Blood DNA methylation analysis reveals a distinctive epigenetic signature of vasospasm
in aneurysmal subarachnoid hemorrhage
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ABSTRACT

Introduction:

Vasospasm is a potentially preventable cause of poor prognosis in patients with aneurysmal subarach-
noid hemorrhage (aSAH). Epigenetics might provide insight on its molecular mechanisms. We aimed
to analyze the association between differential DNA methylation (DNAm) and development of vaso-
spasm.

Methods

We conducted an epigenome-wide association study in 282 patients with aSAH admitted to our hospital.
DNAmM was assessed with the EPIC Illumina chip (>850K CpG sites) in whole-blood samples collected
at hospital admission. We identified differentially methylated positions (DMPs) at the CpG level using
Cox regression models adjusted for potential confounders, and then we used the DMP results to find
differentially methylated regions (DMRs) and enriched biological pathways.

Result

A total of 145 patients (51%) experienced vasospasm. In the DMP analysis, we identified 30 CpGs
associated with vasospasm at p-value < 10-5. One of them (cg26189827) was significant at the genome-
wide level (p-value < 10-8), being hypermethylated in patients with vasospasm and annotated to
SUGCT gene, mainly expressed in arteries. Region analysis revealed 30 DMRs, some of them annotated
to interesting genes such as POU5SF1, HLA-DPAL, RUFY1, and CYP1AL. Functional enrichment anal-
ysis showed involvement of biological processes related to immunity, inflammatory response, oxidative
stress, endothelial nitric oxide, and apoptosis.

Conclusion

Our findings show, for the first time, a distinctive epigenetic signature of vasospasm in aSAH, estab-
lishing novel links with essential biological pathways, including inflammation, immune responses, and
oxidative stress. Although further validation is required, our results provide a foundation for future

research into the complex pathophysiology of vasospasm.



INTRODUCTION

Aneurysmal subarachnoid hemorrhage (aSAH) is a distinct subtype of stroke, primarily affecting
young women, and is marked by a significant risk of mortality and long-term disability. One of the
most frequent complications is vasospasm, which can affect up to 70% of patients with aSAH[1,2].
Patients with vasospasm are at a 3-fold increased risk of poor functional and cognitive outcomes, and
nearly two-fold increased risk of death[3]. Despite the high prevalence and serious consequences,
effective treatments remain elusive. Therefore, understanding the mechanisms underlying vasospasm

development is crucial for identifying potential therapeutic targets.

Epigenetics is the study of the mechanisms that regulate the gene expression without altering the
DNA sequence. The main epigenetic mechanism is DNA methylation (DNAm), which is heritable but
can be modified according to lifestyle or environmental factors[4]. Extensive research proved that
DNAm participates in the pathogenesis of closely related other cerebrovascular diseases, such as

ischemic stroke or intracerebral hemorrhage[5,6].

Current literature on the impact of DNAm on vasospasm remains limited, primarily focusing on
genetic studies using candidate-gene approaches[7]. Specifically, two prior studies examined
methylation trajectories in cerebrospinal fluid (CSF) at genes associated with iron homeostasis
relation to vasospasm, yielding non-significant findings[8,9]. However, vasospasm is a complex
phenomenon influenced by numerous biological mechanisms beyond iron homeostasis, such as nitric
oxide, haptoglobin, inflammation or prothrombotic pathways[10,11]. Consequently, conducting
epigenome-wide association studies (EWAS) utilizing microarray technologies may offer deeper
insights into this phenomenon, as do not rely on previous hypothesis or assumptions[12].

Therefore, our study aimed to investigate the role of DNAm in the development of vasospasm, within

a cohort of aSAH patients with comprehensive data.

METHODS

Study design.

We designed a prospective observational study in patients with aSAH. We first measured DNAm, and
then identified differentially methylated positions (DMPs) at the CpG level using Cox regression
models adjusted for potential confounders. We subsequently used the DMP results to find

differentially methylated regions (DMRs) and enriched biological pathways.

Ethics approval and consent to participate.
Cases were not formally involved in the study design or the outcome measures. The study protocol was
approved by the Ethical Review Board of Parc de Salut Mar (2019/8592/1), Barcelona, Spain. This



study was conducted in accordance with the principles of the Declaration of Helsinki. All patients or

their relatives signed an informed consent form to be included in the study.

Study population.

The study is based on a prospective registry of SAH patients (SAH-Mar)[13,14] recruited at the
Hospital del Mar (Barcelona), a tertiary stroke center included in the Catalan SAH care system, that
serves a population of 300.000 individuals and one weekend each month, it serves as the only referral
center for all patients with a diagnosis of SAH in Catalonia (7,400,000 inhabitants). Inclusion criteria
for this study were: aSAH patients, and availability of DNAm data. study. Exclusion criteria were: (1)
patients transferred to other centers during the acute phase of the SAH; (2) death within the first 72h;
and (3) lack of data about vasospasm. All patients were assessed and classified by a vascular
neurologist. Among 423 subjects with aSAH enrolled from January 2007 to May 2020, blood samples
were obtained from 411, being 64 of them additionally excluded due to fatal SAH or lack of clinical
data. Among the remaining 347 eligible patients, we measured DNAm on the first 288 due to

economic budget limitations, who were included in this study.

Clinical management and Variables of the study

The clinical management protocols and variables employed in this study adhere to established na-
tional and international guidelines, as evidenced by our previously published works[13,14].

