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Remote Ischemic Conditioning Alters Methylation
and Expression of Cell Cycle Genes in Aneurysmal
Subarachnoid Hemorrhage

Elina Nikkola, BS; Azim Laiwalla, MS; Arthur Ko, BS; Marcus Alvarez, BS; Mark Connolly, BS;
Yinn Cher Ooi, MD; William Hsu, PhD; Alex Bui, PhD; Piivi Pajukanta, MD, PhD;
Nestor R. Gonzalez, MD

Background and Purpose—Remote ischemic conditioning (RIC) is a phenomenon in which short periods of nonfatal
ischemia in 1 tissue confers protection to distant tissues. Here we performed a longitudinal human pilot study in patients
with aneurysmal subarachnoid hemorrhage undergoing RIC by limb ischemia to compare changes in DNA methylation

and transcriptome profiles before and after RIC.

Methods—Thirteen patients underwent 4 RIC sessions over 2 to 12 days after rupture of an intracranial aneurysm. We analyzed
whole blood transcriptomes using RNA sequencing and genome-wide DNA methylomes using reduced representation
bisulfite sequencing, both before and after RIC. We tested differential expression and differential methylation using an
intraindividual paired study design and then overlapped the differential expression and differential methylation results for
analyses of functional categories and protein—protein interactions.

Results—We observed 164 differential expression genes and 3493 differential methylation CpG sites after RIC, of which
204 CpG sites overlapped with 103 genes, enriched for pathways of cell cycle (P<3.8x107*) and inflammatory responses
(P<1.4x107*). The cell cycle pathway genes form a significant protein—protein interaction network of tightly coexpressed

genes (P<0.00001).

Conclusions—Gene expression and DNA methylation changes in aneurysmal subarachnoid hemorrhage patients
undergoing RIC are involved in coordinated cell cycle and inflammatory responses. (Stroke. 2015;46:2445-2451.

DOI: 10.1161/STROKEAHA.115.009618.)

Key Words: aneurysm m DNA methylation m genomics m preconditioning
m subarachnoid hemorrhage m transcriptome

emote ischemic conditioning (RIC) is a phenomenon
where nonlethal ischemic exposure in a peripheral tissue
induces a systemic protection of subsequent injuries in distant
organs and tissues.! RIC has shown encouraging results in ani-
mal models by providing cardio- and neuroprotective effects
against an ischemic injury, and thus RIC is emerging as an
attractive novel therapeutic for clinical trials.>* Recent human
studies have confirmed the safety and feasibility of lower limb
RIC in patients with aneurysmal subarachnoid hemorrhage
(aSAH).>® Based on our separate study (Laiwalla et al, unpub-
lished data), the odds ratio of a good outcome for patients with
RIC is 5.17 (95% confidence interval, 1.21-25.02) when com-
pared with matched controls with SAH.
The effectiveness of RIC is likely to be caused by its mul-
tifactorial effects, and rodent studies suggest that these are

mediated in part by a cascade of transcriptional and transla-
tional changes.” Activation of basic cell survival responses to
transient ischemia causes a shift toward a protective genetic
profile, leading to a differential regulation of genes involved in
inflammation, neurotransmitter excitotoxicity, apoptosis, and
cerebrovascular perfusion.®!* Nevertheless, the mechanisms
by which RIC provides neuroprotective effects in human are
not well understood. The involvement of humoral factors has
been demonstrated in animals because the protection can be
transferred from an RIC animal to a nonconditioned animal
by whole blood transfusion.' Thus, genetic and epigenetic
studies in human blood could elucidate the humeral processes
catalyzed by RIC and furthermore provide potential diagnos-
tic and therapeutic targets for the treatment and prevention of
ischemic injury.

Received March 31, 2015; final revision received June 11, 2015; accepted July 2, 2015.

From the Department of Human Genetics (E.N., A.K., M.A., PP.), Department of Neurosurgery (A.L., M.C., Y.C.O., N.R.G.), and Department of
Radiological Sciences (W.H., A.B., N.R.G.), David Geffen School of Medicine at UCLA, Los Angeles, CA; and Department of Human Genetics and
Molecular Biology, Molecular Biology Institute at UCLA, Los Angeles, CA (A.K., P.P.).

The online-only Data Supplement is available with this article at http://stroke.ahajournals.org/lookup/suppl/dei:10.1161/STROKEAHA.

115.009618/-/DC1.

Correspondence to Nestor R. Gonzalez, MD, Associate Professor of Neurosurgery and Radiology, David Geffen School of Medicine at UCLA, 300 Stein

Plaza, Suite 539, Los Angeles, CA 90095. E-mail ngonzalez@mednet.ucla.edu

© 2015 American Heart Association, Inc.

Stroke is available at http://stroke.ahajournals.org

DOI: 10.1161/STROKEAHA.115.009618

Downloaded from http://stroke.ahajournals.org/ 22 £LGNS CALIFORNIA DIG LIB on October 17, 2015


http://stroke.ahajournals.org/lookup/suppl/doi:10.1161/STROKEAHA.115.009618/-/DC1
http://stroke.ahajournals.org/lookup/suppl/doi:10.1161/STROKEAHA.115.009618/-/DC1
mailto:ngonzalez@mednet.ucla.edu
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/
http://stroke.ahajournals.org/

2446 Stroke September 2015

In this human pilot study, we performed a prospective lon-
gitudinal evaluation in a group of patients with aSAH undergo-
ing RIC to study the induced genomic responses by identifying
and comparing blood DNA methylation and gene expression
profiles before RIC and 1 week after RIC. Identification of
factors altered by a transient limb RIC can provide insights
into the mechanisms of neuroprotective action and, ultimately,
may yield biomarkers for SAH prognosis and treatment.

Methods
Study Samples

Patients with aSAH were enrolled from the Remote Ischemic
Preconditioning in Subarachnoid Hemorrhage Trial (Clinicaltrials.
gov No. NCT01158508). The study was approved by the local in-
stitutional review board, and all participants gave a written informed
consent. Patients 18 to 80 years old with SAH confirmed by com-
puted tomography or lumbar puncture and presence of a ruptured in-
tracranial aneurysm confirmed by computed tomography, magnetic
resonance, or catheter angiography were considered for enrollment
in this study. Patients who were pregnant or with a history or physi-
cal examination findings of peripheral vascular disease, deep venous
thrombosis, peripheral neuropathy, or lower extremity bypass were
excluded. Clinical characteristics are provided in Table 1.

RIC Protocol

Patients underwent 4 RIC sessions over 2 to 12 days after aneurysm rup-
ture. RIC sessions were performed on the lower limb with a large adult-
sized blood pressure cuff. Each session consisted of 4 inflation cycles
lasting 5 minutes, followed by 5-minute deflations. Cuff pressure was
originally inflated at 20 mm Hg over the patient’s baseline systolic blood
pressure, then increased until the dorsalis pedis pulse was abolished, as
confirmed by a Doppler ultrasonography. This pressure was maintained
for 5 minutes throughout the duration of the inflation cycle.

Peripheral blood samples were drawn from aSAH patients at 2
different time points: before RIC (baseline) and after 4 sessions of the
RIC treatment. DNA and RNA were isolated according to standard
protocols.

Aneurysm Controls

We included 24 control individuals with a history of intracranial an-
eurysms who never received RIC treatment. The blood collection and

Table 1. Clinical Characteristics of the aSAH Patients

sample processing were performed in the same way as described for
the aSAH cases above.

RNA Sequencing

We included 13 aSAH sample pairs and 24 aneurysm controls in the
study after the initial quality control of the blood RNA (RNA integrity
number [RIN] value >7, RNA concentration >10 ng/uL). The blood
RNA sequencing libraries were prepared using Illumina TruSeq RNA
library kit, and sequencing of the paired-end, 100-bp reads was per-
formed using the Illumina Hiseq2000 platform, resulting in on aver-
age 46.1 mol/L reads per sample. We used STAR' to align the fastq
files to the human GRCh37/hg19 reference genome with the follow-
ing settings: the maximum intron size was set at 500 kb; the minimum
intron size was set at 20; and we allowed for 4 mismatches. We used
HTSeq (version HTSeq-0.6.1)'¢ to produce raw counts.

Differential Expression Using EdgeR and DESeq?2
We used both EdgeR" and DESeq2'® R-packages to identify dif-
ferentially expressed (DE) genes using the paired sample design
and focused on their overlap to obtain a set of highly confident
DE genes. First, using EdgeR, we excluded the genes that did not
have one count per million reads in at least 50% of the samples. We
normalized the read count values using trimmed means of M value
and estimated common, trended, and tagwise dispersions using R
software (version RX64 3.0.2). Together, these quality control steps
removed genes with low expression and normalized the libraries for
library size and biological variability, resulting in 14816 genes for
our subsequent analyses. We determined DE using the generalized
linear model likelihood ratio test using a significance threshold of
FDR <0.05.

Second, similarly as in EdgeR, we used a multifactor design with
DESeq2. We estimated the size factors and dispersions and performed
negative binomial generalized linear model fitting for the sample as
a factor and Wald statistics for DE. We used Benjamini—Hochberg—
adjusted P<0.05 as a threshold for significance.

