeding group (Supplementary Figure S2).

Clinical Characteristics and Their Effects on the IPA and Bleeding Events
To tested the potential correlation between clinical parameters and IPA, we performed correlation analysis for continuous
variables, and difference analysis between groups for categorical variables (Figure 3, Supplementary Table 1). Only
blood platelet (PLT) count has correlation (R = 0.3, P = 0.0035) with IPA. Similarly, we investigated the relationship
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between bleeding and various clinical characteristics (Table 1). Age and PLT had significant difference (P = 0.033)
between bleeding and no bleeding group. Sex, ALP, PLT, HDL-C were related (P < 0.1) to bleeding events.

Statistical Analyses of Possible Single-Nucleotide Polymorphism Effects on Clinical
Outcomes
The association between SNP and IPA or bleeding events were analyzed using linear regression or logistic regression
respectively. After selecting the strict P value (P < 1×10−6), 4 SNPs (rs74640812, rs972925, rs60460416, rs2289752)
were screened out when IPA is the dependent variable (Figure 4A–C). The details of SNPs in Table 2 and the SNPs allele
frequency in Supplementary Table 2. We repeated similar work, however, no SNPs with potentially significant (P <
1×10−6) effects were observed in bleeding events (Supplementary Figure 3).

eQTLs and sQTLs Analysis of SNPs
In order to check the association between the genotype of newly identified SNPs and expression of genes, we specifically
examined the possible regulation of gene expression by SNPs in the whole blood and liver tissues in GTEx database.
However, rs74640812 and rs2289752 are missing in the GTEx database. rs972925 and rs60460416 had different effects
on different genes in multiple tissues (Supplementary Table 3 and 4). In whole blood, rs2289752 and rs60460416
affected SOCS3 and PGS1 expression respectively (Figure 5A and B), and consistent with variable splicing event
(Figure 5C). Meanwhile, these three genes (SOCS3, PGS1 and DNAH17) and two SNPs were located in close proximity
to each other in the genome (Figure 5D).

Region-Based Tests of Rare and Common DNA Variants
Changes in some traits may be the result of a combination of rare and common variants. To identify the effect of rare
variants on the IPA, we obtained P values for association with genes using the CommonRare and SKAT-O (Figure 6A

Figure 2 Platelet function testing. (A) Platelet function in patients prior- and post-treatment with aspirin and ticagrelor. (B) The distribution of prior PRU, post PRU and IPA
in patients.
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and B). IL20, PNN; MIA2, DUSP15, DYNC1LI1 and DSCC1 had a strong correlation with IPA (Figure 6C), and the
SNPs detail in Table 3 and Supplementary Table 5.

Enrichment of Related Pathways of Variants
Many variants are associated with the pharmacogenetics of ticagrelor, but the effect of each variant seems to be small. To
further clarify the relationship between genes, we performed a co-expression analysis. These genes are clearly divided
into three groups (yellow group, PGS1, DNAH17, DYNC1L1 and ABCA1; purple group, N6AMT1, PNN, DSCC1,
MIA2, DUSP15, FRG2C; green group, UGT2B7, CYP3A4, SLCO1B1) in blood, and the expression is highly positively
correlated within each gene set (Figure 7A). Similar results were showed in liver (Figure 7B). For protein level, PPI
network was constructed among all the IPA-related genes (Supplementary Figure 4). The analysis revealed a remarkable
interactions among DNAH17, DYNC1L1 and DSCC1; DUSP15, N6AMT1 and SLC14A2; UGT2B7, SLCO1B1,
CYP3A4 and ABCA1.

To gain further biological insight, PASCAL was used for gene set enrichment analysis in SNP levels reconstituted
gene sets, which was performed in DEPICT.25 We found that 10 gene sets were significant enrichment (P < 0.001,
Figure 8A). Indicated enrichment of genes involved in the regulation of IPA across fibronectin-binding (GO:0001968),
negative regulation of smooth muscle cell proliferation (GO:0048662), negative regulation of gene expression and
epigenetic (GO:0045814), pyrimidine-containing compound catabolic process (GO:0072529). The genes in the above
four GO sets were used to construct PPI network (Figure 8B).