A baseline evaluation, encompassing CT perfusion coupled with CT angiography (CTA), was con-
ducted 24 hours following aneurysm occlusion treatment. To monitor the occurrence of vasospasm,
each patient underwent daily transcranial Doppler (TCD) assessments during the initial 10 days, fol-
lowed by subsequent evaluations at 48-hour intervals, thereafter, extending up to 15 days or beyond,
as deemed appropriate by the attending physician. All patients were administered nimodipine at rec-
ommended doses[15,16]. In the event of a new neurological deficit attributed to vasospasm or deterio-
ration of vasospasm despite the prescribed therapeutic regimen, a subsequent CTA and perfusion scan
was performed to confirm the diagnosis, followed by the implementation of endovascular intra-arte-
rial nimodipine and/or mechanical angioplasty. Demographics, clinical and radiological data were
registered in a structured questionnaire by the neurovascular team and reviewed by the study investi-
gators. Vasospasm was defined by specific diagnostic criteria, including a mean flow velocity exceed-
ing 120 cm/sec in the middle cerebral artery as determined by TCD examination[16], or the observa-
tion of moderate-to-severe arterial narrowing during digital subtraction angiography or CTA, exclud-
ing factors such as atherosclerosis, catheter-induced spasm, or vessel hypoplasia. The ultimate diagno-
sis of vasospasm was made by a certified neuroradiologist. Additionally, we meticulously docu-

mented the date of vasospasm diagnosis and the subsequent treatment administered.



DNA Methylation array

DNA samples were extracted from blood, collected in 10mL EDTA tubes at the time of admission
and immediately stored at -20°C until the moment of DNA isolation. The DNA extraction was carried
out using FlexiGene DNA kit (Qiagen, Germany), according to the manufacturer’s protocol and
stored at -20°C. Genome-wide DNAmM data was obtained in a single study batch composed of three
technical runs. Bisulfite conversion of genomic DNA (1 pg) was done with the EZ-96 DNA
Methylation Kit (Zymo Research, Orange, CA, USA). All samples (N=288) were analyzed using the
Illumina Methylation EPIC Beadchip (lllumina, Eindhoven, Netherlands), which assesses the
methylation in 865,918 CpG positions. The arrays corresponding to these samples were scanned with
the Illumina HiScan SQ scannerat Progenika Biopharma in Prior to analyze the intensity data files, we
started a series of quality controls (QCs) in GenomeStudio to exclude those samples that presented
deviated values in the control probes, which assess the quality of different sample preparation steps
(staining, extension, hybridization, target removal, bisulfite conversion, among others). Data was
then processed considering several relevant quality controls[17] . In brief, intensity data files were
parsed using the R-library Minfi[18]. Regarding sample QCs, we excluded those samples presenting
sex mismatch, having a call rate lower than 98% or that represented outlier observations[17,18]. For
CpG QCs, we filtered those CpG probes that had a detection p-value higher than 0.05 in at least 1% of
samples, that had a total intensity count lower than 3 in at least 5% of samples or that showed cross-
reactivity[19] . Besides, we additionally removed non- CpG probes and those located at allosomal or
SNP positions[20]. After applying these QCs, 742,472 CpGs were evaluated in 285 samples (see the
supplementary table 1 for additional information on these QCs). This set of CpGs were subsequently
normalized to  values (ratio between methylated signal and total signal plus a constant) and
normalized using a beta-mixture quantile normalization (BMIQ) method[21]. We continued exploring
the density function of samples’ CpGs to ensure a correct beta distribution after BMIQ normalization.
We then applied a singular value decomposition of the full DNAm dataset to detect potential batch
effects by exploring the first two dimensions. Thereby, we observed a batch effect related to the
technical run which was subsequently removed with the sva library[22] (supplementary figure 1).
Finally, we estimated the white blood cell counts from whole blood DNAm using the Houseman
algorithm and regressed out their effect[23]. We used both the Illumina Manifest and Genomic
Regions Enrichment of Annotations Tool (GREAT) software to annotate CpG to their target
genes[24].



Statistical Analyses & Bioinformatics

1. Descriptive analyses

Data was expressed as mean (xstandard deviation), median (interquartile range) or count (percentage)
according to the type and distribution of each variable. Main demographic, clinical and outcome
variables were compared between patients with and without vasospasm using t-, U Mann-Whitney or

2 tests, as appropriate.

