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Ischemic Preconditioning Confers Epigenetic Repression of Mtor and
Induction of Autophagy Through G9a-Dependent H3K9 Dimethylation
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Background—Ischemic preconditioning (IPC) protects the heart from prolonged ischemic insult and reperfusion injury through a
poorly understood mechanism. Post-translational modifications of histone residues can confer rapid and drastic switches in gene
expression in response to various stimuli, including ischemia. The aim of this study was to investigate the effect of histone
methylation in the response to cardiac ischemic preconditioning.

Methods and Results—We used cardiac biopsies from mice subjected to IPC to quantify global levels of 3 of the most well-studied
histone methylation marks (H3K9me2, H3K27me3, and H3K4me3) with Western blot and found that H3K9me2 levels were
significantly increased in the area at risk compared to remote myocardium. In order to assess which genes were affected by the
increase in H3K9me?2 levels, we performed ChIP-Seq and transcriptome profiling using microarray. Two hundred thirty-seven genes
were both transcriptionally repressed and enriched in H3K9me2 in the area at risk of IPC mice. Of these, Mtor (Mechanistic target
of rapamycin) was chosen for mechanistic studies. Knockdown of the major H3K9 methyltransferase G9a resulted in a significant
decrease in H3K9me2 levels across Mtor, increased Mtor expression, as well as decreased autophagic activity in response to
rapamycin and serum starvation.

Conclusions—I|PC confers an increase of H3K9me2 levels throughout the Mtor gene—a master regulator of cellular metabolism
and a key player in the cardioprotective effect of IPC—leading to transcriptional repression via the methyltransferase G9a. The
results of this study indicate that G9a has an important role in regulating cardiac autophagy and the cardioprotective effect of IPC.
(/ Am Heart Assoc. 2016;5:e004076 doi: 10.1161/JAHA.116.004076)
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‘ A Ihile timely restoration of coronary blood flow is

essential for limiting myocardial injury and improving
clinical outcomes after myocardial infarction (Ml), reperfusion
of ischemic myocardium can in itself induce injury and
accelerate cardiomyocyte necrosis.' Cardioprotective therapy
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has the potential to reduce ischemia/reperfusion injury and
further improve outcomes after MI.? Cardiac ischemic
preconditioning (IPC), ie, brief repeated periods of nonlethal
ischemia, protects the heart from prolonged ischemic insult
and reperfusion injury, decreasing infarct size and improving
cardiac function.®* Even though the clinical benefit of
ischemic conditioning has been tested in an increasing
number of proof-of-concept studies,” our knowledge of the
underlying molecular mechanisms that mediate these cardio-
protective effects is still incomplete.

IPC results in 2 windows of protection; the first begins
immediately after the treatment and lasts for 2 to 3 hours,*
whereas the second begins 12 to 24 hours after treatment
and lasts 48 to 72 hours.® While the first window of
protection is thought to be mediated by rapid events, such
as opening of the mitochondrial Karp-channel or inhibition of
the mitochondrial permeability transition pore, the delayed
cardioprotective effect is believed to be the result of
transcription and de novo synthesis of specific distal medi-
ators.” IPC has been shown to trigger specific gene expres-
sion patterns in the heart,®° but little is known about
the regulatory mechanisms that govern this genetic
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reprogramming. The global genetic expression profile of a cell
is in part regulated by post-translational modifications of
histones, which influence accessibility of the DNA to proteins
that regulate gene expression. While the role of histone
acetylation in ischemic injury has been well characterized, '
and histone deacetylase inhibitors have been shown to
mitigate cardiac ischemia/reperfusion injury,"’ histone
methylation in IPC has not been extensively characterized.

The aim of this study was to investigate the effects of IPC
on histone methylation patterns and its importance for
cardioprotection.

Methods

Mice and Surgical Procedures

All procedures were performed according to protocols
approved by the Institutional Committee for Use and Care
of Laboratory Animals, University of Innsbruck. The investi-
gation conforms with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of
Health. The procedure for myocardial ischemia—reperfusion in
mice has been described previously.'? Briefly, mice were
anesthetized with a mixture of medetomidine (0.5 mg/kg),
midazolam (5 mg/kg), and fentanyl (0.05 mg/kg) adminis-
tered via an intraperitoneal injection. The chest was opened
by a lateral cut along the left side of the sternum. After
incision of the pericardial sac, a 1-mm section of polyethy-
lene-10 tube was placed on top of the left descending artery
to secure ligation without damaging the vessel. Ischemia and
reperfusion was achieved by ligation and loosening of an 8-0
silk suture around the left descending artery. Mice were
subjected to 4 cycles of 5-minute ischemia and 5-minute
reperfusion, followed by 30 minutes of reperfusion. Hearts
were harvested and perfused with PBS and biopsies from the
ischemic area (area at risk, AAR) and nonischemic area
(remote myocardium, RM) were collected and stored at
—80°C. Sham animals were treated the same except for
ligation of the vessel. Biopsies were obtained from the same
regions of the heart as with IPC mice.

Protein Extraction and Western Blot Analysis

Heart tissue was homogenized in RIPA Buffer (50 mmol/L Tris
pH 7.4, 150 mmol/L NaCl, 1% Triton X-100, 0.5% Na deoxy-
cholate, 0.1% SDS, 1 mmol/L EDTA, and 1X Complete Mini
EDTA-free protease inhibitor; Roche, Indianapolis, IN). For
in vitro experiments, cells were scraped in RIPA buffer. Samples
were sonicated using a probe sonicator. Debris was removed
by centrifugation. Protein levels were quantified using a BCA
assay (ThermoFisher Scientific Pierce, Rockford, IL). Ten
micrograms of protein were size separated using SDS-PAGE,

transferred to nitrocellulose membranes, and subjected to
standard immunoblotting procedures using antibodies targeted
against G9a/Ehmt2 (C6H3), H3K9me2 (D85B4), Histone H3
(D1H2), Beta Tubulin (9F3), Actin, and mTOR (7C10) according
to the manufacturer’s instructions (Cell Signaling, Danvers,
MA). Anti-rabbit IgG-horseradish peroxidase (Cell Signaling)
was used as a secondary antibody. Enhanced chemilumines-
cent detection (Amersham GE Healthcare Life Sciences,
Pittsburgh, PA) was used to detect the signal. Stripping of
membranes were performed with Restore’ Western Blot
Stripping Buffer (Thermo Scientific, Grand Island, NY). The
background-subtracted integrated intensity was quantified for
each protein of interest relative to the loading control using
Image) software (US National Institutes of Health).

