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Abstract: Transcription factor 21 (TCF21) is a basic helix–loop–helix transcription factor that 

binds to DNA and regulates cell differentiation and cell fate specification through mesenchymal–

epithelial transition during development. The TCF21 gene is epigenetically inactivated in 

many types of human cancers and exerts a wide variety of functions, including the regulation 

of epithelial–mesenchymal transition, invasion, metastasis, cell cycle, and autophagy. This 

review focuses on research progress in relation to the roles of TCF21 in tumor development. 

We systematically consider multiple pathological functions of TCF21 in various cancers, 

revealing the molecular bases of its diverse biological roles and providing new directions for 

future research.
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Introduction
The helix–loop–helix (HLH) family of transcription factors includes key players in a 

wide array of developmental processes.1–3 More than 240 HLH members have been 

identified to date in organisms ranging from yeast to human beings.4–7 HLH proteins 

are characterized by the possession of highly conserved bipartite domains for DNA 

binding and protein–protein interactions.8,9 A first motif of basic residues mainly 

permits HLH proteins to bind to a consensus hexanucleotide E-box (CANNTG),10 

whereas a second motif of primary hydrophobic residues, the HLH domain, allows 

these proteins to interact and form homo- and/or heterodimers.9 HLH family members 

have been classified into seven families based on their tissue distribution, dimerization 

capacities, and DNA-binding specificities.7 Class I factors are widely expressed and act 

as homodimers or heterodimers with class II proteins. The most representative HLH 

proteins, also known as E-proteins, belong to class I, and are encoded by the genes such 

as TCF3 (E12 and E47 isoforms), TCF4 (E2-2A and E2-2B isoforms), and TCF12 (α/β 

isoforms). Class II factors are tissue-specific basic HLH (bHLH) proteins that always 

act as heterodimers with class I factors, including TWIST1 and TWIST2.

Transcription factor 21 (TCF21, also known as capsulin/pod1/epicardin), is encoded 

by a gene located on chromosome 6q23–q24 and is a cell-type-specific class II bHLH 

transcription factor. TCF21 can bind to the consensus E-box sequence to form a 

heterodimer with the widely expressed bHLH protein E12.11 It mandates cell fate dif-

ferentiation through mesenchymal–epithelial transition during development.12 TCF21 

was shown to be expressed at its highest levels during embryonic development in 

mice, and its expression levels then rapidly decreased in postnatal tissues, except in 

a subset of interstitial cells in organs including kidney, lung, and heart.11–13 Antisense 

inhibition of TCF21 disrupted epithelial differentiation and branching morphogenesis 
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of the epithelium in mouse embryonic kidney, suggesting a 

role for TCF21 in epithelial–mesenchymal interactions.13 

TCF21 knockout mice were born alive but died shortly after 

birth due to poor lung differentiation.14 Perinatal lethality is 

a classic feature of tumor suppressor activity,15 and all these 

features suggest that the TCF21 gene plays a crucial role in 

maintaining life.

Using restriction landmark genomic scanning, Smith 

et al16 identified TCF21 as a candidate tumor suppressor 

that was epigenetically inactivated in lung cancer and head 

and neck cancer. This provided the first evidence of a role 

for TCF21 in human cancer, since when a growing number 

of studies have demonstrated that aberrant methylation 

and decreased expression of TCF21 are tumor-specific and 

relatively common occurrences in human malignancies.17–26 

TCF21 exerts a wide variety of functions, including 

involvement in the regulation of invasion,27,28 metastasis,29 

autophagy,30 and cell cycle.31,32 This review focuses on 

research progress in relation to the role of TCF21 in tumor 

development. These studies have furthered our understanding 

of the role of TCF21 in human cancers and provided new 

directions for future research.

