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ORIGINAL RESEARCH

Transcription Factor 21 Regulates Cardiac 
Myofibroblast Formation and Fibrosis
Anne Katrine Z. Johansen , Rajesh K. Kasam, Ronald J. Vagnozzi , Suh-Chin J. Lin , Jose Gomez-Arroyo ,  
Adenike Shittu , Stephanie L.K. Bowers , Yasuhide Kuwabara , Kelly M. Grimes, Kathrynne Warrick , Michelle A. Sargent,  
Tanya A. Baldwin, Susan E. Quaggin , Artem Barski , Jeffery D. Molkentin

BACKGROUND: TCF21 (transcription factor 21) is a bHLH (basic helix-loop-helix) protein required for the developmental 
specification of cardiac fibroblasts (CFs) from epicardial progenitor cells that surround the embryonic heart. In the adult 
heart, TCF21 is expressed in tissue-resident fibroblasts and is downregulated in response to injury or stimuli leading to 
myofibroblast differentiation. These findings led to the hypothesis that TCF21 regulates fibroblast differentiation in the adult 
mammalian heart to affect fibrosis.

METHODS: Tamoxifen-inducible Cre genetic mouse models were used to permit either Tcf21 gene deletion or its enforced 
expression in adult CFs. Histological and echocardiographic analyses were used, as well as transcriptomic analysis to 
determine the consequences of TCF21 gain-of-function and loss-of-function in vivo. Genomic Tcf21 occupancy was identified 
by chromatin immunoprecipitation and sequencing in CFs. Myocardial infarction and AngII (angiotensin II)/phenylephrine 
served as models of cardiac fibrosis.

RESULTS: Acute and long-term deletion of Tcf21 in CFs of the adult mouse heart does not alter fibroblast numbers, myofibroblast 
differentiation, or fibrosis. Fibroblast-specific Tcf21 gene–deleted mice demonstrate no significant alterations in cardiac 
function or scar formation in response to cardiac injury compared with control mice. In contrast, enforced expression of 
TCF21 in CFs inhibits myofibroblast differentiation and significantly reduces cardiac fibrosis and hypertrophy in response 
to 1 week of Ang II/phenylephrine infusion. Mechanistically, sustained TCF21 expression prevents the induction of genes 
associated with fibrosis and ECM (extracellular matrix) organization.

CONCLUSIONS: TCF21 expression is not required to maintain the cell state of CFs in the adult heart. However, preventing the 
normal downregulation of TCF21 expression with injury reduces myofibroblast formation, cardiac fibrosis, and the acute 
cardiac hypertrophic response following 1 week of Ang II/phenylephrine stimulation.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: cardiomyopathies ◼ extracellular matrix ◼ fibroblasts ◼ fibrosis ◼ myofibroblasts

Meet the First Author, see p 2

TCF21 (transcription factor 21) is a class II bHLH 
(basic helix-loop-helix) protein that is essential for 
the fate specification of epicardial progenitor cells to 

cardiac fibroblasts (CFs) during embryonic heart devel-
opment.1 bHLH proteins are a large family of dimeric 
transcription factors that have essential roles in cell 
specification, differentiation, and development. Class I 
bHLH transcription factors (also known as E proteins) 

are ubiquitously expressed, whereas class II bHLH pro-
teins are cell-type specific but require class I proteins 
to form dimers and exert their function. TCF21 forms a 
heterodimer with other bHLH proteins including E12 to 
bind the E-box consensus DNA sequence 5’CANNTG.2 
TCF21 is expressed in adult CFs and is downregulated 
in response to stimuli that promote fibroblast activa-
tion and differentiation to a smooth muscle-like cell, the 
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myofibroblast.3–5 In human coronary artery smooth muscle 
cells, the knockdown of Tcf21 induces the expression of 
smooth muscle genes, including Acta2 and Tagln,6 which 
are also associated with the myofibroblast.7,8 These data 
suggest that TCF21 can function as a gene repressor6,9 
to maintain the resting fibroblast state and that loss of 
TCF21 might impact fibroblast identity and activity in 
vivo, with a potential impact on fibrosis development.

In humans, ischemic, hypertensive, or genetic cardio-
myopathies are all characterized by different degrees of 
interstitial and replacement fibrosis,10 which is associ-
ated with worse clinical outcomes and increased mor-
tality.11 Fibroblasts regulate cardiac tissue architecture 
by synthesis of ECM (extracellular matrix) proteins, 
growth factors, and cytokines that collectively impact 
the mechanical properties of the heart and the cardio-
myocyte hypertrophic response.12 Studies in mice have 
demonstrated that altering fibroblast activation and dif-
ferentiation can benefit cardiac function in models of 
ischemic and hypertensive cardiomyopathy.13–15

Here, we demonstrate that TCF21 is an important 
effector of fibroblast conversion to myofibroblasts using 
a conditional gene deletion model and a spatiotemporal 

Nonstandard Abbreviations and Acronyms

Ang II	 angiotensin II
bHLH	 basic helix-loop-helix
CF	 cardiac fibroblast
COMP	� cartilage oligomeric matrix  

protein
ECM	 extracellular matrix
fl	� flanking loxP sites for Cre 

recombinase
LV	 left ventricle
MCM	 MerCreMer
MI	 myocardial infarction
POSTN	 periostin
qRT-PCR	� quantitative real-time PCR
Rosa26-eGFP	� Rosa26-loxP-STOP-loxP-

enhanced green fluorescent 
protein

TCF21	 transcription factor 21
αSMA	 smooth muscle α-actin

Novelty and Significance

What Is Known?
•	 TCF21 (transcription factor 21) is required for the fate 

specification and development of the cardiac fibroblast 
lineage.

•	 TCF21 expression is downregulated in response to 
insults that promote cardiac fibroblast activation, dif-
ferentiation, and the induction of fibrosis.

What New Information Does This Article  
Contribute?
•	 Deletion of endogenous Tcf21 in the mouse did not 

alter disease-induced cardiac fibrosis.
•	 The downregulation of TCF21 is necessary for the 

development of cardiac fibrosis.