Preparation of Cross-linked Chromatin and
Chromatin Immunoprecipitation

Chromatin was prepared either from ~25 mg cardiac tissue
or 3x10® HL-1 cells. Tissue was minced with a razor blade on
ice and disaggregated into single-cell suspension using a
Dounce homogenizer (Scherf-Prazision Europa GmbH, Meinin-
gen, Germany). Tissue and cells were cross-linked with 1.5%
formaldehyde for 20 minutes at room temperature. Nuclei
were prepared and chromatin digested using the SimpleChIP
Plus Enzymatic Chromatin IP Kit (Cell Signaling Technology,
Danvers, MA) according to the manufacturer’s instructions.
Sufficient chromatin digestion (yielding DNA fragments of
150-900 bp) was confirmed by gel electrophoresis. Five
micrograms of digested, cross-linked chromatin was used per
immunoprecipitation. ChIP was performed with a H3K9me2
antibody (D85B4, Cell Signaling Technology) or a Normal
Rabbit IgG antibody (Cell Signaling Technology) as a negative
control according to the manufacturer’s recommendations.

ChlP-Seq

H3K9me2 ChlIP samples from AAR and RM cardiac tissue in IPC
mice (n=6 per condition for a total of 24 samples), including the
respective genomic DNA Input samples, were processed for DNA
sequencing by the Center for Genome Technology Sequencing
Core (Hussman Institute for Human Genomics, University of
Miami Miller School of Medicine, Miami, FL). A High-Sensitivity
DNA Assay (Agilent Bioanalyzer 2100; Agilent Technologies,
Santa Clara, CA) was used to determine DNA concentration
and shearing. Ten nanograms of input or ChlP-enriched
DNA were used for 2x101 Paired-End Multiplexed library
preparation using the NEBNext Ultra DNA Kit (New England
Biolabs, Ipswich, MA) and 12 cycles PCR. The libraries were run
on an lllumina HiSeq2000 using a PE Rapid flow cell. Read quality
was evaluated using FastQC using default run parameters
(http://www.bioinformatics.bbsrc.ac.uk /projects/fastqc/).
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Visual inspections of per-base sequence quality, per-sequence
GC content, and sequence duplication levels were inspected,
and were determined acceptable. Reads were mapped against
mm10 using Bowtie 2 with no mismatches in seed sequence
allowed.”® Average alignment was 89.8+0.512% (mean
+SEM; Table S1). Both the SICER'™ and CisGenome'® peak
callers were used for calling peaks at default run parame-
ters, and the intersection of peaks from the 2 callers was
examined. SICER parameters include a redundancy threshold
of 1, a window size of 200, fragment size of 150, effective
genome fraction of 0.7, gap size of 400, and FDR cutoff value
of 0.001. CisGenome was performed using default parame-
ters. Pairwise comparisons of peaks from AAR and RM tissue
from the same mouse were made for all 6 mice. Peaks
appearing in both H3K9me2 and their respective Input
samples were discarded across both AAR and RM samples.
As such, only peaks from normalized H3K9me2 AAR samples
were compared to peaks from normalized H3K9me2 RM
samples. BEDTools'® was used to identify genes closest to
and under enriched peak regions against GENCODE elements
mm10 gtf file. Differential peak expression was calculated
using the edgeR statistical R package within Bioconductor.'”
Selected genes were visualized in the Integrative Genomics
Viewer.'®'? ChIP-Seq data are available through the Gene
Omnibus Expression database (http://www.ncbi.nlm.nih.
gov/geo/), accession number GSE83979.

ChIP-gPCR

Primers corresponding to the genomic regions in the mTOR
gene with differentially enriched H3K9me2 ChIP-seq peaks
were designed using Primer Blast.?° Primers for the Mtor gene
were as follows: Peak 1 forward: CTGAGGAGACGGGATT-
CAGG, Peak 1 reverse: GGAACCCAGGGCTGAACTAC, Peak 2
forward: AAAGAGTGGTTCGTGGCGTC, Peak 2 reverse: ACCCC
TAGAGTGAGGTGTGT, Peak 3 forward: AGATTGGTCGTCAG-
TAGGCAC, Peak 3 reverse: TCTGGCACTGCAGTTTGGTT, Peak
4 forward: TTGCACCCTCACCCCTTTTC, Peak 4 reverse: GCT
AACCGGTCATTCCCTCA (Integrated DNA Technologies, Coral-
ville, 1A). Epitect gPCR Assays (Qiagen, Hilden, Germany) for
the promoters of MyoD and Gapdh were run as positive and
negative controls for H3K9me2 enrichment, respectively.
SYBR Green qPCR reactions were run on a QuantStudio " 6
Flex Real-Time PCR System (ThermoFisher Scientific, Wal-
tham, MA). Relative quantification of Mtor in H3K9me2 ChlIP-
seq samples (n=6) relative to genomic DNA input controls
were computed using 2-AAct analysis.?’

Microarray

Microarray analysis of AAR and RM biopsies from IPC mice
(n=3) were performed by ArrayStar Inc (Rockville, MD) using

the Arraystar Mouse LncRNA Array v.2.0. This microarray
includes probes for 31 423 noncoding transcripts and 25 376
coding transcripts. Approximately 10 pg of RNA per sample
was submitted for analysis. Quality and integrity of the samples
were determined using NanoDrop ND-1000 and denaturing
agarose gel electrophoresis. Sample labeling and array
hybridization were performed according to the Agilent One-
Color Microarray-Based Gene Expression Analysis protocol
(Agilent Technologies, Santa Clara, CA). Labeled cRNAs were
purified by RNeasy mini kit (Qiagen). The concentration and
specific activity of the labeled cRNAs were measured by
NanoDrop. Each labeled cRNA was fragmented and hybridized
to the microarray slide. The slides were incubated for 17 hours
at 65°C in an Agilent Hybridization Oven. The hybridized arrays
were washed, fixed, and scanned using the Agilent DNA
Microarray Scanner. Agilent Feature Extraction Software
v11.0.1.1 was used to analyze acquired array images. Quantile
normalization and subsequent data processing were performed
using the GeneSpring GX v12.0 software package (Agilent
Technologies). After quantile normalization of the raw data,
mRNAs that were flagged as present in all of the samples were
chosen for further data analysis. Differentially expressed
mRNAs with statistical significance were identified through
Volcano Plot filtering. Microarray data are available through the
Gene Omnibus Expression database (http://www.ncbi.nim.
nih.gov/geo/), accession number GSE83659.

Cell Culture

HL-1 cells were kindly provided by Professor William C.
Claycomb, Lousiana State University Medical Center, New
Orleans, LA. Cells were grown in Claycomb medium (Sigma
Aldrich, St. Louis, MO) supplemented with 10% fetal bovine
serum, 100 U/mL of penicillin/streptomycin, 0.1 mmol/L
norepinephrine, and 2 mmol/L L-glutamine and 25 mmol/L
HEPES. Culture flasks and plates were coated with 0.02%
gelatin and 5 pg/mL fibronectin for 1 hour before seeding
cells.

siRNA-Mediated Knock Down of Ehmt2

HL-1 cells at 70% to 80% confluency were transfected with
Silencer Select siRNA to Ehmt2 (Thermo Fisher, ID: s99720),
Mtor (Thermo Fisher, ID: s80901), or scrambled negative
control siRNA using Lipofectamine RNAiMax Reagent (Thermo
Fisher) according to the manufacturer’s instructions. Three
sets of transfections were performed with at least 3 biological
replicates in each treatment group. Cells were harvested
72 hours after transfection and successful knock down of
target mRNA and protein was confirmed with quantitative
real-time polymerase chain reaction and Western blot as
described below.
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Quantitative Real-Time Polymerase Chain
Reaction

Total RNA from transfected cells were prepared using the
miRNeasy mini kit (Qiagen) and cDNA was synthesized using
the H- RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher) using random hexamer primers. Two-step quantitative
real-time polymerase chain reaction was performed on a
StepOne Plus Real-Time PCR System using TagMan Universal
Master Mix Il No UNG and TagMan assays (Thermo Fisher) for
Ehmt2 (ID: Mm01132261_m1), Mtor (ID: 00444968), and
Actb (ID: MmM00607939) with the recommended PCR pro-
gram. Each sample was run in duplicate on the gPCR plate.
Data were presented using the 27A2C method with Actb as
reference gene and expressed relative to the mean of the cells
treated with negative control siRNA.

