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Purpose: Ischemic stroke (IS) is a major cause of disability and death. We used bioinfor-
matics approaches to investigate a functional ANGPT1 variant that interferes with miR-607
and explored its association with IS.

Materials and Methods: An IS expression microarray (GSE16561) was downloaded from
the GEO and used to identify differentially expressed genes (DEGs) and functional enrich-
ment pathways. Analyses showed that ANGPT1 participated in six key pathways and was
susceptible to a key functional polymorphism rs2507799. We genotyped 567 IS patients and
500 controls for ANGPT1 rs2507799. Luciferase assays were also conducted to investigate
the binding between miR-607 and ANGPT1 rs2507799.

Results: In total, we identified 458 DEGs between IS patients and healthy controls in the
GSE16561 dataset. GO functional enrichment analysis showed that these DEGs were mainly
enriched in cell-substrate junctions, the regulation of peptide secretion, and the regulation of
cytokine secretion involved in immune response. ANGPT1 rs2507799 T-carriers had
a significantly higher risk of IS (Dominant model: OR = 1.48, 95% CI = 1.01-2.17, P =
0.044). IS patients harboring the TC/TT genotype experienced significantly more severe injuries
in terms of neurological function (Dominant model: OR =2.06, 95% CI=1.28-3.31, P=0.003).
Analysis also showed that IS patients harboring the TC/TT genotype had a significantly worse
outcome (Dominant model: OR = 2.22, 95% CI = 1.35-3.67, P = 0.002). Luciferase assays
indicated that miR-607 could affect luciferase activity by binding to the ANGPT1 mutant type.
Conclusion: In this study, we used bioinformatical methods to investigate a key IS-related
gene ANGPT! and its functional polymorphism rs2507799. 1s2507799 was found to be
associated with a significantly increased risk for IS, a significantly more severe initial stroke
severity, and a worse outcome. These results may help to improve the future management of
ischemic stroke.

Keywords: ischemic stroke, functional enrichment analysis, polymorphism, ANGPTI,
miRNAs

Introduction

Ischemic stroke (IS) is caused by the sudden loss of blood circulation to an area of
the brain that causes injury to neurological function and represents a major cause of
global disability and mortality." IS is known to be a heterogeneous and multi-
factorial disease. Genetic factors, particularly those involving environmental inter-
actions, are known to play important roles in IS susceptibility and outcomes.?
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Genetic variations in the 3'-untranslated region (3'-
UTR) of mRNA have been reported to be associated
with a variety of diseases.”> One potential theory to
explain these associations is the post-transcriptional regu-
lation of gene expression by microRNAs (miRNAs).® The
basic concept underlying this mechanism is that the affi-
nity of miRNA to mRNA can be changed by mutation in
the 3'-UTR of mRNA, thus affecting mRNA degradation
and final gene expression at the post-transcriptional level.

In this study, we hypothesized that genetic variations
in the key molecular pathways associated with IS may
exert influence on susceptibility and outcome. We used
bioinformatical methods to investigate the key molecular
pathways involved in IS. The Gene Expression Omnibus
(GEO) database (http://www.ncbi.nlm.nih.gov/geo/) is
a database that is commonly used for bioinformatics
analysis. We downloaded a matrix file (GSE16561)
from the GEO that contained IS expression profile data.

Then, we identified differentially expressed genes
(DEGs) and performed functional enrichment analysis.
We found that angiopoietin 1 (ANGPT1) was signifi-
cantly enriched in IS and participated in six key func-
tional pathways. ANGPT!1 is known to be involved in
angiogenesis and the anti-inflammatory process; these
processes play key roles in neural protection after stroke.
Taking these factors into consideration, we hypothesized
that genetic variability within this gene may play an
important role in the occurrence and outcome of IS.
Next, we used bioinformatics software to identify and
characterize candidate single nucleotide polymorphisms
(SNPs) that might influence the expression of ANGPT1
by miRNA analysis. We successfully identified ANGPT1
rs2507799 as a potential SNP and investigated the poten-
tial relationships between this SNP and IS in terms of
susceptibility and outcomes by comparing between IS
patients and healthy controls recruited from our hospital.
Finally, we used luciferase assays to confirm the regula-
tory ability of ANGPT1 rs2507799 on IS.

