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Abstract: To date, there has been great progress in understanding the genetic basis of ischemic stroke
(IS); however, several aspects of the condition remain underexplored, including the influence of
genetic factors on post-stroke outcomes and the identification of causative loci. We proposed that
an analysis of the results obtained from animal models of brain ischemia could be helpful. To this
end, we developed a bioinformatic approach for exploring single-nucleotide polymorphisms (SNPs)
in human orthologs of rat genes expressed differentially after induced brain ischemia. Using this
approach, we identified and analyzed 11 SNPs from 6 genes in 553 Russian individuals (331 patients
with IS and 222 controls). We assessed the association of SNPs with the risk of IS and IS outcomes.
We found that the SNPs rs858239 (GPNMB), rs907611 (LSP1), and rs494356 (TAGLN) were associated
with different parameters of IS functional outcomes. In addition, the SNP rs1261025 (PDPN) was
associated significantly with IS itself (p = 0.0188, recessive model). All these associations were
demonstrated for the first time. Analysis of the literature suggests that they should be characterized
as being inflammation related. This supports the pivotal role of inflammation in both the incidence
of stroke and post-stroke outcomes. We believe the findings reported here will help with stroke
prognosis in the future.

Keywords: single nucleotide polymorphisms; ischemic stroke; ischemic stroke outcome; rat model of
brain ischemia

1. Introduction

Stroke, including ischemic stroke (IS), is either the second- or third-most common
cause of human mortality and disability worldwide [1]. Given the high global cost of
stroke, even small improvements in prophylactics and prognoses could result in major
positive impacts on health and treatment costs. Stroke is known to be due to modifiable
risk factors [2] and is, therefore, preventable to a large extent. However, genetic factors
are also known to be involved in the stroke susceptibility of individuals. With regard
to subtypes of IS, estimates of heritability include 16.1% for small vessel stroke, 32.6%
for cardioembolic stroke, and 40.3% for large vessel stroke [3]. The largest genome-wide
association (GWA) study yet conducted revealed 89 stroke-risk loci, 61 of which were
novel [4]. The outcomes of IS are also influenced by different factors, including genetic
ones [5,6]. However, and in contrast to IS itself, the roles played by genetic factors have
not yet been properly estimated, and our knowledge of the impact of genetic factors on
post-stroke outcomes is still very limited. To date, only a few GWA studies have been
carried out. These found that several loci were associated with IS outcomes [7–9]. However,
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although GWA studies have demonstrated their effectiveness in discovering trait-related
loci, and are expected to be used in the future, such studies suffer from certain limitations.
The most notable of these is their poor precision in identifying real causal variants or genes
caused by linkage disequilibrium between the loci tested. This imprecision hinders the
development of biological insights and the clinical implementation of GWA findings and
also necessitates the functional validation of most of the gene associations discovered [10].
Ultimately, this deficiency highlights the need for the development of new approaches
that can identify causal genetic variants and help to clarify the biological mechanisms that
underlie the associations observed. Such methods might involve the enhanced downstream
analysis of identified loci through the involvement of different “omics” data and advanced
analytic techniques or the direct functional dissection of particular variants and genes,
either in vitro or in vivo [10–12].

In parallel, genes involved in IS have also been searched for and characterized using
animal models [13,14]. Through these, a general picture of IS pathophysiology has been
developed [14]. Some of the results obtained in rodent models of stroke have been valuable
for explaining associations found in humans, including GWA-assessed outcomes after IS [7],
but their translation remains generally low. This is because of substantial physiological
differences between model animals and humans, as well as the inadequate applicability
of animal models of stroke to the real human disease due to the heterogeneity of human
stroke and the use of young animals to model an aging-associated condition, amongst other
issues [14]. For this reason, the creation of more human-like animal models is now being
actively pursued as one means of improving translation [15]. An alternative approach is
based on the belief that the “humanization” of animal models is possible only to a limited
extent and that greater success is more likely to be obtained by “humanizing” the methods
used for data processing, particularly, the careful selection and validation of cross-species
multiomic data [16,17]. Following this approach, we developed a bioinformatics protocol
with the aim of identifying genomic markers that could affect IS outcomes [18]. This
involves the exploration of genomic variations in human orthologs of rat genes, which
substantially change their expression in the brain in response to transient middle cerebral
artery occlusion (tMCAO). We recently demonstrated the efficacy of this method in a pilot
study [19]. In this paper, we present the results obtained using a slightly improved version
for the validation of a new set of genes, which were differentially expressed in rats after
induced brain ischemia.

2. Results

A total of 331 IS patients were analyzed. One patient was excluded from the analysis
because he died eight days after IS. In Study 1, 69 patients were classified as the functional
recovery group (modified Rankin Scale (mRS) scores of 0–1), and 261 patients were in the
nonfunctional recovery group (mRS scores of 2–6). In Study 2, the functional recovery
group comprised 116 patients (mRS scores of 0–2), while the nonfunctional recovery group
comprised 214 patients (mRS scores of 3–6). In Study 3, the functional and nonfunctional
recovery groups consisted of 175 patients (mRS scores of 0–3) and 155 patients (mRS scores
of 4–6), respectively. The group of patients with an mRS score of 3 contained 59 individuals.
Positive changes in the mRS scores (∆mRS > 0) were observed in 155 patients; negative
changes were found in 67 patients (∆mRS < 0); and the scores of 108 patients remained
stable (∆mRS = 0).