Autophagy Assay

HL-1 cells transfected with Ehmt2 siRNA or negative control
siRNA (as described above) were either treated with 5 pmol/L
rapamycin for 18 hours or cultured in serum-free medium
(Hank’s Balanced Salt Solution, Thermo Fisher) containing
10 umol/L chloroquine for 4 hours to induce autophagy. Two
separate experiments with at least 6 biological replicates in
each treatment group were performed. Autophagic activity was
probed using the CYTO-ID Autophagy Detection Kit (Enzo Life
Sciences, Farmingdale, NY) and measured with flow cytometry.
For quantification of autophagy, cells were stained as per the
manufacturer’s instructions and run in a BD Accuri Flow
Cytometer. The mean fluorescence intensity in FL-1 was used
as a measure of autophagic activity.

Hypoxia Assay

HL-1 cells were transfected with Ehmt2 siRNA or negative
control siRNA (as described above). Seventy-two hours after
transfection, cells were placed in a hypoxia chamber (1% pO5,)
at 37°C for 6 hours. pO, was maintained using a ProOx P110
Oxygen controller (Biospherix, Parish, NY). Cell death was
measured after 1, 3, and 6 hours using the Lactate Dehydro-
genase Activity Assay Kit (Sigma Aldrich) according to the
manufacturer’s instructions. Two separate experiments with
at least 6 biological replicates in each treatment group were
performed.

Visualization of Lysosomes in Live Cells

HL-1 cells were seeded in 8-well glass bottom p-Slides (Ibidi
GmbH, Martinsried, Germany) at 80 000 cells/well and
incubated overnight at 37°C. Cells were then transfected
with Ehmt2 siRNA or scrambled control siRNA as described
above. Seventy-two hours post-transfection, cells were grown

in the presence of 5 umol/L rapamycin or vehicle and
incubated at 37°C for 16 hours. Lysosomes were stained
using 100 nmol/L Lysotracker (Thermo Scientific) for 1 hour
and counterstained with 3 pg/mL Hoechst 33342 (Thermo
Scientific). Live cell imaging was then performed using a
Nikon Confocal A1+ microscope at x20 magnification.

Statistical Analysis

All statistical analyses were performed in Prism 6 (GraphPad
Software Inc., La Jolla, CA). Data represent the mean+SEM
and were analyzed by Student t test, 1- or 2-way ANOVA with
Bonferroni post hoc analysis as appropriate. Statistical
significance was considered when P<0.05.

Results

Ischemic Preconditioning Increases Di-
methylation at H3K9

Mice were subjected to a cardiac IPC program through
reversible ligation of the left coronary artery, consisting of
5 minutes of ischemia followed by 5 minutes of reperfusion
repeated 4 times. IPC treatment was followed by 30 minutes
of reperfusion before the mice were euthanized and cardiac
biopsies from the myocardial region supplied by the ligated
vessel (AAR) and RM were isolated.

In order to determine whether IPC alters histone methy-
lation patterns, we quantified global levels of H3K4me3, a
well-characterized euchromatin mark associated with tran-
scriptional activation, as well as H3K9me2 and H3K27me3,
modifications that confer chromatin condensation and tran-
scriptional repression.?? Of these, only H3K9me2 was altered
in response to IPC (Figure 1 and Figure S1). H3K9me2 was
significantly increased in IPC myocardial AAR compared to
remote myocardium (RM, 2-way ANOVA indicated a signifi-
cant effect of area: Fy5=7.292, P=0.0271 and of ischemia:
Fy6=6.798, P=0.0313, n=3; Figure 1). No change was
observed in sham animals. Methylation at H3K9 is predom-
inantly mediated by the histone methyltransferase G9a.
However, we did not observe an increase in G9a protein in
IPC AAR (Figure S2).

ChIP-Seq Reveals mTOR as Differentially Enriched
in H3K9me2 After IPC

To assess which genes were affected by the H3K9me2
enrichment on a genome-wide scale, we performed ChIP-Seq
using cross-linked chromatin from the AAR and RM of IPC
mice (n=6). To identify robust H3K9me2 peaks, we used both
SICER and CisGenome for peak calling, and analyzed differ-
entially enriched peaks between the AAR and RM. The number
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Figure 1. Cardiomyocyte chromatin is enriched for H3K9me2
after ischemic preconditioning. Western blot analysis of histone
modifications in animals subjected to ischemic preconditioning
(IPC) or sham controls reveals a significant increase in H3K9me2 in
myocardial area at risk (AAR) compared to remote myocardium
(RM) (*P<0.05 using 2-way ANOVA with Bonferroni post hoc
analysis of AAR vs RM, n=6).

of differentially enriched peaks in the AAR compared to the
RM, within and up to 10 kb upstream of genes, was 43 974
for CisGenome and 53 386 for SICER. The total number of
genes with differentially enriched peaks were similar between
the 2 peak callers (=14 000 genes). In parallel with ChIP-Seq,
we performed transcriptome profiling of AAR and RM biopsies
from IPC mice using microarray (n=3). A schematic overview
of the analysis pipeline is shown in Figure 2A. Statistically
significant differentially expressed genes with a fold change of
>2 were identified through Volcano Plot filtering and yielded a
total of 3891 genes, of which 1212 were upregulated and
2679 were downregulated in the AAR compared to the RM. To
validate the ChIP-Seq results and identify genes that were
transcriptionally repressed by H3K9me2 enrichment, we
compared the genes with differentially enriched peaks
identified by both peak callers with the genes that were
significantly downregulated with a fold change >10 on the
microarray and found 236 genes that overlapped (Table S2).
We performed pathway analysis on this set of genes using the
WebGestalt analysis tool?® (Table S3) and found pathways
with known function in the cardioprotective effect of IPC such
as “Ubiquitin mediated proteolysis”,?* “Regulation of actin
cytoskeleton,”?® and “Metabolic pathways.”*® Moreover,
pathways with relevance to cardiac biology, such as “Arryth-
mogenic right ventricular cardiomyopathy,” “Adherens
junction,” and “Tight junction” were also enriched in the
gene set. For the 236 genes in the set, significantly enriched

peaks were calculated using EdgeR and a heat map based on
the SICER ChIP-Seq read number for each peak and sample
was generated using MicroScope?’ (Figure S3). Hierarchical
clustering showed a clear separation of AAR and RM
samples.

