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Abstract: In the past decade, an increasing number of genome-wide association studies (GWASs) have been ap-
plied to ischemic stroke (IS) susceptibility and recovery. In our study, six GWAS-linked hot loci (ALDH2 rs10744777, 
HDAC9 rs2107595, ABO rs532436, PATJ rs76221407, LOC105372028 rs1842681 and PTCH1 rs2236406) were 
selected, genotyped and analyzed in 982 IS patients from northern Chinese population, in order to explore their 
roles in stroke functional outcome and recurrence risk. We found that PTCH1 rs2236406 was significantly associ-
ated with functional outcome after stroke. Further logistic regression analysis revealed the variant genotype TC/
CC of rs2236406 as an independent prognostic factor for poor stroke recovery in Chinese population. Meanwhile, 
we observed that GA/AA genotype of ABO rs532436 was statistically correlated with the increased risk of stroke 
recurrence, especially for patients with large-artery atherosclerosis. Moreover, multivariate Cox analysis identified 
ABO rs12342 as an independent predictor for IS recurrence. Further functional annotation analysis demonstrated 
that rs2236406 and rs2043211 were located in the transcriptionally active region, and could change the regulatory 
motif, transcription factor binding capacity and expression level of RP11-435O5.5 (antisense to PTCH1) and ABO, 
respectively. In summary, our results suggested that PTCH1 rs2236406 and ABO rs532436 may be novel genetic 
markers and potential therapeutic targets for stroke prognosis. More studies are required to confirm our findings 
and clarify the underlying molecular mechanisms.
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Introduction

Ischemic stroke (IS) is the leading cause of 
adult disability and one of the most common 
causes of death worldwide [1]. It brings great 
distress to patients and families and imposes a 
tremendous financial cost on society [2]. In the 
United States alone, between 2012 and 2030, 
the total annual medical expenses related to IS 
are expected to increase from $105.2 billion to 
$240.7 billion [3]. Due to advances in stroke 
treatment, the global mortality rate for IS has 
decreased in the past decade, and most 
patients could survive the first stroke [4]. 
However, IS survivors have to face the risk of 
permanent disability and subsequent stroke 
recurrence. Therefore, an urgent need exists to 
explore novel genetic biomarkers and potential 
therapeutic targets for stroke recovery and 
recurrence.

Single nucleotide polymorphism (SNP) is be- 
lieved to play a vital role in many complex dis-
eases, including ischemic stroke [5, 6]. However, 
traditional candidate gene studies have pro-
duced few replicable associations, and another 
drawback of this hypothesis-driven approach is 
that genes involved in disease pathogenesis 
through unknown pathway are ignored [7]. In 
contrast, genome-wide association studies 
(GWASs) are designed to provide broad cover-
age of the entire genome and could identify 
common genetic polymorphisms that affect dis-
ease risk and prognosis. Moreover, the hypoth-
esis-free approach of GWAS has proven suc-
cessful in exploring novel pathophysiological 
mechanisms underlying disease [8]. Thus, in 
the past decade, an increasing number of 
GWASs have been applied to IS susceptibility 
and recovery and have transformed the genet-
ics of this complex human disease.

http://www.ajtr.org
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In 2014, Kilarski et al. first found that a novel 
top SNP rs10744777 on 12q24 locus near 
ALDH2 was associated with IS susceptibility in 
an overall analysis of 17,970 cases and 70,764 
controls, which was further replicated in small 
artery stroke by Stroke Genetics Network 
(SiGN) GWAS [9, 10]. Moreover, Malik et al. 
identified two genome-wide significant SNPs, 
HDAC9 rs2107595 and ABO rs532436, relat- 
ed with IS risk through a GWAS and subse- 
quent transethnic meta-analysis [11]. In 2018, 
the largest GWAS further confirmed this rela-
tionship based on multiancestry population 
comprising 520,000 subjects [12]. Regarding 
GWAS focusing on functional outcome of IS 
patients, a novel variant, rs76221407, in PATJ 
gene was associated with worse outcome at  
3 months after stroke in European ancestry 
[13]. Besides, Söderholm et al. observed the 
relationship of four genetic polymorphisms 
(LOC105372028 rs1842681, PTCH1 rs2236- 
406, PLAA rs13299556 and NTN4 rs7873- 
4480) with functional outcome among 6165 
European stroke patients [14]. 