2. Differentially methylated positions analysis

We firstly explored whether patients with and without vasospasm presented DMPs. To that aim, we
first build Cox regression models in which incidence of vasospasm was the dependent variable and
each CpG was entered as the predictor of interest. Follow-up time and events were right-censored at
90 days after symptoms onset according to our protocol for follow-up. These models were
additionally adjusted for: age, sex, smoking habit, ethnicity and Fisher scale grade. These covariables
were selected based on previous literature describing risk factors for vasospasm[25,26] and factors
known to affect DNAmM[27-30]. Besides, we did not include both Fisher and H&H scales to avoid
potential collinearity. We checked the Cox model assumptions of a baseline model only including this
set of covariables, calculating the Schoenfeld and Deviance residuals to detect outliers and confirm
proportional hazard assumptions. Additionally, the effect of nominally significant candidates (p-
value<10-°) on vasospasm incidence was visually explored by discretizing methylation into tertiles
and exploring the univariate Kaplan-Meier for each CpG. All candidates were annotated using the
Illumina manifest data and the GREAT software[24]. Moreover, DMPs results were corrected by
three sources of bias: 1) multiple testing; 2) presence of outliers in methylation distribution of CpG
candidates; 3) test-statistic inflation. Regarding multiple testing, we applied the false discovery rate
(FDR) adjustment (Benjamini-Hochberg method). To test the robustness of our results against
outliers, we ran a bootstrap analysis in significant candidates at nominal p-value (107°). Briefly, we
iteratively tested the effect of each CpG in 10,000 resampled sets of the original sample. This
produced an empirical distribution of B coefficients, which allowed the calculation of the 0.1 and 99.9
percentiles to check whether these candidates were significant after bootstrapping our results
(a=.05/n, where ‘n’ represents the number of candidates). Finally, as test-statistic inflation is a
common source of bias in EWAS analyses, we used the library Bacon on raw z-statistics, adjusting
the inflation via a Bayesian method[31]. Given the time-dependent nature of vasospasm, a sensitivity
analysis was undertaken to elucidate whether different methylation patterns observed between
vasospasm-affected and unaffected patients were influenced by the temporal interval since the
symptom onset. To that aim, we repeated the DMP analysis of CpG candidates at a nominal cutoff in
the subgroup of participants with bleeding onset within 48h of admission. Finally, to gain insight on

the role of CpG candidates (p-value < 10®°) on vasospasm development we checked the association of



DMP with main risk factors such as age, sex, Fisher and Hunt & Hess scales, smoking, history of
hypertension and time since bleeding onset. Results were corrected by multiple testing (Bonferroni
adjustment).

3. Differentially methylated regions analysis

We next aimed to discover DMRs among patients with vasospasm, defined as groups of CpG with
specific DNAm patterns. For this purpose, we used the comb-p library[32]. Briefly, this library
combines single CpGs p-values from adjacent genetic regions after accounting for their correlation
and defining a window size (500kb in our case). We set the seed p-value to 103, which means that it
needs at least one p-value < 107 to extend the region to the next CpG within 500kb in our case. These
values for seed p-value and window size parameters have been previously used in the literature for
finding DMRs[33,34]. We only considered a region as significant when it had at least 4 CpGs and a
Q-value < .05 (Sidak correction). DMRs were visually explored, by plotting the individual p-values of
each CpG in the region against genomic coordinates. DMRs were annotated using the GREAT
software[24,35,36]. Besides, we averaged the methylation levels of all CpGs conforming each region
to explore whether DMRs were hyper or hypomethylated in patients with vasospasm. Finally, we
explored how this average methylation at the region level was associated with main risk factors
associated with vasospasm (age, sex, Fisher and Hunt & Hess scales, smoking, history of

hypertension and time since aSAH onset) as we did before for DMPs.

4. Pathway analysis

For biological pathways analysis, we used the methylGSA R package. This library takes as input
single CpG p-values and conducts a ranked gene set enrichment analysis (GSEA). As one gene might
receive annotations from more than one CpG, their significance is averaged using the Robust Rank
Aggregation method[37]. This method tests the null hypothesis that a vector of p-values follows a
uniform distribution [0,1] after converting observed p-values to order statistics. Then, three different
databases are tested for enrichment: Gene-Ontologies (GO), Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Reactome. Besides, there is the possibility to consider only CpGs from
promoter regions or located at the gene-body, but, in our case, we considered all CpGs, independently
of their relationship with the gene. We considered as significant those gene sets having a Q-value
(FDR) lower than 0.05. We subsequently queried the list of genes annotated to significant biological

pathways and calculated the similarity between two gene-sets ‘a’ and ‘b’ as:

Similarit = NnGenes
Ya-b NUGenes

That is, the number of intersected genes adjusted by the union of genes, which ranges between 0 to 1
and can be interpreted as the percentage of genes in common between two pathways. We then plotted

the similarity between two gene-sets as an acyclic graph where nodes were gene-sets and edges were



weighted by the similarity index. We only kept those edges having a similarity higher or equal than
0.2. Finally, we detected clusters of similar biological pathways by using the autoannotate function
included in Cytoscape software.

RESULTS

Of the initial 285 samples that met the technical QC, three were excluded due to incomplete clinical
data. Consequently, our final cohort comprised 282 individuals with aSAH. Demographical and
clinical data of the study population are summarized in table 1. The average age was 55.9 (+13.9)
years with 187 (67%) being female. Most of the participants were identified as Caucasians (241
individuals, 85.5%). Regarding aSAH risk factors, 133 (47.2%) had history of hypertension and 106
(37.6%) were active smokers. Most patients arrived at the hospital on the same day after symptoms
onset (150, 53%) and most frequent score in the Fisher and Hunt & Hess scales were 4 (184
individuals, 65.2%) and 2 (152 individuals, 53.9%), respectively. A total of 145 patients (51.4%)
developed vasospasm. In the univariate analyses, age and days from symptom onset to hospital
arrival were associated with vasospasm (table 1). Specifically, younger patients, who arrived at the
hospital later, exhibited a higher probability of experiencing vasospasm. Concerning DCI, it occurred
in 71 individuals (25.2%), 56 of them (79%) having vasospasm, and 58 of them (82%) developing an

ischemic lesion.