A literature search identified 17 genes from the list that
could be associated with cardiac function or cardioprotection
and mechanistic target of rapamycin (Mtor) was chosen for
further analysis. This was based on the fact that Mtor is an
essential regulator of autophagy,?® and the autophagic
response is a crucial component in the cardioprotective
effect of IPC.2*3° We hypothesized that IPC causes di-
methylation of H3K9 throughout Mtor, thereby inhibiting its
expression, leading to increased cardiac autophagy and a
cardioprotective effect. We identified 10 regions of differential
H3K9me2 enrichment in the Mtor gene based on SICER
peaks, covering in total >50% of the entire genomic region,
and 1 region in the distal promoter (Figure 2B). Analyzing
peaks called by CisGenome, we identified 13 regions of
differential H3K9me2 enrichment in Mtor, of which 4
overlapped with SICER regions (named Region 1-4 in
Figure 2B). We performed ChIP-gPCR on AAR and RM from
IPC biopsies using primers specific for these 4 regions and
verified that H3K9me2 is significantly more enriched at Mtor
in IPC AAR as compared to remote myocardium (2-way
ANOVA indicated a significant effect of area: Fy,0,=7.373,
P=0.0133, n=3-6; Region 3 did not amplify; Figure 2C). As
controls, enrichment of H3K9me2 in the MyoD promoter and
lack of H3K9me2 in the Gapdh promoter was shown
(Figure S4). The background signal was assessed using an
IgG antibody, and was consistently very low, with a mean
signal of <0.01% of Input DNA (Figure S4). Consistent with the
repressive effect of H3K9 dimethylation, and with the results
from the microarray, a significant decrease in Mtor expression
in the AAR was confirmed with qPCR (Figure 2D).

mTOR Expression Is Regulated by the
Methyltransferase Activity of G9a

Methylation of H3K9 is primarily mediated by the methyl-
transferase G9a®' (encoded by the EAmt2 gene), and we
hypothesized that the enrichment in H3K9me2 across the
Mtor gene would be dependent on G9a. To test this, we
performed siRNA-mediated knock down of EhAmt2 in the
murine cardiomyocyte cell line HL-1. Seventy percent to 80%
knock down of Ehmt2 mRNA and protein were confirmed
72 hours post-transfection (Figure 3A and 3B, P<0.001).
Moreover, the total H3K9me2 levels decreased by more than
50% in cells treated with Ehmt2 siRNA (Figure 3C, P<0.01),
confirming decreased G9a methyltransferase activity in these
cells. To show that G9a/Ehmt2 regulates H3K9me2 levels
throughout Mtor, we performed ChIP-qPCR with primers
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Figure 2. The Mtor gene is subject to H3K9me2-mediated epigenetic regulation in ischemic preconditioning. A, Overview of experimental and
bioinformatic procedures. B, Upper: UCSC genome browser view of the mouse Mtor gene. Regions of differential H3K9me2-enrichment in the AAR
called by SICER (red) and CisGenome (orange) are indicated. Overlapping regions are indicated by green bars. Lower: Integrative Genomics Viewer
(IGV) visualizations of ChIP-Seq reads in regions 1 to 4 of the AAR and RM in representative IPC mice. C, ChIP-gPCR validation confirms that H3K9me2
is more highly associated with the Mtor gene in ischemic preconditioned AAR vs RM. Left panel shows individual regions (*P<0.05 using 2-way ANOVA
with Bonferroni post hoc analysis, n=6, Region 3 did not amplify) and right panel shows the cumulative H3K9me2-levels in Regions 1, 2,and 4. D, gPCR
analysis of Mtor expression in the AAR and RM of IPC mice (n=6, *P<0.05 using Student ¢ test). Mtor expression was normalized to Gapdh and
expressed relative to the mean of the RM samples. I /R, ischemia/reperfusion; IPC, ischemic preconditioning; gPCR, quantitative polymerase chain

reaction.
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Figure 2. continued.

corresponding to the 4 differentially enriched H3K9me2
regions identified by ChIP-Seq, and showed that Ehmt2 knock
down resulted in a significant decrease in H3K9me2 levels at
all 4 regions (Figure 3D). Moreover, Ehmt2 knock down
resulted in increased mTOR expression, both on the mRNA
and protein levels (Figure 3E and 3F). Taken together, these
results indicate that Ehmt2 confers H3K9 di-methylation
across Mtor and inhibits its expression.

G9a Regulates Cardiomyocyte Autophagy and
Sensitivity to Hypoxia

Since mTOR is an important regulator of autophagy, and
autophagy is a crucial component of the cardioprotective
effect of IPC, we hypothesized that G9a/Ehmt2 regulates
cardiac autophagy through mTOR. Lysomal/autophagic vac-
uoles were detected in HL-1 cells using a fluorescent probe
and analyzed using flow cytometry. Ehmt2 knock down
caused a decrease in autophagic activity, both under
baseline conditions as well as when treated with 2 separate
autophagic stimuli: 5 umol/L rapamycin and 4 hours of
serum starvation (Figure 4). To explore the details of this
effect, we performed live cell imaging of transfected and
rapamycin-treated HL-1 cells stained with a fluorescent
lysosomal dye. There was a clear reduction in the amount
and size of lysosomes in the cells transfected with Ehmt2
siRNA compared to negative control siRNA (Figure 4C and
4D). This suggests that Ehmt2 is necessary for full
autophagic response in cardiomyocytes. Moreover, to con-
firm that G9a provides cytoprotection to cardiomyocytes in
response to hypoxia, HL-1 cells transfected with Ehmt2
siRNA or negative control siRNA were cultured under
hypoxic (1% pO,) conditions. Cell death was assayed by
lactate dehydrogenase release into the cell medium after 1,
3, and 6 hours. As expected, a substantial increase in cell
death was seen after 6 hours. This effect was substantially
more pronounced in the cells transfected with Ehmt2 siRNA
(Figure 4E), suggesting that EhAmt2 knock down renders
cardiomyocytes more sensitive to hypoxia.

Inhibition of mTOR Transcription Is Sufficient to
Affect Autophagic Activity in Cardiomyocytes

We hypothesized that IPC causes downregulation of Mtor
transcription through increased H3K9 dimethylation, and that
this would be sufficient to affect autophagic activity in
cardiomyocytes. To confirm that the immediate effect of IPC
is on Mtor transcription, and not a result of altered Mtor protein
levels, we measured Mtor protein in cardiac biopsies from mice
euthanized 30 minutes after IPC and could not detect a
difference between the AAR and RM (Figure 5A). To confirm
that decreased transcription of Mtor in itself is sufficient to
affect autophagic activity in cardiomyocytes, we inhibited Mtor
gene expression in HL-1 cells via siRNA and monitored
autophagic activity with the assay described above (Figure 5B).
Mtor gene expression was reduced by 50% already at 2 hours
post-transfection and was maintained suppressed throughout
the time course of the experiment (48 hours). A significant
increase in autophagic activity could be seen in cells trans-
fected with Mtor siRNA 5 hours post-transfection, and the
effect became increasingly pronounced at the later time points.
These results indicate that inhibition of Mtor transcription is
sufficient for inducing autophagy in cardiomyocytes.

