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ABSTRACT
After myocardial infarction, the massive death of cardiomyocytes leads to cardiac fibroblast 
proliferation and myofibroblast differentiation, which contributes to the extracellular matrix 
remodelling of the infarcted myocardium. We recently found that myofibroblasts further differ-
entiate into matrifibrocytes, a newly identified cardiac fibroblast differentiation state. Cardiac 
fibroblasts of different states have distinct gene expression profiles closely related to their 
functions. However, the mechanism responsible for the gene expression changes during these 
activation and differentiation events is still not clear. In this study, the gene expression profiling 
and genome-wide accessible chromatin mapping of mouse cardiac fibroblasts isolated from the 
uninjured myocardium and the infarct at multiple time points corresponding to different differ-
entiation states were performed by RNA sequencing (RNA-seq) and the assay for transposase- 
accessible chromatin with high-throughput sequencing (ATAC-seq), respectively. ATAC-seq peaks 
were highly enriched in the promoter area and the distal area where the enhancers are located. 
A positive correlation was identified between the expression and promoter accessibility for many 
dynamically expressed genes, even though evidence showed that mechanisms independent of 
chromatin accessibility may also contribute to the gene expression changes in cardiac fibroblasts 
after MI. Moreover, motif enrichment analysis and gene regulatory network construction identified 
transcription factors that possibly contributed to the differential gene expression between cardiac 
fibroblasts of different states.
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Introduction

In response to myocardial infarction (MI), cardiac 
fibroblasts proliferate and differentiate into myofibro-
blasts expressing elevated levels of contractile proteins 
and extracellular matrix (ECM) proteins which are 
important in maintaining the structural integrity of 
the infarcted myocardium [1–3] but may have 
a detrimental effect on the long-term cardiac function 
due to permanent replacement fibrosis [4]. Depletion 
of myofibroblasts after MI increased the early inci-
dence of cardiac rupture [2] but also improved the 
long-term cardiac function [2,3], indicating the com-
plicated role of cardiac fibroblasts during the post-MI 
tissue repair. Thus, a complete understanding of the 
post-MI cardiac fibroblast activities and underlying 
mechanisms is important, as it may allow the fine- 

tuning of cardiac fibroblast activities, which may ulti-
mately lead to a novel treatment strategy. Using line-
age-tracing, we recently found that the proliferative 
state and myofibroblast state of cardiac fibroblasts 
were rather transient and largely limited to the first 
week after MI [1]. Myofibroblasts then further differ-
entiate into matrifibrocytes, a newly identified cardiac 
fibroblast differentiation state featured by the expres-
sion of select cartilage and bone genes and is likely an 
adaptation to the highly fibrotic environment. 
Cryoinjury-induced depletion of matrifibrocytes 
resulted in reduced scar stability and cardiac function, 
suggesting a critical role of matrifibrocytes. Using 
Affymetrix microarray, we also studied the gene 
expression profiles of cardiac fibroblasts of different 
differentiation states and identified state-specific gene 
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expression in these cells that corresponded to their 
unique functions [1]. However, the mechanism 
responsible for the differential gene expression is still 
not known. Despite a large amount of effort that has 
been made to explore the mechanism responsible for 
cardiac fibroblast activation and myofibroblast differ-
entiation, our understanding of these processes is still 
relatively limited. An increasing number of studies 
have reported the presence of multiple signalling path-
ways involved in the post-injury activation and myo-
fibroblast differentiation of cardiac fibroblasts [5] 
besides the well-known TGFβ signalling [6–9], sug-
gesting the complexity of these processes. Moreover, 
the molecular mechanism regulating the newly iden-
tified matrifibrocyte differentiation remains 
unknown. The accessibility of chromatin directly reg-
ulates gene transcription [10,11]. Thus, chromatin 
remodelling likely contributes to the dynamic gene 
expression during the sequential activation and differ-
entiation events in cardiac fibroblasts after MI.

In this study, using a transposase-accessible chro-
matin with high-throughput sequencing (ATAC-seq) 
protocol optimized for low cell numbers and a cardiac 
fibroblast lineage-tracing mouse line, we performed 
open chromatin profiling using cardiac fibroblasts 
isolated from the uninjured myocardium and the 
infarct at different time points after MI. The same 
population of cardiac fibroblasts was also subjected 
to RNA sequencing (RNA-seq) analysis. The inte-
grated analysis of ATAC-seq and RNA-seq data 
revealed the important role of chromatin remodelling 
in post-MI gene expression regulation in cardiac fibro-
blasts. Transcription factor (TF) binding motif analy-
sis and gene regulatory network construction also 
revealed motifs and TFs that are possibly responsible 
for the differential gene expression between cardiac 
fibroblasts of different differentiation states.

Materials and methods

Mice and animal procedures

Mouse lines used in this study are as follows: 
Tcf21-MerCreMer [12] and R26-EGFP [13]. 
These two mouse lines were crossed to obtain 
Tcf21MCM/+; R26eGFP mice. To induce the activity 
of the MerCreMer, mice were treated with tamox-
ifen (Sigma T5648) dissolved in corn oil through 
intraperitoneal (IP) injections at a dosage of 

75 mg/kg body weight/day for 5 days. MI was 
induced in mice via permanent surgical ligation 
of the left coronary artery [14]. Briefly, mice were 
anaesthetized using isoflurane and a left lateral 
thoracotomy was performed. The left coronary 
artery was identified and ligated just below the 
left atrium. For pain management related to surgi-
cal procedures, mice were given Carprofen at 
5 mg/kg before the procedure and 12 hours after 
the procedure. Mice used in this study include 
both males and females. All animal procedures 
were approved by the Institutional Animal Care 
and Use Committee (IACUC) at Louisiana State 
University.

Tissue processing and imaging

Mouse heart samples were fixed in 4% paraformal-
dehyde for 3.5 hours, rinsed in PBS for 30 min, 
and immersed in PBS containing 30% sucrose 
overnight at 4°C. Heart samples were embedded 
in OCT for cryosectioning. Cryosections were 
stained with a chicken anti-GFP primary antibody 
(Abcam, ab13970) and a goat anti-chicken Alexa 
Fluor 488 (Life Technologies, A-11039) as pre-
viously described [1], followed by imaging. For 
whole-mount imaging, the left ventricles of unin-
jured hearts and infarcts were carefully removed 
and trimmed before imaging. Imaging was per-
formed using a Leica SP8 confocal microscope or 
a Nikon A1 confocal microscope. Images obtained 
from cryosections were used for cell size measure-
ment using ImageJ. Only EGFP+ cells with Dapi 
signals were included in cell size measurement. In 
case that cell boundaries between adjacent EGFP+ 

cells could not be identified, the entire EGFP+ area 
divided by the number of EGFP+ cells in this area 
was used as the average EGFP+ cell size in this 
area. Three samples per group were included in 
the analysis. At least three random images were 
used to calculate the average EGFP+ cell size of 
each sample.