However, at present, the role of GWAS-related 
hot SNPs in stroke recurrence remains uncle- 
ar. Moreover, we do not know the impact of 
these GWAS-related SNPs on functional recov-
ery after stroke in Chinese population. Thus,  
we designed a prospective cohort study to 
explore the relationship between six GWAS-
related hot SNPs (ALDH2 rs10744777, HDAC9 
rs2107595, ABO rs532436, PATJ rs762214- 
07, LOC105372028 rs1842681 and PTCH1 
rs2236406) and the short-term prognosis 
(stroke recurrence and functional outcome) in 
Chinese population.

Materials and methods

Study subjects

We enrolled 982 first-ever IS patients prospec-
tively between November 2016 and December 
2019 from the First Hospital of China Medical 
University. Among these patients, IS was diag-
nosed according to the focal neurological defi-
cits lasting more than 24 hours, and future con-
firmed by magnetic resonance imaging and/or 
computed tomography. Based on TOAST clas-
sification, IS can be classified into five sub-
types: small-vessel occlusion (SVO), large-
artery atherosclerosis (LAA), cardioembolism, 
stroke with other determined etiology, as well 

as stroke with undetermined etiology [15]. In 
our study, only IS patients with SVO and LAA 
subtypes were included, while the stroke 
patients with other subtypes were excluded.

In accordance with the Declaration of Helsinki, 
the study was conducted with the approval of 
the ethics committee of the First Hospital of 
China Medical university. All IS patients were 
given written informed consent.

Follow-up and outcome

Three months after the index stroke, enrolled 
patients were prospectively followed up through 
a clinical visit or telephone interview. Two clini-
cal investigators, who were blinded to the base-
line data, evaluated the stroke functional out-
come by using the modified Rankin scale (mRS). 
Then, they divided the IS patients into two 
groups based on the degree of neurologic func-
tional disability. The mRS score 0-2 has been 
used to define “favorable outcome” group, 
while stroke patients with mRS 3-6 were 
grouped as having poor outcome. 

Subsequent follow-ups were performed every 
three months by using a standard question-
naire until the last follow-up or stroke recur-
rence. In the end, among 982 IS patients, 940 
completed the follow-up with an average time 
of 14 months, and 42 (4.28%) patients were 
lost during the follow-up period.

Screening GWAS-linked hot SNPs

PubMed database was searched for all GWASs- 
focusing on ischemic stroke during the last 10 
years. We found 11 studies on IS susceptibility 
and 2 studies on functional outcome [9-14, 
16-22]. Among 11 GWASs involving IS risk, only 
SNPs that met the following criteria were select-
ed: 1) The P value of SNPs exceeding the 5 × 
10-8 level of significance typically considered 
the threshold for GWAS. 2) The SNPs validated 
in two or more GWASs. 3) Minor allele frequen-
cy (MAF) > 0.05 for Chinese Han in Beijing 
(CHB) population. Finally, three SNPs (ABO 
rs532436, HDAC9 rs2107595, ALDH2 rs1074- 
4777) were chosen for further genotyping.

In addition, two GWASs on functional outcome 
after IS were published in 2019 and five SNPs 
(PATJ rs76221407, LOC105372028 rs1842- 
681, PTCH1 rs2236406, PLAA rs13299556 
and NTN4 rs78734480) were reported to affect 



GWAS-linked SNPs predict short-term IS prognosis

4523	 Am J Transl Res 2021;13(5):4521-4534

the recovery after stroke [13, 14]. Notably, the 
MAF of SNPs, rs13299556 and rs78734480, 
was 0 in CHB population. Thus, we selected the 
other three SNPs (rs76221407, rs1842681 
and rs2236406) for genotyping.

DNA isolation and genotyping

Genomic DNA was extracted from peripher- 
al blood by standard procedures and subse-
quently stored at temperatures below -20°C. 
SNPscan technology was used for the genotyp-
ing of rs532436, rs2107595, rs10744777, 
rs76221407, rs1842681 and rs2236406. For 
quality control, the reproducibility of genotyping 
was conducted in 5% randomly selected sam-
ples and 100% consistency was achieved.

Statistical analysis

Categorical variables were presented as counts 
and percentages, and compared using Chi-
square test. Continuous variables with normal 
distributions were summarized as mean ± stan-
dard deviation (SD), and compared by Student’s 
t test. Binary logistic regression analysis was 
used to assess the association of six GWAS-
linked hot SNPs with short-term functional out-
come after IS. Each SNP was analyzed by calcu-
lating odds ratio (OR) and 95% confidence inter-
val (CI) under additive, recessive and dominant 
models. Above statistical analyses as well as 
interaction analysis with environmental factors 
were carried out by using SNPStats software 
(https://www.snpstats.net /start.htm) [23]. 