Discussion

Despite intense effort, the cardioprotective mechanisms
triggered by IPC are still poorly understood on the molecular
level. The second window of protection conferred by cardiac
IPC, which begins 12 to 24 hours after treatment and lasts 48
to 72 hours, is believed to be the result, at least in part, of
transcriptional activation or repression of certain genes or gene
programs. Although IPC has been shown to activate transcrip-
tion factors such as NFxB, STAT1/3, and HIF-1a, which
mediate the transcription and synthesis of de novo distal
mediators of cardioprotection,” there is reason to believe that
the second window of protection is also orchestrated by
epigenetic switches. For example, there is evidence that the
neuroprotective phenotype induced by IPC of the brain relies on
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Figure 3. G9a/Ehmt2 regulates Mtor H3K9me2-levels and gene expression. A, Analysis of £nmt2 expression in HL-1 cells transfected with
scrambled negative control siRNA (Scr siRNA) or Ehmt2 siRNA with qPCR. Ehmt2 expression was normalized to Gapdh and expressed relative
to the mean of the Scr siRNA samples (**P<0.01 using Student t test). Analysis of (B) G9a/Ehmt2 and (C) H3K9me2 levels in HL-1 cells
transfected with Scr or Ehmt2 siRNA using Western blot (**P<0.01, ***P<0.001 using Student ¢ test). Beta Tubulin was used as loading
control. Results are derived from 3 separate experiments with 3 biological replicates in each experiment. A representative blot from 1
experiment is shown. The long and short isoforms of G9a are both visible on the blot. The combined density of both bands was used for
quantification. D, H3K9me2 ChIP-gPCR of HL-1 cells transfected with Scr or EhAmt2 siRNA. Primers corresponding to regions of differential
H3K9 dimethylation in the Mtor gene of IPC mice were used. Primers for the Myod promoter were used as a positive control (*P<0.05 using
Student ¢t test). Results are derived from 3 separate experiments. E, Analysis of Mtor gene expression in HL-1 cells transfected with Scr siRNA
or Ehmt2 siRNA using gPCR. Mtor expression was normalized to Gapdh and expressed relative to the mean of the control samples (**P<0.01
using Student ¢ test). Results are derived from 3 separate experiments with 3 biological replicates in each experiment. F, Analysis of Mtor
gene expression in HL-1 cells transfected with Scr siRNA or Ehmt2 siRNA using Western blot (**P<0.01 using Student ¢ test). Beta Tubulin
was used as loading control. Results are derived from 3 separate experiments with 3 biological replicates in each experiment. G, A
representative blot from 1 experiment is shown. qPCR, quantitative polymerase chain reaction; IPC, ischemic preconditioning.

DOI: 10.1161/JAHA.116.004076 Journal of the American Heart Association 8

HDOYVIASHY TVNIDIYO



G9a Regulates Autophagy in IPC Gidlof et al

60

*
g4 Bl ScrsiRNA
Ehmi2 siRNA

MFI(FL-1)
N
3
2
2
n

-
¥
FL1-A

ScrsiRNA + SS + Clg
Ehmt2 siRNA + SS + Clq

Hoechst 33342
Lysotracker

Scr siRNA + Rapamycin Ehmt2 siRNA + Rapamycin

Figure 4. G9a/Ehmt2 regulates cardiomyocyte autophagy and sensitivity to hypoxia. HL-1 cells
transfected with scrambled negative control siRNA (Scr siRNA) or Ehmt2 siRNA were treated with
5 pumol/L rapamycin for 16 hours or subjected to serum starvation (SS) in the presence of 10 umol/L
chloroquine for 4 hours. Autophagic activity was measured using a fluorescent lysosomal probe and the
mean fluorescence intensity (MFI) was analyzed with flow cytometry. A, Representative overlay histograms
of HL-1 cells transfected with Scr siRNA (blue) or Ehmt2 siRNA (red) and subjected to SS. B, There was a
significant increase in autophagic activity in control cells after treatment with either 5 pmol/L rapamycin
(*p<0.001) or (SS) (*#P<0.01). Transfection with Ehmt2 siRNA significantly reduced the levels of
autophagy in the baseline (*P<0.05) as well as when treated with 5 pmol/L rapamycin (**P<0.001) or SS/
10 pumol/L chloroquine (**P<0.01). Two-way ANOVA with Bonferroni correction for multiple comparisons
was used to calculate statistical significance. Results are derived from 3 separate experiments with 3
biological replicates in each experiment. C and D, Representative confocal images of HL-1 cells transfected
with Ehmt2 or negative control siRNA for 72 hours then treated with 5 umol/L rapamycin for 16 hours.
Lysosomes were stained with Lysotracker Green and Hoechst was used for counterstaining. Live cell
imaging was performed using a Nikon Confocal A1+ microscope at x20 magnification. E, HL-1 cells were
transfected with Scr siRNA or Ehmt2 siRNA and cultured under hypoxic conditions (1% pO,) for é hours.
Cell death was assayed after 1, 3, and 6 hours by measuring lactate dehydrogenase (LDH) release into the
cell medium. At 6 hours, the amount of LDH was significantly higher in cells transfected with Ehmt2 siRNA
(2-way ANOVA with Bonferroni correction for multiple comparisons, ***P<0.001) than in cells transfected
with negative control siRNA. Results are derived from 2 separate experiments with 6 biological replicates in
each treatment group.

epigenetic changes.'® Moreover, caveolin has been shown to
induce cardioprotection through epigenetic alterations in
preconditioned hearts®? and inhibition of histone deacetylase
activity mitigates ischemic injury in isolated mouse hearts'"
and reduces Ml size in vivo.® Although there is evidence for the
role of histone acetylation in the cardioprotective effect of IPC,
much less is known about histone methylation. This prompted
us to investigate the effect of IPC on global levels of 3 of the

most well-studied histone methylation marks: H3K4me3,
H3K9me2, and H3K27me3.

We found a significant increase in the levels of H3K9me2
in the preconditioned cardiac tissue (AAR) compared to
remote myocardium. Methylation at H3K9 is predominantly
mediated by the histone methyltransferase G9a. Considering
the short time frame (30 minutes) between the end of IPC
treatment and euthanizing the mice, increased expression of
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Figure 4. continued.