The genotype frequencies of eleven SNPs accessed in the four basic studies are pre-
sented in Table 1. Some of these demonstrated group-related specificities. The distributions
of the SNP rs858239 genotypes differed between the functional and nonfunctional groups
in Studies 1 and 2, while SNP rs907611 was correlated with the dynamics of changing
patient mRS scores in Study 4 (Table 1). A comparison of the genotype distributions of both
SNPs under other genetic models of inheritance (dominant, recessive, and overdominant)
showed that associations related to the SNP rs858239 were attributed to the homozygous
genotype AA, which occurred more frequently in the functional recovery groups (p = 0.007
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and p = 0.009 for Studies 1 and 2, respectively) (Table S1). The association of SNP rs907611
with IS outcomes was correlated with a distinct genotype pattern in the group of patients
with negative ∆mRS values. In particular, there was a higher frequency of genotype AA in
this group (Tables 1 and S1). Under alternative genetic models, several other SNPs also
demonstrated associations with stroke outcomes, namely, SNP rs34323745, SNP rs494356,
and SNP rs2089910. The SNPs rs34323745 and rs2089910 were found to tag alternative
patterns of variation (groups of highly correlated SNPs) in the GPNMB and LSP1 genes
((Tables 2 and S1). The SNP rs34323745 was also associated with outcomes in the analysis
variant in which patients with an mRS score of 3 were considered along with patients with
scores of 0–2 and 4–6. A review of the results of the genetic models revealed an association
with the prevalence of a heterozygous genotype AC in patients with an mRS score of 3.

However, only three SNPs—rs858239, rs907611, and rs494356—remained associated
with stroke outcomes after the appropriate logistic regression analysis was applied (Table 3).
For the genotypic variables with significant parameters, we also estimated the overall effect
of the SNPs on the models by means of the Wald test and residual deviance computation.
The results of both tests confirmed the importance of the SNPs.

Because the genetics of IS are not yet clearly understood, the SNPs were also tested
for association with the risk of IS. One SNP was found to be associated with the disease:
rs1261025 (Table S1). This association was due to the homozygous genotype GG that
occurred about three times more often in the stroke patients than in the controls. Among
all the genetic models considered, the most pronounced differences were observed for the
recessive model (p = 0.0188).
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Table 1. Genotype frequency in the groups of patients from Studies 1, 2, 3, and 4.

SNP Allele
Study 1 *

p
Study 2 *

p
Study 3 *

p
Study 4 *

p
mRS 0–1 mRS 2–6 mRS 0–2 mRS 3–6 mRS 0–3 mRS 4–6 ∆mRS > 0 ∆mRS < 0 ∆mRS = 0

rs858239
A/A 0.30 (21) 0.16 (42)

0.0091
0.27 (31) 0.15 (32)

0.0331
0.22 (39) 0.15 (24)

0.2589
0.22 (34) 0.13 (9) 0.19 (20)

0.5496A/G 0.48 (33) 0.48 (124) 0.44 (51) 0.50 (106) 0.45 (78) 0.51 (79) 0.45 (70) 0.55 (37) 0.46 (50)
G/G 0.22 (15) 0.36 (95) 0.29 (34) 0.36 (76) 0.33 (58) 0.34 (52) 0.33 (51) 0.31 (21) 0.35 (38)

rs34323745
A/A 0.01 (1) 0.03 (7)

0.1119
0.03 (3) 0.02 (5)

0.1431
0.03 (6) 0.01 (2)

0.4429
0.03 (5) 0.00 (0) 0.03 (3)

0.6606A/C 0.19 (13) 0.31 (80) 0.22 (25) 0.32 (68) 0.27 (48) 0.29 (45) 0.28 (43) 0.27 (18) 0.30 (32)
C/C 0.80 (55) 0.67 (174) 0.76 (88) 0.66 (141) 0.69 (121) 0.70 (108) 0.69 (107) 0.73 (49) 0.68 (73)

rs11267036
G/G 0.01 (1) 0.02 (6)

0.7061
0.02 (2) 0.02 (5)

0.6852
0.02 (3) 0.03 (4)

0.8588
0.03 (4) 0.01 (1) 0.02 (2)

0.6253C/G 0.22 (15) 0.26 (67) 0.22 (26) 0.26 (56) 0.25 (44) 0.25 (38) 0.26 (41) 0.18 (12) 0.27 (29)
C/C 0.77 (53) 0.72 (188) 0.76 (88) 0.71 (153) 0.73 (128) 0.73 (113) 0.71 (110) 0.81 (54) 0.71 (77)

rs907611
A/A 0.09 (6) 0.13 (34)

0.2044
0.10 (12) 0.13 (28)

0.1686
0.13 (22) 0.12 (18)

0.7418
0.12 (18) 0.21 (14) 0.07 (8)

0.0494A/G 0.52 (36) 0.41 (106) 0.50 (58) 0.39 (84) 0.45 (78) 0.41 (64) 0.45 (70) 0.43 (29) 0.40 (43)
G/G 0.39 (27) 0.46 (121) 0.40 (46) 0.48 (102) 0.43 (75) 0.47 (73) 0.43 (67) 0.36 (24) 0.53 (57)

rs2089910
A/A 0.07 (5) 0.08 (21)

0.9577
0.07 (8) 0.08 (18)

0.4976
0.08 (14) 0.08 (12)

0.8730
0.08 (13) 0.06 (4) 0.08 (9)