Materials and Methods
Study Subjects

In this study, we recruited 567 cases of IS from The
Affiliated Huaian No. 1 People’s Hospital of Nanjing
Medical 2017
December 2019. We also recruited 500 controls without

University ~ between  June and

IS. The diagnosis of ischemic stroke was made in accor-
dance with the criteria put forward by the World Health

Organization.” All patients and controls completed an epi-
demiological questionnaire featuring demographical infor-
mation, medical history (such as hypertension and diabetes
mellitus), and other vascular risk factors. This study was
conducted in accordance with the Declaration of Helsinki.
All patients signed an informed consent form and the
study was approved by the Ethics Committee of the
Affiliated Huaian No. 1 People’s Hospital of Nanjing
Medical University (Project identification code: KY-
P-2017-012-01).

Stroke Severity and Functional Outcome

Assessments

Upon hospital admission, the National Institutes of Health
Stroke Scale (NIHSS) was used to assess stroke severity.
Because the NIHSS scores were skewed and did not com-
ply with a normal distribution, the data were dichotomized
for logistic regression analysis. In accordance with pre-
vious studies, the cutoff value for mild and severe stroke
was set at an NIHSS score of 6.%° One month after the
patients were discharged, we used the modified Rankin
Scale (mRS) to evaluate disability in each IS patient, as
previously described.'®!" In accordance with previous
studies, an mRS score of 0-2 was defined as a better
functional outcome, and an mRS score of 3—-6 was defined
as a worse functional outcome.'?

Identification and Functional Enrichment
Analysis of DEGs

The Affy'?® package and limma package'® in R software
were used to preprocess gene expression profile data and
identify DEGs. In brief, data (in CEL format) were anno-
tated and converted into expression measures. Next, we
summarized the probe data from the GSE16561 dataset
and acquired gene expression matrices. The #-test was used
to identify DEGs with specific cut off criteria (|log [FC]| >
1.5 and a corrected P < 0.05). Next, Gene Ontology (GO)
functional enrichment analysis was conducted using the
clusterProfiler package.'> A false discovery rate (FDR) <
0.05 was set as the threshold value. Then, we recorded
significant results for molecular function (MF), biological
process (BP), and cellular component (CC).

SNP Selection and the Prediction of
Binding Between miRNAs and SNPs

Next, we searched the GenBank Single Nucleotide
Polymorphism (SNP) database (https://www.ncbi.nlm.nih.
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gov/snp) to identify potential ANGPT1 genetic variants in
the 3'-UTR using the following parameters: organism
(Homo sapiens), function class (3'-UTR), and Global
MAF (0.05-0.4). Bioinformatics software (http://bioinfo.
life.hust.edu.cn/miRNASNP/#!/) was then used to predict
potential miRNAs that could be affected by SNPs.

DNA Extraction and Genotyping

Total DNA samples were extracted from patients and con-
trols in accordance with a standard protocol.'® The TagMan
allelic discrimination assay was conducted to genotype sam-
ples for the SNP (Applied Biosystems, San Diego, CA,
USA). The PCR conditions were as follows: 50°C for 2
mins, 95°C for 10 mins, followed by 45 cycles of 95°C for
15 s and 60°C for 1 min. The allelic discrimination mode of
SDS 2.3 software was used to calculate the results.

Blood Samples and Tests

Venous blood samples were collected from IS patients
within 24 h of admission. Samples were centrifuged at
3000 rpm for 20 min and stored at —70°C within 30 min
of collection. Plasma levels of ANGPTI] was measured
with a commercial assay (R&D Systems, Minneapolis,
MN, USA). The intra- and inter-assay coefficients of var-
iation lay between 5% and 10%.