Then, the recurrence time was calculated from 
the diagnosis date of IS to the last time of fol-
low-up or the date of IS recurrence. The recur-

rence curve was performed using the Kaplan-
Meier method, and the difference of recurrence 
time was assessed by log-rank test. Moreover, 
Cox proportional hazards regression model 
was adopted to calculated the hazard ratio (HR) 
and 95% CI. The SPSS 17.0 and GraphPad 
Prism version 8 were used to analyze the data. 
A P value of <0.05 was considered statistically 
significant.

Functional annotation

For GWAS-linked hot SNPs showing statistically 
significance in predicting the functional out-
come and recurrence of IS, we retrieved for 
their potential functions in HaploReg tool V4.1 
(http://archive.broadinstitute.org/mammals/
haploreg/haploreg.php) and Genotype-Tissue 
Expression (GTEx) project (https://www.gtex-
portal.org) [24-26].

Results

GWAS-linked hot SNPs and functional outcome 
after stroke

Three months after the index stroke, the stroke 
functional outcome of 878 eligible patients was 
evaluated using the mRS scale. Among them, 
615 patients had a good outcome, while 263 
had a poor outcome. As shown in Table 1, com-
pared with the poor outcome group, the 
patients with good functional outcome were 
younger and had a lower prevalence of diabe-
tes. Moreover, National Institutes of Health 
Stroke Scale (NIHSS) score on admission and 
TOAST classification were also significantly dif-
ferent between the poor and good outcome 
groups (P<0.01).

Table 2 displays the effect of GWAS-linked hot 
SNPs on the functional outcome after stroke. 
As a result, only PTCH1 rs2236406 was 
observed to be significantly associated with IS 
outcome in additive, recessive and dominant 
models. Compared with TT genotype, CC and 
TC/CC genotype were represented more fre-
quently in the poor outcome group (OR = 1.94, 
95% CI = 1.25-3.01; OR = 1.35, 95% CI = 1.00-
1.83). Meanwhile, we observed a higher CC 
genotype frequency for rs2236406 in all par-
ticipants with poor functional outcome (OR = 
1.74, 95% CI = 1.17-2.59). Furthermore, binary 
logistic regression model was used to deter-
mine the relationship of PTCH1 rs2236406 
with functional outcome after stroke, and the 

Table 1. Baseline characteristics of ischemic 
stroke patients grouped by short-term func-
tional outcome

Variables mRS (0-2)
N = 615

mRS (3-6)
N = 263 P-value

Age ≥60 350 186 <0.01
Male 424 170 0.21
Hypertension 474 208 0.51
Diabetes 221 126 <0.01
Hyperlipidemia 247 93 0.18
Smoking 253 115 0.48
Drinking 134 68 0.19
NIHSS 3.86±1.78 10.34±3.28 <0.01
TOAST 293 190 <0.01
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Table 2. Association of GWAS-linked hot SNPs with short-term functional outcome after stroke
Variable mRS (0-2) mRS (3-6) OR (95% CI) P-value OR (95% CI)a P-valuea

