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Abstract  
Transcription factor 21 (TCF21) is one of the essential transcription factors in kidney development. 

Urinary TCF21 showed a positive correlation with its podocyte expression level and is considered a useful marker 

of kidney injury. 
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Introduction 

The helix-loop-helix (HLH) family of transcription 

factors possesses highly conserved bipartite 

domains for DNA binding and protein-protein 

interactions, which is pivotal in various 

developmental processes, covering myogenesis, 

neurogenesis, and hematopoiesis (1). The HLH 

family members are divided into seven families 

according to tissue distribution, dimerization ability, 

and DNA binding specificity (2). Transcription 

factor 21 (TCF21, 6417bp)—also known as Pod1, 

bHLHa23, or Capsulin—encodes a transcription 

factor belonging to the cell-type-specific class II 

basic helix-loop-helix (bHLH) family at 

chromosome 6q23.2 (3). Moreover, TCF21 is 

specific for mesoderm and is expressed in the 

embryos’ mesenchymal derived tissues, such as the 

epicardium, lung, intestine, gonad, and kidney (4). It 

regulates the cell differentiation during embryonic 

development, such as coronary vasculature (5). The 

ChIP-Seq studies in primary cultured human 

coronary vascular smooth muscle cells (VSMCs) 

have identified several TCF21 target genes, such as 

smooth muscle contraction, growth factor binding 

and matrix interaction, which are involved in the 

processes associated with coronary heart disease 

(CHD) pathophysiology (6). A wealth of evidence 

confirms that TCF21 takes an active role in VSMC 

phenotypic modulation in CHD. In this review, we 

endeavor to provide a detailed introduction of the 

biological roles of TCF21 in epicardial fate 

determination and the development of CHD. 

The Origin of Epicardial Cells 

The proepicardial cells, a mesoderm-derived cell 

cluster, are highly conserved in vertebrates 

including Xenopus, zebrafish, mice and even human 

(7), which could migrate to the myocardial surface, 

adhere and form the epicardium during 

embryogenesis (8). Once the original epicardium 

forms, a portion of the epicardial cells could enter 

the subepicardial domain and produce epicardium-

derived cells (EPDCs) by undergoing epithelial-

mesenchymal transition (EMT) (9). During the 

EMT, epithelial cells downregulate their epithelial 

gene expression, lose their unique characteristics, 

and activate the mesenchymal genes to increase cell 

viability and motility, including aggressiveness (Li 

et al., 2018). Recent studies have confirmed that 

EMT could be affected by several signaling 

pathways in epicardial cells, including but not 

limited to transforming growth factorβ (TGF-β), 

retinoic acid (RA), platelet-derived growth factor 

(PDGF), and extra-cellular matrix (ECM) 

components (10). EPDCs are highly plastic and have 

been reported to differentiate into myocardial 

fibroblasts, VSMCs, and pericytes (11). Lineage 

tracing studies also confirmed that the VSMCs 

originated from the epicardial cells (12). 

TCF21 and Epicardial Cells 

The Role of TCF21 in Epicardial Cells During 

Heart Development 

Studies in different animal models have delivered 

several molecular signatures of proepicardial cells, 

including the conserved transcription factors 

[TCF21, Wilms tumor 1(WT1), and T-box factor 18 

(Tb×18)] (13). The study of Xenopus embryos 

showed that proepicardial cells could migrate to the 

heart, retain their precursor cell characteristics and 

impair maturity in the absence of TCF21 (14). It 

suggested that the morphological defect in epicardial 
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integrity might be caused by the absence of TCF21 

through regulating the specification and maturation 

of the proepicardial cells at earlier stages of 

epicardial development (Figure 1). 

 

 

 

 
 

FIGURE 1: The origin and cellular contributions of epicardial cells during heart development, and the regulatory 

role of TCF21 in the specification and maturation of proepicardial cells and the determination of epicardial cell 

fate. 