Plasmid Construction and the 3'-UTR

Luciferase Reporter Assay

The 3-UTR fragments containing ANGPT1 alleles (wild
and mutant) were amplified by PCR. The PCR products
were then cloned into the multiple cloning site of the
pGL3-promoterless luciferase-based plasmid (Promega,
CA, USA) between the BamHI and Xhol restriction sites
(Genscript, Nanjing, China). reporter  assays,
Lipofectamine 2000 (Invitrogen Corp, CA, USA) was
used to transfect 293T cells with 100 ng of the pGL3-
ANGPT1-wild construct, the pGL3-ANGPT1-mutant con-
struct, or microRNA mimics. We also co-transfected cells
with the Renilla luciferase vector pRL-SV40 (5 ng) to
allow us to normalize for transfection efficiency.

For

Statistical Analysis

All statistical analyses were conducted using Stata/SE
(V.12.0 for StataCorp LP, TX, USA).
Demographic data were compared using two-sample

Windows;

t-tests and the Chi-squared (y¥2) test. The relationships
between genotypes and IS susceptibility, severity, and

functional outcome, were estimated by odds ratios (ORs)
and 95% confidence intervals (Cls) using multivariate
logistic regression analysis. Luciferase activities and
plasma ANGPT1 levels were compared between different
genotype groups by independent sample t-tests. All statis-
tical tests were two-sided and a P-value < 0.05 was con-
sidered as statistically significant.

Results
Demographic Characteristics of Patient

and Control Groups

As shown in Table 1, there were no significant differences
between the patient and control groups in terms of age or
sex. Compared to the control group, the group of IS
patients featured significantly higher proportions of
patients with diabetes (P = 0.008), hypertension (P =
0.02), and drinking (P = 0.001). Patients in the IS group
also exhibited higher levels of serum total cholesterol,
triglycerides, and LDL-C.

Identification and Functional Enrichment

Analysis of DEGs

In the present study, we used the GSE16561 dataset to identify
458 DEGs between IS patients and healthy controls. Of these
DEGs, 344 genes were upregulated and 114 genes were
downregulated (Figure 1). GO functional enrichment analysis
showed that these DEGs were mainly enriched in cell-
substrate junction, cell-substrate adherens junction, the regu-
lation of glial cell proliferation, the positive regulation of glial
cell proliferation, the negative regulation of the production of
molecular mediators of immune response, the regulation of
peptide secretion, and the regulation of cytokine secretion
involved in immune response (Figure 2 and Supplementary
Table 1). Furthermore, we discovered that ANGPT1 partici-
pated in six of these key pathways. Thus, it is reasonable to

assume that genetic variability within this gene may play an
important role in the occurrence and outcome of IS.

The Selection of ANGPT | SNPs and
Genotype Frequencies in Patients and

Controls

Searches of the NCBI SNP database identified two candidate
ANGPT1 SNPs (Table 2). Next, we investigated the frequen-
cies of these two SNPs in 567 cases of ischemic stroke and
500 controls. As shown in Table 3, there was a significantly
different distribution of the ANGPT1 rs2507799 SNP when
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Table | Demographic Characteristics of IS Patients and Controls

Characteristics Controls (n=500) Cases (n=567) P value
Age, year (mean * SD) 66.53 +9.89 65.80 + 12.16 0.289
Sex (male) (%) 307 (61.4) 326 (57.5) 0.212
Smoking (%) 93 (18.6) 114 (20.1) 0.587
Drinking (%) 87 (17.4) 146 (25.7) 0.001
Diabetes (%) 55 (11.0) 95 (16.8) 0.008
Hypertension (%) 229 (45.8) 301 (53.1) 0.02
BMI =25 kg/m?* (%) 190 (38.0) 247 (43.6) 0.071
Total cholesterol (mmol/L) (meant SD) 3.25+0.78 3.82 £ 097 <0.001
Triglycerides (mmol/l) (mean+SD) 1.32 £ 0.68 1.56 + 0.81 <0.001
HDL-C (mmol/L) (mean * SD) 1.43 £ 0.54 1.41 £ 0.65 0.658
LDL-C (mmol/L) (mean *+ SD) 225 +0.72 2.36 + 0.84 0.018

Note: % represents the percentage in the whole controls or patients.
Abbreviation: SD, standard deviation.

compared between the two groups. After adjustment for
drinking, diabetes, hypertension, total cholesterol, triglycer-
ides and LDL-C, logistic regression analysis indicated that
subjects who had the mutant T allele had an increased risk for
ischemic stroke (Dominant model: OR = 1.48, 95% CI =
1.01-2.17, P = 0.044).