Table 1. Characteristics of the cohort

All Vasospasm No vasospasm p-value
(N=282) (N=145) (N=137)
Age 55.9 [+13.9] 53.4[+12.4] 58.5 [+15.0] 0.002
Female gender 189 (67.0%) 105 (72.4%) 84 (61.3%) 0.064
Ethnicity: 0.888
Caucasian 241 (85.5%) 123 (84.8%) 118 (86.1%)
Other 41 (14.5%) 22 (15.2%) 19 (13.9%)
Hypertension 133 (47.2%) 61 (42.1%) 72 (52.6%) 0.100
Smoker 106 (37.6%) 61 (42.1%) 45 (32.8%) 0.140
Fisher: 0.735
1 9 (3.19%) 3 (2.07%) 6 (4.38%)
2 23 (8.16%) 12 (8.28%) 11 (8.03%)
3 66 (23.4%) 33 (22.8%) 33 (24.1%)
4 184 (65.2%) 97 (66.9%) 87 (63.5%)
Hunt & Hess: 0.821
1 6 (2.13%) 2 (1.38%) 4 (2.92%)
2 152 (53.9%) 82 (56.6%) 70 (51.1%)
3 59 (20.9%) 29 (20%) 30 (21.9%)
4 32 (11.3%) 15 (10.3%) 17 (12.4%)
5 33 (11.7%) 17 (11.7%) 16 (11.7%)
Days until arrival (days) 0[0-3] 1 [0-4] 0 [0-2] 0.016
DCI 71 (25.2%) 56 (38.6%) 15 (10.9%) <0.001
IS due to DCI 58 (20.6%) 44 (30.3%) 14 (10.2%) <0.001
Vasospasm 145 (51.4%) - - -

Vasospasm onset (day)

4 [2-7]




Table 1. Characteristics of the cohort. Summarized data in the whole sample and by vasospasm groups
(presence or absence). Univariate contrasts have been performed using t-, U-Mann Whitney or X? tests, as
appropriate. DCI: Delayed cerebral ischemia. IS: ischemic stroke

Differentially methylated positions analysis

We identified 31 CpGs that were associated with vasospasm at p-value < 10 (figure 1a and table 2),
being most of them hypermethylated (77.4%). One CpG (cg26189827) was significant at the genome-
wide level (p-value < 10®), being hypermethylated in patients with vasospasm and annotated to
Succinyl-CoA: Glutarate-CoA Transferase (SUGCT) gene. The CpG ¢g26189827 showed a Hazard
ratio of 1.13, which indicates that for each 1% increase in methylation in this CpG, we observed a
13% increased risk of vasospasm within the follow-up. To visualize the effect of methylation at these
CpG positions on the risk of vasospasm, we discretized methylation for each CpG according to
quartiles distribution, and then we plotted the Kapplan-Meier curves (figure 1b and supplementary
figure 2). Interestingly, we observed an upward trend among the majority of CpG candidates

indicating that individuals with increased methylation at these sites were more prone to an earlier

onset of vasospasm.
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Figure 1 Genome-wide association DNA methylation study of vasospasm. Panel A: Manhattan plot. Each dot
represents a CpG annotated according to the Hg38 genomic coordinates (X) and -log10 p-value (Y axis). Green
and orange dots are those CpG with a p-value <1x10-5, with green color indicating hypomethylation in
individuals with vasospasm, and orange color indicating hypermethylation. The blue and red dashed line
represent the cutoffs for nominal and genome-wide significant, respectively. Panel B: Kapplan-Meier curve
representing the effect of cg26189827 (SUGCT, p-value=1.43-10-8) on the incidence of vasospasm. The X axis
represents time since symptoms onset in days, while the Y axis represents the survival function. Groups have
been obtained by discretizing methylation ( values) for the CpG according to quartiles distribution (light blue:
first quartile; blue: second quartile; yellow: third quartile; red: fourth quartile)