rs10744777
    CC 576 (93.7%) 246 (93.5%) 1.00 0.69 1.00 0.95
    TC 38 (6.2%) 17 (6.5%) 1.05 (0.58-1.89) 1.20 (0.39-3.70)
    TT 1 (0.2%) 0 (0%) 0.00 (0.00-NA) 0.00 (0.00-NA)
Dominant model
    CC 576 (93.7%) 246 (93.5%) 1.00 0.95 1.00 0.76
    TC+TT 39 (6.3%) 17 (6.5%) 1.02 (0.57-1.84) 1.20 (0.39-3.70)
Recessive model
    CC+TC 614 (99.8%) 263 (100%) 1.00 0.4 1.00 0.96
    TT 1 (0.2%) 0 (0%) 0.00 (0.00-NA) 0.00 (0.00-NA)
rs1842681
    GG 556 (90.4%) 229 (87.1%) 1.00 0.087 1.00 0.30
    AG 56 (9.1%) 34 (12.9%) 1.47 (0.94-2.32) 1.90 (0.84-4.31)
    AA 3 (0.5%) 0 (0%) 0.00 (0.00-NA) 0.00 (0.00-NA)
Dominant model
    GG 556 (90.4%) 229 (87.1%) 1.00 0.15 1.00 0.13
    AG+AA 59 (9.6%) 34 (12.9%) 1.40 (0.89-2.19) 1.89 (0.83-4.27)
Recessive model
    GG+AG 612 (99.5%) 263 (100%) 1.00 0.14 1.00 0.80
    AA 3 (0.5%) 0 (0%) 0.00 (0.00-NA) 0.00 (0.00-NA)
rs2107595
    GG 277 (45%) 119 (45.2%) 1.00 0.59 1.00 0.08
    GA 268 (43.6%) 108 (41.1%) 0.94 (0.69-1.28) 0.58 (0.32-1.05)
    AA 70 (11.4%) 36 (13.7%) 1.20 (0.76-1.89) 1.36 (0.56-3.29)
Dominant model
    GG 277 (45%) 119 (45.2%) 1.00 0.96 1.00 0.19
    GA+AA 338 (55%) 144 (54.8%) 0.99 (0.74-1.33) 0.69 (0.40-1.21)
Recessive model
    GG+GA 545 (88.6%) 227 (86.3%) 1.00 0.34 1.00 0.18
    AA 70 (11.4%) 36 (13.7%) 1.23 (0.80-1.90) 1.79 (0.78-4.12)
rs2236406
    TT 249 (40.5%) 88 (33.5%) 1.00 0.014 1.00 0.096
    TC 296 (48.1%) 127 (48.3%) 1.21 (0.88-1.67) 1.79 (0.99-3.24)
    CC 70 (11.4%) 48 (18.2%) 1.94 (1.25-3.01) 2.12 (0.83-5.42)
Dominant model
    TT 249 (40.5%) 88 (33.5%) 1.00 0.049 1.00 0.033
    TC+CC 366 (59.5%) 175 (66.5%) 1.35 (1.00-1.83) 1.85 (1.04-3.26)
Recessive model
    TT+TC 545 (88.6%) 215 (81.8%) 1.00 0.0076 1.00 0.34
    CC 70 (11.4%) 48 (18.2%) 1.74 (1.17-2.59) 1.52 (0.64-3.60)
rs532436
    GG 380 (61.8%) 162 (61.6%) 1.00 1.00 1.00 0.40
    GA 207 (33.7%) 89 (33.8%) 1.01 (0.74-1.37) 0.66 (0.36-1.21)
    AA 28 (4.5%) 12 (4.6%) 1.01 (0.50-2.03) 0.82 (0.24-2.83)
Dominant model
    GG 380 (61.8%) 162 (61.6%) 1.00 0.96 1.00 0.19
    GA+AA 235 (38.2%) 101 (38.4%) 1.01 (0.75-1.36) 0.68 (0.39-1.21)
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results revealed that after adjusting for poten-
tial covariates, TC/CC genotype was significant-
ly associated with poor recovery after stroke 
(OR = 1.85, 95% CI = 1.04-3.26).

Subgroup analyses based on age, gender, 
smoking and drinking status, diabetes, hyper-
lipidemia, hypertension and IS subtypes are 
listed in Table 3. We found that in patients with 

Recessive model
    GG+GA 587 (95.5%) 251 (95.4%) 1.00 0.99 1.00 0.92
    AA 28 (4.5%) 12 (4.6%) 1.00 (0.50-2.00) 0.94 (0.28-3.18)
rs76221407
    AA 527 (85.7%) 228 (86.7%) 1.00 0.75 1.00 1
    AG 87 (14.2%) 34 (12.9%) 0.90 (0.59-1.38) 1.03 (0.49-2.17)
    GG 1 (0.2%) 1 (0.4%) 2.31 (0.14-37.12) 0.54 (0.00-NA)
Dominant model
    AA 527 (85.7%) 228 (86.7%) 1.00 0.69 1.00 0.93
    AG+GG 88 (14.3%) 35 (13.3%) 0.92 (0.60-1.40) 1.03 (0.49-2.17)
Recessive model
    AA+AG 614 (99.8%) 262 (99.6%) 1.00 0.55 1.00 0.97
    GG 1 (0.2%) 1 (0.4%) 2.34 (0.15-37.61) 0.54 (0.00-NA)
aAdjusted for age, gender, hypertension, diabetes, hyperlipidemia, smoking, drinking and NIHSS.

Table 3. Stratification and interaction analysis for PTCH1 rs2236406 with short-term functional out-
come after stroke

Variables Patients  
mRS (0-2)/(3-6)

TC+CC  
mRS (0-2)/(3-6)