G9a is not a likely explanation for this effect and we did not
observe an increase in G9a protein in IPC AAR, suggesting
that either another H3K9-targeted epigenetic enzyme could
be responsible for the IPC-induced increase in H3K9me2, or
that G9a activity is increased through a mechanism
independent of overt expression changes, such as recruit-
ment to chromatin or post-translational modification. To
identify the genes affected by increased H3K9 di-methyla-
tion on a genome-wide scale, we performed ChIP-Seq on
AAR and RM biopsies from IPC mice. This is to our
knowledge the first study analyzing global H3K9me2 levels
in cardiac tissue. Differential enrichment of H3K9me2 was
seen in =14 000 genes in preconditioned myocardium,
suggesting that IPC has a rapid and profound effect on the
cardiac chromatin state. To identify genes that were
repressed by increased levels of H3K9me2, we performed
transcriptomic profiling of AAR and RM tissue from IPC
mice. More than 200 genes were found to be both enriched
in H3K9me2 and transcriptionally repressed in the AAR
compared to the RM. Pathway analysis of this gene set
revealed several pathways with known functions in IPC and
cardiac biology. One example was the pathway “Regulation
of actin cytoskeleton.” Polymerization of actin is believed to
increase the tolerance of the cytoskeleton to stress, and
the cardioprotective effect of IPC is dependent to some
extent on the interaction between the Karp-channel and the
actin cytoskeleton.?® It is interesting to note that the
regulation of this process seems to have an epigenetic
component. Other pathways of particular interest were
those pertaining to metabolism and ubiquitin-mediated
proteolysis, considering the strong links between autophagy
and IPC.®* Autophagy is a highly conserved intracellular
process responsible for the degradation of aggregated or
misfolded proteins and damaged organelles, and plays an
important role in the cellular stress response, including the

response of cardiomyocytes to ischemia/reperfusion. Autop-
hagic activity is increased in ischemic cardiomyocytes®® and
confers  beneficial effects in  ischemia/reperfusion
injury.2¢37 IPC is generally considered to induce autophagy
in cardiomyocytes,®® but the underlying mechanism is
poorly understood. Mtor is a serine/threonine kinase that
inhibits autophagy by phosphorylating components of the
UNC-5-like autophagy activating kinase complex.?® There-
fore, of the genes identified by our bioinformatics pipeline,
Mtor was chosen as the most interesting candidate for
mechanistic characterization. We could confirm that IPC
caused increased levels of H3K9me2 throughout the Mtor
gene in the AAR of mouse hearts and that knock down of
G9a inhibited H3K9me2 levels, as well as Mtor expression
and cardiomyocyte autophagy. A schematic representation
of the proposed mechanism is shown in Figure 6.

In contrast to the results of this study, there are reports
showing that inhibition of G9a induces autophagy through
Mtor-associated pathways. Li et al show that G9a is overex-
pressed in bladder carcinoma cells, that these cells require
G9a for proliferation and survival, and that inhibition of G%a
leads to an induction of autophagic cell death.®’ Artal-
Martinez et al show that inhibition of G9a in pancreatic
cancer cells induces autophagy through epigenetic regulation
of several autophagy-related genes.*® However, regulation of
autophagy has been shown to be highly tissue and context
specific,*" and the role of autophagy in cancer cells is very
complex and likely to be affected by tumor type and genetic
makeup.*? Therefore, comparing the results of these cells to
the biologically very different cardiomyocyte is not straight-
forward.

Inhibition of Mtor has previously been shown to confer
cardioprotection in isolated mouse hearts*® and reduce
ventricular remodeling after myocardial infarction.** Although
remote ischemic conditioning has been associated with
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Figure 5. Inhibtion of Mtor transcription is sufficient for induction
of autophagy in cardiomyocytes. A, Western blot analysis of Mtor
protein in animals subjected to IPC, comparing the area at risk
(AAR) to remote myocardium (RM), n=6. B, siRNA-mediated knock
down of Mtor in HL-1 cells and its effect on autophagy. Upper,
relative expression of Mtor in HL-1 cells at different time points
after transfection with Mtor siRNA or negative control siRNA
measured with qPCR. Data are normalized to Gapdh and expressed
relative to the mean of Scr siRNA-treated cells at each time point. A
2-way ANOVA with Bonferroni correction was used to calculate
statistical significance between control cells and cells transfected
with Mtor siRNA at each time point (***P<0.001, **P<0.01).
Lower, autophagic activity in HL-1 cells at different time points
after transfection with Mtor siRNA or negative control siRNA
measured with a fluorescent lysosomal probe. A 2-way ANOVA with
Bonferroni correction was used to calculate statistical significance
between control cells and cells transfected with Mtor siRNA at each
time point (*P<0.05, ***P<0.001). Results are derived from 2
separate experiments with 6 biological replicates in each treatment
group. IPC, ischemic preconditioning; gPCR, quantitative poly-
merase chain reaction; RLU, relative luminescence units.

enhanced autophagy through post-translational modification
of the Mtor protein,*® the present study provides the first
evidence of G9a-dependent epigenetic regulation of Mtor
expression, and a potential role for G9a in regulating
autophagy in response to cardiac IPC. Further investigation
into the mechanistic link between G9a and the cardioprotec-
tive effect of IPC in vivo is, however, still warranted, and will
be the subject of future studies.
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Table S1. ChIP-Seq read statistics

Sample ID

Total reads

Mapped reads

Alignment percentage

17 AAR H3K9Me2
17 RM H3K9Me2
19 AAR H3K9Me2
19 RM H3K9Me2
22 AAR H3K9Me2
22 RM H3K9Me2
23 AAR H3K9Me2
23 RM H3K9Me2
27 AAR H3K9Me2
27 RM H3K9Me2
30 AAR H3K9Me2
30 RM H3K9Me2
17 AAR Input

17 RM Input

19 AAR Input

19 RM Input

22 AAR Input

22 RM Input

23 AAR Input

23 RM Input

27 AAR Input

27 RM Input

30 AAR Input

30 RM Input

46,464,760
42,529,152
46,432,758
47,421,330
27,843,170
30,375,422
55,683,060
53,956,742
56,970,418
46,226,168
37,993,234
54,274,792
54,830,472
53,865,358
59,934,412
59,816,972
56,815,734
71,595,832
71,275,420
71,239,678
61,597,486
52,275,432
59,142,706
57,672,304

43,314,561
36,486,851
41,453,073
39,779,990
25,093,645
26,930,741
48,354,090
48,575,121
50,556,075
42,043,416
33,554,321
48,180,580
51,482,772
46,884,016
53,550,931
53,550,004
52,596,352
65,616,757
62,669,043
64,876,583
55,704,829
49,100,216
54,035,048
53,114,715

93.22%
85.79%
89.28%
83.89%
90.12%
88.66%
86.84%
90.03%
88.74%
90.95%
88.32%
88.77%
93.89%
87.04%
89.35%
89.52%
92.57%
91.65%
87.93%
91.07%
90.43%
93.93%
91.36%
92.10%




Table S2. List of significantly downregulated genes in AAR enriched in H3K9me?2.