TCF21 is a basic helix-loop-helix transcription fac-
tor that plays essential roles in fate specification 
and differentiation in different cell types. In the 
heart, TCF21 is required for the formation of the 
cardiac fibroblast lineage and remains expressed in 
adult quiescent fibroblasts. In response to injury or 
disease, fibroblasts convert into fibrosis-producing 
myofibroblasts, which is associated with downreg-
ulation of TCF21 expression in previous studies. 
This led to the hypothesis that TCF21 regulates 
fibroblast differentiation in the adult mammalian 
heart to affect fibrosis with disease stimulation. 
Using genetic mouse models with loss-of-function 
and gain-of-function for TCF21, we demonstrate 
that only increased and sustained expression of 
TCF21 inhibits the formation of myofibroblasts and 
stimulus-induced fibrosis. By performing mRNA 
sequencing and chromatin immunoprecipitation, we 
show that TCF21 regulates the fibrotic response, in 
part, by also binding within key genes associated 
with myofibroblast function. In summary, these stud-
ies demonstrate that while loss of Tcf21 has little 
discernible effect on fibroblast biology in the heart, 
preventing its downregulation can inhibit fibroblast 
differentiation to the myofibroblast and the fibrotic 
response with injury.
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model of enforced TCF21 expression in vivo. While the 
loss of TCF21 from adult CFs did not alter their function 
or ability to differentiate into myofibroblasts, sustained 
TCF21 expression in adult fibroblasts inhibited myo-
fibroblast formation, ECM deposition, and the cardiac 
hypertrophic response after injury. Thus, while TCF21 is 
not required to maintain adult quiescent fibroblast activ-
ity, downregulation of TCF21 in the CF is necessary to 
form myofibroblasts and drive cardiac fibrosis.

METHODS
Data Availability
Bulk RNA, single-cell, and chromatin immunoprecipita-
tion sequencing data sets have been deposited to the Gene 
Expression Omnibus as annotated in the Major Resources 
Table.

All experiments were performed in accordance with the 
guidelines and approval by the Institutional Animal Care and 
Use Committee at Cincinnati Children’s Hospital. A detailed 
description of all methods and materials utilized in the study 
can be found in the Supplemental Methods. A list of all 
reagents and their catalog numbers can be found in the Major 
Resources Table.

RESULTS
Genetic Loss of Tcf21 Does Not Promote 
Fibroblast Differentiation to Myofibroblasts
To assess if loss of TCF21 affects the differentiation of fibro-
blasts to myofibroblasts, the previously described Tcf21 tar-
geted allele with exon 1 flanked (fl) by two loxP (locus of 
crossover in P1) sites16 targeted allele was used in con-
junction with tamoxifen-inducible fibroblast Cre expressing 
alleles. First, to validate the targeted allele, Tcf21fl/fl mice 
were crossed with transgenic mice ubiquitously express-
ing Cre under the transcriptional control of a cytomega-
lovirus promoter (cytomegalovirus-Cre; Figure S1A). This 
generated a peripartum lethal phenotype as previously 
described in germline-deleted Tcf21 mice.1,17,18 Tcf21fl/fl: 
cytomegalovirus-Cre mice were harvested at embryonic 
(E) day 18.5, and gross morphometric analysis revealed the 
expected hypoplastic lungs and kidneys, grossly abnormal 
heart, and the absence of a spleen, which verifies the integ-
rity of the loxP targeted allele. Tcf21fl/fl mice were used as 
controls (Figure S1B and S1C). Next, CFs were isolated 
from adult Tcf21fl/fl mice and infected with an adenovirus-
encoding Cre recombinase to induce genetic recombination 
in vitro versus an adenovirus-encoding beta-galactosidase 
as a control. Cells harvested 3 days after infection exhibited 
loss of Tcf21 at the mRNA and protein levels (Figure 1A 
and 1B). Immunoblotting was performed for αSMA (smooth 
muscle α-actin, Acta2 gene; Figure 1B), and quantitative 
real-time PCR (qRT-PCR) was used to assess Acta2 and 
Tagln (SM22 protein) mRNA expression, which revealed no 

statistically significant differences between Cre recombi-
nase or beta-galactosidase–infected cells (Figure 1C).

To study the function of TCF21 in vivo, Tcf21fl/fl mice 
were crossed with Tcf21-MerCreMer (Tcf21MCM) mice to 
permit genetic recombination and ablation of Tcf21 in 
all TCF21-expressing cells upon exposure to tamoxifen 
(Figure 1D). Tcf21MCM mice were used as controls, which 
are heterozygous for Tcf21 due to the insertion of the 
MCM (MerCreMer) cDNA within that locus.19 Tcf21MCM 
mice display wild-type levels of TCF21 protein expres-
sion (data not shown). All mice had a genetic reporter 
consisting of 1 Rosa26-eGFP (Rosa26-loxP-STOP-
loxP-enhanced green fluorescent protein) allele, which 
tracks fibroblasts with recombination activity due to 
Tcf21MCM. First, to examine Tcf21 deletion, eGFP+ CFs 
were isolated from the hearts of adult mice using FAC 
(fluorescence-activated cell) sorting 2 weeks after the 
first tamoxifen injection (Figure 1D). qRT-PCR analysis 
confirmed the deletion of Tcf21 at the transcript level 
(Figure 1E). Immunofluorescence analysis of the eGFP+ 
CFs in Tcf21fl/MCM hearts demonstrated a lack of expres-
sion of the myofibroblast markers, αSMA (Acta2 gene; 
Figure 1F, in red), and SM22 (transgelin, Tagln gene; 
Figure 1G, in red), suggesting that Tcf21 ablation alone 
is insufficient to promote fibroblast differentiation into 
myofibroblasts in vivo after 2 weeks. As expected, αSMA 
and SM22 protein expressions were observed in the ves-
sels of Tcf21fl/MCM and Tcf21MCM control mice due to the 
presence of smooth muscle cells (Figures 1F and 1G, 
white arrows).

To further examine the function of Tcf21, bulk RNA 
transcriptional profiling of FAC-sorted eGFP+ CFs iso-
lated 2 weeks after the first tamoxifen injection was 
performed. This identified 209 downregulated (log2-fold 
change [FC] >−1; false discovery rate <0.1) and 179 
upregulated genes (log2-FC >1; false discovery rate 
<0.1) in Tcf21fl/MCM versus Tcf21MCM control eGFP+ 
CFs (Figure 1H; Table S1). Analysis of Tcf21 normal-
ized transcript counts confirmed downregulation by the 
loxP gene deletion strategy (Figure 1I). Gene ontology 
analysis of the upregulated genes showed sparingly 
few biological process pathways including cell adhe-
sion (GO:0007155), positive regulation of angiogen-
esis (GO:0045766), positive regulation of chondrocyte 
proliferation (GO:1902732), and neutrophil chemotaxis 
(GO:0030593; Table S1). Of note, no significant differ-
ences were detected for signature myofibroblast genes, 
including Postn, Acta2, Cnn1, Col1a1, or Col1a2. Manual 
profiling of the upregulated genes identified only a small 
subset of genes associated with fibroblast activation and 
differentiation (Figure 1J). Gene ontology analysis of 
downregulated genes failed to detect a substantial num-
ber of pathways, with only 4 genes contributing to most 
of the pathways detected (Table S1).