 

Previously, we recognized that TCF21 could 

promote cardiac fibroblast development and inhibit 

VSMC differentiation of EPDCs. Asha et al. found 

most epicardial cells expressing TCF21 were 

lumped in the myocardial fibroblast lineage before 

the initiation of EMT (12). It was concluded from 

the study that a TCF21-deficient heart could not 

undergo EMT and form cardiac fibroblasts, which 

confirmed the unique role of TCF21 in epicardial 

EMT and differentiation (15). The in 
vivo experiment showed that loss of TCF21 in mice 

resulted in a decrease of myocardial fibroblasts due 

to the premature differentiation of EPDCs into 

VSMCs through RA signals (16). Together, these 

data support the thesis that TCF21 plays an 

indispensable role in the development of  

 

References 

1. Acharya A., Baek S. T., Huang G., Eskiocak B., 

Goetsch S., Sung C. Y., et al. (2012). The bHLH 

transcription factor Tcf21 is required for lineage-

specific EMT of cardiac fibroblast 

progenitors. Development 139 2139–2149. 

10.1242/dev.079970 [PMC free 

article] [PubMed] [CrossRef] [Google Scholar] 

2. Alexander M. R., Owens G. K. 

(2012). Epigenetic control of smooth muscle cell 

differentiation and phenotypic switching in 

vascular development and disease. Annu. Rev. 

Physiol. 74 13–40. 10.1146/annurev-physiol-

012110-142315 [PubMed] [CrossRef] [Google 

Scholar] 

3. Bennett M. R., Sinha S., Owens G. K. 

(2016). Vascular smooth muscle cells in 

atherosclerosis. Circ. Res. 118 692–702. 

10.1161/CIRCRESAHA.115.306361 [PMC free 

article] [PubMed] [CrossRef] [Google Scholar] 

4. Bond M., Sala-Newby G. B., Wu Y. J., Newby 

A. C. (2006). Biphasic effect of p21Cip1 on 

smooth muscle cell proliferation: role of PI 3-

kinase and Skp2-mediated 

degradation. Cardiovasc. Res. 69 198–206. 

10.1016/j.cardiores.2005.08.020 [PubMed] 

[CrossRef] [Google Scholar] 

5. Bos D. J., van Raalten T. R., Oranje B., Smits A. 

R., Kobussen N. A., Belle J., et al. 

(2014). Developmental differences in higher-

order resting-state networks in autism spectrum 

disorder. Neuroimage Clin. 4 820–827. 

10.1016/j.nicl.2014.05.007 [PMC free 

article] [PubMed] [CrossRef] [Google Scholar] 

6. Braitsch C. M., Combs M. D., Quaggin S. E., 

Yutzey K. E. (2012). Pod1/Tcf21 is regulated by 

retinoic acid signaling and inhibits 

differentiation of epicardium-derived cells into 

smooth muscle in the developing heart. Dev. 

Biol. 368 345–357. 

10.1016/j.ydbio.2012.06.002 [PMC free 

article] [PubMed] [CrossRef] [Google Scholar] 

7. Braitsch C. M., Kanisicak O., van Berlo J. H., 

Molkentin J. D., Yutzey K. E. 