TT 
mRS (0-2)/(3-6) OR (95% CI)a Interaction 

P value
Age (years)
    <60 265/77 159/51 106/26 1.95 (0.76-4.97) 0.89
    ≥60 350/186 207/124 143/62 1.79 (0.88-3.64)
Gender
    Male 424/170 244/112 180/58 1.95 (0.99-3.85) 0.77
    Female 191/93 122/63 69/30 1.62 (0.58-4.58)
Hypertension
    No 141/55 76/37 65/18 6.26 (1.55-25.28) 0.05
    Yes 474/208 290/138 184/70 1.43 (0.76-2.67)
Diabetes
    No 394/137 229/93 165/44 2.40 (1.11-5.17) 0.31
    Yes 221/126 137/82 84/44 1.32 (0.57-3.10)
Hyperlipidemia
    No 368/170 207/115 161/55 2.02 (0.97-4.17) 0.70
    Yes 247/93 159/60 88/33 1.61 (0.65-3.95)
Smoking
    No 362/148 214/95 148/53 1.51 (0.70-3.23) 0.43
    Yes 253/115 152/80 101/35 2.36 (1.01-5.47)
Drinking
    No 481/195 288/132 193/63 1.89 (0.96-3.72) 0.90
    Yes 134/68 78/43 56/25 1.74 (0.61-4.97)
TOAST
    LAA 293/190 174/124 119/66 1.56 (0.77-3.17) 0.44
    SVO 322/73 192/51 130/22 2.48 (0.96-6.38)
aAdjusted for age, gender, hypertension, diabetes, hyperlipidemia, smoking, drinking and NIHSS.
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smoking habit, the poor outcome risk for 
rs2236406 TC/CC genotype was significantly 
increased (OR = 2.36, 95% CI = 1.01-5.74). 
Additionally, the increased poor outcome risk 
was more evident in the participants without 
hypertension or diabetes (OR = 6.26, 95% CI = 
1.55-25.28; OR = 2.40, 95% CI = 1.11-5.17). 
Thus, subsequent interaction analysis of 
rs2236406 with hypertension, diabetes and 
smoking was conducted under the dominant 
model. The interaction between rs2236406 
and hypertension was marginally significant 
(Pinteraction = 0.05). Compared with non-hyperten-
sive patients with TT genotype, hypertensive 
patients with TT genotype had a 3.70-fold 
increased risk of poor outcome (OR = 3.70, 
95% CI = 1.03-13.23). In addition, no statisti-
cally significant interaction was detected 
between diabetes and smoking status and 
rs2236406 (Pinteraction = 0.31 and Pinteraction = 
0.43).

GWAS-linked hot SNPs and recurrence risk of 
stroke

The baseline characteristics of 940 IS patients 
for recurrence risk analysis are listed in Table 
4. Among them, 582 patients were older than 
60 years, and 527 were patients with large-
artery atherosclerotic stroke. Until the end of 
the follow-up period, 139 participants had 
stroke recurrence. As shown in Table 4, age 
and stroke classification were significantly 
associated with stroke recurrence risk (P<0.05).

Table 5 displays the relationship of GWAS-
linked hot SNPs with recurrence risk of stroke. 
Among these six selected SNPs, we observed 
that ABO rs532436 was significantly associat-
ed with the risk of stroke recurrence (GA vs. GG: 
P = 0.02; GA+AA vs. GG: P = 0.01, Figure 1), 
while other five SNPs (rs10744777, rs18426- 
81, rs2107595, rs2236406 and rs76221407) 

Table 4. Clinical characteristics of patients 
grouped by ischemic stroke recurrence

Variables Patients
N = 940 

Recurrence
N = 139

Log-rank 
P

Age (years)
    ≥60 582 97 0.02
    <60 358 42
Gender
    Male 634 94 0.78
    Female 306 45
Hypertension
    No 211 26 0.13
    Yes 729 113
Diabetes
    No 560 76 0.10
    Yes 380 63
Hyperlipidemia
    No 574 83 0.92
    Yes 366 56
Smoking
    No 551 84 0.29
    Yes 389 55
Drinking
    No 724 108 0.54
    Yes 216 31
TOAST
    LAA 527 91 0.02
    SVO 413 48

Table 5. Association between GWAS-linked 
hot SNPs and stroke recurrence risk

Genotype Patients
N = 940 

Recurrence
N = 139 Log-rank P

rs10744777
    CC 881 127
    TC 51 12 0.28
    TT 1 0 0.66
rs1842681
    GG 835 121
    AG 101 17 0.47
    AA 4 1 0.67
rs2107595
    GG 423 62
    GA 403 60 0.92
    AA 114 17 0.79
rs2236406
    TT 365 48
    TC 448 67 0.60
    CC 127 24 0.13
rs532436
    GG 569 70
    GA 325 59 0.02
    AA 46 10 0.06
    GA+AA 371 69 0.01
rs76221407
    AA 805 120
    AG 133 19 0.99
    GG 2 0 0.56
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were not related. Then, using Cox regression to 
evaluate the relationship between rs532436 
and recurrence risk, we found that rs532436 
was an independent prognostic factor for 
stroke recurrence (Table 6). Further subgroup 
analysis based on TOAST classification indicat-
ed that rs532436 GA/AA genotype was associ-
ated with an increased recurrence risk for 
large-artery atherosclerotic stroke but not 
small-vessel disease (LAA: P = 0.01, SVO: P = 
0.49, Figure 1). 

