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Abstract

Background and Objectives

To test the hypothesis that a predisposition to acquired genetic alterations is associated with
ischemic stroke outcome by investigating the association between a polygenic risk score (PRS)
for mosaic loss of chromosome Y (mLOY) and outcome in a large international data set.

Methods

We used data from the genome-wide association study performed within the Genetics of
Ischemic Stroke Functional Outcome network, which included 6,165 patients (3,497 men and
2,668 women) with acute ischemic stroke of mainly European ancestry. We assessed a weighted
PRS for mLOY and examined possible associations with the modified Rankin Scale (mRS)
score 3 months poststroke in logistic regression models. We investigated the whole study
sample as well as men and women separately.

Results

Increasing PRS for mLOY was associated with poor functional outcome (mRS score >2) with
an odds ratio (OR) of 1.11 (95% confidence interval [CI] 1.03-1.19) per 1 SD increase in the
PRS after adjustment for age, sex, ancestry, stroke severity (NIH Stroke Scale), smoking, and
diabetes mellitus. In sex-stratified analyses, we found a statistically significant association in
women (adjusted OR 1.20, 95% CI 1.08-1.33). In men, the association was in the same
direction (adjusted OR 1.04, 95% CI 0.95-1.14), and we observed no significant genotype-sex
interaction.

Discussion

In this exploratory study, we found associations between genetic variants predisposing to
mLOY and stroke outcome. The significant association in women suggests underlying
mechanisms related to genomic instability that operate in both sexes. These findings need
replication and mechanistic exploration.
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Glossary

CH = clonal hematopoiesis; CI = confidence interval; GISCOME = Genetics of Ischemic Stroke Functional Outcome;

GWAS = genome-wide association study; mCA = mosaic chromosomal alteration; mLOY = mosaic loss of chromosome Y;
mRS = modified Rankin Scale; OR = odds ratio; PRS = polygenic risk score.

Outcomes after ischemic stroke exhibit a large interindividual
variation, only partially explained by clinical factors. There is a
need to better understand the molecular mechanisms un-
derlying this variation.

It is well known that chronological age is a strong predictor of
poor stroke outcomes. In recent years, it has been increasingly
recognized that human aging is accompanied by gradual ac-
cumulation of acquired (i.e., somatic) mutations, including
chromosomal aberrations, in cells from different tissues. In
blood, clonally expanded cells with acquired genetic alter-
ations are denoted clonal hematopoiesis (CH). There are
several varieties of CH including single nucleotide variants
and mosaic chromosomal alterations (mCAs, i.e., autosomal
or sex chromosome), and the most common is mosaic loss of
chromosome Y (mLOY) in men." Of note, there is support
for an underlying genetic overlap between different subtypes
of CH.!

Acquired genetic alterations have been shown to play a role in
aging and age-related diseases.” CH is associated with an in-
creased risk of overall mortality as well as with common dis-
eases of aging such as cancer and cardiovascular disease." For
mLOY specifically, an increased proportion of leukocytes with
mLOY has been associated with shorter lifespan, higher risk of
nonhematologic cancers, Alzheimer disease, and cardiovas-
cular disease including stroke and has been proposed as a
marker of biological aging.“'8

Recently, a genome-wide association study (GWAS) identi-
fied over 150 autosomal loci associated with mLOY in leu-
kocytes.” Many of the implicated genes are involved in various
aspects of cell cycle regulation and the DNA damage re-
sponse, such as mitotic structure formation, replication and
stability of DNA, cell arrest, and apoptosis.9 Notably, a
polygenic risk score (PRS) that included these variants was
associated with breast cancer and age at menopause.” This
implies that the genetic predisposition to mLOY is a bio-
marker of a broader genomic instability that is of relevance for
both sexes. In line with this, a recent study showed that this
PRS for mLOY was also associated with X chromosome and
autosomal mCA in a large cohort of participants from $
biobanks including the UK biobank.'® Given this background,
we hypothesized that the genetic loci associated with mLOY,
through a predisposition to an increased general genomic
instability, are of plausible relevance for processes that affect
brain recovery after stroke. We therefore investigated this PRS
for mLOY for association with functional outcome after is-
chemic stroke.
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Methods
Study Population