Gene symbol p-value Fold change (downregulated)
2310067B10Rik 0,002480138 | 102,1654158
2810006K23Rik 0,00162463 10,57328448
3110002H16Rik 0,001412289 | 13,20571078
Aagab 0,001634436 | 16,78780261
Abce1 0,000169836 | 21,58335747
Acad11 0,000771312 | 48,93304818
Acadm 0,00012548 14,58513162
Acbd3 0,002421549 | 19,62370165
Acsl1 0,001771233 | 28,41238432
Acss2 0,000169588 | 34,7633871
Actn2 0,000434284 | 40,40323063
Actn4 0,000465074 | 10,14473799
Adck3 0,001925546 | 12,84473481
Adipor1 0,000186977 | 12,20307223
Afg3I2 6,39407E-05 | 10,54513383
Agk 0,000655525 | 13,70673736
Aldh4a1 0,000356014 | 16,59000252
Aldh6a1 0,00047691 11,37147505
Ank 0,000332791 | 14,38589675
Ankrd46 0,003093555 | 11,58600068
Apbb2 0,003125797 | 20,78966059
Aplp2 0,000122655 | 81,78046438
App 0,000243482 | 19,56518369
Arfip1 0,000851222 | 21,22537665
Arhgap5 0,001418133 | 11,93718286
Asb8 0,001300531 | 18,96999311
Ascc3 0,000241057 | 12,84401188
Asph 0,00397376 27,0292898
Atp1a1 0,000213355 | 18,81625224
Atp6v0a1 0,001555441 | 12,75132844
Azin1 0,010354842 | 11,0444908
Bcam 0,00049915 29,83549277
Birc6 0,014263687 | 10,06915002
Bmpria 0,001808977 | 12,23449629
Cab39 0,003642909 | 13,12810793
Calm3 0,001242676 | 235,197954
Camta1 0,002100626 | 11,39364851
Caprin1 0,001322025 | 12,29649847
Cat 0,000254316 | 84,60125736
Cbfb 0,000508865 | 12,57479957

Cctba

0,001527757

42,11884589




Cd164

0,001167193

11,34085299

Cdh2 0,000908897 | 17,72072593
Cdkn2c 0,000225008 | 12,2466754
Cecrb 0,00014144 20,72752709
Celf2 3,98137E-05 | 18,90688779
Cfl2 0,000151221 | 10,96141013
Cmyab 0,001165487 | 67,06427289
Cnst 0,000124327 | 11,74842902
Cog6 0,000172356 | 37,40364985
Coro6 0,000733336 | 11,02687052
Crat 0,001932849 | 56,28154782
Crhr2 0,000201616 | 13,19971935
Ctbp2 0,00599797 13,88894729
Ctnna1 0,001326885 | 5,216371792
Ctps 0,002562779 | 12,75537757
Cttn 0,005662566 | 10,81261671
Cul4a 0,006352797 | 24,7262397
Decr2 0,004211541 | 13,92199445
Dek 0,000412358 | 43,1205926
Denndb5a 0,000721373 | 22,80127905
Dhx32 0,003290187 | 19,54859003
Dhx40 0,000391409 | 10,64299511
Dlg1 0,0006463 18,39358257
Dpf2 0,000356996 | 21,300258
E2f6 4,55846E-06 | 42,75022921
Ece1 0,006211245 | 10,42712303
Eef2 1,82376E-05 | 85,87443221
Ehd4 0,001479994 | 46,15259939
Eif3c 0,002223805 | 24,96775585
Eif4g2 0,000263924 | 44,47364205
Eif4h 0,002347282 | 20,9419532
Eif5 4,85775E-05 | 18,24890444
Eif5a 0,000122737 | 68,24691843
Elp3 0,001337693 | 11,6096156
Epc2 0,000995765 | 12,76577305
Eral1 0,000478964 | 18,39878317
Etf1 2,94653E-05 | 11,46065663
Exoc7 0,000472115 | 13,67825182
Fam134b 0,001951167 | 59,87939957
Fam20b 0,00095375 10,82778507
Fbxo32 0,004956845 | 14,83783657
Fbxw4 0,001641741 | 10,34838694
Fcho2 0,01304067 13,56650785
Flot2 0,001559024 | 22,85469245

Gab1

0,000745502

10,88356277




Gapvd1

0,001477674

23,72063704

Gas6 0,000788084 | 11,26188368
Gbas 0,000216482 | 33,96662569
Gbf1 0,004217147 | 12,49705716
Gja1 0,004757617 | 13,58229154
Gmcl1 0,000104169 | 11,7866996
Gna12 3,14655E-05 | 67,57961376
Gns 0,005321713 | 27,16935761
Golga4 7,35722E-05 | 34,21677775
Gpam 0,000744526 | 22,63013052
Gpr116 0,000140207 | 10,30373507
Grk5 0,000201126 | 13,0766596
Gsn 0,000444621 | 26,83864628
Gspt1 0,003247701 | 33,94253002
Gtf3c1 0,027046379 | 10,18488757
H2afy 0,000400251 | 10,550784
Hba-a2 2,57738E-05 | 12,97466154
Hbs1l 0,000181824 | 15,18860062
Hdgf 5,63644E-05 | 20,68218566
Hdgfrp2 0,005069079 | 19,16121448
Hdlbp 0,000105784 | 194,8942139
Hnrnph1 0,000227103 | 36,48405548
Hnrnpl 0,00021706 20,68093418
Hspa9 0,00035797 10,49925459
[110rb 8,109E-05 16,27563019
Impa1 0,002341459 | 11,73366253
Ipo5 0,003425824 | 11,81630856
ltgb1 0,000462383 | 87,94747787
Ivd 0,000153865 | 10,52502205
Kcnip2 0,000853735 | 13,32989028
Kctd9 0,001566204 | 27,55694877
Kdm1b 0,002731403 | 10,61342139
Kif16b 0,000255956 | 35,45975099
Kpna1 0,008243067 | 17,84950734
Lemd3 0,000150823 | 13,09381867
Lhfp 0,000233585 | 23,74089058
Limd1 0,000614375 | 12,65934188
Lrpprc 0,002478513 | 22,63791133
Lrrc2 0,001084912 | 12,04946135
Lrrfip2 0,009649554 | 10,36548093
Man1c1 0,001099435 | 17,07991452
Mcfd2 0,000253562 | 15,87184735
Meis2 0,000710042 | 7,514417114
Mfn2 0,000341302 | 16,07946834
Mknk2 0,004451539 | 14,92024841