Regulation of TCF21 expression
TCF21 promoter hypermethylation
DNA methylation was the first epigenetic marker shown to be 

critically involved in tumorigenesis,33 by providing a stable 

mechanism for gene silencing and thus playing an impor-

tant role in regulating gene expression. Aberrant promoter 

hypermethylation represents a major mechanism leading to 

silencing of tumor suppressor genes in many kinds of human 

cancers.34 Promoter hypermethylation involves methylation 

of CpG islands within or near the promoter region of certain 

genes, thus rendering them transcriptionally silent. This 

downregulation of gene expression has been shown to be 

important in terms of cancer progression and outcome.35,36

Many transcription factors and gene regulators responsi-

ble for early development have been shown to have promoters 

within DNA methylation valleys, and such genes frequently 

demonstrate aberrant methylation patterns in cancers during 

later life.37 Notably, the TCF21 promoter is located within 

a DNA methylation valley.37 TCF21 is encoded by three 

exons, each of which is associated with a CpG island, and this 

feature has prompted extensive analysis of TCF21 promoter 

hypermethylation in a wide variety of tumors. High rates of 

TCF21 promoter hypermethylation have been identified in 

cancers of different origins, including lung,16–19,38 kidney,21,26 

bladder,17,21 prostate,21 breast,17 gastric,25 colon and rectum,27 

and head and neck cancers.16,22 TCF21 methylation in all 

these malignancies appears to have an excellent capacity 

for discriminating between cancerous and nonmalignant 

tissues with sensitivities for identifying bladder cancer, 

renal cell carcinoma, and prostate cancer of 92%, 67%, and 

96%, respectively.21 Consistent with its aberrant promoter 

hypermethylation, low TCF21 expression levels were also 

found in these cancers. Low TCF21 expression has been 

shown to be related to high-grade or invasive–aggressive 

cancers with lymph node or distant metastases indicating 

recurrence and with an inferior prognosis.24,26 TCF21 may 

thus serve as an excellent diagnostic or prognostic biomarker 

predicting poor outcome, as demonstrated in gastric cancer,25 

melanoma,29 colorectal cancer,39 and lung cancer cases.38,40 

Aberrant methylation of TCF21 can be detected not only in 

solid cancer tissues but also in sputum and urine samples 

from cancer patients.17,24 Aberrant TCF21 methylation has 

been demonstrated in cancer cell lines, animal models, and 

clinical tissues and biological fluids, indicating its potential 

value as a noninvasive marker for cancer detection; however, 

the detection of TCF21 is still far from suitable for clinical 

applications.

Sumoylation of TCF21
Posttranslational modifications, such as phosphorylation, 

methylation, acetylation, ubiquitination, and sumoyla-

tion, are important mechanisms for regulating protein 

actions41 and allow proteins to have multiple functions.42 

Sumoylation plays important roles in protein regulation by 

affecting subcellular protein localization, protein stability, 

protein–protein interactions, and the transcriptional activity 

of transcription factors.43 Several members of the bHLH 

family, including circadian locomotor output cycles kaput 

and differentiated embryo-chondrocyte expressed gene 1, 

have been shown to be subject to sumoylation.44,45 Ao et al32 

reported that TCF21 could be sumoylated at lysine residue 

24 by the small ubiquitin-like modifier (SUMO) 1, and this 

modification could be reversed by SUMO-specific protease 1. 

They found that sumoylation stabilized TCF21 but did not 

affect its subcellular localization. In addition, sumoylation 

of TCF21 could repress the transcriptional activity of estro-

gen receptor-α (ERα) through promoting the recruitment of 

histone deacetylases 1/2, and this negative regulation of ERα 

led to a reduction in breast cancer cell proliferation.32

Regulation of TCF21 by noncoding RNAs 
(ncRNAs)
In addition to DNA methylation, multiple lines of evidence 

have demonstrated that various ncRNAs act as upstream 

regulators to modulate TCF21 via multiple pathways. 

www.dovepress.com
www.dovepress.com
www.dovepress.com


OncoTargets and Therapy 2018:11 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

3535

Multiple biological functions of transcription factor 21

Arab et al46 found that the long ncRNA TCF21 antisense 

RNA-inducing demethylation (TARID) activated TCF21 

expression by inducing promoter demethylation. TARID 

accomplished this by interacting with both the TCF21 pro-

moter and the DNA demethylation regulator, GADD45A 

(growth arrest and DNA damage inducible, alpha). 

