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Abstract

Aims Dynamic alterations in cardiac DNA methylation have been implicated in the development of heart failure (HF) with
evidence of ischaemic heart disease (IHD); however, there is limited research into cell specific, DNA methylation sensitive
genes that are affected by dysregulated DNA methylation patterns. In this study, we aimed to identify DNA methylation sen-
sitive genes in the ischaemic heart and elucidate their role in cardiac fibrosis.
Methods A multi-omics integrative analysis was carried out on RNA sequencing and methylation sequencing on HF with IHD
(n = 9) versus non-failing (n = 9) left ventricular tissue, which identified Integrin beta-like 1 (ITGBL1) as a gene of interest. Ex-
pression of Itgbl1 was assessed in three animal models of HF; an ischaemia-reperfusion pig model, a myocardial infarction
mouse model and an angiotensin-II infused mouse model. Single nuclei RNA sequencing was carried out on heart tissue from
angiotensin-II infused mice to establish the expression profile of Itgbl1 across cardiac cell populations. Subsequent in vitro
analyses were conducted to elucidate a role for ITGBL1 in human cardiac fibroblasts. DNA pyrosequencing was applied to
assess ITGBL1 CpG methylation status in genomic DNA from human cardiac tissue and stimulated cardiac fibroblasts.
Results ITGBL1 was >2-fold up-regulated (FDR adj P = 0.03) and >10-fold hypomethylated (FDR adj P = 0.01) in human HF
with IHD left ventricular tissue compared with non-failing controls. Expression of Itgbl1 was up-regulated in three isolated an-
imal models of HF and showed conserved correlation between increased Itgbl1 and diastolic dysfunction. Single nuclei RNA
sequencing highlighted that Itgbl1 is primarily expressed in cardiac fibroblasts, while functional studies elucidated a role for
ITGBL1 in cardiac fibroblast migration, evident in 50% reduced 24 h fibroblast wound closure occurring subsequent to
siRNA-targeted ITGBL1 knockdown. Lastly, evidence provided from DNA pyrosequencing supports the theory that differential
expression of ITGBL1 is caused by DNA hypomethylation.
Conclusions ITGBL1 is a gene that is mainly expressed in fibroblasts, plays an important role in cardiac fibroblast migration,
and whose expression is significantly increased in the failing heart. The mechanism by which increased ITGBL1 occurs is
through DNA hypomethylation.
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Introduction

Cardiomyopathy, a word that literally translates as ‘disease of
the heart muscle’, is a general term describing a range of al-
terations to cardiac cells which manifest in structural and

functional myocardial abnormalities, in the absence of
coronary artery disease, hypertension, valvular disease, and
congenital heart disease, that ultimately result in heart
failure (HF).1 Cardiomyopathies can be genetic, acquired or
a combination of both, can coexist with ischaemic, valvular
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or hypertensive disease, and are associated with considerable
morbidity and mortality.1 Ischemic heart disease (IHD) is
currently the most common cause of HF in the developed
world.2 Significant advances in treatment of patients who
have suffered acute myocardial infarction have enhanced
the predominance of HF secondary to IHD. IHD affects ap-
proximately 126 million individuals worldwide, and around
9 million deaths per year are associated with IHD, making it
the leading cause of mortality.3 It has retained this position
for the past two decades, and its prevalence is only predicted
to increase given the ongoing rise in obesity, diabetes and the
ageing population.

Unremitting myocardial ischaemia, due to impaired epicar-
dial blood flow and/or coronary flow reserve, augments a mi-
lieu of pathophysiological mechanisms, including neurohu-
moral changes, excessive inflammation and propagated
fibrosis, resulting in diminished left ventricular (LV) systolic
function.4 It has been established that aberrant transcrip-
tional regulation in cardiac cells, including cardiomyocytes
(CMs), cardiac fibroblasts (CFs), endothelial cells and inflam-
matory cells, are attributed to the development of HF with
IHD aetiology.

DNA methylation is an important epigenetic regulatory
mechanism that controls transcriptional gene expression; ir-
regular changes to DNA methylation patterns in cardiac cell
populations have been shown to play a role in maladaptive
cardiac remodelling in HF with IHD, as well as occurring as a
consequence of the disease.5,6 In a study carried out by us
in 2019, methylation signatures in cardiac tissue from HF pa-
tients with evidence of IHD were identified as potential bio-
markers and/or therapeutic targets, however the functional
impact of these specific dysregulated genes were not fully
elucidated.7

In this study, we aimed to identify specific DNA methyla-
tion sensitive genes in LV tissue from HF patients with IHD
through integrated use of targeted bisulfite sequence capture
sequencing and RNA sequencing. Through this work, integrin
beta-like 1 (ITGBL1) was identified as a candidate gene of in-
terest and is the focus of this study.

Methods

Human interventricular septal tissue (IVS)

This study conformed to principles outlined in the Declara-
tion of Helsinki. Ethical Approval for data collection and use
of tissue was obtained from the Cleveland Clinic Institutional
Review Board and all subjects gave written informed consent
to participate. Cardiac IVS tissue was surgically extracted
from patients with HF with evidence of IHD who underwent
orthotropic cardiac transplantation (OCT) (n = 9). IVS from
non-failure (NF) patients who died of non-cardiac causes with

no known history of HF were collected as an age-matched
(45–60 years) and gender-matched (all males) control group
(n = 9). Patient characteristics for these groups have been
previously reported7 and are summarized in Table S1. Excised
cardiac tissue was snap frozen in liquid nitrogen and stored at
�80°C until required.

Methylation sequencing

Custom-designed next generation targeted methylation se-
quencing was previously performed on genomic DNA isolated
from cardiac tissue from HF patients with IHD and matched
control patients. Detailed description of methods is provided
in a previous study publication.7

RNA sequencing of patient cardiac tissue

Approximately 30 mg of IVS tissue was physically homoge-
nized by a motorized pellet pestle (Sigma-Aldrich). Total
RNA was extracted from tissue homogenate using RNeasy
Fibrous Tissue Mini Kit (Qiagen) following manufacturer’s
instructions. To confirm presence of RNA, samples were
quantified using the Qubit™ RNA Assay Kit (Thermo Fisher).

Library preparation and next-generation sequencing were
carried out by the Queen’s University Belfast Genomics Core
Technology Unit. Libraries were prepared from 1 μg of RNA
using TruSeq® Stranded mRNA Library Prep kit (Illumina)
following the manufacturer’s instructions. Library concentra-
tions were measured using Qubit™ dsDNA HS Assay Kit
(Thermo Fisher). Quality and concentration of libraries were
determined by Fragment Analyzer (Advanced Analytical). Li-
braries were sequenced on a NextSeq 500 System (Illumina).

An analytical workflow on CLC Genomics workbench
v10.1.1 (QIAGEN) was used for sequence analyses. Imported
raw sequence fastq files were assessed for QC, trimmed and
extracted; reads were then mapped to HG19. Mature anno-
tated sequences were assigned experimental groups (NF v
HF with IHD). Gene mapping matrices were normalized to
RPMM and compared between experimental groups for dif-
ferential gene expression. Proportion based statistical analy-
sis (Baggerly’s test, Bonferroni corrected) was also carried
out on the CLC Genomics workbench package.