To determine the long-term effect of Tcf21 deletion 
on fibroblast differentiation, fibrosis, and cardiac function, 
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Figure 1. Genetic loss of Tcf21 (transcription factor 21) in adult cardiac fibroblasts does not promote myofibroblast 
differentiation.
A, Quantitative real-time PCR (qRT-PCR) analysis of Tcf21 mRNA and (B) immunoblot analysis of TCF21 and αSMA (smooth muscle α-actin) 
protein in cultured adult murine cardiac fibroblasts (CFs) from Tcf21fl/fl mice infected with Ad-βgal (adenovirus-encoding beta-galactosidase) 
or Ad-Cre (adenovirus-encoding Cre recombinase). Fifty micrograms of protein were loaded, and GAPDH was used as a loading/normalization 
control. C, qRT-PCR analysis of Acta2 and Tagln mRNA from the indicated samples in cultured adult murine CFs from the indicated genotypes 
of mice with the 2 adenoviral infections in culture. D, Schematic of the genetically modified mouse alleles used and temporal experimental 
outline. This cross also contained the Rosa26-eGFP (enhanced green fluorescent protein) conditional reporter allele to show fluorescence within 
recombined fibroblasts. Tamoxifen (tam) was administered to 8- to 12-week-old mice for 5 consecutive days by intraperitoneal injection (i.p.) and 
harvested 14 days later. E, qRT-PCR analysis of Tcf21 mRNA expression from eGFP+ sorted CFs from Tcf21fl/MCM mice vs Tcf21MCM controls. F 
and G, Immunofluorescence microscopy analysis of heart histological sections for the myofibroblast (Continued )
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the hearts of Tcf21fl/MCM and Tcf21MCM control mice were 
analyzed 15 weeks after tamoxifen injection. Immuno-
fluorescence analysis of the eGFP+ CFs in Tcf21fl/MCM 
hearts demonstrated a lack of expression of the myo-
fibroblast markers, αSMA or SM22 (Figure S2A and 
S2B). Sirius red–stained histological sections revealed 
no indication of cardiac fibrosis (Figure S2C and S2D). In 
addition, the loss of Tcf21 after 15 weeks had no statisti-
cally significant differences in overall cardiac structure 
and function as determined by heart weight/body weight 
ratios (Figure S2E), left ventricular (LV) wall thickness 
(Figure S2F), LV fractional shortening (Figure S2G), or 
LV internal diameter (Figure S2H).

To further validate these findings, Tcf21fl/fl mice were 
crossed with a different fibroblast-selective CreERT2 
allele driven by the Pdgfra (platelet-derived growth factor 
receptor, alpha polypeptide) gene (Pdgfra-CreERT2),20 
and analyzed 6 weeks later (Figure S2I). Pdgfra is a 
mesenchymal marker expressed by most CFs and has 
been reported to target 30% more fibroblasts than 
Tcf21MCM.21–23 Pdgfra-driven deletion of Tcf21 after 6 
weeks had no statistically significant effects on cardiac 
structure and function, except for a slightly greater LV 
wall thickness as assessed by echocardiography (Figure 
S2J through S2M). Taken together, these data demon-
strate no statistically different effects due to deletion of 
Tcf21 from CFs in the adult mouse heart on fibroblast 
activation and cardiac structure/function.

Genetic Loss of Tcf21 Does Not Alter Fibroblast 
Numbers in the Heart
It has been previously shown that the overexpression of 
TCF21 in human coronary arterial smooth muscle cells 
induced cell proliferation.6 In contrast, in certain cancer 
cell types, TCF21 can inhibit cell proliferation and pro-
mote apoptosis.24 To determine whether CF quantity is 
affected by the loss of Tcf21, fibroblasts from Tcf21fl/

MCM and Tcf21MCM control mice were quantified by flow 
cytometry 15 weeks after tamoxifen-induced genetic 
recombination. No statistically significant differences in 
the number of eGFP+ CFs within the LV were found 
between the 2 groups (Figure S3A and S3B). Although 

transcriptional profiling identified ontological associa-
tions with cell adhesion and angiogenesis, quantification 
of the total number of leukocytes (CD45) and endothelial 
cells (CD31) by flow cytometry was not statistically dif-
ferent in Tcf21fl/MCM versus Tcf21MCM control hearts (Fig-
ure S3C and S3D). A similar inert profile was observed 
when Pdgfra-CreERT2 was used to delete Tcf21 in CFs 
(Figure S3E through S3G).

Genetic Loss of Tcf21 Does Not Impact Fibrosis 
After Angiotensin II/Phenylephrine-Induced 
Cardiac Injury
To determine whether the loss of TCF21 in fibro-
blasts before a cardiac injury affects the development 
of fibrosis, tamoxifen-treated Tcf21fl/MCM and Tcf21MCM 
or Tcf21fl/fl control mice were exposed to a continuous 
infusion of Ang II (angiotensin II)/phenylephrine for 1 
week (Figure 1K). Cardiac hypertrophy was present in 
both cohorts of mice as determined by heart weight/
body weight ratios (Figure 1L). To assess the extent of 
cardiac fibrosis, multiple nonsequential (1 mm apart) 
heart histological sections (at least 4 per mouse) were 
analyzed for collagen deposition using Sirius red stain-
ing. No statistically significant differences in the induc-
tion of cardiac fibrosis were detected when comparing 
hearts from Tcf21fl/MCM with either Tcf21MCM control mice 
(Figure 1M and 1N) or Tcf21fl/fl control mice (data not 
shown). To further define the effect of the genetic loss 
of Tcf21 on CFs after Ang II/phenylephrine exposure, 
bulk RNA transcriptional profiling was performed on 
FAC-sorted eGFP+ CFs. Principle component analysis 
demonstrated unique occupancies within the transcrip-
tional space between the groups (Figure S4A). Normal-
ized transcript counts confirmed reduced expression of 
Tcf21 (Figure S4B). Differential gene expression analy-
sis identified 200 downregulated (log2-FC >−1; false 
discovery rate <0.1) and 122 upregulated genes (log2-
FC >1; false discovery rate <0.1) in Tcf21fl/MCM versus 
Tcf21MCM control eGFP+ CFs (Figure S4C; Table S2). 
Only a few genes were associated with ontology path-
ways of either upregulated or downregulated genes in 
Tcf21fl/MCM fibroblasts compared with Tcf21MCM control 