GADD45A in turn recruited thymine DNA glycosylase 

(TDG) for base excision repair (BER)-mediated demethy-

lation, involving oxidation of 5-methylcytosine (5mC) to 

5-hydroxymethylcytosine (5hmC) in the TCF21 promoter 

by 10–11 translocation (TET) methylcytosine dioxygenase 

proteins (Figure 1).46 TDG is an essential component of the 

BER pathway for DNA demethylation47–49 and can efficiently 

excise the iterative oxidation products of 5mC and 5hmC, 

namely 5-formylcytosine and 5-carboxylcytosine and initiate 

downstream BER to restore unmodified cytosines.50–52 Further 

detailed studies revealed that NEIL2 (nei-like DNA glyco-

sylase 2) is required for TET–TDG-mediated gene-specific 

demethylation of TCF21, which cooperates with TDG during 

base excision. TDG occupies the abasic site and is replaced 

by NEIL2, which further processes the baseless sugar, 

thereby stimulating TDG substrate turnover.53 In another 

study, Gooskens et al54 demonstrated that TARID expression 

was significantly lower in clear cell sarcoma of the kidney 

(CCSK) compared with Wilms’ tumor tissues and was nega-

tively correlated with the degree of TCF21 promoter methyla-

tion. This suggests that TCF21 hypermethylation in CCSK 

may be caused by decreased TARID expression. Recent 

research has shown that aberrantly expressed miR-21 might 

regulate the TCF21–KISS1-associated renal cell carcinoma 

Figure 1 Model of regulation of TCF21 by demethylation.
Notes: TARiD binds to GADD45A and recruits TeTs together with TDG to induce promoter demethylation. TeT enzymes iteratively oxidize 5mC to form 5hmC, 5fC, 
and 5caC. TDG recognizes and excises higher oxidation products (5fC or 5caC) and initiates downstream BER to restore unmodified cytosines. NEIL2 cooperates with 
TDG during base excision.
Abbreviations: BeR, base excision repair; 5C, 5-cytosine; 5caC, 5-carboxylcytosine; 5fC, 5-formylcytosine; 5hmC, 5-hydroxymethylcytosine; 5mC, 5-methylcytosine; 
TARiD, TCF21 antisense RNA-inducing demethylation; TCF21, transcription factor 21; TDG, thymine DNA glycosylase; TeT, translocation.
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cell invasion pathway,55 whereas Wei et al28 demonstrated 

that miR-205 inhibited TCF21 expression and consequently 

attenuated the inhibitory effect of TCF21 on cell invasion in 

ovarian cancer cells.

Tumor suppressive signatures 
of TCF21
Numerous studies have shown that TCF21 acts as a 

transcription factor and is implicated in many aspects of 

carcinogenesis. TCF21 mediates various functions, such 

as epithelial–mesenchymal transition (EMT), invasion, 

metastasis, cell cycle, and autophagy, via interactions with 

different types of molecules (Figure 2).

inhibition of eMT and tumor invasion and 
metastasis
Loss of chromosome 6q16–q24, including the TCF21 locus, 

has been associated with metastasis.56,57 An increasing number 

of studies have shown that TCF21 acts as a tumor suppressor 

with a crucial role in regulating tumor cell invasion and metas-

tasis. Local tumor invasion represents the first step in the met-

astatic cascade of carcinomas and requires profound changes 

in the adhesion and migration properties of tumor cells that 

are reminiscent of an important developmental process such 

as EMT.58 A transition between epithelial and mesenchymal 

cells is known to occur during tumorigenesis.59,60 Smith 

et al16 first established a link between TCF21 and EMT in 

cancer cells and showed that TCF21 expression was highly 

associated with the epithelial phenotype. They showed that 

expression levels of the mesenchymal markers such as snail 

family transcriptional repressor 1 (SNAI1) and vimentin 

(VIM) were significantly downregulated, whereas the epi-

thelial markers such as WNT4 and CDH1 were upregulated 

in lung cancer cells transfected with TCF21. The relationship 

between TCF21 and EMT has since been verified in a broad 

range of tumor types. Shivapurkar et al17 observed significant 

expression of WNT4 in TCF21-positive lung cancer cells. 