In the stratified analyses by the clinical charac-
teristics of IS patients, we observed the 
increased stroke recurrence for rs532436 GA/
AA genotype in females as well as elderly par-
ticipants (HR = 1.88, 95% CI = 1.04-3.41; HR = 
1.52, 95% CI = 1.02-2.27, Table 7). In addition, 
the increased risk of stroke recurrence was 
more pronounced among patients with hyper-
tension and diabetes (HR = 1.62, 95% CI = 
1.12-2.34; HR = 1.72, 95% CI = 1.04-2.83), and 
patients without smoking and drinking habits 
(HR = 1.87, 95% CI = 1.21-2.88; HR = 1.90, 
95% CI = 1.30-2.77).

rs2236406 and rs532436 may be involved in 
regulating gene expression. 

To verify the above findings, we then conducted 
an expression quantitative trait loci (eQTL) 
analysis using GTEx dataset. As summarized in 
Table 8, we found a significant association 
between rs2236406 and RP11-435O5.5 (anti-
sense to PTCH1) levels in tibial artery (P = 2.1E-
07) and tibial nerve (P = 2.2E-08). Moreover, a 
significant association was observed between 
rs532436 and ABO expression in adrenal gland 
(P = 2.6E-06) and whole blood (P = 2.6E-09). 

Discussion

To our knowledge, this is the first study to 
explore the association between six GWAS-
related hot SNPs (ALDH2 rs10744777, HDAC9 
rs2107595, ABO rs532436, PATJ rs762214- 
07, LOC105372028 rs1842681 and PTCH1 
rs2236406) and stroke recovery and recur-
rence in a northern Chinese population.

Our study showed that PTCH1 rs2236406 was 
significantly related with functional outcome 

Figure 1. Kaplan-Meier plots for stroke recurrence risk based on ABO 
rs532436 genotypes. A. Recurrence plot under dominant model. B. Recur-
rence plot for large-artery atherosclerotic stroke.

Table 6. Association between ABO rs532436 and stroke recur-
rence risk
Genotype  Patients Recurrence HR (95% CI)a Pa

Genotypic Model
    GG 569 70
    GA 325 59 1.46 (1.03-2.07) 0.03
    AA 46 10 2.07 (1.05-4.09) 0.04
Dominant model
    GA+AA vs. GG 371/569 69/70 1.53 (1.09-2.13) 0.01
Recessive model
    AA vs. GA+GG 46/894 10/129 1.84 (0.96-3.54) 0.07
aAdjusted for age, gender, hypertension, diabetes, hyperlipidemia, smoking and 
drinking.

Functional annotation

We first performed in silico 
prediction of the potential 
function for these two signifi-
cant SNPs (rs2236406 and 
rs532436) by using HaploReg 
V4.1 (Table 8). In various tis-
sues and cell lines, these two 
polymorphisms were locat- 
ed in the regions with four  
histone modifications (H3K4- 
me3, H3K9ac, H3K4me1 and 
H3K27ac), which were the 
markers reflecting the tran-
scriptional status of promot-
ers and enhancers. They were 
also located in DNase hyper-
sensitive sites and could ch- 
ange the regulatory motifs 
(rs2236406: Glis2, LF-A1, 
Spz1_1 and ZBTB7A_known2; 
rs532436: ERalpha-a_disc4, 
Rad21_disc5 and VDR_4). In 
addition, rs2236406 was 
located at the binding site  
of the transcription factor 
GATA2. Taken together, th- 
ese findings indicated that 
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after stroke, but not the recurrence risk. A 35% 
increased poor outcome risk was observed 
among IS patients with TC/CC genotype within 
rs2236406 compared with those with TT geno-
type, indicating that C allele could be consid-
ered as an unfavorable factor for stroke out-
come. Moreover, the results of multivariate 
logistic regression model revealed that rs22- 
36406 TC/CC genotype was independently 
associated with poor recovery. Subsequent 
subgroup analyses showed that non-hyperten-
sive, non-diabetic and smoking patients with 
rs2236406 TC/CC genotype had an increased 
risk of poor functional outcome after stroke. 
Moreover, a marginally significant interaction 
between rs2236406 TC/CC and hypertension 
was detected. In total, these findings support 
the role of PTCH1 rs2236406 polymorphism as 