FACS

FACS. Heart tissue was digested as previously 
described with modification [15]. Briefly, the 
heart tissue samples were minced and digested in 
DMEM containing 0.75 U/ml Collagenase 
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D (Roche 11,088,866,001), 1.0 U/ml Dispase II 
(Roche 10,165,859,001), and 1 mM CaCl2 at 37°C 
for 40 min. The slurry was then passed through 
a 100-μm cell strainer and then a 40-μm cell strai-
ner. Cells were collected by centrifugation at 
350 × g for 10 min. The cell pellet was then 
resuspended in PBS. Tcf21 lineage-traced eGFP+ 

cardiac fibroblasts were sorted in FACSaria II (BD 
Biosciences). Gates were made based on WT 
eGFP− control. Sorted eGFP+ cardiac fibroblasts 
were used for RNA-seq and ATAC-seq analysis.

RNA-seq library construction and sequencing

Total RNA was extracted from 10,000 FACS- 
sorted Tcf21 lineage-traced fibroblasts using the 
miRNeasy Micro Kit (217,084) from Qiagen. 
cDNA libraries were constructed using the 
NEBNext single cell/low input RNA library prep 
kit for Illumina (E6420) from New England 
BioLabs. The cDNA libraries were sequenced on 
the Illumina Hi-seq platform using 150 bp paired- 
end sequencing. Around 30 million read pairs 
were obtained for each sample. Two samples 
from each group were analysed.

ATAC-seq library construction and sequencing

The ATAC-seq was performed following 
a protocol as previously described [16]. Briefly, 
10,000 FACS-sorted Tcf21 lineage-traced fibro-
blasts were lysed to isolate the nuclei. Isolated 
nuclei were then incubated with the Tn5 transpo-
sase (TDE1, Illumina) and tagmentation buffer at 
37°C for 30 minutes with shaking on a thermo-
mixer at 500 g. Tagmentated DNA was purified 
using MinElute Reaction Cleanup Kit (Qiagen). 
PCR was performed to amplify the ATAC-seq 
libraries using Illumina TrueSeq primers and mul-
tiplex by indexes primers. After the PCR reaction, 
libraries were purified with the 1.1X AMPure 
beads (Beckman). The concentration of the 
sequencing libraries was determined using the 
Qubit dsDNA HS Assay Kit (Life Technologies). 
The size of the sequencing libraries was deter-
mined using a High-Sensitivity D5000 Assay kit 
with a Tapestation 4200 system (Agilent). ATAC- 
seq libraries were sequenced on the Illumina Hi- 
seq platform using 150 bp paired-end sequencing. 

Around 50 million read pairs were obtained for 
each sample. Two samples of each group were 
analysed.

RNA-seq data processing

RNA-seq reads that passed filters were trimmed to 
remove low-quality reads and adapters by 
TrimGalore-0.6. The quality of reads after filtering 
was assessed by fastQC, followed by alignment to 
the mouse genome (MM10) by STAR (2.5.3a) with 
default parameters. Individual mapped reads were 
adjusted to provide TPM (transcripts per million) 
values with mouse genome as the reference. 
Differential gene expression analysis was done 
using DESeq2 [17] and OneStopRNAseq [18]. 
Genes expressed in at least one sample (TPM > 
0.1) are considered expressed genes. Genes not 
expressed in any of the samples were deemed as 
unexpressed genes. The differential expression of 
a gene is considered to be significant when the 
absolute value of estimated shrunken Log2 fold 
change (LFC) in TPM is over 0.585 and the 
adjusted P value is less than 0.05. To classify 
genes by expression level, a Z-score for each gene 
in each sample was first obtained by standardizing 
the TPM values of all genes in the sample to have 
a mean of 0 and a variance of 1. Then, genes with 
a z-score below (above) zero in all sample groups 
were deemed to have consistently low (high) 
expression, with the remaining genes classified as 
having dynamic expression.

ATAC-seq data processing

Sequencing reads of all samples underwent adapter 
removal using TrimGalore-0.6, followed by quality 
assessment using FastQC. Reads were then aligned 
to the mouse reference genome MM10 using 
Bowtie 2.3 with the following options: very- 
sensitive -X 2000 – no-mixed – no-discordant. 
Only unique alignments within each sample were 
retained in subsequent analysis. Moreover, align-
ments resulting from PCR duplicates or located in 
mitochondria were excluded. The mouse genome 
was tiled with consecutive non-overlapping 300bp 
bins. The accessibility of each of the 300bp bins 
was assessed by the number of fragments 
per million mapped (FPM) that was aligned to 
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the bin. There was a total of 8,466,536 bins with at 
least one aligned fragment in at least one sample. 
Pairwise Poisson distance between samples was 
calculated using package PoiClaClu in R. The 
Principal Component Analysis (PCA) was also 
done in R.

Peak calling and enrichment of genomic features 
in peaks

ATAC-seq peaks were called separately for each 
sample by MACS2 [19] with the following options: 
keep-dup all – nolambda – nomodel. Peaks in 
individual samples from each group were subse-
quently merged using bedtools (https://bedtools. 
readthedocs.io/en/latest). The annotations of 
genomic features, including transcription start 
sites (TSS), transcription end sites (TES), exons, 
introns, and CpG islands and repeat-elements: 
long interspersed nuclear elements (LINEs), short 
interspersed nuclear elements (SINEs), long term-
inal repeats (LTRs) and simple sequence repeats 
(Simple) were downloaded from UCSC genome 
browser. Promoters were defined as 500bp up- 
and downstream from the TSS of each annotated 
gene (TSS ± 500bp). Intergenic regions were 
defined as genomic regions before the TSS of the 
first gene and after the TES of the last gene in each 
chromosome, and in-between the TES and TSS of 
two consecutive genes. Peaks that did not overlap 
with annotated promoters were deemed as distal 
peaks. To evaluate the enrichment of the above 
genomic features with identified ATAC-seq 
peaks, a set of random peaks was first generated 
by matching the length of ATAC-seq peaks. The 
enrichment was then assessed by the ratio (or the 
log of the ratio) between the numbers of ATAC- 
seq and random peaks that overlap with the cor-
responding genetic feature. The enrichment of 
transcriptional factor motifs in peaks was evalu-
ated using HOMER (http://homer.ucsd.edu/ 
homer/motif).

Assessment of promoter accessibility

Promoter accessibility in each sample of cardiac 
fibroblasts at distinct stages was assessed by the 
number of ATAC-seq fragments (FPM) mapped 
to the defined promoter region (i.e., TSS ± 500bp). 

To classify genes by promoter accessibility, 
a Z-score for each promoter in each sample was 
first obtained by standardizing the FPM values in 
the sample to have a mean of 0 and a variance of 1 
across all promoters. Promoters with Z-scores 
below zero in all sample groups were deemed to 
have consistently low accessibility, while those 
with z-scores above zero in all sample groups 
were deemed to have consistently high accessibil-
ity. The remaining promoters were deemed to 
have dynamic accessibility.