This study comprised the ischemic stroke cases included in
the first GWAS performed within the Genetics of Ischemic
Stroke Functional Outcome (GISCOME) network, which
has been described previously.'""'* In brief, 6,165 cases with
acute ischemic stroke of mainly European ancestry from 12
different study locations were included. Stroke severity at
index stroke was assessed with the NIH Stroke Scale and
3-month functional outcome with the modified Rankin Scale
(mRS). For some of the Swedish study participants, outcome
data were obtained from the national register Riksstroke
which does not discriminate between the mRS scores 0, 1, and
2. To be able to include all study participants in this analysis,
we therefore dichotomized the mRS score at 0-2 vs 3-6.
Another reason for choosing this cutoff is that it reflects being
dependent or independent in activities of daily living and is
thus a clinically important difference in functional outcome.
Genotyping was performed with single nucleotide poly-
morphism arrays with subsequent imputation to the 1000
Genomes Phase 3 reference panel, as previously described.'!
Each center obtained ethical approval and participant consent
individually. Additional details can be found in the Supple-
mental Methods.

Polygenic Risk Score

We used individual genotypic data from the GISCOME
GWAS to calculate a weighted PRS for each study participant.
For this, we used the PRS for mLOY, which includes 156
independent genetic variants and this PRS has been described
in detail elsewhere.” Of the reported variants, 115 were
available (directly genotyped or imputed) in our data set. For
missing variants, we used LDlink"? to search for proxies (r* >
0.8), which resulted in inclusion of 12 additional variants.
Thus, we included 127 variants in total (eMethods, links.lww.
com/NXG/A486; eTable 1, links.lww.com/NXG/A485). To
calculate the PRS, we multiplied natural log transformed odds
ratios (ORs) for previous association to mLOY (eMethods;
eTable 1) for each of the 127 variants by the number of risk
alleles. The sum of the products resulted in an individual PRS.

Statistical Analyses

Baseline characteristics were compared using the x” test for
proportions and the Mann-Whitney U test for numeric vari-
ables. We assessed associations between the PRS and stroke
outcome by 4 logistic regression models, all adjusted for an-
cestry (the first S principal components). Models 2, 3, and 4
were additionally adjusted for age at index stroke and sex,
models 3 and 4 also for stroke severity, and model 4 also for
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Table Baseline Characteristics for Study Participants With Good (mRS Score <2) vs Poor (mRS Score >2) Functional

Outcome at 3 Months After Ischemic Stroke

All Men Women

mRS score <2 mRS score >2 mRS score <2 mRS score >2 mRS score <2 mRS score >2

(n = 3,830) (n =2,335) (n =2,378) (n=1,119) (n = 1,452) (n = 1,216)
Age at index stroke, median (IQR) 66 (57-75) 78 (67-84)? 65 (57-73) 73 (64-82)? 67 (57-77) 81 (73-86)?
Male sex, n (%) 2,378 (62) 1,119 (48) NA NA NA NA
NIHSS, median (IQR) 3(1-5) 8 (4-16)? 3(1-5) 8 (4-15)° 1(1-5) 9 (4-17)?
Diabetes mellitus, n (%) 689 (18) 566 (24)? 455 (19) 293 (26)? 234(16) 273 (22)?
Ssmoking, n (%) 994 (26) 421 (18)° 632 (27) 270 (24) 362 (25) 151 (12)?

Abbreviations: IQR = interquartile range; mRS = modified Rankin Scale; NIHSS = NIH Stroke Scale.

2p <0.001.