0.2184A/G 0.39 (27) 0.38 (98) 0.34 (40) 0.40 (85) 0.37 (64) 0.39 (61) 0.34 (52) 0.34 (23) 0.46 (50)
G/G 0.54 (37) 0.54 (142) 0.59 (68) 0.52 (111) 0.55 (97) 0.53 (82) 0.58 (90) 0.60 (40) 0.45 (49)

rs494356
T/T 0.01 (1) 0.03 (9)

0.6892
0.02 (2) 0.04 (8)

0.5108
0.03 (6) 0.03 (4)

0.9005
0.03 (4) 0.01 (1) 0.05 (5)

0.2398T/C 0.26 (18) 0.25 (66) 0.28 (32) 0.24 (52) 0.25 (44) 0.26 (40) 0.21 (33) 0.25 (17) 0.31 (34)
C/C 0.72 (50) 0.71 (186) 0.71 (82) 0.72 (154) 0.71 (125) 0.72 (111) 0.76 (118) 0.73 (49) 0.64 (69)

rs664922
G/G 0.13 (9) 0.08 (21)

0.2555
0.12 (14) 0.07 (16)

0.3753
0.12 (21) 0.06 (9)

0.1432
0.10 (15) 0.06 (4) 0.10 (11)

0.7847G/T 0.30 (21) 0.39 (102) 0.35 (41) 0.38 (82) 0.35 (62) 0.39 (61) 0.35 (54) 0.42 (28) 0.38 (41)
T/T 0.57 (39) 0.53 (138) 0.53 (61) 0.54 (116) 0.53 (92) 0.55 (85) 0.55 (86) 0.52 (35) 0.52 (56)

rs5759195
G/G 0.12 (8) 0.13 (34)

0.9368
0.13 (15) 0.13 (27)

0.9931
0.14 (24) 0.12 (18)

0.2877
0.12 (18) 0.15 (10) 0.13 (14)

0.8769G/C 0.41 (28) 0.41 (107) 0.41 (47) 0.41 (88) 0.44 (77) 0.37 (58) 0.43 (67) 0.36 (24) 0.41 (44)
C/C 0.48 (33) 0.46 (120) 0.47 (54) 0.46 (99) 0.42 (74) 0.51 (79) 0.45 (70) 0.49 (33) 0.46 (50)

rs762959
T/T 0.13 (9) 0.13 (34)

0.9998
0.14 (16) 0.13 (27)

0.9497
0.15 (26) 0.11 (17)

0.3826
0.12 (19) 0.15 (10) 0.13 (14)

0.9257T/C 0.42 (29) 0.42 (110) 0.41 (48) 0.43 (91) 0.43 (76) 0.41 (63) 0.43 (67) 0.37 (25) 0.44 (47)
C/C 0.45 (31) 0.45 (117) 0.45 (52) 0.45 (96) 0.42 (73) 0.48 (75) 0.45 (69) 0.48 (32) 0.44 (47)
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Table 1. Cont.

SNP Allele
Study 1 *

p
Study 2 *

p
Study 3 *

p
Study 4 *

p
mRS 0–1 mRS 2–6 mRS 0–2 mRS 3–6 mRS 0–3 mRS 4–6 ∆mRS > 0 ∆mRS < 0 ∆mRS = 0

rs1261025
G/G 0.10 (7) 0.14 (37)

0.5349
0.13 (15) 0.14 (29)

0.9308
0.14 (24) 0.13 (20)

0.9637
0.13 (20) 0.10 (7) 0.16 (17)

0.4551G/A 0.45 (31) 0.47 (123) 0.46 (53) 0.47 (101) 0.47 (82) 0.46 (72) 0.47 (73) 0.55 (37) 0.41 (44)
A/A 0.45 (31) 0.39 (101) 0.41 (48) 0.39 (84) 0.39 (69) 0.41 (63) 0.40 (62) 0.34 (23) 0.44 (47)

rs434651
A/A 0.28 (19) 0.22 (57)

0.3460
0.25 (29) 0.22 (47)

0.5163
0.22 (39) 0.24 (37)

0.3393
0.23 (35) 0.22 (15) 0.24 (26)

0.8155G/A 0.55 (38) 0.53 (139) 0.55 (64) 0.53 (113) 0.57 (100) 0.50 (77) 0.57 (88) 0.52 (35) 0.50 (54)
G/G 0.17 (12) 0.25 (65) 0.20 (23) 0.25 (54) 0.21 (36) 0.26 (41) 0.21 (32) 0.25 (17) 0.26 (28)

* Numbers in squares are the numbers of genotypes of a certain type.
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Table 2. SNPs whose genotypes significantly differed between the groups under specific genetic
models of inheritance (chi-square test).

Model Outcome * SNP df χ2 p-Value

Additive Study 2 rs858239 2 6.8 0.03
Additive Study 1 rs858239 2 9.4 0.01
Additive Study 4 rs907611 4 9.5 0.05
Additive ∆ = mRS14 −mRS1_4 rs907611 2 6.9 0.03
Additive ∆ = mRS14 −mRS1_1c rs907611 2 8.7 0.01

Dominant severity 5 rs34323745 2 8.7 0.01
Dominant Study 1 rs858239 1 4.6 0.03
Dominant Study 1 rs34323745 1 3.8 0.05
Dominant ∆ = mRS14 −mRS1_1b rs494356 1 4.1 0.04
Dominant ∆ = mRS14 −mRS1_1c rs907611 1 4.1 0.04
Recessive severity 5 rs858239 2 6.9 0.03
Recessive Study 2 rs858239 1 6 0.01
Recessive Study 1 rs858239 1 6.4 0.01
Recessive Study 4 rs907611 2 7.1 0.03
Recessive ∆ = mRS14 −mRS1_4 rs907611 1 5.1 0.02
Recessive ∆ = mRS14 −mRS1_1c rs907611 1 5.7 0.02