Figure 3 The relationship between clinical characteristics and IPA. (A) A linear relationship was fitted for all characteristics with IPA. (B) The distribution of IPA in different
sex and smoking groups.
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Validation of Key Gene Variants Associated with Ticagrelor Pharmacokinetics
Some studies find that ticagrelor pharmacokinetics is affected by the polymorphism of UGT2B7, CYP3A4, and
SLCO1B1;26 ADORA2A;27 SLC14A2, ABCA1 and N6AMT1.28 However, another study reported that the pharmaco-
kinetics and pharmacodynamics of ticagrelor are not affected by SLCO1B1 and CYP3A4/5 polymorphisms in healthy
Chinese male subjects.29 To study the universality of these studies in the Chinese population, we used our data to re-
validate previous studies. Because our data is exon sequencing that SNPs located in other regions cannot be observed, we
used region-based analysis by SKAT-CommonRare combined effect of rare and common variants. The input SNPs of
region-based analysis were in Supplementary Table 6. We found a significant independent association between ABCA1
and IPA (Table 4).

External Data Validation
To verify the candidate SNPs, UK Biobank (https://atlas.ctglab.nl/) resource, a database of publicly available GWAS
summary statistics, was selected for external data validation. rs60460416 was associated with the high blood pressure and
vasodilators used in cardiac diseases. rs2289752 was associated with the plateletcrit and platelet count. rs972925 was
associated with the leukemia inhibitory factor receptor, heart disease and serum total cholesterol (Figure 9).

Table 1 Baseline Clinical Characteristics and Their Effects on the Bleeding Events

Level Bleeding P value Test Method

No Yes

n 60 36

Sex (%) Female 49 (81.7) 23 (63.9) 0.088 Chisq-test

Male 11 (18.3) 13 (36.1)

Age (mean (SD)) 60.98 (10.42) 55.81 (12.77) 0.033 t-test
Height (median [IQR]) 170.00 [162.75, 172.00] 166.50 [162.75, 170.00] 0.459 Wilcoxon

Weight (mean (SD)) 71.52 (9.48) 70.65 (10.89) 0.681 t-test
BMI (mean (SD)) 25.46 (3.02) 25.20 (2.91) 0.677 t-test

Smoking (%) No 31 (51.7) 25 (69.4) 0.214 Wilcoxon
Yes 18 (30.0) 6 (16.7)

Stop 11 (18.3) 5 (13.9)

CREA (median [IQR]) 71.50 [61.75, 77.75] 61.50 [54.00, 81.25] 0.135 Wilcoxon

ALT (median [IQR]) 34.00 [23.00, 59.00] 34.50 [19.75, 48.50] 0.508 Wilcoxon

AST (median [IQR]) 24.00 [18.00, 46.00] 24.00 [19.75, 31.50] 0.594 Wilcoxon
ALP (median [IQR]) 73.00 [56.00, 90.00] 65.50 [51.75, 76.50] 0.097 Wilcoxon

GGT (median [IQR]) 25.00 [18.00, 56.00] 30.00 [21.00, 41.25] 0.728 Wilcoxon

TBIL (median [IQR]) 11.30 [7.50, 13.60] 10.60 [7.38, 13.83] 0.761 Wilcoxon
DBIL (median [IQR]) 2.50 [2.00, 3.60] 2.70 [1.90, 3.42] 0.903 Wilcoxon

HGB (median [IQR]) 127.00 [107.00, 143.00] 128.00 [104.25, 138.75] 0.787 Wilcoxon
PLT (median [IQR]) 251.00 [196.00, 303.00] 213.50 [162.50, 240.00] 0.033 Wilcoxon

TG (median [IQR]) 1.48 [1.10, 2.17] 1.40 [1.02, 2.04] 0.641 Wilcoxon

TCHO (median [IQR]) 3.67 [3.05, 4.60] 3.79 [2.88, 4.71] 0.923 Wilcoxon
LDL-C (median [IQR]) 2.03 [1.52, 2.56] 1.84 [1.34, 2.68] 0.544 Wilcoxon

HDL-C (mean (SD)) 0.96 (0.25) 1.09 (0.35) 0.051 t-test
PT (median [IQR]) 9.90 [9.40, 11.10] 10.20 [9.47, 10.93] 0.637 Wilcoxon
INR (median [IQR]) 0.88 [0.83, 0.98] 0.91 [0.84, 0.96] 0.6 Wilcoxon

APTT (median [IQR]) 27.60 [25.10, 34.05] 27.00 [24.75, 30.75] 0.337 Wilcoxon

FIB (median [IQR]) 3.08 [2.25, 5.75] 2.63 [1.88, 3.69] 0.105 Kruskal–Wallis
TT (mean (SD)) 17.70 (1.60) 18.27 (1.58) 0.108 t-test

Abbreviations: SD, standard deviation; IQR, interquartile range.
Note: Bold values: P < 0.1.
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Discussion
To our knowledge, we are the first to use WES data to study the genomic and physiological parameters influences of
bleeding and IPA in the Chinese population after PCI with ticagrelor treatment. The combination of ticagrelor and aspirin
after PCI has been shown to reduce cardiovascular events in patients with ACS,30 and is a common approach to prevent
ischemic complications, including stent thrombosis.31 PRU and percent inhibition after PCI were significantly associated
with subsequent stent thrombosis.32 So, we measured and calculated PUR and IPA from 100 patients.