Assessment of the correlation between promoter/ 
distal region accessibility and gene expression

The promoter/distal region accessibility and gene 
expression at each stage was determined by the 
average over samples from the stage. Pearson cor-
relation (cor) was calculated between promoter/ 
distal region accessibility and corresponding gene 
expression across all stages. cor> 0.5 was consid-
ered to have a strong positive correlation. Raw 
correlation data are included in Online 
Supplemental Data (ATACseq-RNAseq correla-
tion-distal.csv and ATACseq-RNAseq correlation- 
promoter.csv). When making heat maps, to help 
visualize the expression and accessibility changes 
of individual genes/promoters/distal regions 
among sample groups, the data of accessibility 
and expression were standardized such that each 
row (i.e., gene/promoter/distal region) has a mean 
of 0 and a standard deviation of 1 (Z-score).

Assessment of promoter CpG density

CpG density of annotated promoters (TSS ± 
500bp) was assessed using the function 
CpGDensityByRegion in the R package 
BSgenome. In our analysis, when categorization 
of the promoter CpG density was needed, it was 
done as follows: low (<25), medium (≥25 and ≤75) 
and high (>75).

Gene ontology and pathway analysis

Gene ontology (GO) enrichment analysis was per-
formed using OneStopRNAseq [18] and on gen-
eontology.org.
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Gene regulatory network reconstruction

For each annotated gene, we first identified TFs 
with a binding motif that appears in ATAC-seq 
peaks overlapping with the regulatory region of 
the gene, which is defined as 100kb up- and down- 
stream of its TSS. A set of trans-regulators was 
then created for each gene to include all the iden-
tified TFs, and subsequently refined by retaining 
only TFs that were co-expressed with the gene (the 
absolute value of cor ≥ 0.6). The network topolo-
gical analysis and visualization were done in 
Cytoscape [20] with additional plugins: 
NetAnalyzer [21] and yFiles [22].

Other statistical analyses

All data in bar graphs are expressed as mean ± 
SEM. Data were analysed using GraphPad Prism 9 
(GraphPad Software, Inc.). One-way ANOVA with 
multiple comparisons was used to determine the 
significance of differences between each post-MI 
group and the uninjured group. A two-tailed test 
was used to determine the significance of differ-
ences between means when only two groups were 
compared. P < 0.05 was considered significant.

Data availability
All raw sequencing data have been deposited 

into the public database at NCBI (GEO 
#GSE186079).

Results

Transcriptome profiling of cardiac fibroblasts of 
different differentiation state

To study the gene expression profiles of cardiac 
fibroblasts in different differentiation states, we 
employed the same cardiac fibroblast lineage- 
tracing mouse line (Tcf21MCM/+; R26eGFP) that 
we used in our previous publication (Figure 1 
(a)) [1]. Tcf21MCM/+; R26eGFP mice were treated 
with tamoxifen and subjected to surgical induc-
tion of MI (Figure 1(b)). Whole-mount confocal 
imaging of the uninjured myocardium and the 
infarct showed a significant expansion of the 
cardiac fibroblast population after MI (Figure 1 
(c), Online Figure 1). Cardiac fibroblasts were 

also enlarged after MI (Figure 1(c,d)), likely due 
to the highly abundant smooth muscle alpha- 
actin (SMαA) stress fibres. Moreover, cardiac 
fibroblasts appeared to be more organized as 
the infarct became more stabilized, likely due 
to progressed infarct remodelling (Figure 1(c)). 
Freshly sorted Tcf21 lineage-traced cardiac fibro-
blasts from the uninjured myocardium (quies-
cent cardiac fibroblast) and the infarct on day 
3 (proliferative early myofibroblast), day 7 
(mature myofibroblast), week 2 (transitioning 
matrifibrocyte), and week 4 (matrifibrocyte) 
after MI were subjected to RNA-seq. RNA-seq 
data were validated by principal component ana-
lysis (PCA) and Poisson distance analysis 
(Figure 2(a,b)). Distinct transcriptomes were 
identified in cardiac fibroblasts in different 
states. The expression of a total of ~20,000 
genes was detected. Around 5,000 genes were 
differentially expressed between groups, out of 
which 3,829 showed differential expression in 
cardiac fibroblasts after MI as compared to car-
diac fibroblasts from the uninjured myocardium 
including both upregulated and downregulated 
genes (Figure 2(c,d)). Figure 2(e) shows the 
expression of some representative genes which 
are classified into different groups based on their 
functions. The expression of proliferation genes 
peaked at day 3 after MI (Figure 2(e)), which is 
in line with the peak proliferation rate of cardiac 
fibroblasts at this time point [1]. Stress fibre 
genes, myocardium ECM genes, and cell migra-
tion genes were most enriched on both days 3 
and 7 post-MI (Figure 2(e)), corresponding to 
the myofibroblast state of cardiac fibroblasts. 
Moreover, the expression of some cartilage 
genes was most enriched at week 4 post-MI 
(Figure 2(e)), indicating the matrifibrocyte iden-
tity of cardiac fibroblasts in more stabilized 
infarcts [1]. Gene ontology (GO) enrichment 
analysis of genes that were upregulated in car-
diac fibroblasts isolated from infarcts at different 
time points after MI as compared to cardiac 
fibroblasts isolated from the uninjured myocar-
dium showed the enrichment of multiple biolo-
gical processes. Some representative GO terms 
are listed in Online Table 1. The data are largely 
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consistent with our previous microarray analy-
sis [1].

Accessible chromatin landscape in cardiac 
fibroblasts of different differentiation state

To investigate the chromatin accessibility in car-
diac fibroblasts during their post-MI activation 
and differentiation, we performed ATAC-seq ana-
lysis on Tcf21 lineage-traced cardiac fibroblasts 
isolated from the uninjured myocardium and the 
infarct on day 3, day 7, week 2, and week 4 after 
MI. Using our recently improved ATAC-seq pro-
tocol that is suitable for low cell numbers, we 
could obtain high-quality ATAC-seq libraries and 
data using 10,000 cells per sample. ATAC-seq 
peaks were highly enriched in the regions around 
the transcription start site (TSS) and the transcrip-
tion end site (TES), and in exons (Figure 3(a,b)). 
In addition, ATAC-seq peaks were especially 
highly enriched at CpG islands that likely included 
many promoters [23], suggesting that DNA 
methylation may play a role in chromatin 

remodelling during the activation and differentia-
tion of cardiac fibroblasts (Figure 3(b)). An 
increasing number of studies have shown that 
repetitive elements such as interspersed elements 
(LINEs), short interspersed elements (SINEs), long 
terminal repeats (LTR), and simple sequence 
repeats (SSRs) are prevalent in mammalian gen-
omes and play some important roles in the regula-
tion of chromatin accessibility and gene expression 
[24–29]. However, we did not identify significant 
enrichment of ATAC peaks in these repetitive ele-
ments or observe any difference in the enrichment 
of ATAC peaks in these repetitive elements among 
different sample groups, which suggests that repe-
titive elements are not the major regulator respon-
sible for the changes in chromatin accessibility and 
gene expression during the post-MI activation and 
differentiation of cardiac fibroblasts (Figure 3(b)). 
PCA and Poisson distance analysis showed high 
consistency within each sample group and distinct 
chromatin accessibility profiles among different 
groups (Figure 3(c,d)). A total of ~200,000 peaks 
were identified. Around 100,000 peaks showed 