Animal studies

This investigation conforms to the Guide for the Care and Use
of Laboratory Animals published by the US National Institutes
of Health (NIH Publication No. 85-23, revised 1985).
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Porcine model of Ischaemia-reperfusion cardiac
injury

Ischaemia was induced in 3 month old, large white male pigs
by inflating an angioplasty balloon in the mid-portion of the
left anterior descending (LAD) coronary artery, occluding the
LAD immediately distal to the origin of the first diagonal
branch. At the end of the pre-specified ischaemia duration
(40–50 min), animals were reperfused (balloon deflation)
and recovered from anaesthesia (n = 8). Further details of
sedation, analgesia and surgery are outlined in Supporting
information methods. The control group consisted of
healthy pigs which did not undergo an angioplasty balloon
inflation of the LAD coronary artery (n = 5). LV volumes
and LV ejection fraction (LVEF) were assessed by cardiac
magnetic resonance (CMR) imaging 45 days after infarction
induction. Animals were euthanized and hearts were
excised.

CMR imaging

Cine and contrast-enhanced CMR studies were performed 7
and 45 days after MI induction. CMR examinations were con-
ducted using a Philips 3-T Achieva Tx whole body scanner
(Philips Healthcare, Best, the Netherlands) equipped with a
32-element phased-array cardiac coil. The imaging protocol
included a standard segmented cine steady-state free-preces-
sion sequence to provide high-quality anatomic references
and assessment of LVEF. LV volumes were normalized to
body surface area according to Brody’s formula and CMR
images were evaluated with dedicated software (MR Ex-
tended Work Space 2.6; QMassMR 7.6; Medis, Leiden, the
Netherlands) by two observers experienced in CMR analysis
and blinded to group allocation.

Murine chronic coronary artery ligation model of
myocardial infarction

MI was induced in 12-week-old, female C57Bl/6 mice by pass-
ing a 7–0 suture under the LAD coronary artery and perma-
nently tying using a single uninterrupted suture. After liga-
tion, blanching of the myocardium was visualized. Following
surgery, mice were recovered from anaesthesia and placed
in a recovery cage at 37°C for 10–15 min, then housed in a
heated room at 26°C for the duration of the study where they
were observed routinely for signs of pain or distress. Further
details of sedation, analgesia and surgery are outlined in
supporting information methods. The control group consisted
of animals that had been sedated and had the chest and tho-
racic cavity exposed but did not have the LAD artery ligated
(sham). An endpoint echocardiogram was carried out;
animals were euthanized and hearts excised at 7 days post

ligation. The apex of the LV was fixed for histological analysis,
remaining LV was stored for further gene expression and pro-
tein expression analysis.

Murine model of angiotensin-II induced
hypertension

Male 8 week old C57Bl/6 mice were anaesthetized, a small in-
cision was made in the left flank of the animal and an osmotic
minipump (Alzet pumps, Charles River) containing either sa-
line or angiotensin II (Ang II) (Bachem) was inserted into a
pocket of tissue in the subdermal space. Mice were observed
for 72 h to assess general welfare and wound healing. Further
details of sedation, analgesia and surgery are outlined in
supporting information methods. Mice received 1.5 mg/kg/
day Ang II, and control mice received saline, via osmotic
minipump for a total of 4 weeks. Systolic blood pressure
was measured routinely throughout the study (endpoint sys-
tolic blood pressure measurements presented in supporting
information methods). An endpoint echocardiogram was car-
ried out, then animals were humanely euthanized and LV
heart tissue was excised. The apex of the LV was fixed for his-
tological analysis, remaining LV was stored for further gene
expression and protein expression analysis.

Echocardiographic measurement

Endpoint echocardiography was used to assess LV structure
and function in animals anesthetized using 1.5% isoflurane.
Echocardiography was performed using a Vevo770 system
(VisualSonics) equipped with a 55 MHz ultrasound transducer.
Two-dimensional images were captured in LV parasternal long
axis and parasternal short axis. LVEF and LV posterior wall
thickness (LVPW) were calculated using images obtained by
LV M-mode tracing. isovolumic relaxation time (IVRT) was cal-
culated using images obtained by Doppler-mode imaging.

Histological assessment of collagen deposition

Paraffin-embedded heart tissue was sectioned, mounted on
to a glass microscopy slide and stained with picrosirius red
to assess cardiac interstitial collagen deposition. In brief, tis-
sue sections were exposed to xylene and a series of graded
alcohols (100%, 95%, 70% and 50%) for 3 min per grade, then
submerged in distilled water for 5 min to stimulate tissue
affinity for the dye. Slides were then immersed in 0.2%
phosphomolybdic acid (Fluka Analytical, Poole, UK) for
2 min and rinsed in distilled water before immersion in
0.1% picrosirius red (Direct Red 80 in saturated Picric Acid;
Fluka Analytical, Poole, UK) for 1 h. Slides were washed in
acidified water (0.5% v/v acetic acid in distilled water) for
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2 min before dehydration through graded alcohols (50%, 75%
and 100%), 1 min per grade. Finally, slides were cleared in xy-
lene and a coverslip applied with DPX mounting medium. Car-
diac collagen deposition was then quantified in whole tissue
section images (Lica AT2 scanner), by blinded digital image
analysis using ImageScope® software.

Nuclei isolation

Single-nuclei cardiac isolations were prepared using murine
whole heart tissue harvested from Ang II-induced hyperten-
sive mice according to a protocol modified from McLellan
et al.8 Briefly, excised hearts were dissected to remove the
atria and right ventricle. The LV was minced, then dissociated
into a cell suspension enzymatic digestion (Collagenase II
600 U/mL and DNase I 6 U/mL). Undigested tissue was ex-
cluded using 250 μm strainers, followed by red blood cell lysis
and debris clean-up. Nuclei isolation was achieved through
the use of a hypotonic solution to swell cells, followed by
mechanical fragmentation by passing through a 30-gauge hy-
podermic needle. To achieve the desired nuclei suspension
concentration for 10× Single-Nuclei sequencing, nuclei from
three hearts per condition were pooled into single nuclei
suspensions, then loaded in the 10× Chromium platform to
achieve cDNA libraries of approximately 2000 nuclei per
pooled suspension.

Data processing

Single-nuclei cDNA libraries were sequenced with the
Illumina NextSeq P2 platform. 10× Genomics Cellranger
(6.0.2) was used to process raw sequencing data. Sample
pools were demultiplexed into fastq format with Cellranger
mkfastq, followed by alignment against the mm10 reference
genome package using Cellranger count to generate gene ex-
pression matrices.

SoupX

R package SoupX v1.6.17 was used to profile and normalize
for ambient mRNA contamination detected in pooled sample
libraries. Briefly, count data assigned to non-cell barcode ID
were profiled to characterize ambient mRNA for each nuclei
suspension, arising largely from haemoglobin and mitochon-
drial transcripts originating in lysed cells. Such transcripts in
suspension are commonly co-captured with cells/nuclei in
droplet-based single-cell/nuclei platforms and may influence
results if not corrected. Using SoupX, expression of genes dis-
proportionately contributing to the ambient mRNA profile
was reduced by a commensurate amount for each
QC-passing barcode ID determined algorithmically to repre-
sent a single nucleus.