Overdominant severity 5 rs34323745 2 7.1 0.03
Overdominant ∆ = mRS14 −mRS1_1b rs2089910 1 3.8 0.05

* Severity 5: mRS scores of 0–2 vs. scores of 3 vs. scores of 4–6; ∆ = mRS14 − mRS1_1a: ∆mRS < 0
vs. ∆mRS > 0; ∆ = mRS14 −mRS1_1b: ∆mRS < 0 vs. ∆mRS = 0; ∆ = mRS14 − mRS1_1c: ∆mRS > 0 vs.
∆mRS = 0; ∆ = mRS14 −mRS1_3: ∆mRS < 0 vs. (∆mRS > 0 + ∆mRS = 0); ∆ = mRS14 − mRS1_4: ∆mRS > 0
vs. (∆mRS < 0 + ∆mRS = 0).

Table 3. SNPs whose genotypes were significantly associated with IS outcome in logistic regres-
sion analysis.

Model Outcome Feature Estimate Std. Error CI 2.5% CI 97.5% p-Value OR OR 2.5% OR 97.5%

Additive Study 1 rs858239GG 1.23 0.48 0.31 2.2 0.01 3.43 1.36 9
Additive ∆ = mRS14 −mRS1_3 rs494356TC 0.87 0.37 0.15 1.6 0.02 2.38 1.16 4.95
Additive ∆ = mRS14 −mRS1_4 rs907611GG −1.15 0.48 −2.11 −0.2 0.02 0.32 0.12 0.82
Additive ∆ = mRS14 −mRS1_1b rs494356TC 1.2 0.45 0.33 2.12 0.01 3.32 1.39 8.32
Additive ∆ = mRS14 −mRS1_1c rs907611GG 1.35 0.61 0.18 2.58 0.03 3.84 1.19 13.24
Additive Study 4 rs494356TC 0.87 0.34 0.22 1.54 0.01 2.4 1.25 4.66

Dominant ∆ = mRS14 −mRS1_3 rs494356 0.75 0.34 0.08 1.43 0.03 2.12 1.08 4.19
Dominant ∆ = mRS14−mRS1_1b rs494356 1.12 0.43 0.3 1.98 0.01 3.06 1.35 7.25
Dominant Study 4 rs494356 0.81 0.32 0.19 1.44 0.01 2.24 1.21 4.21
Recessive severity 5 rs858239 −0.61 0.28 −1.16 −0.06 0.03 0.55 0.31 0.94
Recessive Study 2 rs858239 −0.79 0.3 −1.39 −0.2 0.01 0.45 0.25 0.82
Recessive Study 1 rs858239 −0.89 0.34 −1.54 −0.22 0.01 0.41 0.21 0.8
Recessive ∆ = mRS14 −mRS1_4 rs907611 0.9 0.38 0.13 1.64 0.02 2.47 1.14 5.2
Recessive ∆ = mRS14−mRS1_1b rs494356 −1.11 0.42 −1.98 −0.3 0.01 0.33 0.14 0.74

Overdominant ∆ = mRS14−mRS1_1b rs494356 0.87 0.38 0.14 1.63 0.02 2.39 1.15 5.08
Overdominant Study 4 rs494356 0.65 0.29 0.08 1.22 0.03 1.91 1.08 3.4

3. Discussion

The outcomes of IS vary from complete recovery to persistent severe disability or death.
In the current study, we studied polymorphisms of six genes in patients who were alive
after IS. To assess the factors affecting the outcomes of the disease, outcomes are commonly
analyzed by dividing patients into functional and nonfunctional recovery groups based
on individual mRS scores. The patients with low scores are then compared to those with
high scores [7,20]. Because there is no consensus regarding optimal grouping, we also
applied directional ∆mRS, as recently proposed by ourselves [19]. We also divided the
patients into three groups using mRS. With regard to the latest variant, we considered the
specific characteristics of all the patients with an mRS score of 3 (see Section 4 for details).
Using this approach, some differences in the genotype distribution were found, but their
importance for IS outcomes was not confirmed in the regression analysis.