To compare the aSAH patients with aneurysm controls, we
considered only the genes DE between the aSAH baseline and
after the treatment. We performed 2 separate DE analyses using
negative binomial and determined DE using Wald test for (1) the
aSAH baseline group versus the controls and (2) the aSAH RIC
treatment group versus the controls (Figure I in the online-only
Data Supplement). The genes changing the DE status between
the 2 analyses (ie, the genes that were not DE between the aSAH
baseline group and controls, but became DE when comparing the

Clinical Functional

Subject ID Age Sex Smoking Alcohol Hypertension T2D Vasospasm Outcome

SAH 551 61 F No No No No N Improved or no change
SAH 553 77 F No No No No Y Improved or no change
SAH 554 56 M Former No No No Y Improved or no change
SAH 555 53 F No No No No Y Deteriorated

SAH 556 23 F No No No No N Improved or no change
SAH 557 47 F No No Yes No Y Deteriorated

SAH 558 65 F No No Yes No Minimal Improved or no change
SAH 559 43 F Yes Yes Yes No Y Improved or no change
SAH 5510 36 M Yes Yes No No Y Improved or no change
SAH 5511 51 M Yes Yes Yes Yes N Improved or no change
SAH 5512 43 M Yes No Yes Yes Y Improved or no change
SAH 5513 60 F No No Yes Yes Y Deteriorated

SAH 5514 51 M Yes Yes Yes No Suspected Improved or no change

SAH indicates subarachnoid hemorrhage; and T2D, type 2 diabetes mellitus.
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aSAH treatment group with the controls) were carried forward to
subsequent analyses.

Methylation

We analyzed blood DNA methylation profiles by reduced represen-
tation bisulfite sequencing (RRBS). RRBS libraries from human
genomic DNA were prepared as previously described." Briefly, we
treated blood DNA with sodium bisulfite (Epitecht Illumina), di-
gested it with the Mspl enzyme, and selected fragments averaging
100 to 250 bp. We multiplexed 4 samples per lane and sequenced the
libraries using single-end 100-bp reads with the Illumina Hiseq2000
platform, resulting in on average 25.1 mol/L reads per sample.

We performed initial QC for fastq files using FastaQC. We used
BS-seeker2? with Bowtie2*!' for RRBS alignment using hgl19 as a
reference genome. For alignment, we considered in silico Mspl frag-
ments between 40 and 500 bp to cover all possible Mspl fragments
from the RRBS libraries. We aligned the reads using the Bowtie2
end-to-end alignment mode by allowing 4 mismatches. We called the
methylation status of the individual CpG sites (percentage of meth-
ylated cells) by requiring at least 10 reads per a CpG site. Pearson
correlation coefficient was used to estimate pair-wise correlations in
methylation sites between the individuals. Paired Students 7-tests were
conducted to compare between-group and within-group differences.
The CpG sites passing a 2-tailed nominal P<0.01 were considered
significant and carried forward for subsequent analyses. Finally, we
used BEDTOOLS? to overlap the DE genes with methylated regions.

Functional Annotation and Coexpression of the
Pathway Genes

We used DAVID software**?** to search for functional categories of
the DE genes. To highlight the most relevant gene ontology terms
associated with the overlapped DE and differential methylation (DM)
gene lists, we performed a batch annotation and gene-GO term en-
richment analysis. We searched for protein—protein interaction (PPI)
networks using STRING v9.1.% We used Pearson correlation coeffi-
cient to estimate correlations between the pathway genes and ggplot2
and reshape? to visualize these results. Reactome?*?” was used to ex-
plore specific pathways.

Results
The overall study design is shown in Figure 1. To identify
genomic mechanisms for the effects of RIC in aSAH patients,
we used a paired sample design where each patient gave blood
samples before and after 4 RIC sessions. Using this longitu-
dinal study design, each individual functions as a control for
him-/herself in the DE and DM analyses. Accordingly, we

Identify and compare changes in
DNA methylation and gene
expression profiles in SAH patients
before and after RIC treatment

(i )
From 14,816 genes:

451 differentially
expressed genes
before and after RIC

(EdgeR and DESeq2)

v

R TTTR
1. SAH baseline
versus controls

2. SAH treatment
versus controls

164 genes DE

Overlap between DE
genes and differential

-> methylation sites: <
204 CpG sites in 103

\4

- N

Functional annotation and PPI analysis:
14 co-expressed genes involved in
mitotic cell cycle related processes

(e
Methylation sites that
changed 10% at
least in one individual
after the RIC:
403,546

)

Paired t-test before
and after RIC: 3,493
nominally significant
genes CpG sites (P<0.01)

\——
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were able to adjust for potential confounding factors, such as
age, smoking, medication, and ethnicity, using this intraindi-
vidual paired design. We analyzed the blood RNA expression
and DNA methylation profiles of each patient before RIC and
1 week after the RIC treatment started. We compared these
profiles to the ones of the controls who did not receive any
RIC treatments. Finally, we overlapped the DE genes with
DM sites and performed functional annotations and PPIs
analysis of the overlapping genes (Figure 1).

Differential Expression

We found 451 DE genes after RIC (FDR<0.05) consistently
using both EdgeR and DESeq2, of which 205 were upregu-
lated after the RIC treatment and 246 were downregulated,
respectively (Figure 2; and Table I in the online-only Data
Supplement). Next, to identify genes responding to the
RIC treatment, we tested the expression of the 451 genes
in the controls for DE against their expression at both the
aSAH baseline and after the RIC treatment, considering a
Bonferroni-corrected P<1.1x10~* (P<0.05/451 DE genes) sig-
nificant. We found 164 DE genes (see Table II in the online-
only Data Supplement for the list of DE genes) between the
controls and aSAH patients before and after RIC treatment,
suggesting that these genes may contribute to the response to
the RIC treatment.

Differential Methylation

We were able to map on average 66% of reads/sample to the
human genome, which is in accordance with previous RRBS
studies.’®® The resulting methylation profiles per sample
covered on average 1764402 CpG sites, of which 676543
were assayed in all individuals. The overall methylation sta-
tus changed little within an individual (#98%) and between
individuals (=97.5%; Figure II in the online-only Data
Supplement), suggesting that methylation is a stable phenom-
enon and only a small number of sites are actively respond-
ing to environmental factors. We focused on the 403 546 CpG
sites that altered by >10% in at least one individual after RIC.
To test DM cytosines between the baseline and after treat-
ment, we used 2-tailed paired student’s 7 test. A total of 3493
CpG sites were DM (P<0.01).

Figure 1. A schematic overview of study design and
results. DE indicates differential expression; PPI,
protein—protein interaction; RIC, remote ischemic
conditioning; and SAH, subarachnoid hemorrhage.
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Figure 2. The differentially expressed (DE) genes between the
aneurysmal subarachnoid hemorrhage (aSAH) baseline and a
week after remote ischemic conditioning (RIC) treatment. Red
dots indicate DE genes with an FDR <0.05.

Overlapping the DE and DM Regions

When we overlapped (defined 250 kb from the each DE
gene) the DM CpGs with the DE genes, we found 204 CpG
sites corresponding to 103 DE and DM genes, suggesting
methylation as a potential mechanism for DE (Table III in the
online-only Data Supplement). Furthermore, 52 of the genes
had >1 nearby DM site.

Functional Annotation and Coexpression of the
Pathway Genes

Functional annotation with DAVID software showed that the
overlapping 103 DE and DM genes are enriched for defense
and inflammatory responses (Benjamini—-Hochberg [B-H]—
corrected P<1.4x10™) and for cell cycle and mitosis (B-H-
corrected P<3.8x107*; Table 2). In addition, we examined the
PPIs of the 103 DE genes using String (Figure 3). We found a

Table 2. Functional Annotations of the 103 Identified DE
Genes Using the David Pathway Tool

Gene Count B-H Corrected P Value
Enrichment score 4.35
Cluster 1
Defense response 18 1.4x10
Inflammatory response 10 1.7x102
Enrichment score 3.95
Cluster 2
Cell cycle 19 3.8x10
M phase 12 1.7x1073
Cell cycle phase 13 1.9x10-3
Nuclear division 10 1.7x103
Mitosis 10 1.7x103

B-H indicates Pvalue after Benjamini—Hochberg correction for false discovery
rate; and DE, differential expression.

significant enrichment for PPIs and one large network consist-
ing of 21 DE and DM genes (Figure 3), of which 14 are part of
the cell cycle pathway from the functional enrichment analy-
sis (Table 2). We also found 2 smaller PPIs consisting of 3 pro-
teins each: CEBPB, HDAC4, PPARG and AZU1, CTSG, MPO
(Figure 3), all present in the significant pathways of defense
and inflammatory response mechanisms (Table 2).

Next, we further examined the 14 cell cycle pathway genes
for correlations between their gene expressions. These genes
exhibited highly dynamic correlation shifts, with substantially
tighter correlations after the RIC treatment (Figure 4), sug-
gesting that different phases of cell cycle pathway are turned
on as a result of RIC. Interestingly, when we visualized the
coexpression of these genes in the control group, we observed
a clear difference in their correlations when compared with
the aSAH patients at baseline and even more after the treat-
ment (Figure 4), indicating the involvement of these genes in
aSAH and the potential influence of the RIC treatment.