Figure 1 Continued.  markers (F) αSMA and (G) transgelin (SM22) as denoted by red fluorescence. eGFP (green) shows the presence of the 
recombined fibroblasts due to the Rosa26-eGFP reporter allele, and nuclei are shown in blue with 4ʹ,6-diamidino-2-phenylindole (DAPI) staining. 
The arrows show areas of cardiac vessels as controls that are positive for smooth muscle gene expression with αSMA and SM22. Scale bars, 
50 µm. H, Volcano plot of differentially expressed mRNAs as detected by bulk transcriptomic sequencing from fluorescence-activated cell (FAC) 
sorting of eGFP+ CFs from Tcf21fl/MCM mice vs Tcf21MCM controls. I, Normalized Tcf21 transcript counts from these samples in H. J, Heatmap of 
Z-score normalized read counts of manually selected fibrosis-associated genes in CFs of Tcf21fl/MCM vs Tcf21MCM control mice. K, Schematic of 
the genetically modified mouse alleles used and experimental outline. Tam was administered to 8- to 12-week-old mice for 5 consecutive days 
by i.p. injection followed by 1 week of Ang II (angiotensin II)/phenylephrine (PE) stimulation before analysis. L, Heart weight to body weight 
ratio (HW/BW). M, Representative whole heart histological images stained with Sirius red for collagen deposition from the 2 groups of mice 
shown. Scale bars, 1 mm. N, Quantification of percentage area of tissue fibrosis as shown in M. All data shown are mean±SEM. Samples were 
analyzed by a Kolmogorov-Smirnov test (exact P values are shown; E and N) or a Scheirer-Ray-Hare test with a Dunn post hoc test and the 
Benjamini Hochberg method for multiple test correction (exact adjusted P values are shown; L). For cell culture experiments, each n value is an 
independent pool of CFs obtained from 1 male and 1 female mouse heart. All other data points in the graphs represent biological replicates. 
SM22 indicates the protein product from the Tagln gene.
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fibroblasts after 1 week of Ang II/phenylephrine (Table 
S2). Taken together, these data suggest that the loss of 
TCF21 before the induction of fibrosis with Ang II/phen-
ylephrine does not alter the fibroblast transcriptome, nor 
impact the fibrotic response.

Cardiac Single-Cell RNA Transcriptomic 
Analysis of Interstitial Cells Identifies Altered 
Cell Compositions
Single-cell RNA sequencing was used to further exam-
ine the potential effect of Tcf21 deletion on fibroblast cell 
states and neighboring interstitial cells within the heart. 
Single-cell RNA sequencing was performed on FAC-
sorted cells from the LV of tamoxifen-treated uninjured 
Tcf21fl/MCM and Tcf21MCM control mice and after an acute 
(3-day) myocardial infarction (MI) injury (Figure 2A). MI 
is known to activate CFs and lead to immune cell infiltra-
tion and expansion. After quality control, a total of 7379 
Tcf21MCM and 8184 Tcf21fl/MCM cells from uninjured hearts 
and 4964 Tcf21MCM and 5391 Tcf21fl/MCM cells from the 
infarcted and border-zone regions of MI hearts were used 
for downstream analysis. Figure 2B shows a projection 
of cells analyzed after data integration, normalization, 
and clustering. Thirteen cardiac cell subpopulations were 
identified using data from a pool of 4 male mice per condi-
tion (Figure 2B and 2C). These cell populations included 
B cells (Cd79a, Cd79b, and Ms4a1), dendritic cells (H2-
ab1 and Cd74), endothelial cells I (Fabp4, Kdr, and Cdh5), 
endothelial cells II (Eng and Epas1), fibroblasts (Dcn, Dpt, 
Col1a1, Col1a2, and Pdgfra), macrophages (Lyz2, Cd68, 
and Ccl2), myofibroblasts (Acta2, Tnc, Col1a1, Col1a2, 
Postn, and Tagln), natural killer cells (Ccl5, Ms4a4b, and 
Nkg7), neutrophils (S100a8 and S100a9), Schwann cells 
(Plp1 and Kcna1), smooth muscle cells (Rgs5, Vtn, Tagln, 
and Myh11), and tissue-resident macrophages (Cx3cr1, 
Lyve1, and Cd74; Figure 2B and 2C). Visualization of 
cluster contributions demonstrated similar cell ratios 
between Tcf21MCM controls and Tcf21fl/MCM mice although 
minor differences were observed (Figure 2C). Analysis of 
only eGFP expressing CFs (>2 counts) in the uninjured 
heart showed no detectable differences in fibroblast cell 
states (Figure 2D), further suggesting that the loss of 
Tcf21 does not impact differentiation.

Visualizations of cell ratios between the hearts of 
Tcf21fl/MCM and Tcf21MCM control mice demonstrated 
more neutrophils in Tcf21fl/MCM mice (Figure 2C). Con-
sistent with these findings, gene ontology analysis from 
bulk RNA data sets also identified a small subset of 
genes associated with neutrophil chemotaxis, including 
Cxcl5 (Figure S5A). Given that cell populations detected 
by single-cell RNA sequencing do not directly reflect 
changes in total cell content, LV tissue homogenates of 
Tcf21fl/MCM and Pdgfra-CreERT2:Tcf21fl/fl mice were ana-
lyzed by flow cytometry 4 weeks after tamoxifen injection 
for the presence of neutrophils (Figure S5B and S5C). 

Tcf21MCM and Pdgfra-CreERT2 mice were used as con-
trols, respectively. Gating consisted of doublet exclusion 
with specific cell-surface markers for the detection of 
neutrophils and monocytes (Figure S5D). No statistically 
significant differences in Ly6C low- or high-expressing 
monocytes were observed between control and mice 
lacking Tcf21 with either the Tcf21MCM or the Pdgfra-
CreERT2 allele used to ablate the loxP targeted allele 
(Figure S5E, S5F, S5H, and S5I). However, neutrophil 
content was slightly but significantly elevated in the 
hearts of both Tcf21fl/MCM and Pdgfra-CreERT2:Tcf21fl/fl 
mice (Figure S5G through S5J).

The Genetic Loss of Tcf21 Does Not Affect 
Cardiac Remodeling or Function After MI
In response to MI, immune cells (neutrophils, dendritic cells, 
bone marrow-derived macrophages, and natural killer 
cells) and myofibroblasts predominated the captured cell 
populations by single-cell RNA sequencing (Figure 2C). 
Fewer endothelial cells, tissue-resident fibroblasts, 
and macrophages were captured, which is consistent 
with previous analysis after MI.25 Similar cell composi-
tions between the hearts of controls and Tcf21fl/MCM  
mice were observed after MI although there were rela-
tively fewer macrophages in the hearts of Tcf21fl/MCM 
mice compared with Tcf21MCM hearts (Figure 2C).