As a result of testing, three SNPs associated with IS outcomes were identified. All
of these are in different genes. SNP rs858239 is located at 79 bp upstream of the GPNMB
gene (GRCh38). This gene encodes the transmembrane glycoprotein NMB (non-metastatic
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melanoma protein B), which was initially described as a regulator of tumor growth. Sub-
sequently, its expression has been detected in many tissues, including bone, skin, kidney,
and skeletal muscle, where it is involved in various cellular processes, such as cell differen-
tiation, migration, and tissue regeneration [21]. GPNMB is also expressed in the normal
central nervous system (CNS)—brain and spinal cord—of adult rats, but its expression is
mainly associated with microglial cells, which are resident immune cells. For this reason, it
has been proposed that GPNMB might also play a role in inflammatory processes in the
CNS [22]. Various studies have suggested that GPNMB is neuroprotective. Transgenic mice
with overexpressed GPNMB had a significantly decreased infarct volume after ischemia–
reperfusion injury compared with wild-type controls [23]. The treatment of an astrocyte
cell line and primary mouse astrocytes with GPNMB decreased the levels of inducible
nitric oxide synthase, nitric oxide, reactive oxygen species, and the inflammatory cytokine
IL-6 induced by a pro-inflammatory cytokine-mix treatment [24]. The overexpression of
GPNMB protected against dopaminergic neurodegeneration in a 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) mouse model of Parkinson’s disease. It also reduced gliosis
and prevented microglial morphological changes caused by MPTP treatment. In addition,
recombinant GPNMB was found to attenuate LPS-induced inflammation in primary mouse
microglia [25]. Interestingly, increased levels of GPNMB have been observed in brain
samples and/or the cerebrospinal fluid of patients with neurodegenerative diseases such
as amyotrophic lateral sclerosis, Parkinson’s disease, Alzheimer’s disease, and multiple
sclerosis [24,26–28]. Taking into account the properties of GPNMB, it has been proposed
that the protein is induced under these conditions to hold back inflammation and protect
neurons [28]. However, an alternative view links elevated levels of GPNMB with an in-
creased risk of diseases and disease stages [29,30]. Increased levels of GPNMB in plasma
have also been linked with a higher risk of cardiovascular diseases, particularly myocardial
infarction and heart failure [31].

A meta-analysis of GWAS studies that included 13,708 cases and 95,282 controls
identified SNP rs199347 as one of the top risk loci for Parkinson’s disease [32]. Murthy
and co-workers further explored the genomic region around this locus and found that
SNP rs199347 was significantly associated with increased GPNMB expression in multiple
brain regions, indicating that the GPNMB gene could potentially affect the risk of PD [33].
Another SNP from the GPNMB gene—SNP rs858239—has been associated with GPNMB
protein levels in cerebrospinal fluid [34]. SNP rs858239 is one of the loci under investigation
in the current study. It is in high LD, with the SNP rs199347 (r2 = 0.94–1.0 in European
samples of the 1000 Genomes project) located in an intron of the GPBNM gene. We found
that SNP rs858239 was associated with outcomes after IS. This association was correlated
with genotype AA, which occurred more frequently in the groups of patients with a
slight disability, or none at all, than in the severe-symptom groups. According to the
Genotype-Tissue Expression (GTEx) project [https://gtexportal.org/home/ (accessed on
12 February 2023)] as well as Murthy and co-workers, these genotypes are associated with
a minimal level of GPNMB expression compared with AG and, especially, GG genotypes.
To the best of our knowledge, the current study is the first to report an SNP of GPNMB
that is correlated with IS outcomes in humans. In the context of our emphasis on patients
with an mRS score of 3, it should be also noted that these individuals did not differ from
the patients with scores of 4–6 in terms of the genotype frequency of SNP rs858239. This
finding suggests that combining these patients with those who had scores of 0–2 would
have been of little or no value.

The second important locus identified in our work was SNP rs907611, located 2kb
upstream of the LSP1 gene (GRCh38). This gene encodes an intracellular F-actin binding
protein—lymphocyte-specific protein 1—that is expressed in hematopoietic and endothelial
cells. Because LSP1 is involved in the regulation of actin cytoskeleton structural organi-
zation and dynamics, it plays an important role in leukocyte motility, transendothelial
migration, and the adhesion of fibrinogen matrix proteins [35]. Initial studies with LSP1-
deficient mice suggested a negative regulatory role of LSP1 in inflammation. Researchers

https://gtexportal.org/home/


Int. J. Mol. Sci. 2023, 24, 6831 8 of 15

found increased infiltration of neutrophils in the inflamed tissues of model animals. These
observations were supported by increased migrations of LSP1-deficient neutrophils and
T-lymphocytes in response to chemical stimulus in vitro [35,36]. In contrast to leukocytes,
LSP1 deficiency in endothelial cells resulted in a profound decrease in neutrophil transmi-
gration [37]. This effect was explained by the involvement of LSP1 in endothelial dome
formation during leukocyte transmigration [38]. These differences between LSP1 from
leukocytes and LSP1 from endothelial cells may be due to two specific features of the
enzymes. First, LSP1 expressed by leukocytes is predominantly a cytosolic protein associ-
ated with the cytoskeleton, while LSP1 expressed by endothelial cells is mainly located in
the nucleus. Second, in leukocytes, LSP1 is quickly phosphorylated by the stimulation of
soluble chemoattractants such as fMLP and chemokines, while LSP1 phosphorylation in
the endothelium requires ICAM-1-mediated neutrophil adhesion [39,40]. Nevertheless, it
seems that endothelial cell-expressed LSP1 is crucial for the transendothelial migration of
leukocytes and extravascular chemotaxis [40]. Moreover, LSP1-deficient neutrophils have
been reported to exhibit impaired migration speed and chemotaxis directionality [41], and
LSP1-expressing cells have been found to occur in inflamed tissues (e.g., T cells in synovial
tissues) [36].

The excessive and uncontrolled infiltration of distinct immune cells into particular
organs or tissues has been identified as a characteristic pathology of various chronic
inflammatory diseases, such as psoriasis, ulcerative colitis, Crohn’s disease, asthma, and
rheumatoid arthritis; many of these have been associated with LSP1 [36,42,43]. Stroke has
not yet been directly related to LSP1, but an association with LSP1 has been demonstrated
for blood pressure, which is one of the most important risk factors of stroke [44]. An
increased level of LSP1 mRNA expression in blood was described recently as a potential
diagnostic biomarker for Parkinson’s disease [45]. In the current study, we identified
an association between LSP1 polymorphism at the rs906711 locus and IS outcomes. The
outcomes were assessed by evaluating the direction of the changes in patients’ mRS scores
between the 14th day and the day of admission (∆mRS). This was correlated with the AA
genotype that occurred more frequently in patients with negative ∆mRS values. According
to GTEx data, AA genotypes are associated with increased levels of LSP1 expression in
brain tissues compared with AG and GG genotypes. Thus, the possession of the AA
genotype can be considered a risk factor for a negative outcome after IS.