Our data revealed that most patients had a high IPA (mean = 84.7%) for ticagrelor and the efficacy in ticagrelor was
confirmed. Prior PRU did not reflect the patient’s response to ticagrelor. In contrast, the post PRU may almost directly
reflect the patient’s responsiveness to the ticagrelor. This suggests that we only need one measurement to get the patient’s
response information to the ticagrelor. Notably, PFT results were found to predict not only thrombotic but also bleeding
events.19 But, in another report, PFT does not reduce the risk of ischemic recurrences after an intervention. Platelet
hyper-reactivity cannot be used as a risk factor to guide secondary intervention after PCI.33 We did not observe the ability
of PRU and IPA to predict bleeding events in our data.

Our prospective study also showed an interesting fact that bleeding events are biased younger and male patients. PLT
was closely related to ticagrelor response and bleeding events. Several studies have documented that the immature
platelet count is a potential marker of platelet reactivity during antiplatelet drugs therapy.34,35 Therefore, our results
proved that age, sex and PLT are potential risk factors to predict bleeding events.

Figure 4 Whole-exome association study with IPA. (A) Manhattan plots showing ACS susceptibility loci discovered in the Chinese ACS WES dataset. Horizontal lines
represent the genome-wide threshold (P = 1.2 × 10–5, green). The 4 sites that survived the genome-wide threshold with gene symbols marked in the plot. (B) Q-Q plot. (C)
The distribution of IPA in different SNP variation types. 0/0 None, 0/1 heterozygous, 1/1 homozygous variant.
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Genetic variation constitutes an important contributor to interindividual differences in ticagrelor response. Two of the
4 significant SNPs (rs60460416, rs2289752) were found local in gene DNAH17 which was associated with the IPA
reduction. But has not been reported that DNAH17 is the association of genetic variations with pharmacokinetics and
platelet function. Bleeding events may be more complicated, so our limited WES data did not find a highly reliable
independent locus.

Most of these variants have small effect sizes, but their downstream expression effects are often large and cell type-
specific. So, it is necessary to use eQTLs and sQTLs to associate variations with gene expression, and explain gene

Table 2 Results for Single-Nucleotide Polymorphism Effects on IPA of Ticagrelor

SNP Gene Chr Position MAF (%) P value

rs74640812 FRG2C: Missense Variant 3 75,665,674 (GRCh38.p12) 49.5 9.9×10−7

rs972925 OR1Q1: Missense Variant 9 122,614,808 (GRCh38.p12) 7.5 2.5×10−6

rs60460416 DNAH17: Intron Variant 17 78,445,748 (GRCh38.p12) 6 6.6×10−7

rs2289752 DNAH17: Missense Variant 17 78,450,295 (GRCh38.p12) 5 4.8×10−6

Abbreviations: SNP, single-nucleotide polymorphism; Chr, chromosome; MAF, minor allele frequency.

Figure 5 The effects of eQTLs and sQTLs on genes expression. (A) The effect of eQTLs rs972925 on expression of SOCS3 in liver and whole blood. (B) The effect of
eQTLs rs60460416 on expression of SOCS3 in liver and whole blood. (C) The effect of sQTLs rs972925 (top) or rs60460416 (bottom) on intron-expression ratio in whole
blood. (D) The location of SNPs and genes in genome.

Pharmacogenomics and Personalized Medicine 2022:15 https://doi.org/10.2147/PGPM.S338287

DovePress
37

Dovepress Yuan et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


regulation and interpreting disease-associated loci. The possible regulatory effects were specifically examined using
identified IPA loci in the liver and blood by eQTLs and sQTLs. Both rs60460416 and rs2289752 tissue-specifically
associate the expression and intron-excision ratio of SOCS3 and PGS1 in the blood. At the same time, we found that
rs972925 and rs60460416 are close to SOCS3 and PGS1 in space. All of these results may indicate that rs972925 and
rs60460416 may reside in enhancer or suppressor regions of SOCS3 and PGS1 and influence the expression of these
genes. In order to avoid misunderstandings, we need to emphasize that SOCS3 is not a suppressor of cytokine signaling 3
but SOCS3 divergent transcript (ENSG00000266970) that is an RNA gene and is affiliated with the lncRNA class. PGS1
is a component of the large protein complex on the mitochondrial membrane and is involved in the synthesis of
cardiolipin.36,37 We suggest that the function of SOCS3 and PGS1 was associated with IPA deserves further study.