Single-nuclei QC and clustering

After ambient mRNA correction, filtered matrices were
analysed in R (v4.2.1) using Seurat v4.1.18. For each library,
a further QC step was performed to remove genes expressed
in less than 3 nuclei, and nuclei with fewer than 500 counts or
with >50% counts mapping to mitochondrial genes. An initial
round of clustering identified a cluster of nuclei dispropor-
tionately affected by haem/MT expression, which were ex-
cluded from analysis, resulting in a final filtered dataset of
4395 QC-passing nuclei. The dataset was scaled to regress
out variation attributed to mitochondrial and ribosomal tran-
scripts, after which a final round of clustering was performed.

Single-nuclei gene expression analysis

Marker genes were detected for each cluster in Seurat using
the MAST package (version 1.12.09), enabling manual cell
type annotation based on canonical marker gene expression.
Differential expression testing between treatments was per-
formed in Seurat using default parameters, with changes of
log2 fold-change ≥0.5 and adjusted P value < 0.05 accepted
as significantly altered gene expression.

Co-expression correlation analysis was performed in R to
determine genes correlated in expression with ITGBL1 in car-
diac fibroblasts. The cor.test function was applied using
Kendall’s tau statistic to calculate and rank statistically signif-
icant correlations, with correlations of tau greater than 0.15
or less than �0.15, and adjusted P value of <0.05 considered
significantly correlated. Genes with significant positive corre-
lation were submitted to EnrichR9 for gene set enrichment
using NCATS BioPlanet database.10

Cell culture

Primary human cardiac fibroblasts (HCFs) were purchased
from ScienCell Research Laboratories; sourced from two indi-
vidual donors. Cells were cultured and maintained in
Dulbecco modified Eagle medium (DMEM; Gibco), supple-
mented with 10% foetal bovine serum (Gibco) in a 21%O2,
5% CO2 humidified incubator at 37°C. Cells were not ex-
panded beyond 15 population doublings in line with sug-
gested conditions provided by ScienCell Research Laborato-
ries. In hypoxia exposure experiments, HCFs were cultured
in a 1%O2, 5%CO2 humidified hypoxic chamber at 37°C. In
transforming growth factor (TGF) stimulation experiments,
HCF cells were treated for 72 h with either vehicle or 5 ng/
mL human recombinant TGF-β1 (Promokine) in serum free
media. Human CMs (AC16s) were cultured in Dulbecco’s
Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/
F12; Gibco) supplemented with 10% foetal bovine serum
(Gibco) in a 21% O2, 5% CO2 humidified incubator at 37°C.
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In Ang II stimulation experiments, AC16 cells were treated
for 72 h with either vehicle or 25 nM Ang II. Supernatants
from these experiments were collected. Media was prepared
in a 1:3 mixture of either DMEM:AC16 + Ang II supernatant,
DMEM:AC16vehicle supernatant or cell-free DMEM:DMEM
F-12 containing Ang II that was incubated at 37°C for 72 h.
HCFs were cultured in these media/supernatant mixtures
for 24 h.

Cell transfection and migration assay

HCFs were maintained under normal culture conditions and
transfected with 20 nM ITGBL1 siRNA (Horizon Inc) or 20 nM
non-targeting siRNA (Scr). HCFs were then treated with either
vehicle or 5 ng/mL human recombinant TGF-β1 (Promokine).
For scratch wound assays, a scratch was performed in a verti-
cal line down each well using a blunt 20 μL pipette tip prior to
treatment. At 48 h post-transfection, images were captured
and cell pellets were collected for RNA and protein analysis.
For migration assays, HCFs were cultured in 24 well dishes
containing Radius© 24-well migration assay 0.68 μM biocom-
patible gels (Generon). HCF cells were transfected; 24 h
post-transfection migration gels were removed exposing the
cell-free area for migration. At 24 h post gel removal, cells
were washed and stained with calcein for 30 min before imag-
ing. Detailed description of cell transfection, treatments and
assays are outlined in supporting information methods.

Western blotting

Protein expression levels were measured by western blotting
on lysates prepared from HCF cells and human/murine/por-
cine LV tissue. Cells were lysed in RIPA lysis buffer and LV tis-
sue was mechanically homogenized in RIPA lysis buffer using
a motorized pellet pestle (Sigma-Aldrich). Protein concentra-
tions were measured by BCA protein assay (Promega). Pro-
tein lysates (30–50 μg) were electrophoresed on 12% sodium
dodecyl sulfate-polyacrylamide gels and then transferred
onto polyvinylidene fluoride (PVDF) membranes (BioRad)
using a gel transfer device. PVDF membranes were blocked
in 5% non-fat milk/tris-buffered saline with 0.01% Tween™

20 (TBS-T) for 1 h and then incubated with primary antibodies
against ITGBL1 (Abcam, 1:1000) overnight at 4°C. After wash-
ing three times with TBS-T, the membrane was stained with
anti-rabbit IgG (1:10 000) for 1 h. Blots were washed (as
described above) and developed using SuperSignal™ West
Pico PLUS Chemiluminescent Substrate (ThermoScientific,
Singapore) and visualized using the G:Box chemi imaging
system (Syngene). Protein expression levels were normalized
to GAPDH (Cell Signalling, 1:10 000) or α-tubulin (abcam,
1:10 000).

Quantitative reverse transcription polymerase
chain reaction

Total RNA was extracted from cultured cells using the High
Pure RNA Extraction kit (Roche) according to manufacturers’
instructions. Total RNA was extracted from homogenized
tissue using Fibrous Tissue RNeasy minikit (Qiagen). Subse-
quently, 1 μg DNase-free RNA was reverse transcribed using
the High Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific).

Quantitative reverse transcription polymerase chain reac-
tion (qRT-PCR) was carried out using fluorescent SYBR Green
(Roche). Primers were designed using PrimerBlast (exon and
intron spanning when possible) with the following se-
quences. Human ITGBL1: F 5′-CCATCTCTGAGGCCATGGTA-3′,
R 5′-ACACAAGTCCACTTCCATCTGA-3′; porcine Itgbl1: F 5′-
CTTTGCTCGGGGAAGGGTTC-3′, R 5′-TCCATCCATCCCAGCATT
CG-3′; murine Itgbl1: F 5′-CATCTGCTCCAATGCAGGTACA-3′, R
5′-GCTTTCCCATGGGGTGATGT-3′. Porcine collagen 1 alpha 1
(col1a1): F 5′-TCACGTCATCGCACAACACA-3′, R 5′-GAAGCGA
TGGTGGGATTGAG-3′; murine Col1a1: F 5′-GGTAACGATGGT
GCTGTTGG-3′, R 5′-GGGACCTTCAGAGCCTCTAG-3′. Human
β2Microglobulin (B2M): F 5′-AGATGAGTATGGCTGCCGTG-3′,
R 5′-GCGGCATCTTCAAACCTCCA-3′, porcine B2m: F 5′- CAA
GATAGTTAAGTGGGATCGAGA-3′, R 5′- TGGTAACATCAATAC
GATTTCTGA-3′, murine B2m: F 5′-CTGACCGGCCTGTATGCTA-
3′, R 5′-CAGTCTCAGTGGGGGTGAAT-3′. Porcine TATA box
binding protein (Tbp): F 5′-GGGAGAGCTCTGGGATTGTG-3′, R
5′-AGCAGCAAATCGCTTGGGA-3′, murine Tbp: F 5′-ACGGTG
AATCTTGGGCTGTAAAC-3′, R 5′-GCAGCAAATCGCTTGGGAT
TA-3′. Ct values were measured using a LightCycler 480 se-
quence detector (Roche). Relative fold change in gene ex-
pression was calculated with the ΔΔCT method, expression
of B2M and/or TBP were used as endogenous controls for
normalization.