To determine whether the genetic loss of Tcf21 in 
fibroblasts alters cardiac remodeling in response to 
chronic ischemic injury, a separate cohort of tamoxifen-
treated Tcf21fl/MCM and Tcf21MCM control mice was studied 
2 weeks after MI (Figure 2E). Deletion of Tcf21 did not 
significantly change cardiac hypertrophy after 2 weeks of 
MI injury as determined by heart weight/body weight ratio 
measurement between Tcf21fl/MCM and Tcf21MCM control 
mice (Figure 2F). Similarly, the MI-induced changes in 
LV wall thickness (Figure 2G) and LV ejection fraction 
(Figure 2H) were not statistically different when com-
paring Tcf21fl/MCM and Tcf21MCM control mice. However, 
statistically, only Tcf21MCM control mice had the expected 
reduction in LV ejection fraction, and only Tcf21fl/MCM had 
a reduction in LV wall thickness in response to MI. Com-
pared with Tcf21MCM control mice, genetic loss of Tcf21 
did not affect the induction of LV dilation induced by MI 
(Figure 2I). In addition, the degree and extent of fibro-
sis were not statistically different between the groups 2 
weeks after MI (Figure 2J and 2K). Taken together, these 
findings suggest that deletion of Tcf21 in adult CFs does 
not significantly alter cardiac remodeling or fibrosis in 
response to 2 weeks of chronic ischemia.

Generation and Validation of a Mouse Model 
With Enforced TCF21 Expression in CFs
TCF21 expression is downregulated in activated fibro-
blasts that differentiate into myofibroblasts,3–5 suggesting 
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that deleting this gene in fibroblasts before the induction 
of fibrosis might be less relevant, as the endogenous 
gene is already downregulated. To examine the relevance 
of TCF21 downregulation with fibroblast activation, a 
mouse model was generated in which the human TCF21 
cDNA was inserted into the widely used noncoding por-
tion of the Col1a1 locus ≈500 base pairs downstream 

of the 3’ untranslated region26 (Col1a1-TCF21 mice). 
As previously described,27,28 the targeting construct was 
flanked by 2 mutant loxP sites, which resulted in the 
inversion of the DNA construct with Cre recombinase, 
thereby allowing expression of TCF21 (Figure 3A and 
3B; see Methods section for details). As shown in Fig-
ure 3B, CFs isolated from the hearts of Col1a1-TCF21 

Figure 2. Loss of Tcf21 does not affect cardiac function or fibrosis after myocardial infarction (MI).
A, Schematic of experimental outline for single-cell RNA sequencing (scRNA-seq) analysis from isolated cardiac interstitial cells from uninjured 
hearts and 3 days post-MI (3dpMI) from Tcf21fl/MCM mice and Tcf21MCM controls. B, Uniform manifold approximation and projection (UMAP) 
of all single cells that passed quality control filtering from hearts of the groups discussed in A. C, DittoPlot of the cardiac cell populations in 
the groups of mice shown; controls were Tcf21MCM mice. D, UMAP of reclustered uninjured eGFP (enhanced green fluorescent protein)+ (>2 
counts) fibroblasts (FBs) from hearts of the 2 groups of mice shown. E, Schematic of the genetically modified mouse alleles used and temporal 
experimental outline. Tamoxifen (tam) was administered to 8- to 12-week-old mice for 5 consecutive days by intraperitoneal injection (i.p.) 
followed by 1 week of tam chow. One week later, mice were subjected to either sham or MI surgery before harvesting 14 days post-MI (14dpMI) 
for analysis of (F) heart weight to body weight (HW/BW) ratio and (G) echocardiographic analysis of left ventricular (LV) wall thickness in diastole, 
(H) ejection fraction (EF; %), and (I) LV internal chamber diameter in diastole (LVID). J, Representative whole heart histological images stained 
with Sirius red for collagen deposition from the 2 groups of mice shown. Scale bar, 1 mm. K, Quantification of percentage area of tissue fibrosis 
in Tcf21fl/MCM mice vs Tcf21MCM controls as shown in J. All data shown are mean±SEM. Samples were analyzed by a Scheirer-Ray-Hare test with 
a Dunn post hoc test and the Benjamini Hochberg method for multiple test correction (exact adjusted P values are shown; F–I and K). All data 
points in graphs represent biological replicates. CF indicates cardiac fibroblasts; DC, dendritic cell; EC, endothelial cell; MΦ, macrophages; NK, 
natural killer; SC, Schwann cell; and SMC, smooth muscle cell. 
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mice and infected with an adenovirus-encoding Cre 
recombinase showed greater TCF21 mRNA expression 
compared with beta-galactosidase–infected Col1a1-
TCF21 controls. It should be noted that due to sequence 
homology between mouse and human TCF21, the qRT-
PCR primers likely amplified native mouse Tcf21.

Next, Col1a1-TCF21 mice were crossed with a 
Pdgfra-CreERT2 line to generate mice with tamoxifen 
induced TCF21 overexpression in CFs. Pdgfra-CreERT2 
or Col1a1-TCF21 mice were used as controls. To per-
mit the tracing of CFs after recombination, mice were 
further crossed with Rosa26-loxP-STOP-loxP-eGFP 
reporter mice. Adult mice were studied 1 week after 

tamoxifen injection (Figure 3C). PCR analysis of DNA 
isolated from hearts demonstrated successful inver-
sion of the construct in Pdgfra-CreERT2:Col1a1-TCF21 
mice (Figure 3D). Pdgfra-CreERT2 mice were used as 
controls. Immunofluorescence analysis from histological 
sections confirmed the coexpression of TCF21 protein 
(red) and eGFP in CFs from Pdgfra-CreERT2:Col1a1-
TCF21 mice compared with the lower detectable expres-
sion of endogenous TCF21 in Pdgfra-CreERT2 control 
hearts (Figure 3E). qRT-PCR analysis of FAC-sorted 
eGFP+ CFs isolated 3 weeks after tamoxifen injec-
tion confirmed a robust induction of TCF21 mRNA in 
Pdgfra-CreERT2:Col1a1-TCF21 cells compared with 