Mtor

0,001913992

6,865978311

Mybpc3 4,46256E-05 | 100,8929879
Nap114 0,00107747 | 14,04586433
Nbr1 0,00051085 | 29,14596977
Ndrg2 1,4613E-05 | 29,05827184
Nedd4 1,00138E-05 | 14,82787034
Nek9 0,00077353 | 12,05029951
Nfe2I2 0,00051056 | 11,13959479
Nid1 4,28698E-05 | 15,986655
Nop2 0,001075354 | 10,75355074
Nploc4 0,019859953 | 10,13963735
Npr2 0,007077947 | 12,67156623
Ngo1 0,003312753 | 13,3287631
Nup93 0,001277829 | 10,2546749
Ogdh 0,000624526 | 50,11253448
Osbpl9 8,52387E-05 | 41,30718237
Ostm1 0,00755069 | 12,47577989
P4hat 0,000307651 | 49,63564552
Pabpc 0,000113612 | 23,33800038
Pent 0,000757784 | 16,00057893
Pdcd7 0,002459516 | 12,89053065
Pdeda 0,000632228 | 10,15468231
Pecam1 0,00063725 | 10,10208373
Pfn2 0,000259025 | 10,29655272
Phtf2 0,001267849 | 16,87241698
Pip5k1b 0,00088603 | 11,30926567
Pitpnb 0,000465497 | 11,0318883
Plekha3 0,000175749 | 10,65349429
Plin3 0,000632742 | 23,80524381
Plk2 0,000651124 | 10,6472238
Pnrc2 8,07038E-05 | 36,87491963
Poglut1 0,002045177 | 14,93528539
Ppig 1,39452E-05 | 15,80543514
Ppil1 0,000120386 | 26,71874982
Ppp1r8 0,000212018 | 11,58699012
Ppp2ria 0,000411018 | 32,52013858
Ppp3ri 0,001031523 | 22,15290128
Ppp6r3 0,000754381 | 13,53915551
Prkaa2 0,00202781 | 16,87456609
Prkab1 0,00010437 | 11,45132791
Prkaca 0,000175228 | 26,14050034
Psap 9,04259E-05 | 15,73310482
Ptbp2 0,000788301 | 10,8791403
Ptp4a3 0,000457989 | 10,86221297

Ptplad1

3,00574E-05

12,08623087




Ptpn12

0,00128104

12,68952974

Ptpra

0,000594321

10,03728479

Pygb

0,000272386

20,0571157

Qk

5,49823E-05

22,16162783

Rab12

0,000225852

73,71341285

Rab18

0,002872983

56,66138259

Rbl2

0,004371049

24,02031807

Rbm22

0,009346897

10,39801798

Rdx

0,000794098

47,34289914

Rftn1

0,002772576

23,64484616

Rpa1

0,000367671

16,56185655

Rragc

0,002021981

57,27965905

Rras2

0,002181742

11,05308969

Rsad2

0,003582919

10,98703917

Scnba

0,002479289

10,9212872

Serinc3

0,000337664

59,26992801

Sf3a1

0,002727226

12,67797831

Sipa1l2

0,036047307

14,97917487

Slc27a1

0,001305203

76,44728444

Slc2a4

0,000418931

90,96880523

Slc35a5

0,003303153

13,75541966

Slc35f5

0,000251782

134,6780101

Slc41a3

0,001648888

21,03516749

Smad4

0,000916134

18,38573823

Smoc?2

0,00095619

16,2858425

Snx27

0,000279081

20,97613979

Sorbs1

0,000362116

37,98839883

Spop

0,007713447

66,32222029

Srl

0,00012279

30,0264 1854

Srsf1

0,000344176

25,53965267

St3gal5

0,001434082

11,56864908

Stard7

0,000354167

34,83416799

Stat3

9,80807E-05

20,53296265

Stip1

0,001026156

15,51410429

Stk24

0,000249265

47,80400048

Strn3

0,000724033

62,95439524

Stx12

0,000284974

12,09395156

Svil

0,002679208

24,81322241

Tarsl2

0,001153426

10,28001525

Tbk1

0,001644334

14,32187723

Tex2

0,000370307

16,28865245

Tip1

0,000182526

10,14172285

Tm9sf3

3,06678E-05

23,05582684

Tmem165

0,001539312

12,97909332

Tmem50b

0,001609145

19,31957028




Top1

0,002762039

20,39952706

Tsc22d4 0,002290293 | 11,27983258
Uba2 0,003556512 | 10,66045603
Ube2d1 0,000122634 | 14,924873

Ube2w 0,000213766 | 16,60721786
Unc45b 0,000245605 | 40,90894282
Usp4 0,000126441 | 26,79379444
Vapb 0,003434344 | 12,98048335
Wdrb 0,002128075 | 20,24138635
Wsb1 0,000231005 | 50,16556869
Yars 0,002201753 | 11,35377538
Ypel5 0,000540469 | 11,21804795
Ywhae 0,000316369 | 31,07580804
Zbtb20 0,002213139 | 11,58264429

Zmym5S

0,004863197

10,87247774




Table S3. Pathway analysis of downregulated, H3K9me2-enriched genes.

Pathway Name

No of reference
genes in category

Entrez
Gene Ids

Expected
number of
genes in
category

Ratio of
enrichment

Raw P-
values

Adjusted
P-values

Insulin signaling
pathway

137

108079
53413
20411
19079
17347
14252
110078
18747
12315
20528

0,56

17,97

2,94E-10

2,09E-08

Regulation of actin
cytoskeleton

216

60595
227753
16412
66922
18719
19684
14673
12632
18645
11472

0,88

2,40E-08

8,52E-07

Adipocytokine
signaling pathway

68

108079
72674
14081
19079
20848
20528

0,28

21,73

3,73E-07

8,83E-06

Arrhythmogenic
right

ventricular
cardiomyopathy

74

60595
14609
16412
12385
11472
12558

0,3

19,96

6,19E-07

9,53E-06

Adherens junction

75

60595
17128
20411
12385
21872
11472

0,3

19,7

6,71E-07

9,53E-06

Tight junction

137

60595
12385
66922
21872
13043
51792
11472

0,56

12,58

1,64E-06

1,94E-05

Metabolic
pathways

1184

18451
75612
14732
20454
14081
12359
11975
51797
230815
104776
18293
18719
55980
11364
69923
212647
60525
56357

4,81

3,74

2,07E-06

2,10E-05

Leukocyte
transendothelial
migration

120

60595
16412
12385
18613
11855

0,49

12,31

1,05E-05

9,32E-05




11472

Ubiquitin mediated | 140 17999 0,57 10,55 2,51E-05 2E-04
proteolysis 50995

99375

216080

66799

12211
mRNA 93 225363 0,38 13,24 4,11E-05 3E-04
surveillance 56422
pathway 18458

14852

51792




Figure S1. Levels of H3K4me3 and H3K27me3 are unaltered in cardiac
biopsies from IPC and sham animals. Western blot analysis of histone
modifications in cardiac biopsies from the area at risk (AAR) and remote
myocardium (RM) from animals (n=3) subjected to ischemic preconditioning or
sham controls. Two-way ANOVA with Bonferroni post hoc analysis was used to
test the effect of treatment but revealed no statistically significant changes.
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Figure S2. G9a levels are unaltered in cardiac biopsies from IPC mice.
Western blot analysis of cardiac biopsies from the area at risk and remote
myocardium of IPC mice (n=3) revealed no significant difference in G9a levels

in the area at risk.
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Figure S3. H3K9me2 heat map. Genes that where both enriched in H3K9me2
and transcriptionally repressed were identified (n=236). Differentially enriched
peaks within those genes were calculated using EdgeR and a heat map based
on the read number for those peaks was generated using MicroScope.
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Figure S4. Controls for the H3K9me2 ChIP-PCR. As a control for the
H3K9me2 ChIP, enrichment of H3K9me2 at the MyoD promoter and lack of
H3K9me2 at the Gapdh promoter was assessed with ChIP-gPCR on cardiac
biopsies from sham mice (n=3). As a negative control, an IgG IP was performed
on the same samples.
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