Downregulation of SNAI1 was also observed in breast cancer 

Figure 2 TCF21 regulates different functions by interacting with different partners.
Notes: TCF21 exerts multiple biological effects, including eMT, invasion, metastasis, cell cycle, and autophagy by interacting with different types of molecules. Solid line 
indicates direct effect; dashed line indicates unknown mechanism of action.
Abbreviations: BUB1B, budding uninhibited by benzimidazoles 1 homolog beta; CDK1, cyclin-dependent kinase; eMT, epithelial–mesenchymal transition; eRα, estrogen 
receptor α; MMP, matrix metalloproteinase; Pi3K, phosphatidylinositol 3-hydroxy kinase; SNAi1, snail family transcriptional repressor 1; TCF21, transcription factor 21; viM, 
vimentin; P13K, phosphatidylinositol 3-hydroxy kinase; SHP, small heterodimer partner; LRH-1, liver receptor homolog-1.
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cells transfected with TCF21.23 Dai et al27 showed that res-

toration of TCF21 resulted in decreased expression of the 

mesenchymal marker such as VIM and increased expression 

of the epithelial marker E-cadherin in colorectal cancer cells. 

However, another study found no changes in mRNA levels 

of the mesenchymal markers such as VIM and SNAI1, but 

there was a significant upregulation of the epithelial marker 

E-cadherin at both the mRNA and the protein levels in renal 

tumor cells expressing ectopic TCF21.61 These results also 

suggested that E-cadherin might be a proximate downstream 

target of TCF21. E-box elements of the E-cadherin promoter 

are involved in silencing E-cadherin promoter activity in 

cancer cells.62 Although E-boxes act as recognition sites for 

bHLH transcription factors,63 there is currently no evidence to 

show that bHLH factors bind to sequences in the E-cadherin 

promoter.62 Further studies are therefore needed to clarify the 

mechanism whereby TCF21 regulates E-cadherin involve-

ment in EMT.

In addition to the cardinal EMT pathways, TCF21 also 

regulates other aspects of the tumor invasion and metas-

tasis processes via different signaling pathways. A recent 

study confirmed that upregulation of TCF21 significantly 

increased the expression of KISS1 and decreased the expres-

sion of phosphatidylinositol 3-hydroxy kinase (PI3K) and 

phosphorylated AKT, indicating inactivation of PI3K/AKT 

signaling.39 In addition, overexpression of TCF21 also inhib-

ited the expression of matrix metalloproteinase (MMP)-2 

and MMP-9, which are involved in cancer cell invasion and 

metastasis.39 Similarly, Wei et al28 demonstrated that TCF21 

inhibited MMP-2 and MMP-10 and decreased ovarian cancer 

cell invasion. In addition, Arab et al29 reported that TCF21 

was regulated epigenetically and had potential antimetastatic 

properties by directly activating the known metastasis sup-

pressor KISS1 on chromosome 1q32 in melanoma.

Modulatory role of TCF21 in cell cycle 
and autophagy
The basic biological characteristic of malignant tumors 

is unlimited proliferation, potentially related to cell cycle 

disorders. Accumulating evidence suggests that TCF21 is 

involved in regulating the cell cycle. França et al64 dem-

onstrated that TCF21 expression was inversely correlated 

with a panel of cell cycle genes in human adrenocortical 

tumor cells, including cyclin-dependent kinase and budding 

uninhibited by benzimidazoles 1 homolog beta. They also 

confirmed that TCF21 inhibited the expression of endogenous 

steroidogenic factor 1 (SF-1) through binding to the E-box 

sequence in the SF-1 promoter. SF-1 expression drives the 

differentiation of the steroidogenic lineages during human 

and mouse development,65 and increased SF-1 dosage can 

augment human adrenal cell proliferation, thus playing a 

critical role in adrenocortical tumorigenesis.66 A subsequent 

study revealed that TCF21 reduced small heterodimer part-

ner (SHP) expression via binding to its E-box element in 

hepatocarcinoma cells, resulting in increased expression 

of liver receptor homolog-1 (LRH-1), which binds to the 

cyclin E-1 promoter leading to G1-to-S phase transition of 

the cell cycle.31 LRH-1 and SF-1 are members of the Fzt-F1 

subfamily of nuclear receptors,67 and both LRH-1 and its 

repressor SHP are involved in many types of cancers.68–71 

TCF21 binds directly to the E-box of the SHP promoter, 

inhibiting its activity, but does not bind to the LRH-1 pro-

moter E-box sequence. These results suggest that TCF21 has 

different effects on the cell cycle in tumor cells expressing 

LRH-1. A recent study also reported that sumoylation of 

TCF21 could inhibit the growth of ERα-positive breast 

cancer cells and decrease the proportion of S-phase cells in 

the cell cycle.32 The relationship between epigenetic regula-

tion and autophagy is currently a hot topic in cancer therapy. 