Figure 3. Generation of tamoxifen-inducible fibroblast-specific mice with enforced TCF21 (transcription factor 21) expression.
A, Schematic of the clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 modified mouse Col1a1 genetic locus with inverted 
locus of crossover in P1 (loxP) sites and the human TCF21 cDNA in the reverse direction, which, upon Cre-mediated recombination, gives proper 
orientation for gene expression. B, Quantitative real-time PCR (qRT-PCR) mRNA analysis for TCF21 expression in cultured adult murine cardiac 
fibroblasts (CFs) infected with Ad-βgal (adenovirus-encoding beta-galactosidase) or Ad-Cre (adenovirus-encoding Cre recombinase). Data were 
normalized to GAPDH mRNA. C, Experimental schematic of crossed mice with the engineered Col1a1-TCF21 allele, the Rosa26-eGFP conditional 
reporter allele, and the Pdgfra-CreERT2 allele with the temporal experimental outline at the bottom. Tamoxifen (tam) was administered to 8- to 
12-week-old mice for 1 or 3 consecutive days by intraperitoneal injection (i.p.) and harvested 7 days later. D, PCR analysis of Cre presence and 
DNA inversion of the TCF21 cassette within the modified Col1a1 locus upon Cre-mediated recombination in hearts from tam-treated mice as 
shown in C. Pdgfra-CreERT2 mice were used as controls. E, Immunofluorescent images from heart histological sections of the 2 indicated groups 
of mice for TCF21 (red), recombined CFs (eGFP+ [enhanced green fluorescent protein]; green), and nuclei (blue; 4ʹ,6-diamidino-2-phenylindole 
[DAPI] staining). The left 2 figures show all 3 channels, while the right 2 figures show only TCF21 antibody reactivity (red). Scale bars, 20 µm. F, 
Experimental scheme. Tam was administered by i.p. injection on 3 consecutive days to 8- to 12-week-old Pdgfra-CreERT2:Col1a1-TCF21 mice 
and either Pdgfra-CreERT2 or Col1a1-TCF21 control mice and analyzed 3 weeks later. G, qRT-PCR analysis for TCF21 cDNA expression from 
eGFP+ CFs isolated by fluorescence-activated cell sorting from hearts of the 2 groups of mice shown. H, Heart weight to body weight (HW/
BW) ratio in the 2 indicated groups of mice. I, Echocardiographic analysis of left ventricular (LV) wall thickness in diastole, (J) fractional shortening 
(FS) %, and (K) LV internal diameter in diastole in the 2 indicated groups of mice. All data shown are mean±SEM. Samples were analyzed by 
a Kolmogorov-Smirnov test (exact P values are shown; B and H–K). For cell culture experiments, each n value shown represents CFs from an 
independent animal. All data points in graphs represent biological replicates.
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Pdgfra-CreERT2 controls (Figure 3F and 3G). Impor-
tantly, at homeostasis, echocardiography demonstrated 
no statistically significant differences in cardiac structure 
or function with enforced TCF21 expression compared 
with control mice (Pdgfra-CreERT2 or Col1a1-TCF21; 
Figure 3H through 3K).

Enforced Expression of TCF21 Inhibits 
Myofibroblast Differentiation and Fibrosis
To examine the effects of maintained TCF21 expression in 
response to a fibrotic stimulus, Pdgfra-CreERT2:Col1a1-
TCF21 or Pdgfra-CreERT2 control mice were treated 
with tamoxifen and exposed to 1 week of Ang II/phenyl-
ephrine infusion (Figure 4A). Immunoblot assessment of 
CFs demonstrated markedly higher TCF21 expression in 
the hearts of Pdgfra-CreERT2:Col1a1-TCF21 mice, with-
out detectable changes in total αSMA protein expres-
sion after 1 week of Ang II/phenylephrine (Figure 4B). 
Ang II/phenylephrine-induced cardiac hypertrophy in 
both cohorts of mice; however, a stronger induction was 
observed in the Pdgfra-CreERT2 control group com-
pared with mice with fibroblast-specific enforced TCF21 
expression (Figure 4C and 4D). To assess tissue fibro-
blast activity and fibrosis after 1 week of Ang II/phen-
ylephrine, multiple nonsequential (1 mm apart) heart 
histological sections (at least 4 per mouse) were ana-
lyzed for TCF21 protein (red), fibroblast-lineage tracing 
(eGFP+), and myofibroblast cell state by αSMA expres-
sion (white). While hearts from mice with enforced TCF21 
expression had regions of fibroblast accumulation that 
typifies fibrosis of this organ, they were largely devoid of 
αSMA expression in stress fibers compared with control 
Pdgfra-CreERT2 hearts (Figure 4E). The deposition of 
collagen was assessed in the hearts by Sirius red histo-
logical staining, which demonstrated a significant induc-
tion of fibrosis by Ang II/phenylephrine in control mice 
but not in mice with enforced TCF21 expression in fibro-
blasts (Figure 4F and 4G; Figure S6). In response to Ang 
II/phenylephrine, deposition of the matricellular protein, 
POSTN (periostin), was readily detected within fibrotic 
regions of the heart by immunofluorescence staining 
(red) in Pdgfra-CreERT2 control mice. In contrast, car-
diac POSTN expression was largely absent in mice with 
enforced TCF21 expression (Figure 4H).

ECM and Fibrosis-Associated Genes Are 
Reduced in Fibroblasts With Enforced TCF21 
Expression
To further investigate the mechanism, whereby enforced 
TCF21 expression impacts ECM deposition and fibroblast 
differentiation in vivo, bulk transcriptomic sequencing 
was performed on FAC-sorted eGFP+ CFs from hearts 
of Pdgfra-CreERT2:Col1a1-TCF21 and Pdgfra-CreERT2 
control mice after 1 week of Ang II/phenylephrine 

stimulation (Figure 5A). This analysis identified 399 
downregulated (log2-FC >−1; false discovery rate <0.1) 
and 308 upregulated genes (log2-FC >1; false discovery 
rate <0.1) that were differentially expressed (Figure 5A; 
Table S3). Gene ontology analysis of the downregulated 
genes in Pdgfra-CreERT2:Col1a1-TCF21 CFs identi-
fied a substantial number of genes associated with 
ECM organization (Figure 5B; Table S3). Furthermore, 
numerous genes that characterize fibroblast activation 
and differentiation were reduced in CFs with enforced 
TCF21 expression (Figure 5C). To determine whether 
the observed downregulation of these genes was due 
to a lack of inducibility in response to Ang II/phenyleph-
rine in CFs with enforced TCF21 expression, differen-
tial gene expression analysis was performed using data 
sets from CFs isolated from uninjured Tcf21MCM hearts as 
the control condition (from Figure 1H). Principle compo-
nent analysis demonstrated unique occupancies within 
the transcriptional space between the groups (Figure 
S7A). As expected, key fibrotic genes were upregulated 
by Ang II/phenylephrine in Pdgfra-CreERT2 CFs when 
TCF21 expression is normally downregulated yet failed 
to be induced when TCF21 expression was maintained  
(Figure S7B). To validate the RNA-seq data set,  
eGFP+ CFs were sorted from a larger cohort of ani-
mals, and qRT-PCR analysis of selected fibrotic genes 
(Fmod, Cthrc1, Itga11, and Comp) was analyzed, which 
validated the bioinformatic data (Figure 5D through 5G). 
The expression of the ECM protein, COMP (cartilage 
oligomeric matrix protein), was of particular interest as 
it is critical for collagen secretion and assembly.29 Comp 
was consistently suppressed by enforced TCF21 expres-
sion (Figure 5F). COMP protein (shown in red) was read-
ily detectable in the hearts of control mice after fibrotic 
stimulation with Ang II/phenylephrine but was largely 
absent in the mice with enforced expression of TCF21 
(Figure 5H).