Figure 1. Lineage-tracing of cardiac fibroblast after MI.
(a) Schematic of the Tcf21MCM/+; R26eGFP mouse line. (b) Experimental scheme whereby Tcf21MCM/+; R26eGFP mice were treated with 
TM subjected to MI surgery, and then euthanized for heart sample collection at different time points after MI. (c-d) Whole-mount 
confocal microscopy images showing Tcf21 lineage-traced cardiac fibroblasts (GFP+) in the uninjured myocardium and the infarct at 
indicated time points after MI (C). d shows the relative sizes of cardiac fibroblasts at indicated time points. Data are shown as mean 
± SEM (n = 3). *P < 0.05 vs uninjured, one-way ANOVA with multiple comparisons. Scale bar = 10 µm. Uninj, uninjured; D3, day 3; 
D7, day 7; W4, week 4. 
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differential accessibility between cardiac fibroblasts 
of different groups, out of which 36,348 were 
differentially accessible in cardiac fibroblasts after 
MI as compared to cardiac fibroblasts from the 
uninjured myocardium (Figure 3(e,f)).

Differential gene expression between cardiac 
fibroblasts of different differentiation states is 
associated with dynamic chromatin accessibility

Chromatin accessibility of genes especially in the 
promoter regions may directly affect the transcrip-
tion activity of genes. To study if promoter acces-
sibility is correlated with gene expression in 
cardiac fibroblasts, RNA-seq and ATAC-seq data 
were combined for an integrated analysis. It was 
found that the promoter accessibilities of genes 

expressed by at least one state of cardiac fibro-
blasts were higher than that of genes not expressed 
by any states of cardiac fibroblasts (average Log10 
(FPM), 1.76 vs 0.87, p< 2.2e-16) (Figure 4(a)). An 
analysis of expressed genes and their promoter 
accessibilities showed that a strong positive corre-
lation (cor > 0.5) between promoter accessibility 
and transcription were identified in 30.77% of the 
expressed genes (Figure 4(b)), such as Tcf21 (a 
quiescent cardiac fibroblast marker), Ki67 (a pro-
liferation marker), Acta2 (a myofibroblast mar-
ker), and Comp (a matrifibrocyte marker) 
(Figure 4(c-f)).

We then classify the detected promoters based 
on their accessibility. Accessibility data for each 
sample were standardized to have mean 0 and 
standard deviation 1 across promoters of genes 

Figure 2. RNA-seq analysis of cardiac fibroblasts of different differentiation states.
Tcf21 lineage-traced cardiac fibroblasts were sorted from the uninjured myocardium and the infarct at different time points after MI 
for RNA-seq analysis. (a-b) PCA analysis (a) and Poisson distance analysis (b) of RNA-seq data showing tight clustering of repeats of 
each group. (c-d) Venn diagram showing the overlaps between genes that were differentially expressed between Tcf21 lineage– 
traced fibroblasts isolated from the uninjured myocardium and those from the infarct at different time points after MI. Genes that 
were upregulated after MI compared to cardiac fibroblasts isolated from the uninjured myocardium are shown in C. Downregulated 
genes are shown in D. (e) Heat maps showing the normalized gene expression of some representative genes in different categories. 
Uninj, uninjured; D3, day 3; D7, day 7; W2, week 2; W4, week 4. 
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included. Promoters received a standardized value 
that was no more than 0 in any of the samples and 
were deemed to have consistently low accessibility. 
Those with values above 0 in all samples were 
deemed to have consistently high accessibility. 
The rest were deemed to have dynamic accessibil-
ity. The 5,431 differentially expressed genes were 
then assigned to these 3 promoter accessibility 
groups. Interestingly, even though a strong 

promoter accessibility-transcription correlation 
was identified in many genes of all three promoter 
accessibility groups, a weaker correlation, or lack 
of correlation was detected in some genes espe-
cially those with high promoter accessibilities and 
were upregulated at day 3 post-MI, suggesting that 
after MI some other mechanisms besides chroma-
tin accessibility in the promoter region may be 
responsible for the activation of the expression of 

Figure 3. ATAC-seq analysis of cardiac fibroblasts of different differentiation states.
Tcf21 lineage-traced cardiac fibroblasts were sorted from the uninjured myocardium and the infarct at different time points after MI 
for ATAC-seq analysis. (a) Enrichment of ATAC-seq peaks around TSS and TES of genes. (b) Relative abundance of ATAC-seq peaks in 
different genomic features. (c-d) PCA analysis (c) and Poisson distance analysis (d) of ATAC-seq data show tight clustering of repeats 
of each group. (e-f) Venn diagram showing the overlaps between ATAC-seq peaks that had different abundances between Tcf21 
lineage–traced fibroblasts isolated from the uninjured myocardium and those from the infarct at different time points after MI. Peaks 
that were upregulated after MI compared to cardiac fibroblasts isolated from the uninjured are shown in E. Downregulated peaks are 
shown in F. Uninj, uninjured; D3, day 3; D7, day 7; W2, week 2; W4, week 4. 
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Figure 4. Differential gene expression and corresponding changes in promoter accessibility among cardiac fibroblasts of different 
differentiation states.
(a) Histograms of promoter accessibility of genes that were expressed (left) and unexpressed (right) in cardiac fibroblasts measured 
by ATAC-seq. (b) Histogram of correlation between promoter accessibility and expression of all genes that have ATAC-seq reads 
mapped to their promoters and mapped RNA-seq reads. The percentage of genes with cor > 0.5 is indicated. (c-f) Integrated 
Genome Viewer (IGV) views of the RNA-seq data and ATAC-seq data of representative genes showing differential gene expression 
and promoter accessibility among Tcf21 lineage-traced cardiac fibroblasts isolated from the uninjured myocardium and the infarct at 
different time points after injury. Promoter regions are highlighted in purple boxes. Coloured tracks are RNA-seq data, followed by 
ATAC-seq tracks (grey) of the same sample groups. (g) Heat map showing the promoter accessibility (Z-score), expression level 
(Z-score), and promoter CpG density of genes that were differentially expressed among cardiac fibroblasts isolated at different time 
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genes that have generally accessible promoters 
(Figure 4(g)). DNA methylation also regulates 
gene transcription activity. Increased DNA methy-
lation may result in the recruitment of histone 
modification enzymes, which induces chromatin 
accessibility changes [30,31]. DNA methylation 
may also regulate gene expression by inhibiting 
TF binding [32,33]. We then investigated the 
CpG density in the promoters of different accessi-
bility groups. Interestingly, genes with high pro-
moter accessibility had the highest CpG density, 
while genes with low promoter accessibility had 
the lowest CpG density. These data suggest that 
DNA methylation may be a mechanism contribut-
ing to the low promoter accessibility-transcription 
correlation of some genes with constitutively high 
promoter accessibility (Figure 4(g)). Indeed, when 
the 5,431 differentially expressed genes were 
divided into 3 groups based on the CpG densities 
in their promoter, a higher percentage of genes 
(49.67%) with low CpG density had a strong posi-
tive correlation (cor > 0.5) between promoter 
accessibility and expression compared to the 
other 2 groups (37.21% and 38.61% for genes 
with medium and high CpG densities, respec-
tively), further suggesting the presence of gene 
transcription regulation by DNA methylation that 
is independent of promoter chromatin accessibility 
(Figure 4(h)).