A recent study demonstrated a correlation between TCF21 

promoter methylation and autophagy, suggesting that TCF21 

may inhibit autophagy by suppressing the autophagy-related 

proteins such as BECLIN-1 and ATG-9 in the progression 

of lung cancer.30 Research into the role of TCF21 in the cell 

cycle and autophagy is currently limited, and further studies 

are therefore needed to confirm the significant roles of TCF21 

in regulating the cell cycle and autophagy.

Summary and future prospects
In conclusion, the abovementioned studies demonstrate that 

the TCF21 is inactivated in a wide variety of carcinomas, 

largely as a result of aberrant DNA methylation. Reversal of 

DNA methylation by demethylating agents and DNA methyl-

transferase inhibitors restores TCF21 activation, suggesting 

that the development of drugs targeting DNA methylation of 

TCF21 may have vital clinical implications for the treatment 

or prevention of cancers.

TCF21 is implicated in many aspects of the carcinogen-

esis process, including tumor initiation, invasion, metastasis, 

cell cycle, and autophagy. Although, among these functions, 

the contribution of TCF21 to EMT has been verified in 

various cancers, the mechanisms underlying this association 

remain largely undefined. In addition to EMT, the involve-

ment and molecular mechanisms of TCF21 in relation to 

apoptosis, autophagy, and drug resistance also require further 

investigation. Further detailed studies exploring how TCF21 
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participates in these processes will provide more comprehen-

sive information about the crucial pathological functions of 

TCF21 in cancer. Moreover, in addition to studying these 

pathological effects of TCF21 independently, the correla-

tions and interdependency among these multiple biological 

functions should also be explored.

In summary, the complex relationships between TCF21 

and tumorigenesis remain to be clarified. However, a com-

prehensive understanding of the diverse roles of TCF21 in 

cancer biology will lay the foundations for the use of TCF21 

as a diagnostic and prognostic marker and as a therapeutic 

target for cancer treatment in the clinic.

Acknowledgment
This review was supported by the National Natural Science 

Foundation of China (No 81502073).

Disclosure
The authors report no conflicts of interest in this work.

References
 1. Bain G, Maandag EC, Izon DJ, et al. E2A proteins are required for 

proper B cell development and initiation of immunoglobulin gene 
rearrangements. Cell. 1994;79(5):885–892.

 2. Lee JE, Hollenberg SM, Snider L, Turner DL, Lipnick N, Weintraub H. 
Conversion of Xenopus ectoderm into neurons by NeuroD, a basic 
helix-loop-helix protein. Science. 1995;268(5212):836–844.

 3. Zhuang Y, Soriano P, Weintraub H. The helix-loop-helix gene E2A is 
required for B cell formation. Cell. 1994;79(5):875–884.

 4. Littlewood TD, Evan GI. Transcription factors 2: helix-loop-helix. 
Protein Profile. 1995;2(6):621–702.

 5. Porcher C, Swat W, Rockwell K, Fujiwara Y, Alt F, Orkin S. The T 
cell leukemia oncoprotein SCL/tal-1 is essential for development of all 
hematopoietic lineages. Cell. 1996;86(1):47–57.

 6. Atchley W, Fitch W. A natural classification of the basic helix-loop-
helix class of transcription factors. Proc Natl Acad Sci U S A. 1997; 
94(10):5172–5176.

 7. Massari ME, Murre C. Helix-loop-helix proteins: regulators of transcrip-
tion in eukaryotic organisms. Mol Cell Biol. 2000;20(2):429–440.

 8. Murre C, McCaw PS, Baltimore D. A new DNA binding and dimeriza-
tion motif in immunoglobulin enhancer binding, daughterless, MyoD, 
and myc proteins. Cell. 1989;56(5):777–783.

 9. Murre C, Bain G, van Dijk MA, et al. Structure and function of helix-
loop-helix proteins. Biochim Biophys Acta. 1994;1218(2):129–135.

 10. Voronova A, Baltimore D. Mutations that disrupt DNA binding and 
dimer formation in the E47 helix-loop-helix protein map to distinct 
domains. Proc Natl Acad Sci U S A. 1990;87(12):4722–4726.