Enforced Expression of TCF21 Promotes the 
Expression of Cell Cycle Genes
Gene ontology analysis of the upregulated genes by 
enforced TCF21 expression in CFs identified multiple 
pathways associated with the cell cycle (Figure S7C). 
qRT-PCR analysis of Ccnd1 (cyclin D1), which was iden-
tified as upregulated by RNA-sequencing analysis, was 
confirmed as significantly greater with enforced TCF21 
expression in CFs compared with controls after Ang II/
phenylephrine exposure in vivo (Figure S7D). To deter-
mine whether enforced TCF21 expression resulted in 
more fibroblasts in the heart after fibrotic stimulation, 
the experiment was repeated and eGFP+ CFs in the 
LV were quantified using flow cytometry 1 week after 
tamoxifen injection. While there were several Pdgfra-
CreERT2:Col1a1-TCF21 mice with more CFs than the 
Pdgfra-CreERT2 control mice, the difference in eGFP+ 
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CFs between conditions did not reach statistical signifi-
cance at this time point (Figure S7E). Taken together, our 
results demonstrate that the downregulation of TCF21 in 

CFs that occur in response to an injury is required for the 
differentiation of these cells into myofibroblasts and the 
development of fibrosis.

Figure 4. Cardiac fibroblast-specific enforced expression of TCF21 (transcription factor 21) reduces cardiac fibrosis.
A, Schematic of the genetically modified mouse alleles used and temporal experimental outline. This cross also contained the Rosa26-
eGFP (enhanced green fluorescent protein) conditional reporter allele to show labeling within recombined fibroblasts. Pdgfra-CreERT2 mice were 
used as controls. Tamoxifen (tam) was administered to 8- to 12-week-old mice for 3 consecutive days, followed by 1 week of Ang II (angiotensin 
II)/phenylephrine (PE) stimulation before analysis. B, Immunoblot analysis of TCF21 and αSMA (smooth muscle α-actin) protein expression in the 2 
indicated groups of mice with Ang II/PE treatment as shown in A in cardiac fibroblasts (CFs) isolated by magnetic bead sorting with an anti-feeder 
cells antibody (clone mouse embryonic feeder cells [mEF-SK4]). Thirty micrograms of protein were loaded, and GAPDH was used as a loading/
normalization control. C, Heart weight/body weight (HW/BW) ratio and (D) ventricular weight to BW ratio (VW/BW) ratio in the indicated groups of 
mice. E, Immunofluorescent histological images from hearts of the 2 indicated groups of mice with Ang II/PE stimulation stained for αSMA (white) 
and TCF21 (red) expression. Blue staining with 4ʹ,6-diamidino-2-phenylindole (DAPI) shows nuclei, while green staining is eGFP expression in CFs 
due to recombination of the Rosa26-eGFP reporter allele. Scale bars, 50 µm. The lower row of images is a higher magnification of the boxed area 
in the upper images. Scale bars, 10 µm. F, Representative whole heart histological sections stained with Sirius red for collagen deposition from 
the 2 groups of mice shown with Ang II/PE stimulation. Scale bars, 1 mm. G, Quantification of percentage area of tissue fibrosis as shown in F. 
H, Immunofluorescent images from heart histological sections of Pdgfra-CreERT2 control vs Pdgfra-CreERT2:Col1a1-TCF21 mice for expression 
of POSTN (periostin, red) after 1 week of Ang II/PE. Nuclei are shown in blue with 4ʹ,6-diamidino-2-phenylindole (DAPI) staining. Scale bars, 200 
µm. All data shown are mean±SEM. Samples were analyzed by a Scheirer-Ray-Hare test with a Dunn post hoc test and the Benjamini Hochberg 
method for multiple test correction (exact adjusted P values are shown; C, D, and G). All data points in graphs represent biological replicates.
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Genome-Wide Occupancy Studies Identify 
TCF21 Binding in Genes Relevant to Cardiac 
Fibrosis
To further understand the regulatory role of TCF21, 
chromatin immunoprecipitation followed by sequenc-
ing was performed on CFs isolated and cultured from 
Col1a1-TCF21 mice. TCF21 expression was induced 
with an adenovirus-encoding Cre recombinase, and cells 
were expanded for an additional 5 days. Transforming 
growth factor β, a potent inducer of fibroblast activa-
tion and differentiation to myofibroblasts, was added in 

the last 24 hours before chromatin immunoprecipita-
tion and sequencing analysis. Motif enrichment analysis 
identified distinct TCF21 binding sites (CAGCTG) within 
peaks, validating the chromatin immunoprecipitation-seq 
data set (Figure 6A). A total of 19 614 binding sites 
were observed with a false discovery rate set at 0.001. 
These binding sites were distributed as follows: 6% were 
found within exons, 27% in intergenic regions, 41% 
within introns, 14% in promoters, and 12% in upstream 
regions (Figure 6B). TCF21 binding was present within 
genomic loci assigned to genes associated with fibro-
blast differentiation and fibrosis, including Sox9, Acta2, 

Figure 5. Cardiac fibroblast-specific enforced expression of TCF21 (transcription factor 21) reduces the expression of fibrosis 
genes.
A, Volcano plot of differentially expressed genes detected by bulk transcriptomic sequencing of eGFP+ (enhanced green fluorescent protein) 
cardiac fibroblasts (CFs) isolated by fluorescence-activated cell sorting (FACS) from hearts of Pdgfra-CreERT2:Col1a1-TCF21 vs Pdgfra-CreERT2 
controls subject to 1 week of Ang II (angiotensin II)/phenylephrine (PE) stimulation. B, Dot plot of top gene ontology (GO) terms of biological 
processes with a false discovery rate (FDR) <0.05 of all downregulated genes with a log2-fold change (FC) >−1; FDR <0.1. The gene ratio is 
the proportion of genes that are present within the GO category. C, Heatmap of select Z-score normalized downregulated genes associated with 
fibroblast differentiation and fibrosis function from hearts of the 2 groups of mice shown with 1 week of Ang II/PE stimulation. The legend above 
C corresponds to the 3 and 2 samples shown by color above the heatmap. D through G, Quantitative real-time PCR (qRT-PCR) validation of 
select genes in eGFP+ CFs isolated by FACS of the 2 groups of mice after Ang II/PE. H, Immunofluorescent histological images from the hearts 
of Pdgfra-CreERT2:Col1a1-TCF21 vs Pdgfra-CreERT2 control mice following 1 week of Ang II/PE stimulation, stained with antibody against 
COMP (cartilage oligomeric matrix protein). Nuclei are shown in blue with 4ʹ,6-diamidino-2-phenylindole (DAPI) staining. Scale bar, 200 µm. All 
data shown are mean±SEM. Samples were analyzed by a Kolmogorov-Smirnov test (exact P values are shown; D–G). All data points in graphs 
represent biological replicates.
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Col1a1, Col1a2, and Cthrc1 (Table S4; Figure 6C). Cross- 
referencing with genes that were identified as signifi-
cantly downregulated by enforced TCF21 expression in 
CFs from mice treated with a continuous infusion of Ang 
II/phenylephrine (Figure 5C) identified numerous peaks 
in genomic loci, including Cthrc1, Fmod, Matn3, and Tgfbi 
(Figure 6D through 6F). While it is hypothesized that 
TCF21 exerts a repressive effect on gene expression,6,9 
distinct peaks were also identified in genes that were 
upregulated by enforced TCF21 expression (Table S3).