Differences between good and poor outcome groups were examined with the x? test for proportions and the Mann-Whitney U test for continuous variables.
Data are shown as median and IQR, mean and SD, or number (n) and percentage.

smoking and diabetes mellitus. The reason that model 4 in-
cluded smoking and diabetes is that these are the vascular risk
factors that have been reported to associate with mLOY.>"* We
performed prespecified sex-stratified analyses, and genotype-
sex interactions were further assessed in the logistic regression
models. We also performed sensitivity analyses restricted to
survivors at 3 months (mRS scores 0-2 vs 3-S5, i.e, excluding
mRS score 6) as well as conditional regression analyses on a
subgroup of cases with good and poor outcome matched for
age (+1 year) and sex. To exclude the possibility of a few
variants excessively driving any detected association, we per-
formed sensitivity analyses, modifying the PRS by including
different compositions of the mLOY-associated variants.

All statistical analyses were performed using R version 3.6.3. A
2-tailed p < 0.05 was considered statistically significant.

Data Availability
The data sets generated and analyzed during the current study
are available on reasonable request.

Results

Baseline characteristics for the study sample are shown in the
Table. As expected, individuals with poor functional out-
come were older and had more severe strokes and a higher
proportion of diabetes mellitus (24% in the poor vs 18% in
the good outcome groups). On the contrary, the proportion
of smokers was lower in the poor outcome group (18% vs
26%), which might be explained by a lower median age in
smokers. Baseline characteristics according to PRS tertiles of
the whole sample, the good vs poor outcome groups, and
men vs women are shown in eTable 2 (links.lww.com/
NXG/A485) (eMethods, links.lww.com/NXG/A486).
There were no significant differences in baseline character-
istics between tertiles 1 and 3, except that men in the lowest
tertile were slightly older (p = 0.04) and had a lower pro-
portion of diabetes mellitus (p = 0.01).
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Higher PRS was significantly associated with poor poststroke
functional outcome with an OR of 1.06 (95% confidence
interval [CI], 1.00-1.12, p = 0.020) per 1 SD (SD) increase in
PRS after adjustment for ancestry and an OR of 1.07 (95% CI
1.01-1.13, p = 0.020) after adjustment for ancestry, age, and
sex (Figure 1A). When including stroke severity in the model,
the OR was 1.11 (95% CI 1.04-1.18, p = 0.003). Results were
similar after additional adjustment for smoking and diabetes
mellitus, OR 1.11 (95% CI 1.03-1.19, p = 0.004) (Figure 1A).
We noted that all covariates were significantly associated with
outcome in the models (p < 0.0S, data available from Dryad;
eTable 3, links.Iww.com/NXG/A485). When restricting the
analyses to survivors to rule out an association to mortality
driving the findings, the observed associations were similar,
e.g, OR 1.09 (95% CI 1.02-1.1S, p = 0.006) after adjustment
for ancestry, age, and sex. Sensitivity analyses including dif-
ferent compositions of the mLOY associated variants did not
indicate that a few SNPs excessively influenced the observed
associations in our sample (data not shown). To address a
potential residual confounding by age, we additionally ana-
lyzed the data on a subgroup of 3,386 cases matched for age
and sex using conditional logistic regression. These analyses
yielded similar results as the original analyses in all models
(OR 1.10 [95% CI 1.03-1.18], p = 0.01 after adjustment for
ancestry, 1.17 [1.06-1.29], p < 0.01 after adjustment for an-
cestry and stroke severity, and 1.15 [1.04-1.28], p = 0.01, after
adjustment for ancestry, stroke severity, smoking, and di-
abetes mellitus).

The male:female ratio in the study population was 1.3:1.0.
Women were older (p < 0.01) and had more severe strokes (p
< 0.01) compared with men, whereas the proportions of pa-
tients smoking and having diabetes mellitus, respectively,
were higher in men (26% vs 19%, p < 0.01 and 21% vs 19%, p
< 0.0, respectively). In the sex-stratified analyses, there was
an association between increasing PRS and poor functional
outcome in women (OR 1.12 (95% CI 1.03-1.22, p = 0.007)
per 1 SD increase in the PRS) after adjustment for ancestry
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Figure Forest Plots Showing Associations Between a PRS for mLOY in Leukocytes and Functional Outcome at 3 Months