 11. Lu J, Richardson JA, Olson EN. Capsulin: a novel bHLH transcription 
factor expressed in epicardial progenitors and mesenchyme of visceral 
organs. Mech Dev. 1998;73(1):23–32.

 12. Hidai H, Bardales R, Goodwin R, Quertermous T, Quertermous EE. 
Cloning of capsulin, a basic helix-loop-helix factor expressed in pro-
genitor cells of the pericardium and the coronary arteries. Mech Dev. 
1998;73(1):33–43.

 13. Quaggin SE, Vanden Heuvel GB, Igarashi P. Pod-1, a mesoderm-
specific basic-helix-loop-helix protein expressed in mesenchymal and 
glomerular epithelial cells in the developing kidney. Mech Dev. 1998; 
71(1–2):37–48.

 14. Quaggin SE, Schwartz L, Cui S, et al. The basic-helix-loop-helix 
protein pod1 is critically important for kidney and lung organogenesis. 
Development. 1999;126(24):5771–5783.

 15. Meuwissen R, Berns A. Mouse models for human lung cancer. Genes 
Dev. 2005;19(6):643–664.

 16. Smith LT, Lin M, Brena RM, et al. Epigenetic regulation of the tumor 
suppressor gene TCF21 on 6q23-q24 in lung and head and neck cancer. 
Proc Natl Acad Sci U S A. 2006;103(4):982–987.

 17. Shivapurkar N, Stastny V, Xie Y, et al. Differential methylation of a short 
CpG-rich sequence within exon 1 of TCF21 gene: a promising cancer 
biomarker assay. Cancer Epidemiol Biomarkers Prev. 2008;17(4): 
995–1000.

 18. Tessema M, Belinsky SA. Mining the epigenome for methylated genes 
in lung cancer. Proc Am Thorac Soc. 2008;5(8):806–810.

 19. Tessema M, Willink R, Do K, et al. Promoter methylation of genes 
in and around the candidate lung cancer susceptibility locus 6q23-25. 
Cancer Res. 2008;68(6):1707–1714.

 20. Weiss D, Basel T, Sachse F, Braeuninger A, Rudack C. Promoter 
methylation of cyclin A1 is associated with human papillomavirus 16 
induced head and neck squamous cell carcinoma independently of p53 
mutation. Mol Carcinog. 2011;50(9):680–688.

 21. Costa VL, Henrique R, Danielsen SA, et al. TCF21 and PCDH17 
methylation: an innovative panel of biomarkers for a simultaneous 
detection of urological cancers. Epigenetics. 2011;6(9):1120–1130.

 22. Weiss D, Stockmann C, Schrödter K, Rudack C. Protein expression 
and promoter methylation of the candidate biomarker TCF21 in head 
and neck squamous cell carcinoma. Cell Oncol (Dordr). 2013;36(3): 
213–224.

 23. Wang J, Gao X, Wang M, Zhang J. Clinicopathological significance and 
biological role of TCF21 mRNA in breast cancer. Tumour Biol. 2015; 
36(11):8679–8683.

 24. Xin J, Xu R, Lin S, et al. Clinical potential of TCF21 methylation 
in the diagnosis of renal cell carcinoma. Oncol Lett. 2016;12(2): 
1265–1270.

 25. Yang Z, Li DM, Xie Q, Dai DQ. Protein expression and promoter 
methylation of the candidate biomarker TCF21 in gastric cancer. 
J Cancer Res Clin Oncol. 2015;141(2):211–220.

 26. Ye YW, Jiang ZM, Li WH, et al. Downregulation of TCF21 is associated 
with poor survival in clear cell renal cell carcinoma. Neoplasma. 2012; 
59(6):599–605.

 27. Dai Y, Duan H, Duan C, et al. Down-regulation of TCF21 by hypermeth-
ylation induces cell proliferation, migration and invasion in colorectal 
cancer. Biochem Biophys Res Commun. 2016;469(3):430–436.

 28. Wei J, Zhang L, Li J, et al. MicroRNA-205 promotes cell invasion 
by repressing TCF21 in human ovarian cancer. J Ovarian Res. 2017; 
10(1):33.

 29. Arab K, Smith LT, Gast A, et al. Epigenetic deregulation of TCF21 
inhibits metastasis suppressor KISS1 in metastatic melanoma. 
Carcinogenesis. 2011;32(10):1467–1473.