Pyrosequencing

Genomic DNA isolated from human cardiac tissue and from
HCFs treated with 5 ng/mL TGF-β1 or vehicle control, was bi-
sulfite converted using the EZ DNA Methylation-Lightning Kit
(Zymo) according to manufacturer’s instructions. Specific am-
plification of bisulfite converted gDNA and pyrosequencing
were carried out at the Genomics Core Facility, Ulster Univer-
sity. The primers used for human ITGBL1 were designed to
assess methylation at CpG sites within the 500 bp region of
interest identified in the methylation sequencing. Primer as-
says were designed using PyroMark Assay Design SW 2.0.
Primers used were F GGTGTGATAAGTTATTGGTTTAAATAGT,
R AAAAAACCTTTAAAATAATCCCTAAAT, S GGTTTAAATAGTTG
GAAGTATG, and the sequence to analyse was ATAYGTTT
TTTAAAGATTAAAGAAATGAAATATTTAGTTTAAATTAAAGGATA
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ATAAATGTAAGAAAAAGTTGTGTTTGTTAGATTTTTTTGTTTYGGT
TTTAATTTAAATTTTAAAGAGTGTATTTATTTTAAAAGYGTGTGGT
GAAAGTAATTTTTTATTT.

Statistical analysis

All statistical analyses were performed using R (3.6.3) and
GraphPad Prism software (Version 9). For in vivo and
in vitro analyses, normality was assessed using the Kolmogo-
rov–Smirnov test, with Gaussian distributed data represented
as mean and standard deviation of the mean (SD) while
non-normally distributed data are presented as median and
inter-quartile range. Two-sided, unpaired Student’s t-test
was used for two-group comparison (normal distribution).
Paired t-test was used for single tissue, different location
group comparison. For non-normally distributed data, a
Mann–Whitney U test was used. For normally distributed
data in a more than two-group comparison, an ordinary
one-way ANOVA test, followed by Tukey’s multiple compari-
sons test was used. Values of P < 0.05 were accepted as
statistically significant.

Results

The gene integrin beta-like 1 (ITGBL1) is identified
as being up-regulated and hypomethylated in HF
with IHD

Principal component analysis (PCA) was carried out on
datasets generated from RNA sequencing; scatter plots com-
paring three principal components showed that there was
sufficient separation of experimental groups, NF versus HF
with IHD, within RNA sequences (Figure 1A). Following dif-
ferential gene expression analysis, a volcano plot was cre-
ated plotting genes that had a fold change of >2 or <�2
and a false discovery rate adjusted P value of >0.05; there
were 109 significantly up-regulated genes and 96
down-regulated genes in HF with IHD patients versus NF
controls. The complete list of differentially expressed genes
is outlined in Table S2. The gene ITGBL1 is highlighted on this
volcano plot as up-regulated, with a fold change of 2.205
(adj P = 0.03*) (Figure 1B).

In the methylation sequencing carried out previously, a to-
tal of 62 678,500 bp-long differentially methylated regions
(DMRs) were analysed for altered methylation in human
cardiac tissue.7 A difference in methylation of ≥10% at 5×
coverage with a 5% false discovery rate in the HF with IHD
patient group when compared with the NF control group
were considered for further analysis. A volcano plot was
generated to display genes that were hypomethylated and
hypermethylated in HF with IHD cardiac tissue in comparison

with NF controls. There were 54 unique DMRs identified in
the HF with IHD patients versus the NF controls; 9
hypermethylated and 45 hypomethylated. The complete list
of differentially methylated genes is outlined in Table S3.
ITGBL1 was significantly hypomethylated with a percent
methylation difference of 10.513 (adj P = 0.01*) in HF with
IHD compared with NF (Figure 1C).

ITGBL1 was one of four genes identified as both signifi-
cantly up-regulated and significantly hypomethylated in HF
with IHD compared with NF controls, which were selected
as genes of interest for further validation. Investigation on
the other three genes of interest is ongoing. Results of our
comparative analysis of RNA sequencing and methylation
sequencing carried out on HF with IHD versus NF IVS tissue
is summarized in a Venn diagram (Figure 1D). Differential
gene expression and methylation analysis results, including
FDR adjusted P value and fold change/% difference in expres-
sion/methylation, of ITGBL1 in HF with IHD LV tissue com-
pared with NF controls are outlined in tables (Figure 1E).

Verification that expression of ITGBL1 is increased
and hypomethylated in HF with IHD

Gene expression of ITGBL1 was measured using qRT-PCR in
the IVS tissue from HF with IHD (n = 9) patients and NF
(n = 9) patients to verify that this gene was differentially
expressed. There was significantly higher expression of
ITGBL1 in HF with IHD patient tissue RNA samples in compar-
ison with NF controls (P = 0.0029**, Figure 2A). Furthermore,
western blotting analysis was carried out on protein isolated
from tissue from these matching patient samples wherein
ITGBL1 was measured and visualized on protein membranes
(Figure 2B) followed by densitometry analysis. In alignment
with the gene expression analysis, we observed significantly
higher levels of ITGBL1 protein in HF with IHD tissue samples
in comparison with NF controls (P = 0.0378*, Figure 2C).
Expression of ITGBL1 was correlated with LVEF measured by
echocardiography in the 18 patients included in this study co-
hort, there was a significant negative correlation between
ITGBL1 relative expression and LVEF (r = �0.6367,
P = 0.0094**, Figure 2D).

Levels of CpG methylation were assessed within the
500 bp region of predicted DMR of the ITGBL1 DNA se-
quence, as identified in the methylation sequencing, to verify
that this gene is hypomethylated in HF with IHD. Percentage
methylation was measured in bisulfite converted genomic
DNA from nine HF with IHD patients versus nine NF patients
using pyrosequencing. We confirmed that there was signifi-
cantly less methylation occurring in genomic DNA from HF
with IHD patients in comparison with NF control patients
within the 500 bp region of interest in the ITGBL1 DNA se-
quence (P = 0.0011**, Figure 2E), which was indeed consis-
tent with the methylation sequencing results. Levels of
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Figure 1 ITGBL1 identified as up-regulated and hypomethylated in HF with IHD aetiology. RNA sequencing analysis and targeted methylation sequenc-
ing analysis was carried out on human ventricular septal tissue from HF with IHD patients (n = 9) and NF patients (n = 9). (A) Principal component
analysis plot depicting separation of experimental groups by patterns of gene expression principal components. (B) Volcano plot outlining significant
up-regulated (red) and down-regulated (blue) genes in HF with IHD LV tissue compared with NF controls. ITGBL1 is highlighted. (C) Volcano plot
outlining significant hypermethylated (red) and hypomethylated (blue) genes in HF with IHD LV tissue compared with NF controls. ITGBL1 is
highlighted. (D) Venn diagram illustrating differential gene expression profiles and differential methylation profiles in HF with IHD LV tissue compared
with NF controls. Identification of ITGBL1 as a gene of interest is highlighted in red. (E) Tables showing results of differential gene expression analysis
and differential methylation analysis FDR adjusted P value and fold change/% difference in expression/methylation of ITGBL1 in HF with IHD LV tissue
compared with NF controls. HF, heart failure; IHD, ischemic heart disease; LV, left ventricle/left ventricular; NF, non-heart failure.
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percentage CpG methylation in the ITGBL1 sequence were
correlated to gene expression of ITGBL1; there was a nega-
tive correlation between ITGBL1 methylation and ITGBL1 ex-
pression (r = �0.2697, P = 0.0570*, Figure 2F).