After Index Ischemic Stroke

A

Model 1
(n=6,165)
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(A-C) Forest plots showing OR and 95% Cls for poor 3-month outcome (mRS score >2) per 1 SD increase in the PRS. (A) All ischemic stroke cases (N = 6,165), (B)
men only (N = 3,497), and (C) women only (N = 2,668). Model 1, adjusted for ancestry (the first 5 PCs); model 2, adjusted for age at index stroke, sex, and
ancestry (the first 5 PCs); model 3, adjusted for age atindex stroke, sex, ancestry (the first 5 PCs), and stroke severity (NIHSS); model 4, adjusted for age atindex
stroke, sex, ancestry (the first 5 PCs), stroke severity (NIHSS), smoking, and diabetes mellitus. Cl = confidence interval; MAF = minor allele frequency; mLOY =
mosaic loss of chromosome Y; mRS = modified Rankin Scale; NIHSS = NIH Stroke Scale; OR = odds ratio; PC = principal component; PRS = polygenic risk score.

and age. The ORs increased slightly after additional adjust-
ment for stroke severity (1.18, 95% CI, 1.06-1.30, p = 0.002)
and smoking and diabetes mellitus (1.20, 95% CI, 1.08-1.33,
p =0.001) (Figure 1C). In men, the association between the
PRS and functional outcome was in the same direction, but
the associations were not statistically significant in any of the
logistic regression models (Figure 1B). However, a genotype-
sex interaction term was not statistically significant (p = 0.14).

Discussion

In this exploratory analysis, we found that autosomal loci
predisposing to loss of chromosome Y were associated with
worse functional outcome after ischemic stroke. In sex-
stratified analyses, this association was statistically significant
in women. In men, the association was in the same direction,
and we observed no significant genotype-sex interaction. A
larger, well-powered study would permit better exploration of
these potential sex-specific associations.

There is support that mLOY in leukocytes is a biomarker
reflecting a broader predisposition to genomic instability that may
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occur in parallel in other tissues. Genetic determinants of mLOY
have shown associations with X-chromosome loss in women as
well as with mCA (both autosomal and X chromosome).'*"
Furthermore, several of the genetic variants that predispose men
to mLOY (in particular those involved in the DNA damage
response and telomere maintenance pathway) also predispose to
other CH subtypes in both sexes (ie, mCAs and CH of in-
determinate potential [CHIP])." In line with these results, ge-
netic determinants of mLOY have shown to be associated with
diabetes mellitus and nonhematologic cancers in both men and
women, as well as age at menopause in women.”'* Given pre-
vious support for associations between several subtypes of CH
and age-related diseases including cardiovascular disease, a
mechanism through CH might explain the present observed as-
sociation between the PRS for mLOY and functional outcome
after ischemic stroke. Genomic instability leading to an increased
number of somatic mutations in other tissues, such as the brain, is
another mechanism that plausibly could influence stroke re-
covery. With regard to stroke outcomes, there is previous
support that germline copy number variations influence func-
tional outcome at 3 months poststroke.'® Further studies are
needed to decipher whether these reflect shared or distinct
underlying mechanisms.

Neurology.org/NG
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Genomic instability resulting in CH may in turn predispose to
immunologic alterations. Previous studies propose that CH
resulting in blood cells lacking chromosome Y may lead to dys-
regulation of disease-protective immune functions and thus an
increased risk for disease development.*'* This view was supported
by results from a study indicating impaired immunosurveillance as
the mechanism underlying associations between mLOY in blood
and increased risk of incident Alzheimer disease.” A very recent
study that investigated DNA and RNA from leukocytes in sorted
and single cells in vivo and in vitro found that loss of chromosome
Y (LOY) was associated with dysregulation of ~ 500 autosomal
genes, for example, those involved in immune functions but also
with roles in other biological processes."” Similarly, immunologic
mechanisms could affect stroke outcome by affecting processes
implicated in recovery or by affecting the general condition of the
brain. The relation between mLOY and immune function was
recently further supported by a large population-based study
showing that mLOY in circulating blood cells was associated with
changes in leukocyte, erythrocyte, and thrombocyte counts. Of
interest, the same study found similar associations between the
PRS for LOY and blood cell counts in both men and women."®