 30. Chen B, Zeng C, Ye Y, et al. Promoter methylation of TCF21 may 
repress autophagy in the progression of lung cancer. J Cell Commun 
Signal. 2017;12(2):423–432.

 31. Franca MM, Ferraz-de-Souza B, Lerario AM, Fragoso MC, Lotfi CF. 
POD-1/TCF21 reduces SHP expression, affecting LRH-1 regulation 
and cell cycle balance in adrenocortical and hepatocarcinoma tumor 
cells. Biomed Res Int. 2015;2015:841784.

 32. Ao X, Li S, Xu Z, et al. Sumoylation of TCF21 downregulates the 
transcriptional activity of estrogen receptor-alpha. Oncotarget. 2016; 
7(18):26220–26234.

 33. Feinberg AP, Vogelstein B. Hypomethylation distinguishes genes of 
some human cancers from their normal counterparts. Nature. 1983; 
301(5895):89–92.

 34. Herman JG, Baylin SB. Promoter-region hypermethylation and gene 
silencing in human cancer. Curr Top Microbiol Immunol. 2000;249: 
35–54.

 35. Esteller M. Epigenetics in cancer. N Engl J Med. 2008;358(11): 
1148–1159.

www.dovepress.com
www.dovepress.com
www.dovepress.com


OncoTargets and Therapy

Publish your work in this journal

Submit your manuscript here: http://www.dovepress.com/oncotargets-and-therapy-journal

OncoTargets and Therapy is an international, peer-reviewed, open 
access journal focusing on the pathological basis of all cancers, potential 
targets for therapy and treatment protocols employed to improve the 
management of cancer patients. The journal also focuses on the impact 
of management programs and new therapeutic agents and protocols on 

patient perspectives such as quality of life, adherence and satisfaction. 
The manuscript management system is completely online and includes 
a very quick and fair peer-review system, which is all easy to use. Visit 
http://www.dovepress.com/testimonials.php to read real quotes from 
published authors.

OncoTargets and Therapy 2018:11 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

Dovepress

3539

Multiple biological functions of transcription factor 21

 36. Costa-Pinheiro P, Montezuma D, Henrique R, Jerónimo C. Diagnostic 
and prognostic epigenetic biomarkers in cancer. Epigenomics. 2015; 
7(6):1003–1015.

 37. Xie W, Schultz MD, Lister R, et al. Epigenomic analysis of multilin-
eage differentiation of human embryonic stem cells. Cell. 2013;153(5): 
1134–1148.

 38. Richards KL, Zhang B, Sun M, et al. Methylation of the candidate 
biomarker TCF21 is very frequent across a spectrum of early-stage 
nonsmall cell lung cancers. Cancer. 2011;117(3):606–617.

 39. Dai Y, Duan H, Duan C, et al. TCF21 functions as a tumor suppressor 
in colorectal cancer through inactivation of PI3K/AKT signaling. Onco 
Targets Ther. 2017;10:1603–1611.

 40. Xiao J, Liu A, Lu X, et al. Prognostic significance of TCF21 mRNA 
expression in patients with lung adenocarcinoma. Sci Rep. 2017; 
7(1):2027.

 41. Yang XJ. Multisite protein modification and intramolecular signaling. 
Oncogene. 2005;24(10):1653–1662.

 42. Duan G, Walther D. The roles of post-translational modifications in the 
context of protein interaction networks. PLoS Comput Biol. 2015;11(2): 
e1004049.

 43. de Cristofaro T, Mascia A, Pappalardo A, D’Andrea B, Nitsch L, 
Zannini M. Pax8 protein stability is controlled by sumoylation. J Mol 
Endocrinol. 2009;42(1):35–46.

 44. Li S, Wang M, Ao X, et al. CLOCK is a substrate of SUMO and sumoy-
lation of CLOCK upregulates the transcriptional activity of estrogen 
receptor-α. Oncogene. 2013;32(41):4883–4891.

 45. Hong Y, Xing X, Li S, et al. SUMOylation of DEC1 protein regulates 
its transcriptional activity and enhances its stability. PLoS One. 2011; 
6(8):e23046.

 46. Arab K, Park YJ, Lindroth AM, et al. Long noncoding RNA TARID 
directs demethylation and activation of the tumor suppressor TCF21 
via GADD45A. Mol Cell. 2014;55(4):604–614.