Based on a more detailed Reactome pathway analysis (Table
IV in the online-only Data Supplement), 8 of the 14 genes
(FDR<1.0x107) are involved in the cell cycle pathway (SPC24,
ESPLI, CLSPN, CDC45, CENPF, FOXM1, CDKI, RAD51). In
the Reactome analysis, CDKI acts as a key regulator of spe-
cific mitotic cell cycle pathways. For instance, we observed that
CDK1 is involved in G2/M transition and mitotic G2-G2/M
phases with CENPF and FOXM1, regulating the G2/M check-
points with CLSPN and CDC45. In addition, CDK1 is involved
in processes such as kinetochore assembly in mitotic prometa-
phase and M Phase with SPC24, CENPF, and ESPLI (Table IV
in the online-only Data Supplement). CDK]/ is also present in
numerous activation and signaling pathways within mitotic cell
cycle pathway (Table IV in the online-only Data Supplement).

Discussion

We performed the firstlongitudinal and systematic genome-wide
pilot study in humans comparing gene expression and methyla-
tion changes after RIC in aSAH. We found 164 DE genes and
3493 DM CpG sites that are modified, potentially as a result of
RIC. When we overlapped these regions, we observed 204 DM
CpG sites corresponding to 103 DE genes, suggesting meth-
ylation as a potential mechanism regulating gene expression.
These genes were enriched for cell cycle-related processes, as
well as for defense and inflammatory responses. Furthermore,
the identified 14 cell cycle genes exhibited highly correlated
expression signals after RIC (Figure 4). Overall, these findings
provide first insights into the neuroprotective molecular mecha-
nisms underlying RIC in humans.

Our prior work has demonstrated RIC-induced metabolic
changes in the preconditioned limb, as well as cerebral tis-
sue.?3* Muscle microdialysis during RIC showed an increase
in lactate/pyruvate ratio and lactate, without change in glyc-
erol.”? Cerebral microdialysis during RIC showed a decrease
in lactate/pyruvate ratio and glycerol, which persisted after the
last RIC session.*® Identification of markers of the RIC effects
beyond local factors is imperative for determining appropriate
end points in future RIC clinical studies.

Whole-genome transcriptional analysis has been applied
to uncover genetic changes underlying ischemia-induced
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Figure 3. Protein—protein interactions (PPIs) of the 103 differentially expressed (DE) genes using String. We observed a statistically signifi-
cant (P<0.00001) enrichment of PPIs of the DE genes residing in the cell cycle, defense, and inflammatory response pathways, all passing

the Benjamini correction as shown in Table 2.

neuroprotective effects in animal models.>'*> DNA methyla-
tion changes of gene promoter regions have also been investi-
gated to uncover preconditioning-induced epigenetic changes,
contributing to neuroprotection in mice.* Although proof of
concept animal studies have given great insight into the poten-
tial mechanisms of RIC, they do not necessarily translate
directly to humans, and thus, human studies are essential to
evaluate effects in clinical settings.

Cell cycle machinery and related molecules have been
previously implicated in ischemic neuronal death,*** and

Controls Baseline
SPC24
RAD51
KIF15
KIF11
HAUS4
FOXM1
ESPL1

irregular cell cycle activation has been implicated in stroke.*
We show evidence for involvement of genes in cell cycle pro-
cesses regulated by CDK] in the acute stage of aSAH, possi-
bly modified by RIC (Figure 4). We postulate that this pathway
may be important in various forms of ischemia. Furthermore,
we hypothesize that RIC may induce a release of substances
from the ischemic limb muscles to blood. These in turn stimu-
late white blood cells, such as macrophages, to increase the
expression of genes involved in cell cycle and cell prolifera-
tion. Subsequently, these white blood cells may stream to the

Treatment

Figure 4. Co-expression analysis of the 14 mitotic cell cycle genes identified in the Protein—protein interactions (PPIs) and functional

enrichment analyses.
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ischemic location in brain and release substances, including
growth factors and other cytokines, to protect brain from fur-
ther apoptosis. This mechanism could lead to the neuroprotec-
tive effects of RIC, although additional functional studies are
warranted to verify the underlying mechanisms.

One of the mechanisms proposed for RIC is inflamma-
tory responses.*** In accordance with this, our DAVID path-
way analysis implicated a set of 18 both DE and DM genes
in defense response pathways (CEBPB, AZUI, BPI, CTSG,
CRISP3, CYSLTRI, HDAC4, INHBA, ILIRI, ILIORB, LTF,
MPO, OLRI, PPARG, PROK2, STAT5B, STABI, and TLRY).
Six of these genes were also involved in 2 separate PPIs
(Figure 3).

A recent study exploring human plasma proteome in RIC
found that cysteine-rich secretory protein 3 (CRISP-3) was
increased in serum after RIC in 6 adults.* This is consistent
with our finding of over a 2-fold increase of CRISP3 gene
expression in blood followed by RIC (Table I in the online-
only Data Supplement), suggesting its role as a humoral
RIC mediator and surrogate marker. CRISP-3 is a glycopro-
tein present in exocrine secretions, bone marrow, secretory
granules of neutrophils, and plasma bound to alB glyco-
protein.*** Although its complete function is unknown, it is
thought to act in innate immune response and as a prostate
cancer marker.***

In summary, in this first pilot study, using a longitudinal
design to investigate genome-wide expression and methyla-
tion changes in aSAH patients after RIC, we found evidence
for coordinated expression and methylation changes of a small
set of key genes in mitotic cell cycle, defense, and inflamma-
tory responses. We have limitations in this study, and there-
fore, the results presented here should be further investigated
and verified in future considerably larger genomic studies. In
addition to the small sample size, we recognize that some of
the observed changes in genes expression and methylation are
potentially because of other medical treatments these patients
received in the hospital, and hence, future studies should com-
prise a randomization that includes patients not receiving any
RIC treatment as controls. We also recognize that differences
in blood cell types may contribute to the changes in DNA
methylation and gene expression, and thus future RIC studies
should include analysis of separate fluorescence activated cell
sorting-sorted cells. Nevertheless, longitudinal genome-wide
studies of stroke, and especially SAH, integrating expression
and methylation changes at the genome-wide level are still
sparse, and thus our study provides valuable initial data, start-
ing to elucidate the largely unknown mechanisms underlying
RIC in humans.
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Supplemental Tables

Table I. The 451 differentially expressed genes passing FDR<0.05. The results shown here are from DESeq2 R-package.

Gene Mean log2FC Stat B-H Adjusted p-value
HTRA1 98 -1.28 -6.73 2.47x107
MYB 121 0.96 6.23 3.38x10°
HRH4 123 0.92 5.98 1.09x10°
MAK 621 -0.70 -5.93 1.10x10°
MYO7A 177 -1.00 -5.80 1.61x10°
OLR1 136 1.19 5.82 1.61x10°
CRISP3 394 1.13 5.66 2.93x10°
FBN1 27 0.94 5.65 2.93x10°
CD52 2032 0.63 5.33 1.46x10™
RSAD?2 1025 1.07 5.19 2.68x10™
SERPINB10 108 1.01 5.13 3.24x10™
STAT5B 13869 -0.43 -5.04 4.74x10™
SUFU 566 -0.41 -5.04 4.74x10™
MRVI1 2714 -0.72 -5.00 5.38x10™
BCL2L15 74 0.93 4.95 6.44x10™
SSH1 2477 -0.49 -4.92 7.15x10™
IDO1 98 1.00 4.88 8.44x10™
ANLN 39 0.91 4.85 8.96x10™
DNAH17 1640 -0.56 -4.85 8.96x10™
TGFBI 3328 -0.66 -4.83 9.26x10™
HAUS4 1226 -0.57 -4.80 9.70x10™
RP11-473M20.5 362 -0.79 -4.81 9.70x10™
MANSC1 2500 -0.68 -4.78 1.03x10°°
MS4A3 355 0.97 4.76 1.12x10°
RP5-968J1.1 49 -0.73 -4.75 1.15x10°°
ETS2 2895 -0.65 -4.72 1.20x10°°
P2RY14 230 0.86 4.72 1.20x10°°
ATP2B4 3792 -0.57 -4.69 1.36x10°
BRIP1 26 0.79 4.66 1.52x10°
CD163 2193 -0.78 -4.60 1.97x10°
ACSL1 40710 -0.65 -4.58 2.14x10°
RP11-1D12.2 26 0.93 4.57 2.19x10°
FAM129A 19351 -0.55 -4.54 2.28x10°
NT5DC4 71 -0.77 -4.55 2.28x10°
ADAM19 4928 -0.48 -4.54 2.32x10°
DGKD 4162 -0.38 -4.52 2.40x10°
ABCA2 2913 -0.48 -4.50 2.56x10°
HINT1 540 0.54 4.46 2.91x10°
TRIM7 122 -0.64 -4.45 2.94x10°
PIWIL4 117 0.63 4.45 2.96x10°
ST14 819 -0.67 -4.44 2.96x10°
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HAUS1
TOP2A
MMP8
ARHGEF40
ITGAD
ADAMTS2
CENPH
PHF21A
RP11-76E17.3
SUB1
HSPE1
PNPLAL
RP3-525N10.2
CD3D
CEBPB
FAM26F
FLT3
IQSEC1
RNASEH2B
NIPSNAP3A
SLA
HERC5
GCSAML
PRMT5
FBN2
OAS3
PTX3
BAIAP2
ZWINT
BUB3
CYFIP1
ILL7RA
ILL8RAP
NLRP3
SRXN1
STIL