Differential chromatin accessibilities in 
promoters and distal regions are correlated with 
differential gene expression

The analysis performed above focused on the identi-
fication of corresponding changes in chromatin 
accessibility for genes that were differentially 
expressed between cardiac fibroblasts of different 
states. We then selected genes with differential pro-
moter accessibility and those with differential acces-
sibility in distal regions and study the changes in 
their expression levels between cardiac fibroblasts of 
different states. Three thousand five hundred and 

eighteen promoters with differential accessibilities 
were identified, out of which 30.96% had a strong 
positive correlation (cor > 0.5) between promoter 
accessibility and gene expression (Figure 5(a,b)). 
This suggests that a large portion of promoters 
(69.04%) with differential accessibilities lack corre-
sponding changes in the expression of their asso-
ciated genes. Moreover, a higher percentage of 
promoters with low CpG density (38.45%) showed 
a strong positive correlation (cor > 0.5) as compared 
to promoters with medium or high CpG density 
(both ~27.5%), further suggesting that the expression 
of genes with higher CpG density in the promoters 
may be more actively regulated by DNA methylation 
rather than promoter accessibility (Figure 5(b)).

Enhancers located in distal regulatory regions 
also play an important role in gene expression reg-
ulation [34]. A total of 41,713 distal ATAC-seq 
peaks that showed differential accessibility were 
identified. We then assumed that genes proximal 
to the distal regulatory regions are their target 
genes and analysed the correlation between the 
accessibility of these distal ATAC-seq peaks and 
the expression of their assigned (proximal) genes. 
Even though strong positive correlations (cor > 0.5) 
were identified for some distal ATAC-seq peaks 
(25.27%), this number is lower than the percentage 
of promoters with positive correlations between 
accessibility and gene expression (30.96%), which 
may be partially due to the oversimplified method 
used to assign distal ATAC-seq peaks to their target 
genes (Figure 5(c,d)). Moreover, the majority of 
distal ATAC-seq peaks had low CpG density 
(Figure 5(d)), suggesting that DNA methylation 
may not play a major role in the regulation of the 
interaction between TFs and enhancers.

Prediction of major enhancers and targeting TFs 
regulating cardiac fibroblast activation and 
differentiation after MI

Gene expression is directly regulated by TFs. 
Another application of ATAC-seq other than 

points. Genes were divided into three groups based on their promoter accessibility (low, dynamic, and high). The data for 
accessibility and expression were standardized such that each row (i.e., promoter/gene) has a mean of 0 and a standard deviation 
of 1 (Z-score). (h) Histograms of correlations between promoter accessibility and expression level of all differentially expressed genes 
and their subgroups are classified according to average promoter CpG density, low, medium, and high. Percentages of genes with 
cor > 0.5 are indicated. Uninj, uninjured; D3, day 3; D7, day 7; W2, week 2; W4, week 4. 
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measuring chromatin accessibility is to predict TF 
binding in open chromatin regions. Unlike 
Chromatin Immunoprecipitation Sequencing 
(ChIP-seq) which is highly specific and accurate 

but can only locate the binding motifs of a single 
TF per assay, ATAC-seq is able to locate all known 
TF binding motifs in accessible genomic sites [35]. 
Studies have found that TFs mainly target 

Figure 5. Differential accessibility in the promoter and distal regions and corresponding gene expression changes among cardiac 
fibroblasts of different differentiation states.
(a) Heat map showing the accessibility (Z-score) and CpG density of promoters that had differential accessibility among Tcf21 
lineage-traced cardiac fibroblasts isolated from the uninjured myocardium and those isolated from the infarct at different time 
points after MI, together with the expression level (Z-score) of corresponding genes. Promoters were divided into three groups based 
on the expression of their corresponding genes (low, dynamic, and high). The data of accessibility and expression were standardized 
such that each row has a mean of 0 and a standard deviation of 1 (Z-score). (b) Histogram of correlation between accessibility and 
expression level of corresponding genes of all differentially accessible promoters and those with low, medium, and high CpG 
densities. Percentages of genes with cor > 0.5 are indicated. (c) Heat maps showing the accessibilities and CpG density of distal 
regions that had differential accessibility among Tcf21 lineage-traced cardiac fibroblasts isolated from the uninjured myocardium and 
those isolated from the infarct at different time points after MI, together with the expression level of proximal genes. Distal peaks 
were divided into three groups based on the expression of their proximal genes (low, dynamic, and high). The data of accessibility 
and expression were standardized such that each row has a mean of 0 and a standard deviation of 1 (Z-score). (d) Histogram of 
correlation between accessibility and expression level of proximal genes of all differentially accessible distal regions and those with 
low, medium, or high CpG densities. Percentages of genes with cor > 0.5 are indicated. Uninj, uninjured; D3, day 3; D7, day 7; W2, 
week 2; W4, week 4. 
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enhancers in the distal regions, which play an 
important role in gene expression regulation [36]. 
Using the findMotifsGenome.pl from HOMER, 
440 known motifs were identified in the distal 
ATAC-seq peaks, out of which 263 corresponding 
TFs had detectable expression in cardiac fibro-
blasts. The most enriched motifs including those 
for zinc finger proteins (e.g., Ctcf and Egr2), bZIP 
TFs (e.g., AP-1 family, C/EBP family, Nfil3), Nf1, 
Tead family (e.g., Tead2), EBF family (e.g., Ebf2), 
Stat family (e.g., Stat1), ETS family (e.g., ETS1), 
NF-κB family (e.g., Rela), MEF2 family (e.g., 
Mef2d), Runx family (e.g., Runx1), bHLH proteins 
(e.g., Tcf21), and ROR family (e.g., Rora). To iden-
tify motifs and corresponding TFs that are most 
likely responsible for the post-MI differentiations 
of cardiac fibroblasts, these motifs were classified 
into several groups based on their enrichment in 
different states of cardiac fibroblasts (Figure 6 
(a-e)). The enrichment of Ctcf motif was found 
to be relatively unchanged across different sample 
groups, suggesting a constitutively active function 
of Ctcf in cardiac fibroblasts of all states (Figure 6 
(a)). Interestingly, the enrichment of Rora motif 
significantly dropped in myofibroblasts, and 
a prolonged and progressive reduction in the 
enrichment of Tcf21 motifs was identified in both 
myofibroblasts and matrifibrocytes (Figure 6(b)). 
The enrichment of some motifs (Nf1, Nfil3, Rela, 
Ets1, and AP-1 TFs) was found to be temporarily 
increased in myofibroblasts and then decreased in 
matrifibrocytes to a level around or below their 
levels in quiescent cardiac fibroblasts (Figure 6(c, 
d)). Several other motifs with similar changes in 
enrichment but lack statistical significance include 
Ebf2, Cebpg, and Stat1 (Figure 6(c)). In matrifi-
brocytes (week 2 post-MI and beyond), a sustained 
elevation in the enrichment was identified for 4 
motifs which are Tead2, Mef2s, Egr2, and Runx1 
(Figure 6(e)). Online Figure 2 shows the prevalence 
of these TF motifs in target sequences (ATAC-seq 
peaks) and background sequences (sequences other 
than ATAC-seq peaks), which suggests that the 
changes in their prevalence in target peaks and 
background peaks together mediated the differen-
tial enrichment of these motifs in cardiac fibro-
blasts after MI. The change in the expression level 
of a TF can be a major factor regulating the 