Keywords: SUGCT: Succinyl-CoA:Glutarate-CoA Transferase gene



Table 2. Differentially Methylated Positions in patients with VVasospasm

Annotations DMP Results Sensitivity Analysis

CpG CHR BP Gene lllumina  Feature Island GREAT B HR  p-value p-value Bacon B p-value Bonferroni
€g26189827 7 40338925 SUGCT Body SUGCT 0.122 1.130 1.43E-08 1.88E-08 0.120 1.71E-05 5.30E-04
cgl6797275 12 50097773 FMNL3 Body N_Shelf FMNL3 0.098 1.102 3.89E-07 5.30E-07 0.098 5.16E-05 1.60E-03
cg05673882 5 74862702 POLK Body ANKDD1B 0.084 1.088 6.39E-07 8.72E-07 0.083 6.91E-05 2.14E-03
€g20189274 15 69339228 NOX5 Body NOX5 0.147 1.158 1.22E-06 1.67E-06 0.154 1.95E-05 6.04E-04
cg03745715 14 50983180 MAP4K5 Body MAP4K5 0.318 1.375 1.72E-06 2.36E-06 0.402 3.21E-06 9.95E-05
cg13409442 10 17726728 STAM Body STAM 0.043 1.044 1.95E-06 2.69E-06 0.039 3.47E-04 1.07E-02
cgl7364089 21 40139776 LINCO00114 Body ETS2 0.061 1.062 1.96E-06 2.70E-06 0.066 4.51E-05 1.40E-03
€g16904854 1 65809524 DNAJC6 5'UTR DNAJC6 -0.383 0.682 2.29E-06 6.59E-07 -0.463 4.10E-06 1.27E-04
€g04373607 11 85151996 DLG2 Body DLG2 0.153 1.165 2.66E-06 3.66E-06 0.173 3.74E-06 1.16E-04
€g24409442 17 10521903 MYHAS Body MYH3 -0.087 0.916 2.88E-06 8.41E-07 -0.084 1.24E-04 3.85E-03
cg07615111 13 114965537 Island CDC16 -0.032 0.968 3.11E-06 9.15E-07 -0.036 1.97E-05 6.10E-04
€g11993828 4 38525620  LINCO01258 TSS1500 KLF3 0.088 1.092 3.14E-06 4.34E-06 0.084 2.40E-04 7.43E-03
cg09667394 1 78011748 AK5 Body 2773 0.119 1.126 3.73E-06 5.16E-06 0.118 2.00E-04 6.21E-03
cg14266032 15 71976359 THSD4 Body NR2E3 -0.241 0.785 3.78E-06 1.13E-06 -0.200 9.12E-04 2.83E-02
cgl10954740 8 110982709 KCNV1 Body N_Shelf KCNV1 0.112 1.119 4.20E-06 5.80E-06 0.137 3.54E-06 1.10E-04
cgl7463352 15 36337249 DPH6 0.085 1.088 4.39E-06 6.08E-06 0.087 1.05E-04 3.26E-03
cg03098577 3 105516800 CBLB Body CBLB 0.077 1.080 4.86E-06 6.72E-06 0.086 1.10E-04 3.40E-03
cg04394336 20 17543720 BFSP1 ExonBnd DSTN 0.124 1.132 4.94E-06 6.84E-06 0.133 5.56E-05 1.72E-03
€g13834932 5 6373419 MED10 Body MED10 -0.108 0.897 4.99E-06 1.51E-06 -0.099 6.59E-05 2.04E-03
€g27115863 22 37921640 CARD10 0.112 1.118 5.21E-06 7.21E-06 0.097 1.56E-03 4.84E-02
cg05344747 11 33754357 CD59 5'UTR  N_Shelf CD59 0.089 1.093 5.80E-06 8.03E-06 0.081 1.56E-04 4.82E-03
cg02462015 4 90204565 GPRIN3 5UTR TIGD2 0.059 1.061 5.80E-06 8.04E-06 0.054 5.18E-04 1.61E-02
cg08001199 65058570 SLC1A4 0.133 1.142 5.82E-06 8.06E-06 0.141 9.10E-05 2.82E-03
cgl17904068 12 133420801 CHFR Body S _Shelf GOLGA3 -0.450 0.638 6.61E-06 2.05E-06 -0.519 3.52E-06 1.09E-04
€g20583743 1 223071401 DISP1 5UTR DISP1 0.055 1.056 6.90E-06 9.56E-06 0.051 7.12E-04 2.21E-02
€g19821297 19 12890029 S Shore HOOK2 0.094 1.099 7.06E-06 9.78E-06 0.085 8.44E-04 2.62E-02

10
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cgl17852841 17 7401439 POLR2A Body POLR2A -0.350 0.705 7.17E-06 2.23E-06 -0.416 1.09E-03 3.39E-02
cgl4088282 1 222003220 DUSP10 0.057 1.059 7.49E-06 1.04E-05 0.055 5.16E-04 1.60E-02
€g06779591 3 26410624 LRRC3B 0.116 1.123 8.38E-06 1.16E-05 0.141 1.43E-05 4.43E-04
cg09584249 12 26425003 SSPN 0.090 1.094 8.42E-06 1.17E-05 0.092 1.42E-04 4.40E-03
€g12866551 10 20019641 PLXDC2 0.071 1.073 9.40E-06 1.30E-05 0.065 6.44E-04 2.00E-02

Table 2. Differentially methylated positions (DMPs) associated with vasospasm incidence in the Cox Regression Model adjusted for age, sex, smoking habit, ethnicity and
Fisher scale. In this table, we show the 31 DMPs with p-value < 10-°. Gene annotations (first set of columns) have been obtained according to Illumina manifest (hg38) and
GREAT software. Second set of columns shows the effect of the CpG on the risk of vasospasm: p-coefficients, Hazard ratios (HR) by 1% increase in methylation of the CpG
and p-values with (Bacon) and without test-statistic inflation adjustment. Third set of columns shows the results of the sensitivity analysis excluding cases with symptom
onset exceeding 48 hours.

Keywords: BP: base-pair; CHR: chromosome; HR, Hazard ratio.
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To account for influential cases, we ran a bootstrap analysis, observing that all CpG candidates
remained significant (supplementary figure 3). Similarly, as showed in table 2, we used Bacon method
to adjust for test-statistic inflation, finding that 27 out of 31 DMPs remained significant
(supplementary figure 4 and table 2). Finally, we ran a sensitivity analysis in this set of 31 DMPs
considering only subjects with less than 48 hours of evolution since aSAH onset, finding that all CpG
candidates were significantly associated with incidence of vasospasm after adjusting for multiple
testing (table 2). We then checked whether these CpGs were associated with main risk factors of
vasospasm. Interestingly, we observed that methylation levels of 6 CpGs were negatively correlated
with age after accounting for multiple testing. Similarly, other DMPs were associated with risk factors

of vasospasm such as sex, history of hypertension or smoking (figure 2).