(2013). Differential expression of embryonic 

epicardial progenitor markers and localization of 

cardiac fibrosis in adult ischemic injury and 

hypertensive heart disease. J. Mol. Cell. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7290112/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7290112/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7290112/#B1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7290112/#B1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7290112/#B6
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3357908/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3357908/
https://pubmed.ncbi.nlm.nih.gov/22573622
https://doi.org/10.1242%2Fdev.079970
https://scholar.google.com/scholar_lookup?journal=Development&title=The+bHLH+transcription+factor+Tcf21+is+required+for+lineage-specific+EMT+of+cardiac+fibroblast+progenitors.&author=A.+Acharya&author=S.+T.+Baek&author=G.+Huang&author=B.+Eskiocak&author=S.+Goetsch&volume=139&publication_year=2012&pages=2139-2149&pmid=22573622&doi=10.1242/dev.079970&
https://pubmed.ncbi.nlm.nih.gov/22017177
https://doi.org/10.1146%2Fannurev-physiol-012110-142315
https://scholar.google.com/scholar_lookup?journal=Annu.+Rev.+Physiol.&title=Epigenetic+control+of+smooth+muscle+cell+differentiation+and+phenotypic+switching+in+vascular+development+and+disease.&author=M.+R.+Alexander&author=G.+K.+Owens&volume=74&publication_year=2012&pages=13-40&pmid=22017177&doi=10.1146/annurev-physiol-012110-142315&
https://scholar.google.com/scholar_lookup?journal=Annu.+Rev.+Physiol.&title=Epigenetic+control+of+smooth+muscle+cell+differentiation+and+phenotypic+switching+in+vascular+development+and+disease.&author=M.+R.+Alexander&author=G.+K.+Owens&volume=74&publication_year=2012&pages=13-40&pmid=22017177&doi=10.1146/annurev-physiol-012110-142315&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4762053/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4762053/
https://pubmed.ncbi.nlm.nih.gov/26892967
https://doi.org/10.1161%2FCIRCRESAHA.115.306361
https://scholar.google.com/scholar_lookup?journal=Circ.+Res.&title=Vascular+smooth+muscle+cells+in+atherosclerosis.&author=M.+R.+Bennett&author=S.+Sinha&author=G.+K.+Owens&volume=118&publication_year=2016&pages=692-702&pmid=26892967&doi=10.1161/CIRCRESAHA.115.306361&
https://pubmed.ncbi.nlm.nih.gov/16212951
https://doi.org/10.1016%2Fj.cardiores.2005.08.020
https://scholar.google.com/scholar_lookup?journal=Cardiovasc.+Res.&title=Biphasic+effect+of+p21Cip1+on+smooth+muscle+cell+proliferation:+role+of+PI+3-kinase+and+Skp2-mediated+degradation.&author=M.+Bond&author=G.+B.+Sala-Newby&author=Y.+J.+Wu&author=A.+C.+Newby&volume=69&publication_year=2006&pages=198-206&pmid=16212951&doi=10.1016/j.cardiores.2005.08.020&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4055902/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4055902/
https://pubmed.ncbi.nlm.nih.gov/24936432
https://doi.org/10.1016%2Fj.nicl.2014.05.007
https://scholar.google.com/scholar_lookup?journal=Neuroimage+Clin.&title=Developmental+differences+in+higher-order+resting-state+networks+in+autism+spectrum+disorder.&author=D.+J.+Bos&author=T.+R.+van+Raalten&author=B.+Oranje&author=A.+R.+Smits&author=N.+A.+Kobussen&volume=4&publication_year=2014&pages=820-827&pmid=24936432&doi=10.1016/j.nicl.2014.05.007&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3414197/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3414197/
https://pubmed.ncbi.nlm.nih.gov/22687751
https://doi.org/10.1016%2Fj.ydbio.2012.06.002
https://scholar.google.com/scholar_lookup?journal=Dev.+Biol.&title=Pod1/Tcf21+is+regulated+by+retinoic+acid+signaling+and+inhibits+differentiation+of+epicardium-derived+cells+into+smooth+muscle+in+the+developing+heart.&author=C.+M.+Braitsch&author=M.+D.+Combs&author=S.+E.+Quaggin&author=K.+E.+Yutzey&volume=368&publication_year=2012&pages=345-357&pmid=22687751&doi=10.1016/j.ydbio.2012.06.002&


Transcription Factor 21                                                                                                  Section A -Research paper 

 

Eur. Chem. Bull. 2023,12( issue 8),7703-7705                                                                                                       7705 
 
                                                                                                     

Cardiol. 65 108–119. 

10.1016/j.yjmcc.2013.10.005 [PMC free 

article] [PubMed] [CrossRef] [Google Scholar] 

8. Cao J., Navis A., Cox B. D., Dickson A. L., 

Gemberling M., Karra R., et al. (2016). Single 

epicardial cell transcriptome sequencing 

identifies Caveolin 1 as an essential factor in 

zebrafish heart 

regeneration. Development 143 232–243. 

10.1242/dev.130534 [PMC free 

article] [PubMed] [CrossRef] [Google Scholar] 

9. Cao Y., Cao J. (2018). Covering and re-covering 

the heart: development and regeneration of the 

epicardium. J. Cardiovasc. Dev. 