Relationships Between ANGPT I
rs2507799, Stroke Severity and Outcome

Next, we examined whether there were associations between
the ANGPT1 rs2507799 polymorphism and the severity and
outcome of IS. Logistic regression analysis indicated that IS

® Not Significant e

-Log10(P.values-adj)

Up regulated e

patients who had the TC/TT genotype had a significantly
more severe injury in terms of neurological function
(Dominant model: OR = 2.06, 95% CI = 1.28-3.31, P =
0.003) (Table 4). Our analysis also revealed that IS patients
with the TC/TT genotype had a significantly worse outcome
in terms of disability (Dominant model: OR =2.22,95% CI =
1.35-3.67, P =0.002) (Table 5).

ANGPT I rs2507799 Caused Changes in

miRNA Binding
Because ANGPT1 rs2507799 was associated with the
severity and outcome of IS, we next conducted

Down regulated

ARG1

MMP9

S100A12

logFC

Figure | Identification of differentially expressed genes (DEGs) from the Gene Expression Omnibus (GEO) dataset. Volcano plots showing the distribution of DEGs in the
GSE16561 dataset. Of the DEGs identified, 344 genes were upregulated and |14 genes were downregulated.
Abbreviations: logFC, the log of the fold change (an established measure for changes in gene expression); P. values-adj, adjusted P values.

https:

1048

Dove!

Therapeutics and Clinical Risk Management 2021:17


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

Dove Chen et al
sLo2A1 o e 08231 o Go:0060252
° PDIA6
MYH11 ® MYO7A G0:0008202 ¢G0:0002719
oct® G0:0014009
0
WASF2 G0:0005925 Ontology D Description
PIPRJ 600005924 BP GO:0060251 regulation of glial cell
GABRA4 G0:0030055 : proliferation
Acttz G0:0031252 BP GO:0060252 positive regulation of glial cell
CORO1C G0:0042470 ’ proliferation
Counts . .
MPRIP TSRO BP G0:0008202 steroid metabolic process
GHP1 PRKGH . 4 negative regulation of cytokine
. 8 BP GO0:0002719  production involved in immune
TSPAN9 PRK@I ‘ 13 response
ITBA8 SKI BP GO0:0014009 glial cell proliferation
PPEIBP1 TNF cC G0:0005925 focal adhesion
OPRM1 ARQA2 cc GO0:0005924  cell-substrate adherens junction
DDR2 SeA cc G0:0030055 cell-substrate junction
NECDg Sgacte cc G0:0031252 cell leading edge
e Cg2Pe CC  G0:0042470 melanosome
FLT1 MT3
° )
DAB2 BXRA
ARFl  HEE APOL2 _ sRpsA2 ®SNAI2
ANGPT1 UGTZB’7

Figure 2 GO enrichment analyses of the identified DEGs. DEGs were mainly enriched in cell-substrate junction, cell-substrate adherens junction, the regulation of glial cell
proliferation, the positive regulation of glial cell proliferation, the negative regulation of production of molecular mediators of immune response, the regulation of peptide
secretion, and the regulation of cytokine secretion involved in immune response. Numbers represent the frequency of genes included in the GO pathway.

Abbreviations: GO, Gene Ontology; BP, biological process; CC, cellular component.

bioinformatics analysis to predict if this SNP could affect
the functional binding of miRNAs. Our analyses suggested
that five miRNAs may be able to interact with the
rs2507799 target site when the 3'-UTR of ANGPTI1 is
mutated (Table 1). Next, we transfected cells with the
five candidate miRNAs mimics with either the wild or
mutant form of ANGPTI. Luciferase assays indicated
that miR-607 could lead to alterations in luciferase activity
by binding to the ANGPT1 mutant type (Figure 3A and
C). Analysis of the plasma levels of ANGPT1 also showed

that patients carrying the TC/TT genotype had lower

plasma concentrations of ANGPT1 than patients carrying
the CC genotype (Figure 3B).