Figure 2 Association between significant DMPs (p-value < 10-5) and main clinical factors. This plot represents
the relationship between methylation levels of nominally significant DMPs and main clinical factors associated
with vasospasm. Links between CpGs (left side) and clinical variables (right side) indicate significant
associations. Border links correspond to whether we see a positive or negative correlation (red and blue colors,
respectively). Filling colors correspond to clinical factors as labeled on the right side of the figure.
Hypermethylation at these sites was associated with risk of vasospasm (table 2)

Keywords: DMP, differentially methylated positions; SAH, subarachnoid hemorrhage.
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Differentially methylated regions analysis

After correcting for multiple testing, we found 13 DMR associated with vasospasm (table 3). Among
them, four regions included 10 or more CpGs associated with vasospasm annotated to the following
genes: POU Class 5 Homeobox 1 (POUS5F1), Major Histocompatibility Complex Class 11 DP Alpha 1
(HLA-DPA1), RUN and FYVE Domain Containing 1 (RUFY1) and Cytochrome P450 Family 1
Subfamily A Member 1 (CYP1AL). Figure 3-top panel visually illustrates these four DMRs, revealing
that two are situated within promoter regions while one is located within the gene body. No
information was available for the last DMR based on the Illumina manifest. The comparison of
methylation levels of the top CpG candidates for each region showed that three DMRs were
hypermethylated in patients with vasospasm, while one of them (annotated to RUFY gene) was
hypomethylated and located in a promotor region (figure 3-bottom panel). Moreover, when we
averaged the methylation level of CpGs included in the 13 significant DMRs, we observed that most
DMRs were hypermethylated in patients with vasospasm, as we observed before for DMPs
(supplementary figure 5). We finally studied the relationship between averaged methylation for each
DMR and main risk factors (Supplementary figure 6). Interestingly, most regions showed at least one
significant association with clinical factors. There were three regions hypermethylated in females
(POUSF1, CYP1A1 and Sarcospan [SSPN] genes) and two hypermethylated in males (RUFY1 and
Charged Multivesicular Body Protein 6 [CHMP6] genes).

Table 3. Differentially Methylated Regions in patients with VVasospasm

Chromosome Start End p-value Q-value CpGsN Gene (GREAT annotation)
CHR6 31180555 31180890  5.73E-14  6.87E-13 14 POUSF1
CHR6 33116777 33117287  6.09E-12  3.65E-11 14 HLA-DPA1
CHRS 179559290 179559906  5.12E-16  1.23E-14 13 RUFY1

CHR15 74726729 74727036  2.80E-09  7.14E-09 10 CYPIA1
CHR6 28977412 28977731 1.26E-08  2.15E-08 7 ZNF311
CHR12 26271763 26272279  4.16E-12  3.33E-11 6 SSPN
CHR3 16174538 16174709  1.18E-10  5.64E-10 6 GALNTI15
CHRS 178443176 178443407 1.40E-07  1.86E-07 6 COL23A1
CHRI 24112213 24112586  2.98E-09  7.14E-09 5 MYOM3
CHRI1 165544016 165544125  7.31E-09  1.35E-08 5 LRRC52
CHRY 97039709 97039758  8.82E-10  3.02E-09 4 CTSV
CHR2 23617398 23617686  6.16E-09  1.34E-08 4 KLHL29
CHR17 80891568 80891863  6.28E-08  9.42E-08 4 CHMP6

Table 3. Each region is annotated according to the chromosome, start-end base pairs and gene (GREAT
software). Significance levels have been obtained via comb-p library, using EWAS summary statistics as input.
We also show significance after adjusting for multiple testing (Sidak correction) and number of CpGs
conforming the region. We only considered regions having at least 4 CpGs.
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Figure 3 Top differentially methylated regions (DMR) associated with incidence of vasospasm. We found 4
DMRs significant at Q-value < 0.05 and being conformed by more than 10 CpGs. In the top panel we show the
CpGs within each DMR according to the -log10 p-value (Y axis) and genomic coordinates (X axis, Hg38). Dots
have been filled according to the location of each CpG relative to the gene. The red dashed line corresponds to
the significance level for the seed p-value (see the methods section), while the blue line corresponds to the
nominal significance level. In the bottom panel we compare the methylation levels of those CpGs above the
seed p-value for each DMR

Keywords: TSS, transcriptomic start site.

Pathway analysis

We conducted a ranked gene set enrichment analysis leveraging GO, KEGG and Reactome databases.
After applying FDR correction, we found 9 significant GO pathways and 39 Reactome pathways
(Supplementary table 2). We found pathways related to immunity, inflammatory response, nervous
system, extracellular matrix organization, oxidative stress, and apoptosis. We calculated the similarity
between the significant pathways to infer which broad biological functions were enriched in our
experiment, aiming to summarize the results. We then built and acyclic graph where nodes were gene-
sets, either annotated to GO or Reactome, and edges represented the number of genes in common
between them (Supplementary figure 7). Thereby, we found that gene-sets clustered onto biological
functions such as glycogen metabolism, nervous system, regulation of Tumor Protein 53 (TP53) and

inflammation.
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DISCUSSION

This study marks a pioneering effort in assessing the impact of DNAm on the occurrence of
vasospasm. Our findings reveal at least one DMP and thirteen DMRs linked to this complication, with
some of them annotated to genes known to participate in biological mechanisms previously associated
with vasospasm. Notably, our pathway analysis unveiled an enrichment of significant biological
processes, including the inflammatory response, extracellular matrix organization, and apoptosis,

shedding light on potential molecular pathways contributing to the development of vasospasm.