enrichment of its targeting motif in ATAC-seq 
peaks since its expression level may directly influ-
ence its protein abundance. TFs whose motif 
enrichment change and gene expression change 
roughly match to each other in cardiac fibroblasts 
after MI include Tcf21, Rora, Nf1, Stat1, Fosl1, 
Tead2, and Runx1 (Figure 6(a-e)). Interestingly, 
despite the progressive reduction in the enrich-
ment of Tcf21 motif after MI, its expression level 
returned to the pre-injury level in matrifibrocytes. 
Surprisingly, the expression of most AP-1 TFs, 
which represent the largest TF group whose motifs 
were significantly enriched in myofibroblasts, 
dropped in myofibroblasts (Figure 6(d)). One 
exception was Fosl1 whose expression was upregu-
lated in myofibroblasts (Figure 6(d)). Given the 
fact that neither the motif enrichment nor expres-
sion of Ctcf was different among cardiac fibroblasts 
of different states, it is likely not responsible for the 
gene expression change during myofibroblast and 
matrifibrocyte differentiation. We then assigned 
distal ATAC-seq peaks to their proximal genes. 
An analysis was performed to study the prevalence 
of these 17 TF motifs in all distal ATAC-seq peaks 
for each sample group and in those assigned to 
genes that were upregulated in cardiac fibroblasts 
in each post-MI sample group as compared to the 
uninjured group. Such an analysis revealed that for 
most of these TF motifs in most of the post-MI 
sample groups their enrichment in distal ATAC- 
seq peaks assigned to upregulated genes was 
greater compared to all identified distal ATAC- 
seq peaks except for Ctcf (Figure 7(a-e)), further 
suggesting that Ctcf may not contribute to the gene 
expression alteration in cardiac fibroblasts after 
MI. Fosl1, Rora, Stat1, Nf1, Tead2, Runx1, and 
Tcf21 were then selected to study their potential 
contributions to the post-MI activation and differ-
entiations of cardiac fibroblast. Genes that were 
differentially expressed between cardiac fibroblasts 
of different states and possibly targeted by each of 
these TFs (corresponding motifs were identified in 
associated distal peaks) were identified. 
A comparison of differentially expressed genes tar-
geted by individual TFs revealed that the largest 
overlapping was among Tcf21, Runx1, Tead2, Nf1, 
and Fosl1 (Figure 8), suggesting that many genes 
that are associated with the post-MI activation and 
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Figure 6. Identification of TF motifs in distal ATAC-seq peaks.
(a-d) The enrichment-log P values of some most-enriched motifs in ATAC-seq peaks and the mRNA expression levels (TPM) of the 
corresponding TFs in Tcf21 lineage-traced cardiac fibroblasts isolated from the uninjured myocardium and infarct regions at different 
time points after MI. Motifs were divided into uniformly enriched across all groups (a), more enriched in quiescent cardiac fibroblasts 
(b), more enriched in myofibroblasts (c-d), and more enriched in both myofibroblasts and matrifibrocytes (e). Data are shown as 
mean ± SEM (n = 2). #P < 0.1, *P < 0.05 vs uninjured, one-way ANOVA with multiple comparisons. Uninj, uninjured; D3, day 3; D7, 
day 7; W2, week 2; W4, week 4. 
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Figure 7. Increased enrichment of TF motifs in distal ATAC-seq peaks that are proximal to genes upregulated in cardiac fibroblasts 
after MI.
(a-e) The prevalence of selected TF motifs in all distal ATAC-seq peaks (All) and in distal ATAC-seq peaks assigned to genes that were 
upregulated (enriched) in cardiac fibroblasts at different time points after MI compared to cardiac fibroblasts isolated from the 
uninjured myocardium. Motifs were divided into uniformly enriched across all groups (a), more enriched in quiescent cardiac 
fibroblasts (b), more enriched in myofibroblasts (c-d), and more enriched in both myofibroblasts and matrifibrocytes (e) as shown in 
Figure 6. Data are shown as mean ± SEM (n = 2). #P < 0.1, *P < 0.05 enriched vs. all two-tailed t test. Uninj, uninjured; D3, day 3; D7, 
day 7; W2, week 2; W4, week 4. 
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differentiation of cardiac fibroblasts are co- 
regulated by multiple key TFs.

Construction of gene regulatory network in 
cardiac fibroblasts

To better understand the possible regulatory roles 
of these motifs and their corresponding TFs in the 
gene expression changes in cardiac fibroblasts after 
MI, we then identified genes for which at least one 
of the seven selected motifs (Fosl1, Rora, Stat1, 
Nf1, Tead2, Runx1, and Tcf21) are located in 
ATAC-seq peaks ± 100 kb of their TSSs. Among 
these genes, the top 500 most differentially 
expressed genes between cardiac fibroblasts of dif-
ferent states and the genes encoding the 7 selected 
TFs (506 total genes) were included in gene reg-
ulatory network (GRN) construction (Figure 9(a)). 
Four hundred and sixty-seven out of the 506 genes 
are possibly regulated by at least 1 of the 7 TFs, 
suggesting that these TFs contribute to the gene 
expression changes in cardiac fibroblasts. Again, 
most of these genes are possibly regulated by more 
than 1 TF. Interestingly, most genes connected to 
Tcf21 and Rora appeared to be negatively regu-
lated by these two TFs. Surprisingly, even though 
both the expression and motif enrichment of Nf1 
increased in cardiac fibroblasts after MI, Nf1 
seems to function as a repressor during the post- 
MI activation and differentiation of cardiac fibro-
blasts. Both positive and negative regulation of 

Figure 8. Overlaps between genes possibly targeted by indivi-
dual TFs in the distal regions.
Distal ATAC-seq peaks proximal to genes that were differen-
tially expressed between cardiac fibroblasts of different states 
were analysed for the prevalence of TF motifs. The Venn dia-
gram shows the overlaps between genes that are possibly 
targeted by individual TFs in the distal regions. 