Dis. 6:3 10.3390/jcdd6010003 [PMC free 

article] [PubMed] [CrossRef] [Google Scholar] 

10. Cao Y., Duca S., Cao J. (2020). Epicardium in 

heart development. Cold Spring Harb. Perspect. 

Biol. 12:a037192. 

10.1101/cshperspect.a037192 [PMC free 

article] [PubMed] [CrossRef] [Google Scholar] 

11. Cherepanova O. A., Gomez D., Shankman L. S., 

Swiatlowska P., Williams J., Sarmento O. F., et 

al. (2016). Activation of the pluripotency factor 

OCT4 in smooth muscle cells is 

atheroprotective. Nat. Med. 22 657–665. 

10.1038/nm.4109 [PMC free article] [PubMed] 

[CrossRef] [Google Scholar] 

12. Dechamethakun S., Ikeda S., Arai T., Sato N., 

Sawabe M., Muramatsu M. (2014). Associations 

between the CDKN2A/B, ADTRP and PDGFD 

polymorphisms and the development of coronary 

atherosclerosis in Japanese patients. J. 

Atheroscler. Thromb. 21 680–690. 

10.5551/jat.22640 [PubMed] 

[CrossRef] [Google Scholar] 

13. Feihl F., Liaudet L., Levy B. I., Waeber B. 

(2008). Hypertension and microvascular 

remodelling. Cardiovasc. Res. 78 274–285. 

10.1093/cvr/cvn022 [PubMed] 

[CrossRef] [Google Scholar] 

14. Firoozi S., Pahlavan S., Ghanian M. H., Rabbani 

S., Tavakol S., Barekat M., et al. (2020). A cell-

free SDKP-conjugated self-assembling peptide 

hydrogel sufficient for improvement of 

myocardial infarction. Biomolecules 10:205. 

10.3390/biom10020205 [PMC free 

article] [PubMed] [CrossRef] [Google Scholar] 

15. Frismantiene A., Philippova M., Erne P., Resink 

T. J. (2018). Cadherins in vascular smooth 

muscle cell (patho)biology: quid nos 

scimus? Cell Signal. 45 23–42. 

10.1016/j.cellsig.2018.01.023 [PubMed] 

[CrossRef] [Google Scholar] 

16. Fujimaki T., Oguri M., Horibe H., Kato K., 

Matsuoka R., Abe S., et al. (2015). Association 

of a transcription factor 21 gene polymorphism 

with hypertension. Biomed. Rep. 3 118–122. 