Our study is the largest to date that analyzes DNAmM in the blood of aSAH patients. While two
previous studies have analyzed the association of DNAm with the incidence of DCI, none of them
have explored vasospasm[38,39]. Specifically, one study confirmed associations between methylation
at the Insulin receptor (INSR) and Cadherin Related Family Member 5 (CDHR5) genes with DCI[39].
However, an additional study failed to demonstrate a significant effect of ANGPT1 methylation on
DCI risk, highlighting the complexities of epigenetic contributions on aSAH complications and the
need for further research[38]. Moreover, the association of vasospasm and DCI is complex.
Vasospasm increases the risk of DCI, a major prognostic determinant[3]. However, the etiology of
DCI extends beyond vasospasm[40]. In our study, although 38.6% of patients experiencing
vasospasm developed DCI, a substantial 10.9% of those without vasospasm also suffered from DCI.
Therefore, DCI cannot be solely attributed to vasospasm and it may help to explain why our findings

have not been previously reported in studies focused on DCI.

We found 31 CpGs associated with vasospasm at the nominal significance level, being cg26189827
(SUGCT gene) the only CpG significant at the genome-wide level. This gene encodes a protein that
catalyzes the succinyl-CoA-dependent conversion of glutarate to glutaryl-CoA and it is mainly
expressed in the arterial tissue according to GTEX Portal, but its ultimate physiological role is
unknown. Variants in this gene have been previously associated with glutaric aciduria[41,42] type 3, a
rare metabolic disease characterized by isolated glutaric acid excretion. In some patients, neurological
findings such as microcephaly, hypotonia or neuromotor delay are present[43-45]. Moreover, a case
report showed white matter abnormalities with sparing of the U fibers of the cerebral hemispheres
probably due to neurovascular alterations[43]. In that sense, variants in SUGCT gene have also been
associated with pulse pressure and increased risk of migraine in GWAS studies[46-48]contributing to
its role in vascular functionality. Interestingly, previous research posed that artery stiffness and
elasticity could contribute to the risk of vasospasm[49,50], suggesting that the diminished elasticity
observed in older patient’s vessel walls might underlie their reduced susceptibility to its development.
On the other hand, mechanisms such as vasoconstriction of cerebral arterioles and cortical spreading

depression are implicated in the pathophysiology of both migraine and cerebral vasospasm.
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Furthermore, individuals with migraine, particularly young women, exhibit an increased risk of
DCI[51,52]. However, the association between migraine and vasospasm has not been thoroughly
explored. Therefore, we believe that further clinical studies are necessary to investigate the role of
SUGCT in the pathogenesis of both vasospasm and migraine, as well as to elucidate the link between
these two conditions.

Similarly, we found other interesting genes annotated to our nominally significant DMPs, such as the
DNA Polymerase Kappa (POLK), NADPH Oxidase 5 (NOX5) and Mitogen-Activated Protein Kinase
Kinase Kinase Kinase 5 (MAP4K5). POLK is involved in susceptibility to oxidative damage, a
mechanism that has already been associated with vasospasm development[53]. NOX5 participates in
endothelial oxidative stress and seems to play a role in the regulation of vascular contraction[54],
endothelial proliferation, angiogenesis and endothelial response to thrombin[55]. Finally, MAP4KS5, a
constituent of the Mitogen-Activated Protein Kinases (MAPKSs) family, contributes to vasospasm's
pathogenesis due to its involvement in the contraction of vascular smooth muscle cells, and previous
studies have indicated that the inhibition of MAPKSs could potentially mitigate this
complication[56,57].

Many CpGs in vasospasm patients showed increased methylation, especially in younger individuals.
Although the influence of age on vasospasm is not completely understood[50,58], we found a higher
risk in younger patients and, in line with this result, several CpG that were nominally significant were
negatively correlated with age. These results agree with our previous work where we found a higher
risk of vasospasm in cases with decreased biological age measured through DNAm epigenetic
clocks[59]. This points again to specific epigenetic mechanisms being implicated in the

pathophysiology of vasospasm associated with aging.

We further investigated the relationship between these CpGs and the risk factors for vasospasm. Our
analysis revealed variations in methylation patterns associated with female sex, smoking habits and
history of hypertension, confirming the epigenetic signatures of these factors. The role of
hypertension as a vasospasm risk factor is not clear, although most studies found no association[25].
In our study, there was no difference in history of hypertension between vasospasm and no-vasospasm
groups, but we observed that two nominally significant CpGs were also associated with presence of
hypertension. However, this effect is likely confounded by the effect of aging both on hypertension
and methylation at these sites. On the other hand, smoking habit is known to increase the risk of
vasospasm[25], and cg13409442 also related to this trait, being the direction of the effect congruent