Figure 9. Gene regulatory network in cardiac fibroblasts.
(a) Top 500 most differentially expressed genes (cyan dots) among cardiac fibroblasts in different states with at least one of the 7 
motifs (Fosl1, Rora, Stat1, Nf1, Tead2, Runx1, and Tcf21; blue circles) identified in the ATAC-seq peaks ± 100 kb of their TSSs were 
selected for gene regulatory network (GRN) construction. Red lines indicate positive regulation. Green lines indicate negative 
regulation. (b) Possible functions of TFs based on GO enrichment analysis of genes positively or negatively regulated by individual 
TFs. Red arrows indicate positive regulation. Black arrows indicate negative regulation. 
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gene expression by Fosl2, Stat1, Tead2, and Runx1 
were identified.

To identify the possible contributions of these 
TFs to the post-MI activation and differentiation of 
cardiac fibroblasts, we performed GO enrichment 
analysis of genes that were possibly positively or 
negatively regulated by each TFs based on the con-
structed GRN. Significant enrichment of some GO 
biological process terms that are related to the 
physiological and functional changes of cardiac 
fibroblasts after MI were identified (Online 
Table 2) and used to predict the possible regulatory 
roles of individual TFs in the post-MI activation 
and differentiation of cardiac fibroblasts (Figure 9 
(b)). It was found that Fosl1, Stat1, Tead2, and 
Runx1 likely stimulate cardiac fibroblast prolifera-
tion through promoting pro-proliferative gene 
expression or inhibiting anti-proliferative gene 
expression (GO terms, mitotic cell cycle, negative 
regulation of cell population proliferation, and 
positive regulation of cell population proliferation) 
in newly activated cardiac fibroblasts, while Rora 
and Tcf21 possibly inhibit cardiac fibroblast prolif-
eration. The protein synthesis (GO term, transla-
tion) in activated and differentiating cardiac 
fibroblasts seems to be promoted by Fosl1 and 
Stat1 but inhibited by Tcf21. The increased cell 
motility of activated cardiac fibroblasts is likely 
due to the inhibitory effect of Stat1 and Tead2 on 
the expression of genes that negatively regulate cell 
motility (GO term, negative regulation of cell moti-
lity), while Rora, Nf11, and Runx1 likely down-
regulate cell motility through inhibiting the 
expression of genes that promote cell motility 
(GO terms, regulation of cell motility, positive reg-
ulation of cell motility, and positive regulation of 
cell migration). Stat1, Runx1, and Tead2 are possi-
bly the major TFs that enhance the myofibroblast- 
mediated ECM remodelling (GO terms, wound 
healing and ECM organization) after MI, which 
may be inhibited by Tcf21. The specific role of 
Stat1 in preventing the hypoxia-induced apoptosis 
in cardiac fibroblasts after MI was also identified 
(GO term, apoptosis). In addition, a possibly 
unique role of Runx1 in promoting cartilage devel-
opment (GO term, cartilage development) was also 
identified, which may contribute to the differentia-
tion of myofibroblasts into matrifibrocytes that 
share some gene expression signatures with 

chondrocytes. Moreover, a possible inhibitory role 
of Fosl1 and Runx1 in angiogenesis was identified 
(GO term, blood vessel development), which pos-
sibly contributes to the insufficient revasculariza-
tion of the infarct scar after MI [37]

Discussion

We recently identified and described a series of 
events during the post-MI activation and differen-
tiation of cardiac fibroblasts, which was associated 
with some drastic changes in gene expression [1]. 
In this study, we employed RNA-seq and ATAC- 
seq to study the correlation between chromatin 
accessibility and gene expression during these 
events, which is still poorly understood. The iden-
tification of a positive correlation between promo-
ter accessibility and expression level in many genes 
that are differentially expressed between cardiac 
fibroblasts of different states indicates that ATAC- 
seq is a powerful tool to study promoter accessi-
bility and the change of which may directly con-
tribute to the gene expression in cardiac fibroblasts 
after MI. Interestingly, we found that 
a considerable number of differentially expressed 
genes between different states of cardiac fibroblasts 
lacked the corresponding changes in promoter 
accessibility especially in genes with high CpG 
density, suggesting that DNA methylation may 
regulate promoter activity without affecting their 
accessibility, possibly through preventing TFs from 
binding to target motifs in gene promoters [32,33]. 
However, future DNA methylome studies are 
required to reveal the collaborative and indepen-
dent roles of DNA methylation and chromatin 
remodelling in the regulation of cardiac fibroblast 
gene expression during the post-MI activation and 
differentiation of cardiac fibroblasts. In addition, 
the preloading of promoters with RNA polymerase 
II and other transcription activation proteins have 
been described before, which is believed to enable 
the rapid activation of the expression of certain 
genes [38,39] and may contribute to the low cor-
relation between promoter accessibility and 
expression of some genes that are rapidly activated 
in cardiac fibroblasts after MI. Moreover, many 
studies have identified that the relative abundance 
of mRNA is also influenced by the stability of 
mRNA [40,41]. Thus, the lack of correlation 
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between promoter accessibility and expression of 
certain genes might be attributable to the changes 
in mRNA stability.

The binding of TFs to DNA mainly happens in 
the nucleosome-depleted regions which are abun-
dant in promoter regions and even more in distal 
regions in the genome or enhancers that are away 
from TSSs [36]. Our GRN analysis identified sev-
eral TFs that very likely regulate the post-MI acti-
vation, myofibroblast differentiation, and 
matrifibrocyte differentiation of cardiac fibroblasts 
by targeting promoters and enhancers proximal to 
genes that are differentially expressed between car-
diac fibroblasts of different states. Some of these 
TFs/TF families, such as Tead, Tcf, and Runx1 
were also reported to be cardiac fibroblast- 
specific in a recent study comparing TFs and 
their targeted enhancers between rat cardiac fibro-
blasts and cardiomyocytes [35], which, however, 
was limited by the use of cultured cells that might 
be transcriptionally different from freshly isolated 
primary cells. Moreover, the use of a single cardiac 
fibroblast culture condition could not reveal the 
changes in the gene expression, chromatin acces-
sibility, and motif enrichment that happen during 
cardiac fibroblast activation and differentiation. 
The use of fresh primary cardiac fibroblasts imme-
diately after isolation at different time points after 
MI enabled us to predict some unique roles of 
individual TFs in specific post-MI activation and 
differentiation events.