MPO

7416
170
51
19
209
1991
66
2153
3222
77
111
1533
5694
57
552
38
5812
66
677
98
155
33
476
10987
213
355
8737
317
199
9171
794
52
750
197
2041
72
369
55
917
1090
19125
2094
1235
196
32
2413

-0.31
-0.42
0.72
0.65
-0.46
-0.42
-0.53
-0.36
-0.33
0.54
0.71
0.71
-0.54
-0.62
-0.70
0.62
-0.37
-0.67
0.52
0.52
-0.50
-0.68
0.53
-0.53
0.57
-0.69
-0.36
0.39
0.39
-0.50
0.69
0.57
-0.44
-0.53
0.68
0.64
-0.47
0.67
0.28
-0.37
-0.41
-0.56
-0.48
-0.49
0.64
0.69

-3.52
-3.51
3.50
3.50
-3.50
-3.50
-3.50
-3.49
-3.49
3.49
3.49
3.49
-3.48
-3.48
-3.47
3.47
-3.47
-3.47
3.46
3.46
-3.46
-3.46
3.43
-3.44
3.43
-3.43
-3.43
3.43
3.43
-3.43
3.43
3.42
-3.43
-3.42
3.42
3.42
-3.42
3.42
341
-341
-341
-341
-341
-341
341
341

2.61x10
2.69x107
2.69x10
2.72x107
2.73x107
2.73x107
2.73x107
2.76x10
2.77x10°
2.77x107°
2.77x10°
2.77x10°
2.78x107
2.81x107
2.90x107
2.90x107
2.90x107
2.90x107
2.91x10
2.94x107
2.94x107
2.94x107
3.14x107?
3.14x107
3.14x107?
3.14x107
3.14x107?
3.14x107
3.14x107?
3.14x107
3.14x107?
3.16x107
3.16x107
3.16x107
3.16x10
3.18x107
3.19x107
3.19x107
3.21x107
3.21x107
3.21x107
3.21x107
3.21x107
3.21x107
3.21x107
3.22x107



VRK1
MRPL39
ABAT
CUX1
MBP
NDCB80
RTDR1
ZSCAN18
SVIL
ZNF503
ENY?2
SLC8A1L
UGGT1
PRIM2
IL5RA
RP11-701P16.5
CASC3
FOXM1
IFIT3
RP11-802E16.3
C5AR1
BICD2
Clorfl15
CEACAM6
CEACAMS
ECHDC3
RP11-298I13.1
RPA3
FKBP3
MLF1IP
DEFA3
DEFA4
DYRK4
SORL1
ALDH9A1
BAIAP2-AS1
EPHB2
BPI
COL8A2
RNASE1
TADA2B
ARV1
NCOAG6
PSAT1
RNF175
CD1D

122
56
965
2758
9465
55
47
211
3671
42
316
955
1942
106
172
90
5745
107
2993
317
19382
3275
79
578
1080
220
96
93
181
37
19589
2976
91
39212
1170
599
91
3539
89
114
1680
73
1513
66
461
738

0.59
0.48
-0.36
-0.41
-0.42
0.57
-0.65
-0.34
-0.45
-0.46
0.45
-0.51
-0.29
0.36
0.59
-0.57
-0.40
0.60
0.67
-0.37
-0.45
-0.36
-0.45
0.69
0.68
-0.65
-0.56
0.49
0.38
0.59
0.64
0.64
0.51
-0.46
-0.26
-0.42
-0.50
0.67
-0.47
-0.67
-0.31
0.36
-0.30
0.49
-0.49
-0.39

3.40
3.39
-3.39
-3.39
-3.39
3.39
-3.39
-3.39
-3.38
-3.38
3.38
-3.38
-3.38
3.38
3.37
-3.37
-3.36
3.36
3.36
-3.36
-3.36
-3.35
-3.35
3.35
3.36
-3.35
-3.35
3.35
3.34
3.34
3.34
3.34
3.34
-3.34
-3.33
-3.33
-3.33
3.33
-3.33
-3.33
-3.32
3.32
-3.32
3.32
-3.32
-3.32

3.23x107
3.35x107
3.35x107
3.35x107
3.38x107
3.38x107
3.38x107
3.38x107
3.39x107
3.39x107
3.42x107
3.42x107
3.42x107
3.43x107
3.51x10
3.51x10
3.51x10
3.53x10
3.53x10
3.53x10
3.54x107
3.55x107
3.55x107
3.55x107
3.55x107
3.55x107
3.55x107
3.60x10
3.60x10
3.60x10
3.60x10
3.60x10
3.62x107
3.64x107
3.66x10
3.66x10
3.66x10
3.72x107
3.73x107
3.73x107
3.74x107
3.75x107
3.75x107
3.75x107
3.75x107
3.77x107



CDCA7L
RP11-67C2.2
C100rf105
ARHGAP26
AQP9
MDH1
SS18L2
NOTCH2
CTC-246B18.8
RFC3
RP11-181G12.2
CDK1
TUFT1
C5orf56
ESPL1
IL10RB
SLC11A1
FBXO5
IFT57
KAT6A
KDM5B
KIAAQ0391
NOL3
SLC5A9
TCF19
DTL
MIS18A
ZNF608
DHFR
IRF2BPL
STMNL1
CYSLTR1
IL1B
UQCRQ
CTNNA1
DBN1
FAM49A
RETN
UBE4B
ZNF367
SLC29A3
CFLAR
PTGFRN
ACADM
GBGT1
MATN2

287
330
295
7235
27659
490
107
9263
69
69
171
28
132
725
61
3218
22240
75
120
3646
1009
418
87
68
193
44
38
207
212
2936
432
355
1836
182
2898
642
2729
980
1704
77
186
14455
47
201
616
27

0.49
-0.45
-0.60
-0.43
-0.41
0.44
0.44
-0.42
-0.49
0.48
-0.36
0.68
-0.48
0.41
0.63
-0.30
-0.50
051
0.48
-0.43
-0.34
0.24
-0.41
-0.63
0.49
0.67
0.50
-0.64
0.42
-0.49
0.62
0.42
-0.45
0.50
-0.39
-0.51
-0.34
0.67
-0.33
0.52
-0.34
-0.35
-0.54
0.43
-0.43
0.54

3.32
-3.32
-3.31
-3.31
-3.31

3.30

3.30
-3.30
-3.30

3.30
-3.30

3.29
-3.29

3.29

3.29
-3.29
-3.29

3.28

3.28
-3.28
-3.28

3.28
-3.28
-3.28

3.28

3.27

3.27
-3.27

3.27
-3.27

3.27

3.27
-3.26

3.26
-3.25
-3.26
-3.26

3.26
-3.26

3.26
-3.25
-3.25
-3.25

3.25
-3.25

3.25

3.77x10?
3.78x107
3.79x10
3.84x107
3.86x10
3.89x107
3.89x107
3.90x10
3.94x107
3.94x107
3.94x107
3.96x10
3.96x10
4.00x10
4.00x10
4.00x10
4.02x10
4.04x10
4.04x10
4.04x10
4.04x10
4.04x10
4.04x10
4.04x10
4.04x10
4.04x10
4.04x10
4.04x10
4.04x10
4.05x10
4.07x10°
4.10x10
4.10x10
4.12x107
4.16x10
4.16x10
4.16x10
4.16x10
4.16x10
4.16x10
4.17x10°
4.18x10
4.19x10
4.20x10
4.20x10
4.20x10



MOCS2
SGOL2
FOSL2
FANCL
GPR97
PKNOX1
WASF2
IGF1R
LTF
NCAPG2
ITGAM
TIMM10
ADH5
RPSAP58
AC007278.3
ATP5C1
CRISPLD2
ITSN1
RP13-580F15.2
COPS4
CCNAZ2
ZNF319
CIDEB
MYLIP
ATXN1
DOK3
SHROOM1
TBC1D30
TLE4
ASPM
ZNF823
EEF1E1
RNF144A
SPC24
NCOR2
SLC8A1-AS1
SNX27
MLLT1
MEGF6
ZNF746
BEST1
CBL

GNS
GPX7
MFN2
RAD51

93
40
7657
75
10028
479
8791
2866
14590
149
12705
178
436
124
212
618
4330
199
68
217
68
1121
67
1719
2498
14016
141
82
2706
46
21
26
391
50
2947
26
3312
1133
891
3152
1992
5966
6114
90
4153
56

0.35
0.60
-0.36
0.52
-0.46
-0.26
-0.36
-0.43
0.63
0.48
-0.44
0.62
0.36
0.46
-0.64
0.39
-0.50
-0.36
0.55
0.40
0.61
-0.36
-0.44
-0.36
-0.31
-0.47
-0.52
-0.47
-0.32
0.66
0.59
0.54
0.46
0.66
-0.34
-0.54
-0.33
-0.33
-0.39
-0.43
-0.38
-0.36
-0.37
0.42
-0.37
0.59

3.25
3.24
-3.24
3.24
-3.24
-3.24
-3.24
-3.23
3.23
3.23
-3.23
3.23
3.23
3.23
-3.22
3.22
-3.22
-3.22
3.22
3.22
3.21
-3.21
-3.21
-3.21
-3.21
-3.21
-3.21
-3.20
-3.20
3.20
3.20
3.20
3.20
3.20
-3.20
-3.20
-3.20
-3.19
-3.19
-3.19
-3.19
-3.19
-3.19
3.19
-3.19
3.19