scription factor Gli1 to initiate target gene tran-
scription [28]. Thus, PTCH1 is considered to be 
an important participant in the Shh signaling 
pathway. Moreover, growing studies have sug-
gested that Shh signaling can not only play an 
active role in CNS neurogenesis, but also exhib-
it neuroprotective effects in cerebral ischemia 
[29, 30]. In oxygen/glucose deprivation cells 
and rat brains following middle cerebral artery 
occlusion, the inhibition of Shh signaling path-
way can exacerbate neuronal apoptosis, and 
increase infarction volume and neurobehavior-
al deficits [31, 32]. Similarly, Sims et al. found 
that hypoxia induced proliferation of neural pro-
genitor cells in vitro, and this proliferation was 
enhanced by adding recombinant Shh or 
blocked by cyclopamine (a specific inhibitor of 
Shh pathway), indicating that Shh signaling 

Table 7. Stratified analysis for ABO rs532436 with recurrence risk of 
ischemic stroke

Variable
Genotype (recurrence/patients)

HR (95% CI)a Pa

GA+AA GG
Total 69/371 70/569 1.53 (1.09-2.13) 0.01
Age 
    <60 20/132 22/226 1.61 (0.87-2.98) 0.13
    ≥60 49/239 48/343 1.52 (1.02-2.27) 0.04
Gender
    Male 45/246 49/388 1.36 (0.91-2.05) 0.14
    Female 24/125 21/181 1.88 (1.04-3.41) 0.04
Hypertension
    No 10/78 16/133 1.25 (0.56-1.01) 0.59
    Yes 59/293 54/436 1.62 (1.12-2.34) 0.01
Diabetes
    No 36/222 40/338 1.34 (0.85-2.11) 0.20
    Yes 33/149 30/231 1.72 (1.04-2.83) 0.03
Hyperlipidemia
    No 39/217 44/357 1.51 (0.98-2.34) 0.06
    Yes 30/154 26/212 1.62 (0.95-2.76) 0.08
Smoking
    No 46/221 38/330 1.87 (1.21-2.88) <0.01
    Yes 23/150 32/239 1.15 (0.66-1.99) 0.63
Drinking
    No 58/279 50/445 1.90 (1.30-2.77) <0.01
    Yes 11/92 20/124 0.67 (0.32-1.41) 0.29
TOAST
    LAA 47/212 44/315 1.69 (1.12-2.56) 0.01
    SVO 22/159 26/254 1.22 (0.69-2.17) 0.49
aAdjusted for age, gender, hypertension, diabetes, hyperlipidemia, smoking and 
drinking.

a novel genetic biomarker 
and potential therapeutic 
target for stroke recovery in 
Chinese population. In addi-
tion, we cannot replicate the 
association between PATJ 
rs76221407 and LOC105- 
372028 rs1842681 and 
stroke recovery. This discre- 
pancy could be attributed  
to genetic heterogeneity ac- 
ross different racial and geo-
graphical groups (G allele 
frequency for rs76221407: 
0.06 in East Asians and 0.01 
in Europeans, A allele fre-
quency for rs1842681: 0.07 
in East Asians and 0.22 in 
Europeans; data from 1000 
Genomes Project).

How then can we explain the 
association between PTCH1 
rs2236406 polymorphism 
and stroke recovery? First, 
Patched-1 (PTCH1, encoded 
by PTCH1 gene) is a 12-pass 
transmembrane protein that 
acts as the receptor for He- 
dgehog (Hh) ligands, includ-
ing Sonic Hedgehog (Shh) 
[27]. When Shh binds to 
PTCH1, PTCH1 will be inacti-
vated, thereby unleashing 
the activity of Smoothened, 
and further allowing tran-
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Table 8. Functional annotation for PTCH1 rs2236406 and ABO rs532436

SNP SNP region Gene
Haploreg GTEx

Promoter markers
(H3K4me3/H3K9ac)

Enhancer markers
(H3K4me1/H3K27ac) DNase Protein 

bound Motif change Gene expression Tissue P value

rs2236406 Intronic region PTCH1 28 tissues 91 tissues 7 tissues GATA2 Glis2, LF-A1, Spz1_1, ZBTB7A_known2 RP11-435O5.5
(antisense to PTCH1)

Tibial artery
Tibial nerve

2.1E-07
2.2E-08

rs532436 Intronic region ABO 81 tissues 77 tissues 5 tissues - ERalpha-a_disc4, Rad21_disc5, VDR_4 ABO Adrenal gland
Whole blood

2.6E-06
2.6E-09
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might be involved in injury remodeling [33]. 
Second, rs2236406 was located in the tran-
scriptionally active region, and may alter the 
regulatory motif and binding ability of transcrip-
tion factor. In addition, eQTL analysis showed 
that it can change the expression of RP11-
435O5.5 (antisense to PTCH1) in nerves and 
blood vessels. We speculate RP11-435O5.5 
may interact with PTCH1 to regulate Shh signal-
ing pathway. Further functional studies are 
required to confirm our hypothesis and investi-
gate the underlying biological mechanism.