We identified a possibly inhibitory role of Tcf21 
in myofibroblasts-mediated post-MI ECM remo-
delling. The requirement of Tcf21 in the epithelial- 
to-mesenchymal transition (EMT) during the car-
diac fibroblast specification of epicardial cells has 
been reported [42]. Mouse embryos lacking Tcf21 
had a reduced number of cardiac fibroblasts. The 
deletion of Tcf21 in cardiac fibroblast progenitor 
cells promoted their differentiation into vascular 
smooth muscle cells [42–44]. Thus, it is possible 
that Tcf21 plays a role in preventing the myofi-
broblast differentiation of cardiac fibroblasts. In 
our study, it was reported that the expression of 
Tcf21 is regulated by C/EBPs [45], the target motif 
of which was also found enriched in cardiac fibro-
blasts. Interestingly, retinoic acid signalling, which 
likely involves Rora, was also reported to be criti-

cal during the prenatal differentiation of cardiac 
fibroblast [43], perhaps through promoting the 
expression of Tcf21 [46]. Indeed, a plausible posi-
tive regulation of Tcf21 expression by Rora was 
identified here. We also found that Tcf21 and Rora 
possibly have an inhibitory effect in the regulation 
of cardiac fibroblast proliferation. The possible 
anti-proliferative and/or anti-myofibroblast differ-
entiation roles of Tcf21 and Rora, together with 
their stronger expression in cardiac fibroblasts 
from the uninjured myocardium suggest that 
Tcf21 and Rora may be important in maintaining 
the undifferentiated state of adult cardiac fibro-
blasts through inhibiting the expression of pro- 
proliferative and pro-myofibroblast genes. Their 
downregulation in cardiac fibroblasts after MI 
may facilitate the activation and differentiation of 
cardiac fibroblasts.

Similar to Tcf21, Nf1 is also expressed in the 
epicardial precursors of cardiac fibroblasts [47]. 
However, unlike Tcf21, the loss of Nf1 resulted in 
increased EMT of epicardial cells and their prolif-
eration. Indeed, we found that many of the genes 
possibly inhibited by Nf1 were genes regulating 
cell motility, a major feature of EMT. It is possible 
that the increased expression of Nf1 in cardiac 
fibroblasts after MI is to prevent an over- 
activation of cell motility.

Fosl1 is a member of the Fos family which is 
a part of a large TF family named AP-1 that also 
includes the Jun family and ATF family [48]. Here, 
we found that Fosl1 possibly promotes cardiac 
fibroblast proliferation and migration after MI. 
Previous studies have also identified the roles of 
AP-1 family members in regulating cell prolifera-
tion [49] and myofibroblast differentiation [50,51]. 
It is very interesting that despite the increased 
enrichment of AP-1 motifs in cardiac fibroblasts 
after MI, a reduction in the expression of most 
AP-1 family genes was observed except for Fosl1 
which, however, was expressed at a rather low level 
compared to some genes encoding other AP-1 
components. To become functional, AP-1 subunits 
form heterodimers through the interaction of bZIP 
domains, which likely lead to their context- 
dependent functionality. It is possible that certain 
mechanisms increasing the efficiency of dimeriza-
tion between specific AP-1 subunits are activated 
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during the post-MI differentiation of cardiac fibro-
blasts, which allows these AP-1 subunits to work 
more efficiently even at a lower expression level.

In this study, we also identified the possible 
roles of Stat1 in promoting the expression of anti- 
apoptotic genes, and inhibiting the expression of 
genes preventing wound healing, a process invol-
ving collagen synthesis. A study comparing foetal 
and adult human cardiac fibroblasts identified 
Stat1 as an important TF responsible for the 
adult phenotype of cardiac fibroblasts [52]. Loss 
of Stat1 in cardiac fibroblasts led to reduced cell 
size and collagen gene expression, and increased 
apoptosis. Thus, Stat1 may contribute to the 
increased ECM protein production by cardiac 
fibroblasts and their relative resistance to apopto-
sis after MI [1].

Our GRN analysis also identified the possibly 
positive regulation of cardiac fibroblast prolifera-
tion, migration, and ECM remodelling by Tead2. 
Tead is a component of the Hippo pathway. Tead 
and its cofactor Yap1 were recently shown to pro-
mote both the fate determination of embryonic 
cardiac fibroblasts and the proliferation and myo-
fibroblast differentiation of adult cardiac fibro-
blasts [53,54], which is consistent with our 
analysis.

Runx1 has been shown to promote the prolif-
eration of mesenchymal cells, but delay their dif-
ferentiation into myofibroblasts [55]. A recent 
study showed that zebrafish with global Runx1 
KO led to reduced cardiac fibrosis and a smaller 
number of myofibroblasts after cardiac injury [56]. 
It is possible that Runx1 plays an important func-
tion in the development of cardiac fibrosis through 
balancing cardiac fibroblast proliferation and myo-
fibroblast differentiation, which is supported by 
our results showing that Runx1 very likely pro-
motes cardiac fibroblast proliferation and ECM 
remodelling. Moreover, we found that the GO 
term ‘cartilage development’ was enriched in 
genes that are possibly positively regulated by 
Runx1, which is consistent with a previous study 
showing the important role of Runx1 in the devel-
opment of cartilage, a tissue that shares some gene 
signatures with matrifibrocytes [57]. Runx1 is the 
only TF whose expression remains several folds 
higher in matrifibrocytes than in quiescent cardiac 
fibroblasts, accompanied by significantly higher 

motif enrichment. Unlike other TFs that seem to 
coregulate the expression of many genes, quite 
a few genes are possibly solely regulated by 
Runx1. Thus, Runx1 may also uniquely promote 
the matrifibrocyte differentiation in more stabi-
lized infarct scars by upregulating the expression 
of selected chondrogenic genes.

One limitation of the motif enrichment and 
GRN analyses in this study is that the validation 
of TF binding to the target motifs and experiments 
validating the function of these TFs are lacking. 
However, our study revealed the possible roles of 
some key TFs in post-MI activation and differen-
tiation of cardiac fibroblasts, each of which can be 
specifically targeted in the future research to 
explore their functional roles in greater detail.

Conclusion

Overall, our transcriptome and open chromatin 
analysis show that chromatin accessibility may 
play an important role in the post-MI activation 
and differentiation of cardiac fibroblasts. This 
integrated analysis also suggests the presence of 
mechanisms other than chromatin accessibility in 
the regulation of gene expression in cardiac fibro-
blasts. Finally, our motif analysis and GRN con-
struction work identified several potential TFs that 
are likely coordinated to mediate the sequential 
activation and differentiation of cardiac fibroblasts 
through programming the transcriptome of car-
diac fibroblasts.
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