4.20x10
4.20x10
4.24x10°
4.25x10
4.28x10
4.28x10
4.28x10
4.28x10
4.28x10
4.28x10
4.29x10
4.29x10
4.30x10
4.30x10
4.35x10
4.35x10
4.35x10
4.35x10
4.35x10
4.36x10
4.40x10
4.43x10
4.43x10
4.43x10
4.44x10
4.44x10
4.44x10
4.45x10
4.45x10
4.46x107
4.46x10
4.47x10°
4.47x10°
4.47x10°
4.48x10
4.48x10
4.49x10
4.50x10
4.50x10
4.52x10
4.52x10
4.52x10°
4.52x10°
4.52x10°
4.52x10
4.52x10



RP11-344B5.2 224 -0.46 -3.19 4.52x10°

PYGL 15676 -0.47 -3.18 4.54x10°
CHEK1 43 0.56 3.18 4.55x10”
ZCCHC9 191 0.29 3.18 4.55x10”
CPSF7 3652 -0.37 -3.18 4.56x107
ULK1 4884 -0.39 -3.18 4.57x10°
AC096772.6 114 -0.34 -3.18 4.60x10
IFITS 664 0.55 3.18 4.60x10
RPS27L 136 0.43 3.18 4.60x10
TYMS 163 0.64 3.18 4.60x10
LINC00211 173 -0.39 -3.17 4.62x10°
NDEL1 3893 -0.37 -3.17 4.62x10°
CLSPN 44 0.54 3.17 4.64x10°
EZH2 173 0.46 3.17 4.64x10°
FAMT71F2 105 -0.48 -3.17 4.64x10°
LPCAT3 1538 -0.37 -3.17 4.64x10°
TG 105 -0.52 -3.17 4.64x10°
EXOSC9 265 0.35 3.16 4.69x10°
PSMD10 202 0.36 3.16 4.70x10°
TOMMS5 44 0.41 3.16 4.72x10°
LINC00593 37 -0.54 -3.16 4.74x10°
CXCR1 32208 -0.47 -3.16 4.78x10°
ITPRIP 3718 -0.38 -3.15 4.80x10°
NDUFA4 329 0.53 3.15 4.80x10°
PWP1 314 0.26 3.15 4.80x10°
ZNF480 105 0.38 3.15 4.80x10”
HMGN1 1203 0.35 3.15 4.80x10°
MSN 34989 -0.39 -3.15 4.80x10”
NSMCE4A 260 0.31 3.15 4.80x10°
SEMAGA 35 0.48 3.15 4.80x10”
SSB 304 0.39 3.15 4.80x10°
TRIAP1 87 0.38 3.15 4.83x107
PADI2 8617 -0.45 -3.15 4.84x10°
SLC2A3 16672 -0.43 -3.14 4.88x10”
HAUS2 224 0.28 3.14 4.89x10°
PSMG1 77 0.44 3.14 4.90x10°
DZIP1L 33 0.63 3.14 4.95x10
ARNTL2 30 0.51 3.13 4.96x10”
TIPIN 35 0.47 3.13 4.97x10°
LDLRAD3 118 -0.48 -3.13 4.97x10°
NRG1 159 -0.43 -3.13 4.97x10°
ASPH 963 -0.51 -3.13 4.98x10”

Log2FC indicates Log2 fold change; Stat indicates the results from Wald statistic; and B-H indicates P-value after Benjamini-
Hochberg correction for false discovery rate.



Table 1. The 164 differentially expressed genes between controls and aneurysmal SAH (aSAH) patients before and after RIC treatment.

DESeq2 aSAH untreated vs. treated untreated controls vs. untreated aSAH untreated controls vs. treated aSAH

GENE Mean Log2FC SE Stat  P-value Mean Log2FC SE Stat  P-value Mean Log2FC SE Stat  P-value
HTRAL 98 -128 019 -6.73 2.47x107 86 225 0.27 8.26  5.00x107%* 39 063 027 232 8.09x10°
MYOT7A 177 -1.00 0.7 -580 1.61x10° 173 159 0.20 7.88  9.69x107%* 109 034 0.8  1.89 1.69x10™
OLR1 136 119 020 582 1.61x10° 40 0.83 0.34 249  3.59x107 118 244 031  7.89  4.65x107%*
CRISP3 394 113 020 566 2.93x10° 153 0.46 033 1.39  2.72x10* 369 1.85 032 580 7.91x107*
SERPINB10 108 1.00 020 513 3.24x10™ 38 0.89 0.30 3.00 1.01x107 94 223 030 734 1.26x107%*
STAT5B 13869 -0.43 0.08 -504 4.74x10™" 14359 0.76 0.15 527  4.52x10°%* 12921 034 014 233 8.02x107
BCL2L15 74 093 019 495 6.44x10* 45 0.03 0.20 0.16  9.16x10* 80 141 024 585 6.46x107*
SSH1 2477 049 0.10 -492 7.15x10" 2519 0.86 0.15 5.86  3.48x107* 2221 038 015 246 6.14x107
DNAH17 1640 056 011 -485 8.96x10™" 1412 145 022 6.56  1.27x10°%* 1121 084 021 402 1.21x10°
ANLN 39 091 0.19 485 8.96x10" 21 0.64 0.23 2,73 2.00x10? 37 179 022 822 5.85x10°%
RP11-473M20.5 | 362 -0.79 016 -481 9.70x10* 394 0.99 0.20 495  1.56x10°* 298 007 020 035 843x10"
HAUS4 1226 057 0.2 -480 9.70x10™ 1319 0.80 0.18 449  9.42x10°* 1119 019 0.17 112 459x10™
MANSC1 2500 068 014 -478 1.03x10° 2417 114 0.18 6.23  7.17x10°%* 1959 047 020 232 8.12x10°
MS4A3 355 097 020 476 1.12x10° 166 0.13 0.28 0.46  7.47x10" 362 170 028  6.02 2.63x107*
RP5-968J1.1 49 -0.73 015 -475 1.15x10° 49 115 0.21 551  1.72x10°%* 37 033 021 161 2.53x10*
ETS2 2895 065 014 -472 1.20x10° 2937 1.07 0.8 5.86  3.48x107* 2334 032 0.17 191 1.65x10™
RP11-1D12.2 26 093 020 457 2.19x10° 7 054 035 154  2.19x10* 23 224 032 693  1.45x10°*
DGKD 4162 -0.38 008 -452 2.40x10° 4483 0.62 0.10 6.34  4.20x10°%* 4143 025 011 234 7.78x10%
TRIM7 122 064 014 -445 294x10° 126 0.92 0.5 6.32  4.48x10°%* 105 028 0.17 162 2.52x10*
ST14 819 067 015 -444 2.96x10° 886 0.88 0.17 5.06  1.03x10°* 719 0.14 0.18 078 6.26x10"
PIWIL4 117 063 0.14  4.45 2.96x10° 86 042 013 331  4.26x10° 118 121 016  7.36  1.06x10™%*
CASC5 57 078 018 438 3.66x10° 40 029 0.20 1.45  2.47x10* 59 127 019 687 2.14x10°*
CYP1B1-AS1 76 073 017 -436 3.93x10° 75 123 025 501  1.27x10°* 54 034 023 147 3.05x10"
AL137145.1 205 070 016 -435 3.98x10° 208 112 0.19 5.82  4.24x107* 160 030 0.19 157 2.68x10™
FUT4 360 045 010 435 3.98x10° 328 025 0.07 357  1.98x10° 397 075 009 822 5.85x10™%*
MKNKZ1 4681 044 010 -433 4.17x10° 4460 1.01  0.19 520  5.95x10°%* 3895 054 019 291 2.42x10°
INHBA 20 0.88 020 432 4.30x10° 8 075 035 2.14  7.43x10° 17 1.84 032 570 1.28x10°*
AC061992.1 192 063 015 -431 4.30x10° 158 175 0.24 7.30  2.81x107% 114 1.01 022 455 1.97x10*
GBP4 1456 080 019 430 4.30x10° 1927 -1.07 020 -536  3.14x10°* 2517 007 022 034 851x10*
STAB1 3278 061 014 -430 4.32x10° 3351 1.04 0.14 7.20  5.63x107% 2712 032 013 250 5.70x10%
BMF 1012 -0.33 008 -427 4.65x10° 1148 0.46  0.08 5.83  4.03x107* 1081 013 009 152 2.88x10"
CLMN 1191 044 010 -423 4.98x10° 1292 0.68 0.13 541  2.60x10°* 1155 021 012 175 2.09x10*
IF144 544 0.84 020 424 4.98x10° 698 2145 032  -449  9.23x10°* 804 073 030 -2.42 6.70x10°
RFX2 2047 061 014 -423 4.99x10° 1849 130 0.22 6.00 1.91x107* 1489 067 022 304 1.80x107




RP11-473M20.7
NLRP12
COL17A1
RNASE4

GBP5

ATP8B4
ABCA13
SLC7A7

RP11-1334A24.6

KIF15
VSIG4
RNASE3
KIAA0101
SIRPA
ERG
PFKFB3
PRC1
FBXO4
DLGAPS
HDAC4
NCAPG
HPN
IL1IR1
LAMC1
CEP55
PPARG
CTSG
CIT

TLRS
CNTNAP3
MMP14
AMPH
FAM219A
SLC2A5
IL4R
CENPF
LINCO00482
AATK
ZFP36

5443
4658
101
146
3964
407
197
3945
556
24
299
701
37
13345
63
6018
90
60
28
2592
41
19
1115
134
29
25
1261
46
1668
1973
124
63
584
220
10554
76
120
4392
10959