Itgbl1 is increased in both a porcine model and a
murine model of myocardial ischaemia, and
correlates with diminished cardiac function

To validate that Itgbl1 was differentially expressed in myocar-
dial ischaemia, we utilized a porcine model of ischaemia-re-
perfusion and a murine model of myocardial infarction.

Expression of Itgbl1 was significantly increased in cardiac
scar tissue from pigs that underwent ischaemia-reperfusion
in comparison with both remote tissue from the hearts of
the same pigs that underwent the procedure, and from
healthy control pigs that did not undergo any procedure
(P = 0.0037***, Figure 3A). Itgbl1 protein levels in matching
tissue from the pigs subjected to this model was measured
via western blotting technique (Figure 3B), results of densi-
tometry analysis on these western blots shows that there
were significantly higher levels of protein in the scar region
of the hearts in the ischaemia-reperfusion pigs in comparison
with matching remote tissue from the animals and heart tis-
sue from healthy control animals (P = 0.0032**, Figure 3C).

Correlation analysis was carried out to compare Itgbl1 ex-
pression with LVEF from pigs that underwent ischaemia-
reperfusion and healthy control pigs. There was a significant
negative correlation between Itgbl1 expression and LVEF in
these animals (r = �0.6885 P = 0.0093**, Figure 3D).
Increased collagen production and deposition is indicative
of augmented scar tissue formation and therefore reflects
the level of cardiac fibrosis occurring within the tissue.5

Correlation analysis was also carried out to compare Itgbl1
expression with collagen deposition measured via positive
pixel analysis of picrosirius red stained LV tissue and Col1a1
expression in LV tissue from pigs that underwent
ischaemia-reperfusion and healthy control pigs. There was a
significant positive correlation between Itgbl1 expression
and collagen deposition (r = 0.6879, P = 0.0406*, Figure 3E),
and between Itgbl1 expression and Col1a1 expression
(r = 0.6285, P = 0.0008***, Figure 3F) in these animals.

Itgbl1 gene expression measured by qRT-PCR was also sig-
nificantly higher in mice that underwent experimental MI via
coronary artery ligation versus control mice that underwent
sham surgery (P = 0.0317*, Figure 3G). Western blotting anal-
ysis carried out on matching LV tissue from these animals
showed visibly increased levels of Itgbl1 protein in mice that
experienced myocardial infarction in comparison with sham
controls (Figure 3H). This difference was quantitatively
assessed using densitometry to show the increase in LV Itgbl1

Figure 2 Validation that ITGBL1 expression is increased in HF with IHD, correlates with reduced EF and is hypomethylated. (A) RT-PCR analysis of
ITGBL1 in human LV tissue from HF with IHD patients (n = 9) and NF control patients (n = 9); B2M expression used as reference gene. (B) Western
blotting representative images of ITGBL1 and GAPDH protein levels in HF with IHD (n = 4) and NF (n = 4) LV tissue. (C) Densitometry analysis of western
blotting on HF with IHD human LV tissue (n = 9) compared with NF controls (n = 9); GAPDH used as a reference protein. (D) Correlation between ITGBL1
expression and % ejection fraction in HF with IHD patients (n = 9) and NF control patients (n = 9). (E) Percentage of methylation within a 500 bp region
of predicted differential methylation on the ITGBL1 DNA sequence in genomic DNA from human LV tissue from HF with IHD patients (n = 9) and NF
control patients (n = 9) measured by pyrosequencing. (F) Correlation between ITGBL1 expression and percentage CpG methylation within the identi-
fied 500 bp region of predicted hypomethylation on the ITGBL1 DNA sequence in HF with IHD patients (n = 9) and NF control patients (n = 9). HF, heart
failure; IHD, ischemic heart disease; LV, left ventricle/left ventricular; NF, non-heart failure.

NF HF with IHD
0

5

10

15

IT
GB

L1
:B
2M

Re
la
tiv

e
ex
pr
es
si
on

NF HF with IHD
0.0

0.5

1.0

1.5

IT
GB

L1
IO
D/

GA
PD

H
IO
D

0 5 10 15
0

20

40

60

80

ITGBL1:B2M
Relative expression

Ej
ec
tio

n
fr
ac
tio

n
(%
) rsquared=-0.6367

pvalue=0.0094**

NF HF with IHD
30

40

50

60

70

IT
G B

L1
%
Cp

G
m
et
hy
la
tio

n

0 5 10 15
30

40

50

60

70

ITGBL1:B2M
Relative expression

IT
GB

L1
%
Cp

G
m
et
hy
la
tio

n rsquared=-0.2697
pvalue=0.0570

(A) (B) (C)

(D) (E) (F)

ITGBL1
54kDa

GAPDH
36kDa

NF HF with IHD

8 L. Kerrigan et al.

ESC Heart Failure (2024)
DOI: 10.1002/ehf2.15050

 20555822, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.15050 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [29/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



protein is statistically significant (P = 0.0498*, Figure 3I).
Itgbl1 relative expression also correlated negatively with LVEF
in this murine model of cardiac ischaemia (r = �0.7645,

P = 0.0272*, Figure 3J). Correlation analysis comparing Itgbl1
expression with collagen deposition measured via positive
pixel analysis of picrosirius red stained LV tissue and col1a1