Many of the loci in the investigated PRS are linked to cell cycle
regulation, proliferation, responses to DNA damage, and/or
apoptosis.9 Genetic variants influencing these processes could
be of relevance also for processes in the recovering brain after
stroke,'?%°
tion to stroke outcome. However, we did not detect a single or
any combination of a few SNPs that excessively influenced the
observed associations in our sample.

which could contribute to the observed associa-

Finally, mLOY has been suggested to be a biomarker of bi-
ological aging7 and a recent DNA methylation study indicated
that biological aging is more strongly associated with stroke
outcomes than chronological age.21 In this context, it is of note
that the PRS investigated here includes variants in some
telomere-related loci. However, these loci did not excessively
influence the observed association. Furthermore, inclusion of
chronological age in the regression models only marginally
affected the observed associations between the PRS and stroke
outcome, and chronological age was independently associated
with stroke outcome in all investigated models. Thus, we found
no support for this hypothesis in our results.

The GISCOME study represents the largest data set with both
genetic and ischemic stroke outcome data available to date.
However, it still constitutes a limited sample size that does not
allow any clear conclusions on putative sex-specific associations.
Another limitation is the lack of information on premorbid mRS,
which would have provided a possibility to calculate the change
in functional ability. We also lacked data on some important
factors that influence outcomes such as acute therapies, re-
habilitation, and cognitive impairment/dementia, which is why
these factors could not be accounted for in the analyses. More-
over, we did not have genotypic data for all the 156 variants
included in the previously reported PRS for mLOY, and some of
the included variants were not directly genotyped, but imputed.
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Furthermore, although both drawn from populations of mainly
European ancestry, we cannot exclude differences in ethnic
background between the GISCOME and the UK biobank co-
hort for which the PRS was originally constructed. Finally, be-
cause the mechanisms underlying the observed associations are
not known, there is a clear risk of unmeasured confounding,

To conclude, we found that common genetic variants predis-
posing to loss of chromosome Y in leukocytes were associated
with functional outcome after ischemic stroke. This association
was not restricted to the male population, rather the association
tended to be stronger in women, indicating a mechanism that
operates in both sexes. Based on previous literature, we speculate
that the inherited genetic variants constituting the PRS affect
recovery after stroke potentially through a predisposition to a
genomic instability, leading to an increased risk of acquired ge-
netic alterations, including but not limited to the sex chromo-
somes, which in turn could lead to immunologic impairments.
Our findings need to be further evaluated in independent co-
horts and mechanistically explored.
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Australia acquisition of data

Daniel Helsinki Coinvestigator inthe  Major role in the

Strbian, MD, University Genetics of Ischemic  acquisition of

PhD

Hospital, Finland

Stroke Functional

data

Outcome (GISCOME)
network
Jonathan W. University of Coinvestigator in the Primary
Sturm, Newcastle, Genetics of Ischemic  investigator of the
MBChB, PhD Australia Stroke Functional individual cohort
Outcome (GISCOME) in GISCOME and
network major role in the
acquisition of data
Cathie University of Coinvestigator in the Primary

Sudlow, MD,
PhD

Edinburgh, UK

Genetics of Ischemic
Stroke Functional
Outcome (GISCOME)
network

investigator of the
individual cohort
in GISCOME and
major role in the
acquisition of data

Matthew University of Coinvestigator inthe  Major role in the
Traylor, Cambridge, UK Genetics of Ischemic  acquisition of
MSc, PhD Stroke Functional data
Outcome (GISCOME)
network
Turgut University of Coinvestigator in the Primary
Tatlisumak, Gothenburg, Genetics of Ischemic  investigator of the
MD, PhD Sweden; Helsinki Stroke Functional individual cohort
University Outcome (GISCOME) in GISCOME and
Hospital, Finland  network major role in the
acquisition of data
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