-0.55
-0.46
0.85
-0.55
0.79
0.57
0.83
-0.52
-0.52
0.76
-0.79
0.81
0.81
-0.47
0.80
-0.58
0.62
0.56
0.79
-0.37
0.75
-0.74
-0.52
-0.53
0.78
-0.73
0.74
0.75
-0.50
-0.66
-0.55
-0.74
-0.30
0.75
-0.49
0.73
-0.61
-0.47
-0.41

0.13
0.11
0.21
0.13
0.19
0.14
0.21
0.13
0.13
0.19
0.20
0.20
0.21
0.12
0.21
0.15
0.16
0.14
0.20
0.10
0.20
0.19
0.14
0.14
0.20
0.19
0.19
0.20
0.13
0.17
0.14
0.20
0.08
0.20
0.13
0.20
0.16
0.13
0.11

-4.21
-4.17
4.13
-4.11
4.09
4.08
4.05
-4.03
-3.99
3.99
-3.97
3.97
3.94
-3.93
3.89
-3.87
3.88
3.86
3.86
-3.84
3.84
-3.83
-3.83
-3.83
3.82
-3.82
3.81
3.81
-3.79
-3.79
-3.77
-3.77
-3.76
3.74
-3.73
3.72
-3.72
-3.70
-3.70

5.27x107
5.57x107
6.17x107
6.72x107
7.18x107
7.27x10°
8.00x107
8.46x107
9.39x107
9.39x10°°
9.66x107
9.66x10°
1.06x107
1.09x107
1.19x1072
1.20x107
1.20x1072
1.25x107
1.26x1072
1.32x107
1.32x1072
1.33x107
1.33x1072
1.33x107
1.33x1072
1.35x107
1.35x1072
1.35x107
1.43x107
1.44x107
1.45x1072
1.47x107
1.51x107
1.60x107
1.64x1072
1.64x107
1.66x1072
1.75x107
1.76x1072

5398
4797
30
146
4980
360
78
4283
577
17
240
88
15
13087
24
4986
80
81
15
2644
26
17
1038
144
16
19
74
35
1515
1586
115
53
647
97
9961
57
108
4274
11298

0.97
0.78
091
1.00
-1.09
0.17
0.81
0.77
0.81
0.13
1.94
0.64
0.52
0.94
0.83
1.55
-0.01
-0.65
0.56
0.81
0.41
1.68
1.13
0.76
0.41
2.13
1.02
-0.01
1.16
1.48
1.25
1.99
0.49
0.54
1.10
0.06
1.35
0.94
0.77

0.18
0.16
0.26
0.19
0.23
0.14
0.34
0.13
0.18
0.24
0.29
0.33
0.25
0.18
0.27
0.26
0.12
0.14
0.27
0.16
0.23
0.25
0.21
0.15
0.25
0.27
0.34
0.20
0.23
0.30
0.18
0.27
0.09
0.22
0.19
0.20
0.22
0.15
0.15

5.34
4.86
3.48
5.33
-4.77
1.19
2.38
5.87
4.55
0.57
6.78
1.97
2.04
5.30
3.09
5.87
-0.11
-4.52
2.08
5.02
1.81
6.64
5.27
5.18
1.63
7.85
3.01
-0.05
5.16
5.00
6.91
7.46
5.35
2.42
5.74
0.31
6.11
6.19
513

3.35x10°%*
2.29x10°*
2.63x107
3.57x10°%*
3.13x10°°%*
3.57x10™
4.53x107
3.43x107*
7.27x10°%
6.81x10"
4.08x10°%*
1.04x10*"
9.14x107
3.99x10°%*
7.94x107
3.33x107*
9.41x10™
8.22x107°*
8.39x1072
1.21x10°*
1.41x10™
8.73x10°%*
4.47x10°%*
6.56x10°*
1.88x10™
9.69x1071%*
9.92x10°
9.76x10™
7.00x10°*
1.30x10°*
2.16x10°*
1.16x107%
3.24x10°%*
4.19x107
6.00x107*
8.30x10™
1.17x107*
8.69x10°8*
8.11x10°%*

4601
4292
89
121
6743
455
171
3684
505
26
109
163
35
11456
55
3844
105
96
27
2366
41
11
869
126
29
12
162
52
1281
1265
93
31
612
208
8434
85
85
3805
10170

0.41
0.34
2.46
0.39
0.16
0.81
1.96
0.18
0.30
1.19
0.20
1.60
1.97
0.46
2.20
0.91
0.79
-0.04
1.79
0.38
1.43
0.71
0.58
0.21
1.59
1.20
2.03
1.07
0.65
0.90
0.62
0.91
0.19
1.94
0.57
1.10
0.67
0.50
0.35

0.19
0.17
0.30
0.18
0.26
0.14
0.32
0.12
0.19
0.24
0.23
0.32
0.28
0.18
0.28
0.26
0.16
0.13
0.23
0.14
0.21
0.26
0.21
0.16
0.24
0.28
0.33
0.19
0.22
0.30
0.17
0.25
0.09
0.27
0.19
0.19
0.22
0.17
0.15

2.16
1.98
8.14
2.23
0.63
5.84
6.16
1.47
1.61
4.98
0.87
5.03
7.06
2.56
7.88
3.55
4.99
-0.31
7.83
2.73
6.75
2.74
2.73
1.28
6.72
4.36
6.21
5.74
2.90
2.98
3.74
3.68
2.18
7.18
3.03
5.87
2.99
2.87
2.35

1.08x10™
1.47x10*"
8.38x10™%*
9.61x1072
7.02x10™
6.47x107*
1.22x107*
3.05x10™
2.56x10™
3.62x107°*
5.80x10™
3.01x107°*
6.74x1070%
5.05x10
4.65x10™%*
4.91x10°
3.36x10°%*
8.65x10™
6.29x10%*
3.59x10
4.43x10°%*
3.46x107
3.59x1072
3.85x10™
5.24x10%*
3.92x10™
9.61x10°%*
1.03x10°%*
2.42x107
2.04x107
2.82x10°
3.35x10°
1.04x10™
3.16x10*
1.85x1072
5.89x107*
2.01x107
2.62x107
7.61x1072




DUSP1
NFIL3
RP11-20B24.7
SH3PXD2B

DKFZP667F0711

MTMR3
MERTK
AC091878.1
KIF11
NFKBIA
TECPR2
GPER
AZU1
PEX3
TMEM150B
TARM1
MARVELD1
S1PR3
RHAG
LAMP3
PROK2
LINCO00963
CDC45
SUCNR1
RP11-373D23.3
GAS7
RASSF2
TCN1
ZCCHC24
KIF14
TOP2A
MMP8
ARHGEF40
ADAMTS2
PHF21A
PNPLAL
CEBPB
FLT3
HERC5

9605
2422
183
114
113
7364
138
107
107
4244
4937
153
2651
68
307
63
480
391
22
46
9621
1937
36
20
149
7416
23485
688
200
19
111
1533
5694
552
5812
155
10987
355
794

-0.62
-0.47
-0.49
-0.70
-0.63
-0.38
-0.59
-0.56
0.55
-0.48
-0.40
-0.74
0.72
0.51
-0.51
0.74
-0.61
-0.54
0.73
0.72
-0.54
-0.49
0.73
0.68
-0.56
-0.52
-0.39
0.73
-0.38
0.65
0.71
0.71
-0.54
-0.70
-0.37
-0.50
-0.53
-0.69
0.69

0.17
0.13
0.13
0.19
0.17
0.10
0.16
0.15
0.15
0.13
0.11
0.20
0.20
0.14
0.14
0.21
0.17
0.15
0.21
0.20
0.15
0.14
0.21
0.19
0.16
0.15
0.11
0.21
0.11
0.19
0.20
0.20
0.16
0.20
0.11
0.15
0.16
0.20
0.20

-3.70
-3.69
-3.69
-3.69
-3.68
-3.66
-3.66
-3.65
3.63
-3.62
-3.61
-3.61
3.60
3.60
-3.59
3.58
-3.57
-3.57
3.57
3.56
-3.56
-3.55
3.55
3.55
-3.54
-3.53
-3.53
3.53
-3.52
3.50
3.49
3.49
-3.48
-3.47
-3.47
-3.46
-3.44
-3.43
3.43

1.77x107
1.77x107
1.79x1072
1.79x107
1.81x107
1.91x107
1.91x1072
1.95x107
2.09x1072
2.12x107
2.15x1072
2.18x107
2.20x1072
2.22x107
2.22x107
2.26x107
2.32x107
2.32x107
2.32x1072
2.37x107
2.37x107
2.38x107
2.38x107
2.38x107
2.45x1072
2.51x107
2.54x107
2.54x107
2.60x1072
2.72x107
2.77x107
2.77x107
2.78x1072
2.90x107
2.90x1072
2.94x107
3.14x107
3.14x107
3.14x107

9807
2530
168
101
114
7804
141
86
86
4186
4872
128
183
102
294
14
473
436
12
68
8807
1822
13
12
137
6704
25670
232
204
12
72
425
5390
379
5832
160
10791
323
1023