Discussion

To the best of our knowledge, this is the first study to use
bioinformatic methods to identify and characterize
ANGPT1 as a key IS-related gene and rs2507799 as
a functional SNP of this critical gene. Our results indicated
that ANGPT1 rs2507799 T-carriers had an increased risk

Table 2 SNPs Located in the ANGPT| Gene 3'-UTR and Candidate miRNAs Associated with ANGPT! rs2507799 Predicted by
Bioinformatics Analysis

Gene SNP Chromosome HGVS Names
ANGPTI rs2507799 8:107249580 NC_000008.1 I:g.107249580C>T
ANGPTI rs41364248 8:107250154 NC_000008.1 1:g.107250154A>G
ANGPTI rs60782864 8:107249580 NC_000008.1 1:g.107249580C>G
ANGPTI rs56599008 8:107249580 NC_000008.1 I:g.107249580C>G
Gene SNP miRNA-ID AG binding (kCal/mol)
ANGPTI rs2507799 hsa-miR-12123 —5.49

hsa-miR-3671 —-5.05

hsa-miR-4272 —4.82

hsa-miR-607 -7.07

hsa-miR-513c-3p —3.47

Note: AG binding (kCal/mol): binding energy based on ensemble free energy.

Abbreviations: SNP, single nucleotide polymorphism; HGVS, Human Genome Variation Society.

Therapeutics and Clinical Risk Management 2021:17

https:

Dove:

1049


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

Chen et al Dove
Table 3 Genotype Frequencies of the ANGPT/ rs2507799 Polymorphism Among Patient Group and Control Group
Genotype Control (n=500) Cases (n=567) OR (95% CI) P value
rs2507799
CcC 445 (89.0%) 477 (84.1%) 1.00
TC 47 (9.4%) 68 (12.0%) 1.29 (0.85-1.96) 0.232
TT 8 (1.6%) 22 (3.9%) 2.64 (1.11-6.29) 0.029
Dominant 1.48 (1.01-2.17) 0.044
Additive 1.45 (1.07-1.96) 0.018
Notes: Logistic regression analyses adjusted for drinking, diabetes, hypertension, total cholesterol, triglycerides, LDL-C.
Abbreviations: OR, odds ratio; Cl, confidence interval.
Table 4 Association of ANGPT| rs2507799 Polymorphism with is Severity
Genotype Mild (n=394) Severe (n=173) OR (95% CI) P value
rs2507799
CcC 132 (76.3%) 1.00
TC 36 (9.1%) 32 (18.5%) 2.15 (1.26-3.68) 0.005
TT 13 (3.3%) 9 (5.2%) 1.78 (0.69-4.59) 0.231
Dominant 2.06 (1.28-3.31) 0.003
Additive 1.64 (1.14-2.35) 0.008
Notes: Logistic regression analyses adjusted for drinking, diabetes, hypertension, total cholesterol, triglycerides, LDL-C.
Abbreviations: OR, odds ratio; Cl, confidence interval.
Table 5 Association of ANGPT/ rs2507799 Polymorphism with is Outcome
Genotype Better (n=443) Worse (n=124) OR (95% CI) P value
CcC 386 (87.1%) 91 (73.4%) 1.00
TC 43 (9.5%) 26 (21.0%) 2.66 (1.51-4.68) 0.001
TT 15 (3.4%) 7 (5.6%) 1.29 (0.48-3.49) 0.612
Dominant 2.22 (1.35-3.67) 0.002
Additive 1.60 (1.09-2.34) 0.014

Notes: Logistic regression analyses adjusted for drinking, diabetes, hypertension, total cholesterol, triglycerides, LDL-C.

Abbreviations: OR, odds ratio; Cl, confidence interval.

for IS. We also found that IS patients carrying the
1s2507799 T allele experienced a more severe initial injury
in terms of neurological function, and a worse outcome.
The potential mechanism underlying these observations, is
that rs2507799 may alter the binding affinity of miR-607
to ANGPT1 mRNA, thus increasing the degradation of
mRNA.