The final SNP associated with IS outcome—rs494356—is located in an intron of the
TAGLN gene. This gene encodes the actin-binding protein transgelin, which is abundant in
vascular and visceral smooth muscle, and it is an early marker of smooth muscle differen-
tiation. The authors of [46] found that by inducing filamentous actin bundling, TAGLN
facilitated the reorganization of the cytoskeleton and maintained the contractile phenotype
of vascular smooth muscle cells (VSMCs) in rats. In another study, high levels of the expres-
sion of TAGLN inhibited VSMC proliferation and injury-induced neointimal hyperplasia
in rats [47]. Contrarily, TAGLN expression is commonly downregulated in tumor cells
in comparison with the cells of healthy tissue [48]. Lowered expression of TAGLN has
also been observed in cardiovascular diseases, such as atherosclerosis (the atherosclerosis
plaque), intracranial aneurysms, and aortic dissection [49–51]. The disruption of TAGLN
promotes arterial inflammation through the activation of TNF-α-mediated NF-κB pathways
followed by the production of reactive oxygen species [52]. Moreover, TAGLN expression
has been found to decrease after treatment with TNF-α [53]. In turn, the overexpression
of TAGLN was shown to attenuate TNF-α-induced inflammation in VSMCs [54]. Taken
together, these research findings suggest that TAGLN can affect inflammatory damage
in VSMCs.

GWAS studies have demonstrated associations between TAGLN and multiple traits
[https://www.ebi.ac.uk/gwas/genes/TAGLN (accessed on 16 February 2023)], most
of which are related to the lipid content in blood. This can be explained by inducing
switching of the VSMC phenotype (from contractile to synthetic) with products of lipid
metabolism [55]. In our study, the TAGLN SNP rs494356 was associated with IS outcomes,
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particularly ∆mRS. The association correlated with the occurrence of genotypes containing
allele T. However, the frequency of minor homozygous genotypes was insufficient to test
their distribution with reliable power. They were also rare in the GTEx data for brain tissue.
As for the more frequent genotypes CT and CC, the GTEx data demonstrated that genotype
CC was associated with a higher level of TAGLN expression than CT. Decreased TAGLN ex-
pression can contribute both to the destruction of the vascular wall and local inflammation
and can, therefore, be expected to prevail in patients whose functional state deteriorates.

As mentioned above, all the SNPs under study were also tested for correlation with IS
risk because of the limitation of existing data on stroke genetics, particularly its potential
specificity in populations of different ancestries [56]. Our analysis was carried out on
patients of Russian ethnicity. One of the SNPs studied was found to be associated with the
risk of IS. The significant SNP rs1261025 is located in an intron of the PDPN gene. This
gene encodes the small mucin-like transmembrane glycoprotein podoplanin. Experiments
with podoplanin gene knockout in mice have demonstrated its crucial role in the normal
development and functioning of the lung, heart, and lymphatic vascular system [57]. In
addition, many studies have demonstrated the involvement of PDPN in the pathological
processes in the brain, including development, angiogenesis, tumors, ischemic stroke, and
other neurological disorders [58]. Studies on ischemic stroke have mostly been concerned
with the role of PDPN and/or its partner C-type lectin-like receptor-2 (CLEC-2) in acute
IS, ischemia–reperfusion injury, and IS outcome. CLEC-2 is an activator of platelets, and
podoplanin is the only known ligand of CLEC-2 [59]. Researchers have found that (1) pa-
tients with acute IS had significantly higher levels of CLEC-2 in plasma and (2) higher
CLEC-2 plasma levels were significantly associated with stroke progression and poorer
prognosis at 90 days after admission, as well as an increased risk of death and vascular
events in a one-year follow-up period [60,61]. These findings are supported by the re-
sults of experiments on model animals, which showed that the pretreatment of mice with
anti-podoplanin antibodies significantly reduced the cerebral infarct volume, attenuated
neurological deficits, decreased the levels of IL-18 and IL-1β, and alleviated microvascular
thrombosis [62,63].

In our study, no association was found between PDPN polymorphisms and IS out-
comes, but an association with IS itself was identified. As has been widely recognized,
ischemic stroke is preceded by thromboinflammation, a process related to the activation
of both platelets and immune cells [64]. It was previously proposed that the interaction
between PDPN on activated macrophages and platelet CLEC-2 played a role in throm-
boinflammation under atherosclerosis conditions and, thus, contributed to the thrombotic
properties of advanced atherosclerotic lesions [65]. Subsequently, it was demonstrated that
PDPN expression could be induced in endothelial cells by vascular endothelial growth
factor (VEGF)-A from superficial smooth muscle cells. Such mediated PDPN overexpres-
sion intensified platelet aggregation via podoplanin-CLEC-2 interaction, enhancing erosive
injury and thrombus formation [66]. In our study, the association with IS was correlated
with the occurrence of genotype GG at rs1261015, which was more frequent among the
patients than the controls. According to the GTEx data, GG correlates with a high level of
PDPN expression in arteries, which can promote enhanced thrombocyte aggregation and
increased incidence of IS in individuals.