Figure 3 In two animal models of ischaemia, increased Itgbl1 correlates with reduced EF and increased fibrosis. (A) RT-PCR analysis of Itgbl1 in LV scar
tissue from pigs that underwent balloon angioplasty/reperfusion procedure (I/R) (n = 8), compared with LV remote tissue from the same animals (re-
mote) and control animals that did not undergo surgery (control) (n = 5). (B) Western blotting representative images of Itgbl1 and α-tubulin protein
levels in tissue from control pigs and remote tissue and scar tissue from I/R pigs (n = 4 per group). (C) Densitometry analysis of western blotting on
control pig tissue (n = 5), and remote tissue and scar tissue from I/R pigs (n = 8); α-tubulin used as a reference protein. (D) Correlation between Itgbl1
expression and (D) % ejection fraction (n = 13), (E) % positive pixels measured in picrosirius red stained tissue (n = 9) and (F) Col1a1 expression (n = 13)
in I/R pigs and control pigs. (G) RT-PCR analysis of Itgbl1 in LV tissue from mice that underwent myocardial infarction (MI) surgery, compared with LV
tissue from control animals that underwent sham surgery (sham) (n = 5 per group). (H) Western blotting representative images of Itgbl1 and Gadph
protein levels in LV tissue from MI mice and sham mice (n = 5 per group). (I) Densitometry analysis of western blotting on LV tissue from MI mice and
sham mice (n = 5 per group); GAPDH used as a reference protein. Correlation between Itgbl1 expression and (J) % ejection fraction (n = 4 per group),
(K) % positive pixels measured in picrosirius red stained tissue (n = 5 per group) and (L) Col1a1 expression in MI mice and sham mice (n = 5 per group).
Geometric mean of B2m and Tbp expression used as reference for expression analysis. LV, left ventricle/left ventricular; RT-PCR, reverse transcription
polymerase chain reaction.
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expression was carried out on LV tissue from mice that
underwent coronary artery ligation and sham-surgery control
mice. There was a non-significant but positive trend between
Itgbl1 expression and collagen deposition (r = 0.5532,
P = 0.0971, Figure 3K), and a significant correlation between
Itgbl1 expression and Col1a1 expression (r = 0.8061,
P = 0.0072**, Figure 3L) in these animals.

Itgbl1 is increased in a murine model of
hypertension and correlates with thickening of
the left ventricle and fibrosis

We assessed the expression status of Itgbl1 in excised LV
tissue collected in an Ang II-induced hypertension mouse
model. Mice received 1.5 mg/kg/day Ang II via osmotic
minipump (Ang II) and were compared with mice that re-
ceived saline vehicle (Saline), over a total period of 4 weeks.
Systolic blood pressure was significantly increased in mice
that received Ang II compared with control mice that
received saline (P ≤ 0.0001***, Figure 4A). qRT-PCR analysis
revealed that there is significantly higher expression of Itgbl1
in Ang II hypertensive mice versus saline control mice
(P = 0.0013**, Figure 4B). Expression of Itgbl1 correlated pos-
itively with both IVRT (r = 0.6454, P = 0.0172*, Figure 4C), and
LVPW (r = 0.6439, P = 0.0129*, Figure 4D), as measured by
echocardiogram; parameters that can be indicative of LV hy-
pertrophy and fibrosis contributing to diastolic dysfunction.
We also compared Itgbl1 expression to interstitial collagen
deposition in the LV measured by positive pixel image
analysis carried out on picrosirius red stained LV tissue sec-
tions and found there was a positive correlation between
LV Itgbl1 expression and LV collagen deposition (r = 0.4281,
P = 0.0152*, Figure 4E).

Itgbl1 is primarily expressed in murine cardiac
fibroblasts

10× Genomics single-nuclei RNA sequencing was performed
on nuclei suspensions generated from LV tissue collected
from Ang II-induced hypertensive mice, versus saline treated
mice. Unsupervised clustering and marker gene detection
was performed to annotate the cardiac cellular diversity of
the model, according to expression of canonical cell type
marker genes.

Fibroblasts and endothelial cells were the most prevalent
cell populations in the nuclei isolates, with the presence of
CMs, pericytes, smooth muscle cells, epicardial cells, endocar-
dial cells, Schwann cells, B cells and NK cells, T cells, macro-
phages and neutrophils also being identified (Figure 4F).
Expression of Itgbl1 was assessed in each cell population,
with the greatest expression detected in CFs, followed by a
population of endocardial cells (Figure 4G). When Itgbl1 ex-

pression was analysed within the CF population specifically,
comparing fibroblasts from Ang II-treated mice with saline
control mice, expression of Itgbl1 was significantly increased
(log2FC = 0.655, P = 3e-07***, Figure 4H). Moreover, Itgbl1
was expressed in 53% of CFs in Ang II-treated mice versus
27% of fibroblasts in saline control mice. Correlation analysis
was carried out in the CF cell population between Itgbl1 and
all other expressed genes. This generated a list of 362 genes
showing significant co-expression correlation with Itgbl1,
ranked from ‘most positive’ to ‘most negative’ correlation
(Table S4). Gene enrichment pathway analysis was then per-
formed using the NCATS BioPlanet® database via EnrichR
using genes that positively correlated with Itgbl1 expression
(Table S5). The top 10 pathways identified as enriched with
Itgbl1-correlated genes in CFs are illustrated in Figure 4I.

ITGBL1 expression is induced and
hypomethylated in activated human cardiac
fibroblasts and is important for fibroblast
migration

To investigate the role of ITGBL1 in CFs, we first measured
ITGBL1 expression in HCFs that had been activated, either
via exposure to hypoxic conditions (cells cultured at 1% oxy-
gen versus cells cultured at 21% oxygen for 48 h), or via treat-
ment with 5 ng/mL TGF-β1 for 24 h. We showed that there is
increased ITGBL1 expression in hypoxic HCFs compared with
healthy normoxic HCFs (P = 0.0226*, Figure 5A), and in TGF-
β1 treated HCFs compared with healthy control HCFs
(P ≤ 0.0001***, Figure 5B). As fibroblasts are also activated
by factors secreted from CMs in response to stress or injury,11

the effect of conditioned media collected from AC16s treated
with 25 nM Ang II on HCF ITGBL1 gene expression was exam-
ined. A significant increase in ITGBL1 expression was ob-
served in HCFs cultured in the myocyte Ang II conditioned
media in comparison with cells cultured in the myocyte
control and cell free Ang II conditioned media (P = 0.0344*,
Figure 5C).

To assess the functional impact of ITGBL1 expression in
CFs, ITGBL1-targeted siRNA gene knockdown was used. A sig-
nificant knockdown of ITGBL1 gene expression in HCF cells
was observed when transfected with 20 nM siRNA for 48 h
(siRNA), compared with cells transfected with a scrambled
control (scr) (P = 0.0091**, Figure 5D). The cell migration po-
tential of HCFs transfected with ITGBL1 siRNA was assessed
via a wound closure assay. A significant reduction in wound
closure was detected in cells transfected with the ITGBL1
siRNA compared with scrambled control, 24 h following
wound creation (P = 0.0005***, Figure 5E,F).