Regarding the recurrence risk of stroke, for the 
first time, our results demonstrated that ABO 
rs532436 was statistically associated with 
stroke recurrence, but not the other five GWAS-
related SNPs (rs10744777, rs2107595, rs76- 
221407, rs1842681 and rs2236406). Com- 
pared with GG genotype, a 53% increased risk 
for IS recurrence was found in participants  
with GA/AA genotype within rs532436, which 
indicated that A allele may be a risk factor for  
IS recurrence. Furthermore, Cox regression 
results demonstrated that rs532436 GA/AA 
genotype was independently associated with 
recurrence risk. Subsequent subgroup analysis 
according to stroke TOAST subtypes showed a 
more obvious effect of rs532436 GA/AA geno-
type on LAA subtype. Among LAA stroke 
patients, A allele carriers had a 69% increment 
in the risk of stroke recurrence compared with 
those with GG genotype. Additionally, we per-
formed the stratified analyses based on clinical 
characteristics and observed an increased 
recurrent risk for patients with rs532436 GA/
AA genotype among females, elders and par-
ticipants with comorbidities. Taken together, 
the above findings suggest that ABO rs532436 
polymorphism has the potential for predicting 
IS recurrence.

ABO rs532436 polymorphism was found to  
be related to stroke recurrence in our study, 
which could be explained by following reasons. 
First, the ABO gene encodes glycosyltransfer-
ases, which transfer specific sugar residues to 
the H-antigen and characterize the ABO gro- 
ups [34]. Recent evidences indicated that  
ABO blood group could determine serum von 
Willebrand factor (vWF) and soluble E-selectin 
levels [35-37]. Moreover, Williams et al. found 
that elevated vWF increased the risk for stroke 
recurrence among 2100 participants from the 

VISP (Vitamin Intervention for Stroke Preven- 
tion) clinical trial, indicating that vWF played a 
vital role in thrombus formation during cerebro-
vascular damage [38]. As for E-selectin, it is 
considered to be a marker of endothelial dys-
function [39]. Up-regulation of E-selectin could 
contribute to endothelial inflammation, athero-
sclerosis and subsequent ischemic stroke risk 
[40, 41]. Second, our eQTL analysis demon-
strated that rs532436 could regulate the 
expression of ABO in whole blood and adrenal 
gland. Also, rs532436 has been identified to 
be genome-wide associated with circulating 
vWF levels in the VISP population (beta = -0.33, 
P = 1.01E-21) [38]. In addition, Qi et al. per-
formed a GWAS focusing on serum soluble 
E-selectin concentration and found the stron-
gest association with rs651007, which was 
almost in perfect linkage disequilibrium with 
rs532436 among Asians and Europeans (r2 = 
0.99 and 0.99, respectively) [42].

Our study has several advantages. Firstly, it 
recruited a large cohort of IS patients with pro-
spective data collection. Next, the selected 
SNPs came from the high-quality GWAS on 
stroke susceptibility and functional outcome, 
making it easier for us to discover novel bio-
markers and therapeutic targets for stroke 
prognosis. Then, we collected a wide array of 
clinical data, including age, gender, comorbidi-
ties, smoking and drinking status, allowing us 
to assess the independent influence of GWAS-
linked hot SNPs on stroke recovery and recur-
rence. Lastly, regarding putative functional 
annotation, our findings are biologically sound. 
Meanwhile, some limitations of the present 
study should be noted. The follow-up period 
was relatively short, which prevented an evalu-
ation on long-term prognosis of ischemic 
stroke. Besides, our study only enrolled the par-
ticipants with the most common stroke sub-
types (SVO and LAA), limiting the general appli-
cation to the other three less common sub-
types. Finally, individual data on medications 
and lifestyle interventions were unavailable. In 
future studies, more detailed information for 
each patient should be required in order to 
make more accurate adjusted estimates.

Conclusion

In summary, our results indicated that PTCH1 
rs2236406 can predict the functional outcome 
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after ischemic stroke, while ABO rs532436 can 
forecast the recurrence risk of ischemic stroke. 
More researches are warranted to verify our 
findings and investigate the underlying molecu-
lar mechanisms.
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