In conclusion, we continued to explore the possibility of translating the results obtained
from model animals to human subjects. Using a recently developed approach, we applied
the results of an analysis of gene expression in rat brain after tMCAO to search for genetic
markers of IS. The associations found confirmed the efficacy of this approach. However,
it should be noted that although all the loci originated from the genes correlated with
cerebral ischemia–reperfusion injury, only three of them (SNPs in genes GPNMB, LSP1,
and TAGLN) were associated with outcomes after IS, while one locus (SNP rs1261025 in the
PDPN gene) demonstrated associations with IS itself. These differences in the SNP/gene
effects can be attributed to interspecies differences between rats and humans with respect
to gene functioning. Furthermore, an analysis of the literature suggested that all these
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should be characterized as inflammation-related, thereby supporting the pivotal role of
inflammation in both the incidence of stroke and post-stroke outcomes. To understand this
further and develop better methods for stroke prognosis, further studies are required. We
believe that our approach could be helpful because all the associations that we identified
using this method were described for the first time. However, due to technical limitations,
only a portion of local eQTLs in several tens of genes have been evaluated and tested
in our studies to date. For this reason, the global validation of all the genes associated
with post-ischemic injury in rat brain for human subjects still needs to be completed in
the future.

4. Materials and Methods
4.1. Study Subjects

The association study was carried out in a subgroup of patients with IS admitted to
the Neurologic Department of Moscow City Clinical Hospital No. 31 during 2008–2011.
The detailed procedures of patient enrollment and data collection have been described
previously [67]. Briefly, the study group comprised men and women aged ≥ 55 years who
had been diagnosed with their first IS and were taken to the hospital at the acute stage of
the disease. Patients with transitory ischemic attacks, recurrent stroke, hemorrhagic stroke,
acute myocardial infarction, decompensated heart failure, or other severe accompanying
conditions, including autoimmune and infectious diseases, were not recruited into the study.
To assess stroke severity, the National Institutes of Health Stroke Scale was used [68]. The
functional outcome after the stroke was graded using a modified Rankin Scale (mRS) [69].
The severity and outcome were assessed twice—on days 1 and 14 after the stroke event. To
obtain a group with homogeneous ancestry, only the patients who self-described as Russian
were included. In total, 331 patients (166 males and 165 females; mean age 71.68 ± 8.69)
with IS were enrolled. The control group included 222 healthy individuals (109 males and
113 females; mean age 70.20± 9.63) with Russian ancestry from regions of central European
Russia. All the subjects provided written informed consent for participation.

4.2. Selection and Genotyping of Markers

DNA was isolated from peripheral blood cells by proteinase K treatment, followed by
extraction with phenol–chloroform [70]. The principles of the selection of the polymorphic
markers analyzed in the study were described in our recently developed protocol [18] and
included the following main steps: (1) the selection of rat genes with the most significant
changes in their expression in the brain in response to temporal artery occlusion; (2) the
identification of the human orthologs of these rat genes; (3) the identification of SNPs in
human genes and any tag SNPs among them using whole-genome sequence data from
an appropriate population (i.e., CEU population from the 1000 Genomes Project); (4) the
annotation and identification of functionally important tag SNPs that affect the expression
of the genes studied (expression quantitative trait loci (eQTLs)) using the data of the
Genotype-Tissue Expression (GTEx) project. In evaluating the tag SNPs, only those SNPs
associated with changes in the expression of corresponding genes in human brain tissues
were considered. The SNPs of 6 genes from the initial list of 28 genes were found to be brain-
associated eQTLs. The final selection was made by comparing the results of the evaluation
of the functional features of the SNPs using HaploReg [71] and RegulationSpotter [72]. In
total, there were eleven such SNPs in six genes: LSP1, GPNMB, PDPN, TAGLN, TSPO, and
TUBB6 (Table 4).



Int. J. Mol. Sci. 2023, 24, 6831 11 of 15

Table 4. Genomic characteristics of the polymorphisms studied, with primer and probe sequences
and PCR conditions *.

SNP chr Position (GRCh38) Alleles Gene Primer and Probe Sequences Ta, ◦C

rs858239 7 23,246,696 G/A GPNMB

5′-(FAM)TCAGGCAATGCCGC(BHQ1)-3′
5′-(VIC) CAGGCAGTGCCGC(BHQ2)-3′
5′-AGGAGTGAGTCATAAGC-3′
5′-CCACCAAGAGCAACA-3′

57

rs34323745 7 23,272,449 C/A GPNMB

5′-(FAM)CAGCAAAAACCTGTCTGAA(BHQ1)-3′
5′-(VIC)CAGCAAAACCCTGTCTGA(BHQ2)-3′
5′-GAGCCCAGAAGTCCAG-3′
5′-ATCCCCACTGAATTAAAACC-3′