DISCUSSION
Deletion of the Tcf21 gene from adult CFs did not alter 
how these cells function at homeostasis, nor did it affect 
their ability to promote cardiac fibrosis after myocar-
dial injury. While, initially, this result was unanticipated, it 
aligns with previous observations in acute cardiac injury, 
whereby TCF21 expression in newly activated fibroblasts 
becomes downregulated. Hence, it is not surprising that 
deleting this gene from a cell type that already transcrip-
tionally represses Tcf21 expression during differentiation 
into a myofibroblast state3–5 did not have a notable effect. 
While subtle, significant changes in mRNA expression of 
a subset of genes associated with the myofibroblast state 
were detected upon baseline deletion of Tcf21 in vivo, it 
failed to translate into a phenotype. However, it remains 

possible that fibroblast-specific deletion of Tcf21 in mice 
with advanced aging or chronic cardiomyopathies might 
eventually demonstrate a discernible effect.

In contrast, maintaining TCF21 expression in CFs 
during stimulation with Ang II/phenylephrine, when it 
would normally be downregulated, inhibited the proper 
differentiation of these cells into myofibroblasts with 
αSMA-expressing stress fibers, leading to a significant 
reduction in total heart fibrosis. The allele driving TCF21 
expression was inserted into the 3’ untranslated region 
of the Col1a1 gene, and this strategy is often used to 
generate physiological levels of expression for interro-
gating gene function. Mechanistically, we hypothesize 
that TCF21 functions as a repressor of fibroblast acti-
vation and differentiation toward the myofibroblast fate. 
Indeed, key genes associated with the myofibroblast and 
cardiac fibrosis, such as Cthrc1,30 Pdgfa,31 and Itga11,32 
failed to be induced after fibrotic agonist stimulation in 
vivo when TCF21 expression was maintained. Moreover, 
genes previously associated with matrifibrocytes and 
the formation of a mature stable scar, Chad, Comp, and 
Cilp2,3 were robustly induced by Ang II/phenylephrine in 
control fibroblasts yet failed to be induced when TCF21 
expression was maintained. Comp is a noncollagenous 
matricellular protein that is upregulated in tissues with 
keloids, scleroderma, systemic sclerosis,33 pulmonary 
fibrosis,34 and ischemic heart disease.3 In a larger cohort 

Figure 6. TCF21 (transcription factor 21) binds to genomic regions associated with cardiac fibroblast activation and fibrosis.
A, Hypergeometric optimization of motif enrichment (HOMER) analysis of DNA sequence binding motifs in TCF21 chromatin immunoprecipitation 
(ChIP)-seq peaks in cultured cardiac myofibroblasts with enforced TCF21 expression. Col1a1-TCF21 fibroblasts were infected with an Ad-Cre 
(adenovirus-encoding Cre recombinase) to induce TCF21 expression and expanded for 5 days. Transforming growth factor β (10 ng/mL) was 
added for the last 24 hours to induce myofibroblast differentiation. B, Pie chart showing peak distribution of annotated peaks. C through F, ChIP-
seq peaks of select genes that are transcriptionally downregulated by TCF21. Each row represents a biological replicate (rep) that was derived 
from cardiac fibroblasts from 3 independent male and female mice. Ap4 indicates activator protein 4; bHLH, basic helix-loop-helix; Bhlha15, 
bHLH family member a15; and MyoG, myogenin.
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of mice treated with Ang II/phenylephrine, Comp mRNA 
expression was found to be consistently downregulated 
in fibroblasts when TCF21 expression was maintained. In 
response to pathological insults, such as Ang II/phenyl-
ephrine, CFs induce the expression of POSTN.35 POSTN 
is involved in collagen fibrillogenesis, directly binding to 
type I collagen, and is found in collagen-rich tissues that 
are exposed to high mechanical tension.36 Although no 
differences in Postn mRNA levels were detected after 1 
week of Ang II/phenylephrine treatment with enforced 
TCF21 expression, the reduced induction of fibrosis may 
have prevented the deposition of POSTN protein within 
the ECM, as observed. Alternatively, we may simply have 
missed the window of maximal POSTN mRNA induction 
in control hearts with Ang II/phenylephrine. Genome-wide 
occupancy studies identified Tcf21 binding in key genes 
associated with the myofibroblast, fibrosis, and the ECM, 
including Sox9, Acta2, Col1a1, Col1a2, Cthrc1, Fmod, 
Matn3, and Tgfbi, further supporting a role for TCF21 in 
regulating the ECM. While not all these genes were dif-
ferentially expressed by enforced TCF21 expression after 
1 week of Ang II/phenylephrine, it is plausible that altered 
expression may be observed at different time points.

Enforced expression of TCF21 also upregulated the 
expression of genes associated with the cell cycle after 
fibrotic stimulation although no significant changes in CF 
cell numbers were detected at the same time point. Cell 
cycle activity is enhanced in fibroblasts in response to 
injury, which is reduced as fibroblasts differentiate toward 
myofibroblasts.3 Thus, the induction in cell cycle genes 
could be a direct effect of TCF21 expression or second-
ary to reduced differentiation to myofibroblasts. Future 
studies will assess whether sustained TCF21 expression 
with aging affects total CF cell numbers in the uninjured 
heart or how fibrosis and CF activities are affected in 
chronic cardiomyopathies.

In smooth muscle cells, TCF21 promotes the expres-
sion of proinflammatory genes by interaction with 
other bHLH transcription factors.37 Although deletion 
or enforced TCF21 expression in CFs did not result 
in a profound inflammatory profile, a slight, yet signifi-
cantly greater cardiac neutrophil content was present 
after fibroblast loss of Tcf21. While these neutrophils 
are likely quiescent in the absence of tissue injury,38 it 
demonstrates a potential role for TCF21 in regulating 
cytokine or chemokine gene expression in fibroblasts. 
Indeed, CFs were recently shown to directly regulate 
the immune response in the heart through expression 
of major histocompatibility complex class II genes and 
antigen presentation to T-cells, which was necessary for 
the development of fibrosis.39

In conclusion, these studies demonstrate that the loss 
of Tcf21 in CFs is necessary for the development of car-
diac fibrosis. We recognize that the small sample sizes 
utilized, particularly in RNA sequencing experiments and 
some disease models, may result in an increased false 

positive rate and may underpower the ability to detect 
true effects. Future studies will aim to determine the 
cofactors of TCF21 and to define its regulatory function 
of gene expression of tissue-resident fibroblasts and 
how they are regulated during disease.
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