1.02
0.77
1.16
1.75
1.09
0.67
1.00
1.58
0.35
0.97
0.85
1.99
0.96
-0.82
1.07
1.16
111
0.66
0.73
-1.56
1.20
1.13
0.70
0.53
1.32
1.27
0.59
0.55
0.77
0.64
0.38
1.05
1.09
2.49
0.81
0.86
1.04
151
-1.33

0.19
0.17
0.18
0.29
0.23
0.14
0.21
0.28
0.15
0.14
0.17
0.29
0.33
0.13
0.15
0.30
0.16
0.14
0.33
0.28
0.25
0.17
0.26
0.23
0.24
0.18
0.13
0.24
0.13
0.27
0.25
0.36
0.20
0.38
0.17
0.16
0.18
0.28
0.29

5.49
4.68
6.40
5.95
4.77
4.74
4.63
571
2.28
7.12
5.10
6.93
2.96
-6.11
7.01
3.86
6.82
4.72
221
-5.51
471
6.79
2.65
2.27
5.43
7.19
4.55
2.27
5.83
2.37
1.50
2.93
5.35
6.57
4.77
531
5.67
5.40
-4.62

1.83x10°*
4.59x107°*
2.91x10°%*
2.39x107*
3.13x10°%*
3.61x107°*
5.47x10°%*
6.72x107*
5.69x1072
7.27x107%%
8.89x10°%*
1.96x10°*
1.11x1072
1.18x107*
1.26x10°*
8.05x10™
3.59x10°%*
3.80x107°*
6.52x1072
1.67x10°%*
3.99x10°%*
3.97x10°*
2.42x107
5.71x1072
2.37x10°*
5.63x1070%
7.41x107°*
5.72x1072
4.13x107*
4.61x107
2.31x10™
1.20x107
3.33x10°%*
1.25x10%*
3.21x10°°%*
3.83x10°%*
7.96x107*
2.65x10°*
5.69x10°%*

7874
2240
144
61
88
7138
113
67
112
3635
4416
74
322
117
251
26
382
382
20
79
7119
1544
33
19
105
5545
23572
372
187
17
111
1275
4535
95
5288
138
9016
216
1205

0.30
0.30
0.65
0.70
0.33
0.28
0.30
0.98
1.01
0.46
0.46
0.86
1.72
-0.26
0.53
2.00
0.41
0.11
1.70
-0.66
0.60
0.59
2.14
1.50
0.60
0.70
0.20
1.49
0.40
1.45
1.42
231
0.53
1.03
0.42
0.33
0.44
0.54
-0.51

0.19
0.17
0.19
0.26
0.22
0.14
0.21
0.27
0.16
0.14
0.17
0.28
0.32
0.13
0.17
0.30
0.18
0.17
0.28
0.28
0.25
0.16
0.29
0.24
0.22
0.18
0.13
0.26
0.14
0.24
0.20
0.34
0.21
0.35
0.17
0.17
0.19
0.28
0.29

1.56
171
3.45
2.69
1.48
1.97
1.44
3.61
6.16
3.24
2.69
3.06
5.36
-1.94
3.20
6.67
2.30
0.67
5.99
-2.34
2.45
3.57
7.46
6.28
2.76
3.96
1.50
5.77
2.82
5.93
7.21
6.84
2.50
2.96
2.53
1.89
2.37
1.94
-1.79

2.71x10™
2.21x10"
6.37x107
3.87x107
3.03x10™
1.49x10*"
3.18x10™
4.10x107
1.24x107*
1.11x107
3.91x107
1.71x107
6.56x10°*
1.55x10*"
1.20x1072
6.89x10°*
8.40x1072
6.80x10™
3.04x107*
7.82x107
6.30x1072
4.58x107
6.10x10™*
6.80x10%*
3.32x107
1.48x107
2.93x10™
9.20x107*
2.96x1072
4.12x107*
2.86x1070%
2.47x10°%*
5.74x107
2.16x107
5.41x1072
1.70x10*"
7.38x107
1.57x10"
1.97x10™




PTX3
BAIAP2
ZWINT
BUB3
ILI7RA
SRXN1
MPO
CuX1
RTDR1
UGGT1
FOXM1
BICD2
CEACAM6
CEACAMS
DEFA4
BPI
RNASE1
RP11-67C2.2
CTC-246B18.8
CDK1
IL10RB
ESPL1
NOL3
ZNF608
DTL
DHFR
IRF2BPL
CYSLTR1
GBGT1
MOCS2
LTF
ITGAM
ITSN1
CCNA2
ATXN1
DOK3
ASPM
RNF144A
SPC24

72
369
55
917
19125
196
2413
2758
47
1942
107
3275
578
1080
2976
3539
114
330
69
28
3218
61
87
207
44
212
2936
355
616
93
14590
12705
199
68
2498
14016
46
391
50

0.64
-0.47
0.67
0.28
-0.41
-0.49
0.69
-0.41
-0.65
-0.29
0.60
-0.36
0.69
0.68
0.64
0.67
-0.67
-0.45
-0.49
0.68
-0.30
0.63
-0.41
-0.64
0.67
0.42
-0.49
0.42
-0.43
0.35
0.63
-0.44
-0.36
0.61
-0.31
-0.47
0.66
0.46
0.66

0.19
0.14
0.20
0.08
0.12
0.14
0.20
0.12
0.19
0.08
0.18
0.11
0.21
0.20
0.19
0.20
0.20
0.14
0.15
0.21
0.09
0.19
0.12
0.19
0.20
0.13
0.15
0.13
0.13
0.11
0.20
0.14
0.11
0.19
0.10
0.15
0.21
0.14
0.21

3.42
-3.42
3.42
341
-3.41
-3.41
341
-3.39
-3.39
-3.38
3.36
-3.35
3.35
3.36
3.34
3.33
-3.33
-3.32
-3.30
3.29
-3.29
3.29
-3.28
-3.27
3.27
3.27
-3.27
3.27
-3.25
3.25
3.23
-3.23
-3.22
3.21
-3.21
-3.21
3.20
3.20
3.20

3.18x1072
3.19x1072
3.19x1072
3.21x107
3.21x107
3.21x107
3.22x1072
3.35x10
3.38x1072
3.42x107
3.53x1072
3.55x10
3.55x1072
3.55x10
3.60x1072
3.72x107
3.73x107
3.78x107
3.94x107
3.96x10
4.00x1072
4.00x1072
4.04x107
4.04x107
4.04x107
4.04x107
4.05x1072
4.10x107
4.20x107
4.20x107
4.28x107
4.29x107
4.35x107
4.40x107
4.44x107
4.44x107
4.46x107
4.47x107
4.47x107

44
385
35
1251
19771
192
368
3088
42
2746
78
3504
184
306
249
625
87
317
74
14
3382
36
89
182
25
195
2859
521
602
131
2436
12835
210
53
2566
13951
29
596
19

0.41
0.79
0.32
-0.42
0.75
0.95
1.05
0.59
1.46
-0.07
0.30
0.62
0.96
0.80
1.26
1.09
2.40
1.00
0.74
0.50
0.63
0.60
0.81
1.38
0.59
0.26
1.01
-0.71
091
-0.54
0.71
0.86
0.66
0.26
0.70
0.87
0.43
-0.85
0.42

0.14
0.13
0.17
0.08
0.16
0.20
0.27
0.12
0.25
0.08
0.14
0.11
0.34
0.35
0.35
0.32
0.34
0.20
0.15
0.28
0.14
0.18
0.15
0.29
0.23
0.12
0.20
0.14
0.15
0.10
0.35
0.18
0.13
0.19
0.13
0.18
0.27
0.13
0.23

2.85
5.96
1.86
-5.46
4.80
4.79
3.87
4.72
5.87
-0.91
2.07
5.64
2.87
2.30
3.57
3.45
7.06
5.06
4.82
177
4.54
3.38
5.30
481
2.60
2.13
5.12
-4.95
6.18
-5.21
2.04
4.88
5.04
1.38
521
4.80
1.57
-6.34
1.84

1.47x107
2.29x107*
1.28x10™
2.07x10°%*
2.87x10°*
2.95x10°*
7.73x10™
3.87x107°*
3.33x107*
4.93x10™
8.56x1072
9.34x107"*
1.43x107
5.42x1072
1.97x10°
2.89x107
1.03x10°%*
1.05x10°*
2.64x107°*
1.50x10"
7.81x10°*
3.53x10°
4.02x10°%*
2.78x10°*
2.75x1072
7.61x107
8.25x10°%*
1.58x10°*
8.92x10°%*
5.78x10°%*
9.25x1072
2.09x10°*
1.11x10°*
2.75x10"
5.78x10°%*
2.86x10°*
2.08x10™
4.29x10°%*
1.32x10™

72
340
56
1372
17857
166
636
2787
31
2650
112
3257
493
944
499
1122
42
274
64
27
3166
58
79
137
42
233
2433
592
541
146
4541
11307
193
73
2392
12377
45
686
28

1.47
0.31
1.39
-0.14
0.34
0.46
1.88
0.13
0.65
-0.37
1.17
0.27
2.19
2.20
2.07
1.85
1.38
0.51
0.22
1.76
0.32
1.59
0.35
0.65
1.69
0.73
0.47
-0.22
0.49
-0.17
1.58
0.39
0.29
1.07
0.38
0.42
1.49
-0.28
1.28