10.3892/br.2014.371 [PMC free 

article] [PubMed] [CrossRef] [Google Scholar] 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3848425/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3848425/
https://pubmed.ncbi.nlm.nih.gov/24140724
https://doi.org/10.1016%2Fj.yjmcc.2013.10.005
https://scholar.google.com/scholar_lookup?journal=J.+Mol.+Cell.+Cardiol.&title=Differential+expression+of+embryonic+epicardial+progenitor+markers+and+localization+of+cardiac+fibrosis+in+adult+ischemic+injury+and+hypertensive+heart+disease.&author=C.+M.+Braitsch&author=O.+Kanisicak&author=J.+H.+van+Berlo&author=J.+D.+Molkentin&author=K.+E.+Yutzey&volume=65&publication_year=2013&pages=108-119&pmid=24140724&doi=10.1016/j.yjmcc.2013.10.005&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4725347/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4725347/
https://pubmed.ncbi.nlm.nih.gov/26657776
https://doi.org/10.1242%2Fdev.130534
https://scholar.google.com/scholar_lookup?journal=Development&title=Single+epicardial+cell+transcriptome+sequencing+identifies+Caveolin+1+as+an+essential+factor+in+zebrafish+heart+regeneration.&author=J.+Cao&author=A.+Navis&author=B.+D.+Cox&author=A.+L.+Dickson&author=M.+Gemberling&volume=143&publication_year=2016&pages=232-243&pmid=26657776&doi=10.1242/dev.130534&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6463056/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6463056/
https://pubmed.ncbi.nlm.nih.gov/30586891
https://doi.org/10.3390%2Fjcdd6010003
https://scholar.google.com/scholar_lookup?journal=J.+Cardiovasc.+Dev.+Dis.&title=Covering+and+re-covering+the+heart:+development+and+regeneration+of+the+epicardium.&author=Y.+Cao&author=J.+Cao&volume=6&issue=3&publication_year=2018&pmid=30586891&doi=10.3390/jcdd6010003&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6996450/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6996450/
https://pubmed.ncbi.nlm.nih.gov/31451510
https://doi.org/10.1101%2Fcshperspect.a037192
https://scholar.google.com/scholar_lookup?journal=Cold+Spring+Harb.+Perspect.+Biol.&title=Epicardium+in+heart+development.&author=Y.+Cao&author=S.+Duca&author=J.+Cao&volume=12&issue=a037192&publication_year=2020&pmid=31451510&doi=10.1101/cshperspect.a037192&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4899256/
https://pubmed.ncbi.nlm.nih.gov/27183216
https://doi.org/10.1038%2Fnm.4109
https://scholar.google.com/scholar_lookup?journal=Nat.+Med.&title=Activation+of+the+pluripotency+factor+OCT4+in+smooth+muscle+cells+is+atheroprotective.&author=O.+A.+Cherepanova&author=D.+Gomez&author=L.+S.+Shankman&author=P.+Swiatlowska&author=J.+Williams&volume=22&publication_year=2016&pages=657-665&pmid=27183216&doi=10.1038/nm.4109&
https://pubmed.ncbi.nlm.nih.gov/24573017
https://doi.org/10.5551%2Fjat.22640
https://scholar.google.com/scholar_lookup?journal=J.+Atheroscler.+Thromb.&title=Associations+between+the+CDKN2A/B,+ADTRP+and+PDGFD+polymorphisms+and+the+development+of+coronary+atherosclerosis+in+Japanese+patients.&author=S.+Dechamethakun&author=S.+Ikeda&author=T.+Arai&author=N.+Sato&author=M.+Sawabe&volume=21&publication_year=2014&pages=680-690&pmid=24573017&doi=10.5551/jat.22640&
https://pubmed.ncbi.nlm.nih.gov/18250145
https://doi.org/10.1093%2Fcvr%2Fcvn022
https://scholar.google.com/scholar_lookup?journal=Cardiovasc.+Res.&title=Hypertension+and+microvascular+remodelling.&author=F.+Feihl&author=L.+Liaudet&author=B.+I.+Levy&author=B.+Waeber&volume=78&publication_year=2008&pages=274-285&pmid=18250145&doi=10.1093/cvr/cvn022&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7072713/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7072713/
https://pubmed.ncbi.nlm.nih.gov/32019267
https://doi.org/10.3390%2Fbiom10020205
https://scholar.google.com/scholar_lookup?journal=Biomolecules&title=A+cell-free+SDKP-conjugated+self-assembling+peptide+hydrogel+sufficient+for+improvement+of+myocardial+infarction.&author=S.+Firoozi&author=S.+Pahlavan&author=M.+H.+Ghanian&author=S.+Rabbani&author=S.+Tavakol&volume=10&issue=205&publication_year=2020&pmid=32019267&doi=10.3390/biom10020205&
https://pubmed.ncbi.nlm.nih.gov/29413845
https://doi.org/10.1016%2Fj.cellsig.2018.01.023
https://scholar.google.com/scholar_lookup?journal=Cell+Signal.&title=Cadherins+in+vascular+smooth+muscle+cell+(patho)biology:+quid+nos+scimus?&author=A.+Frismantiene&author=M.+Philippova&author=P.+Erne&author=T.+J.+Resink&volume=45&publication_year=2018&pages=23-42&pmid=29413845&doi=10.1016/j.cellsig.2018.01.023&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4251179/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4251179/
https://pubmed.ncbi.nlm.nih.gov/25469260
https://doi.org/10.3892%2Fbr.2014.371
https://scholar.google.com/scholar_lookup?journal=Biomed.+Rep.&title=Association+of+a+transcription+factor+21+gene+polymorphism+with+hypertension.&author=T.+Fujimaki&author=M.+Oguri&author=H.+Horibe&author=K.+Kato&author=R.+Matsuoka&volume=3&publication_year=2015&pages=118-122&pmid=25469260&doi=10.3892/br.2014.371&