Most studies are based on a larger population and were requested minor allele frequency (MAF) ≥ 1%, but rare
variants have a contribution on phenotype.38 Region-based tests of rare and common DNA variants show that IL20, PNN;
MIA2, DUSP15, DYNC1LI1 and DSCC1 have a strong correlation with IPA. MIA2 plays a role in the secretion of

Figure 6 Region-based tests of rare and common DNA variants. (A and B) Manhattan plots showing P values for association with genes using the SKAT-CommonRare (A)
and SKAT-O (B). (C) The schematic diagram shows the location of the variant site in each gene.

Table 3 Results for SKAT-CommonRare

Gene P value SC

DSCC1 2.2×10−7 5
DYNC1LI1 2.2×10−7 8

DUSP15 3.0×10−7 14

PNN; MIA2 3.9×10−7 1
IL20 4.9×10−7 5

Abbreviation: SC, SNP counts in a single gene.
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Figure 7 Co-expression analysis. (A and B) Expression correlation analysis among ticagrelor associated genes in the blood (A) and liver tissues (B).
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lipoproteins, pre-chylomicrons and pre-very-low-density lipoproteins (VLDLs), by participating in their export from the
endoplasmic reticulum. Circulating chylomicrons and VLDLs have been identified as being an important player in the
accumulation of atherosclerotic plaque in several studies.39

We observed the genetic associations that may be related to ticagrelor in previous studies in our WES data. It may be
due to the lack of information on variant locus other than exons, and similar conclusions cannot be obtained when using a
region-based test for genes SLCO1B1, CYP3A4, UGT2B7, SLC14A2, N6AMT1, ADORA2A. But our high coverage
WES data validated the previously reported regulation of ABCA1 on IPA with ticagrelor. ABCA1 is a member of the
superfamily of ATP-binding cassette (ABC) transporters, whose main function is to transport various molecules across
membranes. One GWAS identifies rs2487032 (ABCA1) associated with PRU and modify antiplatelet effects of
clopidogrel.28 There are also reports that ABCA1 is a protein as being an important player in cellular cholesterol
homeostasis and HDL biosynthesis.40 Interestingly, the three genes DNAH17, PGS1 and ABCA1 we were focus on were
co-expression. Genes are also co-expressed in the region-based test results. The previously reported green group genes
(CYP3A4, UGT2B7 and SLC14A2) related to drug metabolism are also co-expressed. There are internal connections
between genes in the same sets, and different sets may participate in different pathways and perform different functions.
The results of the gene set enrichment analysis showed that GO:0072529 is related to the pyrimidine-containing

Figure 8 Related pathways of variants. (A) The top 10 significant enrichment of gene sets. (B) PPI network for four Go gene sets.

Table 4 The Combined Effect of Rare and Common Variants in Genes

Gene P value N.Marker.All N.Marker.Test N.Marker.Rare N.Marker.Common

SLCO1B1 0.968 16 16 8 8

CYP3A4 0.122 5 5 5 0

UGT2B7 0.632 10 10 4 6
SLC14A2 0.932 20 20 9 11

ABCA1 0.023 55 55 32 23

N6AMT1 0.653 18 15 10 5
ADORA2A 0.072 3 3 2 1

Abbreviation: N, number.
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compound catabolic process. Finally, we also performed a simple verification with the previous data. The SNPs we
identified as related to IPA are indeed mainly related to cardiovascular disease.

Our analyses are limited by the study population (n = 100) and whole exon sequencing identified only a limited
number of variants, with the rest located in intronic or intergenic regions. At present, there is a lack of data about variants
of the candidate genes with IPA, which required larger samples of genetic research or functional verification to validate
these results. The potential mechanisms of these candidate genes need to be further studied.

Conclusions
We first examined the predictive power of clinical characteristics on antiplatelet function and bleeding events of
ticagrelor. Through multiple association analyses, we identified potential SNPs, genes and biological pathways associated
with ticagrelor use risk. The internal association points to the synthesis and metabolism of various lipoproteins, and the
metabolism of ticagrelor. Compared to previous studies, we have only partially verified the results, which may be
influenced by multiple factors such as population and evaluation methods. All of these studies were designed to elucidate
potential biological factors affecting the treatment of ticagrelor in the Chinese population and provide a scientific basis
for accurate medication guides for people to use ticagrelor. Based on the rational use of clinical indicators and genotypes,
it helps to balance the efficacy and bleeding risk in Chinese population, which is part of precision medicine.

Data Sharing Statement
No further data will be shared.

Figure 9 UK Biobank resource for external data validation. (A) rs60460416. (B) rs2289752. (C) rs972925.
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