0.22
0.15
0.21
0.07
0.16
0.21
0.29
0.12
0.25
0.07
0.19
0.12
0.33
0.34
0.33
0.32
0.30
0.20
0.16
0.25
0.13
0.22
0.14
0.29
0.23
0.12
0.20
0.15
0.17
0.10
0.33
0.18
0.13
0.17
0.13
0.20
0.22
0.15
0.21

6.60
2.07
6.48
-1.96
211
2.20
6.56
112
2.55
-5.38
6.16
2.14
6.66
6.55
6.23
5.83
4.61
2.62
1.33
7.04
2.43
7.20
2.56
2.23
7.40
6.10
2.37
-1.46
2.97
-1.69
4.77
221
221
6.35
2.86
2.12
6.86
-1.85
6.12

1.03x10°8*
1.26x10"
2.11x10%*
1.52x10"
1.17x10™
1.00x10"
1.32x10°8*
457x10™
5.08x1072
5.84x10-6*
1.20x107*
1.12x10"
7.37x10°%*
1.36x10%*
8.67x10°%*
6.73x107*
1.57x10™
4.50x107
3.62x10™
7.65x1070%
6.61x1072
2.91x107*
5.05x1072
9.49x1072
8.58x10™1*
1.67x107*
7.43x107
3.09x10™
2.11x107
2.26x10"
8.36x10°%*
9.97x107
9.82x1072
4.61x10°%*
2.65x1072
1.16x10"
2.22x10°%*
1.79x10"
1.55x107*




RAD51 56 059 018  3.19 4.52x102 41 023 015 154  2.16x10™ 60 115 020 575 1.01x10°*
PYGL 15676 -047 015 -3.18 4.54x10° 14316 111 021 533  3.50x10°* 12455 0.65 022 297 2.10x102
CHEK1 43 056 018  3.18 4.55x107 36 010 0.14 068 6.21x10" 48 090 0.18 496 3.96x10°*
TYMS 163 0.64 020 318 4.60x10° 90 067 022 304 9.14x10° 151 171 023 745 6.25x107M*
TG 105 052 016 -3.17 4.64x107 93 132 0.19 6.97  1.64x10°* 76 073 020 369 3.29x10°
CLSPN 44 054 017  3.17 4.64x10° 34 046 018 261 2.72x1072 45 114 019 615 1.26x107*
ZNF480 105 038 012  3.15 4.80x10? 153 -0.63 0.13 -495 1.58x10°* 171 022 012 -1.80 1.94x10"
NSMCE4A 260 031 010 3.15 4.80x10° 386 062 012 -510 8.94x10°* 425 029 012 -2.38  7.18x107
SSB 304 039 012  3.15 4.80x10? 428 060 0.3 -462 5.67x10°* 484 016 013 -1.19 4.21x10"
SLC2A3 16672 -043 014 -3.14 4.88x10° 15577 1.00 021  4.84  2.40x10°* 13863 059 022 273 3.53x102
DZIP1L 33 063 020 3.14 4.95x102 15 094 023 413 3.31x10™ 29 1.96 027  7.39 8.91x10M*
ARNTL2 30 051 016  3.13 4.96x10° 25 033 0.8 1.77  1.49x10" 32 093 017 546 4.11x10%*
ASPH 963 051 016 -3.13 4.98x107 923 1.09 0.20 5.44  2.28x10°%* 768 050 020 249 5.78x107

Log2FC indicates Log2 fold change; SE indicates standard error; Stat indicates the results from Wald statistic; and * indicates Bonferroni corrected significant P<1.1X10-4 (P<0.05/451 DE genes).



Table I11. Overlap between the differentially expressed genes and differentially methylated CpG sites.

Chr Gene start position ~ Gene end position Gene CpG site position CpG site p-value
1 9101426 9129887 SLC2A5 9100067 3.29x10°
1 9101426 9129887 SLC2A5 9147808 9.31x10°
1 9101426 9129887 SLC2A5 9243783 8.36x10™
1 9101426 9129887 SLC2A5 9368498 6.38x10°
1 36197712 36235551 CLSPN 36029011 2.27x10°
1 47023078 47069966 MKNK1 46956771 7.41x10°
1 200520624 200589862 KIF14 200512245 5.72x10°
1 212208894 212278348 DTL 212266836 3.94x10°
1 214776531 214837914 CENPF 214846563 4.10x10°
1 223282747 223316624 TLR5 223487288 5.21x10°
2 7057522 7184309 RNF144A 6922444 8.81x10°
2 7057522 7184309 RNF144A 7148323 1.56x10™
2 7057522 7184309 RNF144A 7148362 5.43x10°
2 7057522 7184309 RNF144A 7213398 2.32x10°
2 102759235 102796334 IL1IR1 102647671 2.18x10°
2 102759235 102796334 IL1R1 102647718 9.45x10°
2 128848753 128953249 UGGT1 128973012 7.59x10°
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2 128848753 128953249 UGGT1 129037628 7.08x10°
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2 234296799 234380743 DGKD 234394437 6.31x10°
2 239969863 240322643 HDAC4 239756133 7.05x10°
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3 12329348 12475855 PPARG 12110937 7.86x10°
3 12329348 12475855 PPARG 12482963 1.52x10°
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3 71820805 71834357 PROK?2 71932814 8.91x10™
4 89378267 89427319 HERC5 89132710 5.77x10°
5 17130137 17217156 AC091878.1 16950494 1.59x10™
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5 172195092 172198203 DUSP1 172385451 5.69x10°
5 176921996 176930648 RP11-1334A24.6 176759081 9.88x10°
5 176921996 176930648 RP11-1334A24.6 176759115 9.71x10°
5 176921996 176930648 RP11-1334A24.6 176789620 5.54x10°
5 176928905 176937427 DOK3 176832034 9.25x10°
5 176928905 176937427 DOK3 176846745 5.16x10°
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Table IV. Results of the detailed reactome pathway analysis of 14 cell cycle genes. Pathways are sorted by the P-value.

Pathway name Entities Entities Entities Entities P- Entities Reactions Reactions Reactions Submitted entities found
y found total ratio value FDR found total ratio
SPC24; ESPL1; CLSPN;
Cell Cycle 9 574 0.059 3.25x10°  9.88x10° 89 345 0.046 CDC45; CENPF; FOXM1;
CDK1; CENPF; RAD51
SPC24; ESPL1; CDCA45;
Cell Cycle, Mitotic 7 496 0.051 4.12x10°  6.02x10" 84 272 0.036 CENPF; FOXM1; CDK1;
CENPF
Polo-like kinase mediated events 3 23 0.002 5.97x10°  6.02x10* 12 15 0.002 CENPF; FOXM1; CENPF
G2/M Transition 4 133 0.014 4.30x10°  0.002 47 62 0.008 CENPF; Egﬁg":; CDKL
Mitotic G2-G2/M phases 4 135 0.014 4.56x10°  0.002 47 64 0.009 CENPF; (F:(;E'F\,/'Fl; CDKL;
G2/M Checkpoints 3 46 0.005 4.67x10° 0.002 4 16 0.002 CLSPN; CDC45; CDK1
G1/S-Specific Transcription 2 17 0.002 3.19x10* 0.014 1 1 1.33x10™ CDC45; CDK1
Cyclin A/B1 associated events during 4 )
G2/M transition 2 26 0.003 7.39x10 0.024 21 24 0.003 FOXM1; CDK1
Cell Cycle Checkpoints 3 121 0.012 7.93x10*  0.024 4 38 0.005 CLSPN; CDC45; CDK1
Resolution of Sister Chromatid 3 122 0013 gix10¢ 0024 5 : 0.001 SPC24; CENPF; CDK1
Cohesion
Mitotic Prometaphase 3 130 0.013 9.75x10"  0.026 7 13 0.002 SPC24;CENPF;CDK1
M Phase 4 306 0.032 0.001 0.026 19 63 0.008 SPC24; ESE';& CENPF;
E2F mediated regulation of DNA 33 0.003 0.001 0.027 3 6 7.99x10™ CDC45; CDK1
replication
Activation of ATR in response to 39 0.004 0002 0032 2 9 0.001 CLSPN: CDC45
replication stress
Kinesins 2 44 0.005 0.002 0.032 4 14 0.002 KIF15; KIF11
Separation of Sister Chromatids 3 179 0.018 0.002 0.032 4 8 0.001 SPC24; ESPL1; CENPF
Mitotic Anaphase 3 193 0.020 0.003 0.032 4 11 0.001 SPC24; ESPL1; CENPF
Mitotic Metaphase and Anaphase 3 194 0.020 0.003 0.032 4 12 0.002 SPC24; ESPL1; CENPF
Assembly of the RAD51-ssDNA 4 4
nucleoprotein complex 1 5 516x10%  0.008 0.032 3 3 3.99x10 RAD51
Phosphorylation of proteins involved
in the G2/M transition by Cyclin 1 5 5.16x10"  0.008 0.032 2 2 2.66x10™ CDK1

A:Cdc2 complexes
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Figure 1. Schematic overview of the analysis of the 451 differentially expressed (DE) genes using the controls who did not receive the
treatment. We subsequently focused on the 164 genes that changed the DE status between the two analyses.
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Figure 1l. The correlation of 676,543 CpG sites assayed in all individuals
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between the samples. BL indicates baseline and T indicates

treatment. The overall methylation status changed very little within an individual (~98%) and between the individuals (~97.5%).
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