ANGPT! is a ligand of endothelial-specific tyrosine
kinase receptor (Tie2). When binding to ANGPTI, Tie2
can be phosphorylated; this leads to the activation of path-
ways involved in peri-endothelial cell recruitment, endothe-
lial  permeability, and  anti-inflammatory  signal

transduction.'”” Disruption of the blood—brain barrier
(BBB), along with inflammatory processes, can lead to
brain damage following ischemic stroke.'® Thus, the angio-
genic and anti-inflammatory effects of ANGPT1 may be
instrumental in neural protection after stroke. Previous ani-
mal studies reported that the upregulation of ANGPT1 prior
to middle cerebral artery occlusion could reduce BBB leak-
age and cerebral ischemic volume in mice.'® Furthermore,
the upregulation of ANGPT1 was also associated with an
improvement in outcome in a rat model of middle cerebral
artery occlusion.”’ In addition, previous clinical study
reported that a SNP of ANGPT1 was associated with the
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I hsa-miR-513¢c-3p

Figure 3 Binding of miRNAs to the ANGPTI rs2507799 mutant allele. (A) Bioinformatics analysis predicted that the ANGPTI rs2507799 polymorphism could result in
alterations in the binding site for miR-607. (B) The plasma levels of ANGPT I in patients with different genotypes. (C) Luciferase activities from wild or mutant ANGPT| 3'-
UTR reporters co-transfected into cells with different miRNA mimics or controls. Different colors represent different miRNA mimics. Data are presented as mean *

standard error (SE). *P<0.05.

occurrence of stroke.'® In another clinical study, Golledge
et al reported that the upregulation of plasma ANGPT1 levels
was related to a better outcome after stroke;'” these previous
findings were consistent with our present results.

A previous study reported that ANGPT1 oligomers can
recruit its receptors to cell-cell contacts, thus forming
complexes with angiopoietin-1 receptors from adjoining
cells. This process will lead to the activation of phospha-
tidylinositol 3-kinase and the AKT1 signaling cascades.’’
The AKTI! signaling pathway has been implicated as
a major contributor to neuronal survival following an
ischemic injury to the brain. Akt (protein kinase B) is
a subfamily of serine/threonine protein kinase with onco-
genic and anti-apoptotic activities.”” Previous research
found that the overexpression of neuronal Akt in mice
resulted in significant reductions in infarct volumes when
compared to wild-type controls.”> Thus, future studies
should investigate the effects of ANGPT1 on ischemic
stroke via the AKT1 signaling pathway.

One of the advantages of this study is that we used the
GEO database to identify potential genes. However, we
only selected and characterized one important gene
(ANGPTI). GO functional enrichment analysis revealed
several other key genes that should be investigated in
future, particularly genes that featured in the same func-
tional pathways. For example, apolipoprotein A2 (APOA?2)
was found to co-exist with ANGPT1 in five functional

pathways associated with inflammatory processes

(Supplementary Table 1). It is reasonable to assume that

APOA2 may also play a role in the occurrence of IS and
during subsequent recovery.

There are some limitations to our research that need to be
considered. For example, the downregulation of plasma
ANGPT]I in IS patients could be attributed to the degradation
of mRNA after stroke. However, it is also possible that
subjects with lower levels of circulating ANGPT1 are more
susceptible to IS. Further studies are now needed to clarify
this possibility. In addition, our results were not validated in
a separate population with a similar ethnicity. Our results
now need to be verified in other ethnic populations; this is
because there is a close association between ethnicity and
genetic variations. Finally, due to sample size limitations,
statistical type 1 errors may have occurred in our study.
Thus, future studies could be performed in a more indepen-
dent manner with a larger sample size.

Conclusions

In this study, we used bioinformatical methods to investigate
and characterize a key gene associated with IS (ANGPT1)
and its functional SNP (ANGPT1 rs2507799). Our analyses
showed that this SNP is associated with an increased risk of
IS, a more severe severity of stroke, and a worse outcome.
Collectively, our findings might help to improve the future
management of ischemic stroke.
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