with the results obtained in our EWAS of vasospasm.
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We then examined whether there were genomic regions exhibiting differential methylation in patients
with vasospasm. Consequently, we identified 13 significant DMRs, with four of them comprising ten
or more CpG positions. These DMRs were annotated to the following genes: POU5SF1, HLA-DPA1,
RUFY1, and CYP1Al. As we observed for DMP analyses, most of these regions were
hypermethylated in patients with vasospasm, except the region annotated to RUFY1, which was
hypomethylated. This DMR is located near the transcriptomic start site, suggesting that patients with
vasospasm have a higher expression of this gene as compared to patients without[4]. This candidate is
involved in endosomal trafficking and previous research found that its coding protein is involved in
late onset Alzheimer’s disease[60]. Moreover, we observed that male sex was related to
hypomethylation at RUFY1 and there were 4 additional DMRs associated with sex, being three of
them hypermethylated in females. These findings imply that certain DMRs may exhibit distinct
methylation signals based on sex. This encourages additional investigations into how sex modulates
the epigenetic signature of vasospasm, especially considering the documented sex-related differences
in the risk of aSAH and its complications[61]. Regarding CYP1AL, recognized as a metabolizing
enzyme, possesses the capability to metabolize certain carcinogenic intermediates found in cigarettes,
a correlation linked to lung cancer[62]. Additionally, it has been investigated in the context of
ischemic stroke, where a polymorphism is associated with a reduced risk[63]. On the other hand,
POUS5F1, also known as OCT4, is a transcription factor that plays an important role in embryonic
development and stem cell pluripotency[64]. Although there are no studies relating it to aSAH or
vasospasm, it has been associated with tumorgenesis[65] and it has been found upregulated after
hypoxia in glioma cells[66]. With regard to HLA-DPA1, this specific HLA type has not been
previously reported in association with aSAH, but other HLA subtypes have been linked to the
occurrence of brain and abdominal aortic aneurysms, as well as outcomes following aSAH, though

the underlying mechanisms remain incompletely understood[67].

Finally, our gene-set enrichment analysis revealed compelling candidate mechanisms linked to
vasospasm. Notably, we observed a significant enrichment of gene-sets related to the inflammatory
response, including interleukine-3 and 5 signaling. Robust evidence supports the role of pro-
inflammatory response in the onset and maintenance of vasospasm after aSAH[40,68], as evidenced
by increased expression of inflammatory biomarkers such as C-reactive protein or leukocyte
count[69,70]. Likewise, we found an overrepresentation of the extracellular matrix organization
pathway, which has been involved in patients with vasospasm, through an upregulation of
extracellular matrix proteins such as the Matrix Metalloproteinase-9[71-73], because of an increased
blood-brain barrier permeability and oxidative stress during vasospasm development[68]. Lastly, we
also found an enrichment in several gene-sets related to TP53, which is a key regulator of apoptosis

that has been involved in early brain injury after aSAH[74,75]. It is important to highlight that our
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enrichment results might not necessarily indicate causal mechanism of vasospasm and could

potentially be consequences or simply epiphenomena.

Given the lack of studies on DNAm and vasospasm, we also compared our results with those from
investigations analyzing the gene expression patterns in blood from patients with vasospasm and
aSAH. Interestingly, one transcriptomic study found that Formin-Like Protein 3 (FMNL3), Beaded
Filament Structural Protein 1 (BFSP1) and Hook Microtubule Tethering Protein 2 (HOOK2) were
differentially expressed in patients with vasospasm and aSAH[76]. Moreover, previous research has
found enrichment in analogous biological functions, including immunity and inflammation[76,77],
oxidative stress[76,78], and extracellular matrix organization[71]. These studies, however, are limited
both in number and sample size, and further investigations measuring both DNAm and gene

expression would be required to understand how methylation affects the risk of vasospasm.

Our study exhibits both limitations and strengths. A noteworthy limitation is the absence of result
replication in an independent cohort, underscoring the hypothesis-generating aspect of our findings,
which necessitates further validation. We have attempted to find a replication cohort but have not
succeeded in finding studies that include the necessary information. Additionally, despite boasting the
largest sample size for a study of this kind, there remains a possibility that it may be inadequate for
detecting additional associations. Nonetheless, this does not diminish the significance of the
established associations. Finally, a repeated limitation in epigenetic studies is the use of whole-blood
samples to estimate DNAm of other organs or tissues. Nevertheless, previous studies have shown a
good correlation between DNAm from blood, brain and arterial tissue[79,80], but depending on
specific loci. Moreover, blood samples are the most readily accessible in clinical practice, making the
analysis of blood biomarkers an ideal choice for translational medicine. Conversely, the main strength
of the study lies in its novelty, being the first EWAS addressed to vasospasm and the first to propose a
potential influence of DNAmM on the susceptibility to this complication. Furthermore, the dataset
originates from a thoroughly phenotyped cohort, meticulously accounting for confounding factors and
incorporating several epigenetic approaches including DMPs, DMRs and pathway enrichment. In the

end, a rigorous bias assessment has been considered at every stage of the analysis.

In conclusion, our study unveils for the first time a distinctive DNAm pattern in patients experiencing
vasospasm following aSAH. We found a significant association with a CpG position annotated to the
SUGCT gene, which is expressed in arterial tissue, among several other candidate genes related to the
vascular function. The analysis of epigenetic regions and gene enrichment uncovered compelling
associations with genes and pathways integral to inflammatory and immune responses, extracellular
matrix organization, apoptosis and susceptibility to oxidative damage. Notably, the DNAm profile

demonstrated influences from both sex and age, underscoring the significance of these factors in the
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pathogenesis of vasospasm. These findings open avenues for further investigation to corroborate our
results, offering potential insights into the underlying pathophysiology of this prevalent and serious

complication.

Data Availability: Data supporting the findings of this study are available upon reasonable request.
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