To determine whether the increased expression of ITGBL1
is mediated by hypomethylation of the ITGBL1 DNA se-
quence, pyrosequencing was conducted. Total CpG methyla-
tion within the 500 bp DMR, in accordance with the human
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Figure 4 Itgbl1 is increased in hypertensive mice, correlates with LV thickening/fibrosis, and is specifically expressed in CFs. (A) Systolic blood pressure
(mmHg) measured in mice that received 1.5 mg/kg/day angiotensin-II via minipump for 28 days (Ang II) compared with mice that received saline (sa-
line) (n = 7 per group). (B) RT-PCR analysis of Itgbl1 in LV tissue from Ang II-infused mice compared with mice that received saline (n = 7 per group);
B2m expression was used as reference. Correlation between Itgbl1 expression and (C) isovolumic relaxation time (IVRT) (ms), (D) LV posterior wall
thickness in diastole (LVPW;d) and (E) % positive pixels in LV tissue stained with picrosirius red in Ang II-infused mice (n = 7) and mice that received
saline (n = 6). (F) UMAP of heart cell populations annotated by expression of canonical cell type markers. (G) Itgbl1 is primarily expressed in the fibro-
blasts, in addition to the less numerous endocardial population. (H) Expression of Itgbl1 is up-regulated in fibroblasts from Ang II-infused mice com-
pared with fibroblasts from mice that received saline (log2FC = 0.65, P = 0.00087). (I) Top 10 cell pathways identified as being associated with genes
significantly correlating with Itgbl1 expression; gene enrichment pathway analysis performed using NCATS BioPlanet® software on 350 genes
expressed in cardiac fibroblasts from Ang II-infused mice, using a cut-off of positive correlation >0.15 tau and sorted by adj pval. HF, heart failure;
LV, left ventricle/left ventricular; RT-PCR, reverse transcription polymerase chain reaction.
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cardiac tissue methylation sequencing results, on the ITGBL1
DNA sequence was quantified in HCFs stimulated with 5 ng/
mL TGF-β1 for 24 h. A significant reduction in methylation
was detected on the ITGBL1 gene in TGF-β1-treated cells
compared with controls (P = 0.0159*, Figure 5G). There was
also a significant negative correlation between ITGBL1 CpG
methylation and ITGBL1 expression in HCF cells stimulated
with TGF-β1 compared with controls (r = �0.7439,
P = 0.0169*, Figure 5H).

Discussion

Despite HF with IHD being the most common cause of HF
in the developed world, there is an overall lack of under-
standing behind cell specific molecular alterations that con-
tribute to disease development. Therefore, addressing the
gap of knowledge would ultimately enable the develop-

ment of novel biomarkers and therapeutics for HF with
IHD patients. Alterations in epigenetic regulation, such as
DNA methylation, can result in widespread differential gene
expression. There is an increasing understanding of global
DNA methylation changes within cardiac tissue in HF7,12;
however, few studies have attempted to identify cell spe-
cific, DNA methylation sensitive genes that play a role in
HF with IHD.

In this study, we carried out a comparative analysis of RNA
sequencing and bisulfite methylation sequencing on LV septal
tissue from a cohort of HF patients with IHD aetiology and a
matched cohort of NF patients. This analysis identified
ITGBL1 as a gene of interest, as this gene was found to be
up-regulated and hypomethylated in HF with IHD LV tissue
when compared with NF controls. ITGBL1 encodes a peptide
similar to the structure of integrin beta subunits but it has
been suggested that this peptide does not function in the
same way as other integrins due to its lack of an Arg-Gly-
Asp-binding domain or transmembrane domain.13,14 ITGBL1

Figure 5 ITGBL1 expression is induced in stimulated human CFs, is important for migration and is hypomethylated. RT-PCR analysis of ITGBL1 in hu-
man ventricular cardiac fibroblasts (HCFs) (A) exposed to 1% oxygen (compared with 21% normoxia) for 48 h (n = 5 per group), (B) treated with 5 ng
TGF-β1 (or vehicle control) for 24 h (n = 5 per group) and (C) cultured in supernatants collected from Ac16 myocytes treated with 25 nM Angiotensin II
for 72 h (compared with Ac16 media containing 25 nM angiotensin-II or supernatants from untreated Ac16 myocytes) for 24 h (n = 4 per group). (D) RT-
PCR analysis of ITGBL1 in HCFs transfected with 20 nM ITGBL1 siRNA (or empty vector lentivirus) (n = 4 per group). Migration assays were performed to
investigate migratory abilities of HCF cells; (E) % wound closure was calculated in cells transfected with ITGBL1 siRNA (or scrambled control) (n = 4 per
group), (F) representative images of migration assays at 24 h wound closure. (G) Percentage of methylation within a 500 bp region of predicted dif-
ferential methylation on the ITGBL1 DNA sequence in genomic DNA from HCFs treated with 5 ng TGF-β1 compared with untreated HCFs measured by
pyrosequencing (n = 5 per group). (H) Correlation between ITGBL1 expression and ITGBL1 percentage CpG methylation in genomic DNA from HCFs
treated with TGF-β1 compared with untreated HCFs (n = 5 per group). CF, cardiac fibroblasts; HCF, human CF; HF, heart failure; LV, left ventricle/left
ventricular; RT-PCR, reverse transcription polymerase chain reaction.
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was first cloned and characterized from foetal lung, HUVEC
and osteoblast cDNA libraries in which a sequence encoding
a peptide similar to the cysteine-rich ‘stalk-like’ structure of
integrin beta subunits was identified.13 ITGBL1 has been
shown to mediate bone cancer metastasis in breast cancer
patients,15 and others have reported that it is involved in
converting lung fibroblasts to activated myofibroblast-like
cells in primary colorectal cancer metastatic growth.16

This study validated that ITGBL1 is up-regulated in LV car-
diac tissue from HF patients with evidence of IHD in a range
of animal models of cardiac ischaemia. Both gene expression
and protein levels of ITGBL1 were found to be increased in LV
scar tissue excised from a pig ischaemia-reperfusion model,
in LV tissue from a mouse model of experimental MI and in
a mouse model of Ang II-induced hypertension. Interestingly,
this data also showed that ITGBL1 gene expression correlated
with reduced LVEF in both the human patient cohort and in
the animal models of ischaemia, and correlated with LV thick-
ening and fibrosis in the animal hypertension model. This
data complements findings in a recent 2023 study in which
Itgbl1 expression was assessed in an animal model of TAC
pressure-overload, wherein Itgbl1 expression was signifi-
cantly increased and Itgbl1 knockdown alleviated LV wall
thickness and improved LVEF in TAC-operated mice.17 Chen
et al analysed online datasets from the Gene Expression
Omnibus (GEO) database and found that ITGBL1 was ele-
vated in DCM, HF with IHD and diabetic HF patients in com-
parison with normal hearts.17 ITGBL1 was also shown to be
up-regulated at the gene level in a multi-omics analysis of
DCM cardiac tissue,18 however this current study is the first
to carry out a robust assessment of RNA and protein expres-
sion levels of ITGBL1 in human cardiac tissue and expound
on the association between ITGBL1 and vital cardiac func-
tion parameters. This work was expanded into the novel as-
sessment of Itgbl1 levels in the context of in vivo myocardial
infarction and Ang II-induced hypertension.

Single nuclei RNA sequencing was carried out on LV tissue
collected from Ang II-induced hypertensive mice, which en-
abled investigation of cell type specific Itgbl1 expression
within the heart. This study reports that Itgbl1 is primarily
expressed in CFs, with expression also being detected in a
small population of endocardial cells. Evidence presented in
other studies show that there is greater Itgbl1 expression in
mouse and rat CFs when compared with CMs in vitro17 and
that the expression of Itgbl1 was higher in CFs isolated from
the hearts of adult mice compared with CMs.17 This study
confirmed that Itgbl1 expression was increased in fibroblasts
from Ang II-treated mice compared with controls and identi-
fied that genes significantly correlating with Itgbl1 in this cell
population are enriched in cell pathways associated with
cardiac fibrosis, including regulation and organisation of the
extracellular matrix (ECM), and collagen biosynthesis. These
data culminate with findings in which Itgbl1 was observed
to be associated with pro-fibrotic genes, such as connective

tissue growth factor (CTGF), postn, col8a1, cilp and
sperpine1.17 It was therefore postulated that ITGBL1 could
have a role in the function of CFs.