60

rs11267036 18 12,308,794 G/C TUBB6

5′-(FAM)TGCTACTCACACGATGACTC(BHQ1)-3′
5′-(VIC)TGCTACTCACAGGATGACTC(BHQ2)-3′
5′-AGGCTACGTGGGAGA-3′
5′-GCCGCGCTAAGAGG-3′

60

rs907611 11 1,852,842 G/A LSP1

5′-(FAM)CCTGCGACCATCTTGG(BHQ1)-3′
5′-(VIC) CTGCGGCCATCTTGG(BHQ2)-3′
5′-CCCGAGCCATGAAGA-3′
5′-GCTACAAGAGGAGAGGAA-3′

60

rs2089910 11 1,853,174 C/T LSP1

5′-(FAM)TCCTCAGCACCCGG(BHQ1)-3′
5′-(VIC)TCCTCGGCACCCG(BHQ2)-3′
5′-CAGACTACAGGCTGATG-3′
5′-AGACCCTTACCCCAG-3′

58

rs494356 11 117,201,254 T/C TAGLN

5′-(FAM)AGTGGTCCTGCCCC(BHQ1)-3′
5′-(VIC)AGTGGTCCCGCCC(BHQ2)-3′
5′-CCAGTGCTCAGAGAAC-3′
5′-CGGACTCATCGAAGTG-3′

60

rs664922 11 117,200,179 C/A TAGLN

5′-(FAM)CTACATAAATGTGTGCCAT(BHQ1)-3′
5′-(VIC)CTACATAAATTTGTGCCATC(BHQ2)-3′
5′-GGTCTTTCCCAAAGG-3′
5′-GGACAAACAGGAGTG-3′

55

rs5759195 22 43,152,613 G/C TSPO

5′-(FAM)TGGCTCTGCTGTCCT(BHQ1)-3′
5′-(VIC)TGGCTCTCCTGTCCT(BHQ2)-3′
5′-GCCTACTGCCAGAAC-3′
5′-CCAGGTGGAGACTCA-3′

55

rs762959 22 43,155,001 C/T TSPO

5′-(FAM)TGGCACCCTATGCCC(BHQ1)-3′
5′-(VIC)TGGCACCCCATGCC(BHQ2)-3′
5′-CTGACATGGGTGCTCAC-3′
5′-CCTTCATGCTGGAGGTTC-3′

58

rs1261025 1 13,593,698 A/G PDPN

5′-(FAM) TCAGGGCGTGCTCA(BHQ1)-3′
5′-(VIC)ATCAGGGCATGCTCA(BHQ2)-3′
5′-AGGTCAGATGCAAAGG-3′
5′-TCGGAAACTGAATGGAA-3′

57

rs434651 1 13,590,314 T/C PDPN

5′-(FAM)TGCAAGCTGCAATCACA(BHQ1)-3′
5′-(VIC)TGCAAGCTACAATCACAG(BHQ2)-3′
5′-CAGTGCTGGGAGTAC-3′
5′-GTTGCTTGTATGTTCTTTC-3′

58

* Ta—annealing temperature.

The selected tag SNPs were genotyped with the use of self-designed TaqMan real-time
PCR assays. The name of the software used, as well as the description of the components
of the PCR reaction mixture and the general cycling conditions, was the same as described
in our previous study [19]. The sequences of the primers and probes used in the current
study are presented in Table 4.

4.3. Statistical Analysis

The aim of this study was to explore the associations between genetic variants and IS
outcomes as well as the risk of developing the disease. First, the effects of SNPs on stroke
outcomes were assessed through their associations with mRS scores. Following established
dichotomous schemes, the scores were analyzed as follows: (1) mRS scores of 0–1 vs. scores
of 2–6 (Study 1); (2) mRS scores of 0–2 vs. scores of 3–6 (Study 2); (3) mRS scores of 0–3 vs.
scores of 4–6 (Study 3). In addition to these analyses, the patients with an mRS score of 3
were placed in a separate group and compared with the patients with mRS scores of 0–2 and
4–6. These patients differed from the patients with scores of 0–2 in that they had a moderate
disability and required some help in everyday life. They also differed from the patients
with scores of 4–6 because they could walk without assistance. Walking ability (leg motor
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ability) has been suggested to be an independent predictor of functional outcome [20] and,
thus, can be considered as a criterion for dividing patients. Studies 1 to 3 were based on
the mRS scores assessed on day 14. The second approach was based on an evaluation
of the differences in the direction of the post-stroke outcomes [19]. These were assessed
through the calculation of the individual changes (∆ values) in the mRS scores given to
patients on days 1 and 14, i.e., ∆mRS = mRS1 − mRS14, and were defined as positive
(∆mRS > 0), negative (∆mRS < 0), or stable (∆mRS = 0). To detail the characteristics of the
particular groups, the ∆mRS values were also compared to each other individually and in
combinations (∆mRS < 0 + ∆mRS = 0 vs. ∆mRS > 0; ∆mRS > 0 + ∆mRS = 0 vs. ∆mRS < 0;
∆mRS < 0 vs. ∆mRS = 0; ∆mRS > 0 vs. ∆mRS = 0; and ∆mRS < 0 vs. ∆mRS > 0). To assess the
relationships between the SNPs and IS risk and outcomes, genotypic χ2 tests were used. To
define the contribution of the particular genotypes, dominant, recessive, and overdominant
genetic models were applied. Minor alleles were considered risk alleles in all the models
(Table S2). To find the variables that were significantly associated with the phenotype,
logistic regression was used. The factors considered were sex, age, and the eleven SNPs.
When the outcome variable contained two classes, we applied binomial logistic regression;
when it had three classes, we used ordinal logistic regression [73]. The significance of the
associations was set at p < 0.05. The statistical analyses were performed using Statistica
software v.8.0 (StatSoft, Inc., Tulsa, OK, USA), GraphPadInStat v.3.00 (GraphPad Software,
CA, USA), and Haploview software v. 4.2 [74]. Regression analysis and evaluation of the
models were carried out with the MASS, pscl, and aod R-packages [75,76].
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