This study aimed to reveal the stimuli likely causative for
the increase in ITGBL1 expression in human CFs and elucidate
what effect ITGBL1 has on fibroblast migratory function.
Other studies have shown that TGF-β1 treatment stimulates
Itgbl1 expression in neonatal rat CFs.19 Our gene enrichment
pathway analysis on genes correlating with Itgbl1 also indi-
cated it may be strongly associated with TGF-β1 regulation
of ECM. Findings in this study showed that CF expression of
ITGBL1 can be induced by exposure to a hypoxic environment
and by treatment with TGF-β1; tissue hypoxia and increased
cell secretion of TGF-β1 reflect the characteristics of the isch-
aemic heart.20 CF ITGBL1 expression was not induced by Ang
II treatment in culture,19 but given the increase in Itgbl1 ex-
pression in the LV tissue from the Ang II-hypertensive model,
ITGBL1 expression in CFs could be driven by stimuli secreted
by stressed CMs. CF ITGBL1 expression was induced following
exposure to conditioned media collected from Ang II-treated
AC16 CMs, but not by cell-free AC16 media containing Ang II
alone; this suggests that differential expression of this gene in
CFs is affected not only by the general stress/injury response
in the heart but also by factors secreted from local cell
populations within cardiac tissue.

To assess the functional effects of deregulated ITGBL1 ex-
pression in CFs, cell migration was investigated. ITGBL1
gene knockdown reduced the wound closure ability of these
cells, suggesting that this gene plays a role in CF migration.
Itgbl1 knockdown impacted on collagen contraction in neo-
natal rat CFs17; however, the expression of ITGBL1 and its
effect on fibroblast regulation and functionality had never
been investigated in human cardiac cells until now. ITGBL1
has also been reported to be implicated in cell migration
in other pathologies such as metastatic cancer.21–23 The
findings of this study further corroborate a pivotal role for
ITGBL1 in the activation and migration of CFs, and empha-
sizes a clear significance for this gene in regard to human
cardiac pathology.

ITGBL1 expression has been shown to be activated by
TGF-β1 and has been implicated as an activator of TGF-β1/
SMAD pathway21,22; studies have also indicated that ITGBL1
is a transcriptional target of RUNX2.23 In this current study,
we identified ITGBL1 expression is affected by dysregulated
DNA methylation. Fluctuations in DNA methylation have
been associated with CF activation, and it has been shown
that DNA methylation in fibroblasts can be altered due to
various environmental features; ranging from changes in
blood pressure to changes in physical activity.5,6 ITGBL1
has specifically been shown to be susceptible to altered epi-
genetic modifications in other disease pathologies24,25 and
was found to be hypomethylated in our genome wide meth-
ylation sequencing of human cardiac tissue. This study pro-
vides evidence that ITGBL1 is significantly hypomethylated
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within a 500 bp region of predicted differential methylation,
in both the HF with IHD v NF patient LV tissue and in HCFs
treated with TGF-β1. It was also shown that this reduced
ITGBL1 CpG methylation correlates with increased ITGBL1
gene expression in both the human tissue and in TGF-β1-
stimulated CFs, further supporting the hypothesis that in-
creased levels of ITGBL1 are attributed to ITGBL1
hypomethylation.

One of the main limitations to our study is the level of gen-
der bias in the models utilized. Our human RNA sequencing
and DNA methylation sequencing data is limited by the fact
that all patients included in the sample cohort were male;
hence, it was not possible to determine the effect of sex on
gene expression or DNA methylation. However, given the
scarcity of HF biopsy samples and the difficulty in obtaining
LV tissue samples from relevant non-HF controls, it is a
strength that our cohort included a good representation of
the HF with IHD aetiology as well as non-failure controls.
We were also limited in the sex of animals used in the various
animal models presented in this study. Male mice do not
present with an effective phenotypic myocardial infarction
following coronary artery ligation comparative with females;
therefore, we only used female mice for the MI model. In ac-
cordance with the three Rs of animal use, the un-used male
offspring from the MI study were then used in the Ang
II-induced hypertension model to reduce the number of ani-
mals used. Only male large pigs were used in the porcine
model of ischaemic reperfusion as the females were used
for breeding purposes. Hence, we are unable to account for
sex differences in the animal models presented. This is espe-
cially important given the known impact of the female sex
hormone oestrogen on the development of HF26 and the
TGF-β1 signalling pathway,27 so it could therefore potentially
influence the results depending on the animal’s sex cycle.
Further investigation would be required to elucidate male–fe-
male differences on ITGBL1 expression and methylation, pos-
sibly with more in-depth optimization of animal model
protocols.

In summary, the data presented in this study provide
evidence that the ITGBL1 gene is up-regulated in HF with
IHD. We assessed the expression status of this gene in human
cardiac LV tissue and in three different animal models of car-
diac dysfunction; a porcine model of ischaemia-reperfusion, a
murine model of experimental MI, and a murine model of
Ang II-induced hypertension. Moreover, having confirmed
that ITGBL1 expression is consistently induced in the injured
heart we have shown that ITGBL1 expression is strongly asso-
ciated with diminished LV function. We discovered, via single
nuclei RNA sequencing of murine LV tissue, that Itgbl1 is
primarily expressed in CFs and could play a biological role in
cardiac fibrosis. We further showed that ITGBL1 is increased
in a hypoxic environment and is activated by TGF-β1, and
we elucidated a role for ITGBL1 in human fibroblast migratory

function. Lastly, we proposed that dysregulation of ITGBL1 ex-
pression in the ischaemic heart is regulated by gene-specific
loss of DNA methylation.
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Figure S1: Systolic blood pressure is increased in mice that re-
ceive Ang II. Study endpoint systolic blood pressure mea-
sured by tail-cuff inflation in mice that are receiving
1.5 mg/kg/day angiotensin II via osmotic minipump over a
four week period, compared to mice receiving saline (n = 8–
10).
Table S1. Heart failure with ischaemic heart disease patient
cohort demographics.
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Table S2: Differentially expressed genes in NF LVS tissue ver-
sus HF with IHD LVS tissue identified via RNA sequencing and
analysed using Partek Flow Genomics suite software.
Table S3: Differentially methylated regions of genomic DNA
isolated from NF LVS tissue versus HF with IHD LVS tissue
identified via custom-designed next generation targeted
methylation sequencing.
Table S4: Gene list of significantly differentially expressed
genes in cardiac fibroblasts from an Ang II-induced hyperten-

sive mouse model that correlate with expression of ITGBL1,
filtered to remove genes with adjusted pval <0.05, sorted
by ‘most.
Table S5: Gene list of enrichment pathway analysis per-
formed using NCATS BioPlanet® software on 350 genes
expressed in cardiac fibroblasts from an Ang II-induced hyper-
tensive mouse model, using a cut off of positive correlation
>0.15 tau and sorted by adj pval.
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