 47. Cortázar D, Kunz C, Selfridge J, et al. Embryonic lethal phenotype 
reveals a function of TDG in maintaining epigenetic stability. Nature. 
2011;470(7334):419–423.

 48. Pastor WA, Aravind L, Rao A. TETonic shift: biological roles of TET 
proteins in DNA demethylation and transcription. Nat Rev Mol Cell Biol. 
2013;14(6):341–356.

 49. Zhu B, Zheng Y, Hess D, et al. 5-methylcytosine-DNA glycosylase 
activity is present in a cloned G/T mismatch DNA glycosylase associ-
ated with the chicken embryo DNA demethylation complex. Proc Natl 
Acad Sci U S A. 2000;97(10):5135–5139.

 50. He YF, Li BZ, Li Z, et al. Tet-mediated formation of 5-carboxylcytosine 
and its excision by TDG in mammalian DNA. Science. 2011;333(6047): 
1303–1307.

 51. Ito S, D’Alessio AC, Taranova OV, Hong K, Sowers LC, Zhang Y. Role 
of Tet proteins in 5mC to 5hmC conversion, ES-cell self-renewal and 
inner cell mass specification. Nature. 2010;466(7310):1129–1133.

 52. Maiti A, Drohat AC. Thymine DNA glycosylase can rapidly excise 
5-formylcytosine and 5-carboxylcytosine: potential implications 
for active demethylation of CpG sites. J Biol Chem. 2011;286(41): 
35334–35338.

 53. Schomacher L, Han D, Musheev MU, et al. Neil DNA glycosylases 
promote substrate turnover by TDG during DNA demethylation. Nat 
Struct Mol Biol. 2016;23(2):116–124.

 54. Gooskens SL, Gadd S, Guidry Auvil JM, et al. TCF21 hyperm-
ethylation in genetically quiescent clear cell sarcoma of the kidney. 
Oncotarget. 2015;6(18):15828–15841.

 55. Zhang H, Guo Y, Shang C, Song Y, Wu B. miR-21 downregulated TCF21 
to inhibit KISS1 in renal cancer. Urology. 2012;80(6):1298–1302.

 56. Welch DR, Chen P, Miele ME, et al. Microcell-mediated transfer of 
chromosome 6 into metastatic human C8161 melanoma cells suppresses 
metastasis but does not inhibit tumorigenicity. Oncogene. 1994;9(1): 
255–262.

 57. Miele ME, Jewett MD, Goldberg SF, et al. A human melanoma 
metastasis-suppressor locus maps to 6q16.3-q23. Int J Cancer. 
2000;86(4):524–528.

 58. Prindull G, Zipori D. Environmental guidance of normal and tumor cell 
plasticity: epithelial mesenchymal transitions as a paradigm. Blood. 2004; 
103(8):2892–2899.

 59. Hugo H, Ackland ML, Blick T, et al. Epithelial-mesenchymal and 
mesenchymal-epithelial transitions in carcinoma progression. J Cell 
Physiol. 2007;213(2):374–383.

 60. Guarino M, Rubino B, Ballabio G. The role of epithelialmesenchymal 
transition in cancer pathology. Pathology. 2007;39(3):305–318.

 61. Gooskens SL, Klasson TD, Gremmels H, et al. TCF21 hypermethyla-
tion regulates renal tumor cell clonogenic proliferation and migration. 
Mol Oncol. 2018;12(2):166–179.

 62. Giroldi LA, Bringuier PP, de Weijert M, Jansen C, van Bokhoven A, 
Schalken JA. Role of E boxes in the repression of E-cadherin expres-
sion. Biochem Biophys Res Commun. 1997;241(2):453–458.

 63. Littlewood TD, Evan GI. Transcription factors 2: helix-loop-helix. 
Protein Profile. 1994;1(6):635–709.

 64. França MM, Ferraz-de-Souza B, Santos MG, et al. POD-1 binding to the 
E-box sequence inhibits SF-1 and StAR expression in human adreno-
cortical tumor cells. Mol Cell Endocrinol. 2013;371(1–2):140–147.

 65. Luo X, Ikeda Y, Parker KL. A cell-specific nuclear receptor is essential 
for adrenal and gonadal development and sexual differentiation. Cell. 
1994;77(4):481–490.

 66. Doghman M, Karpova T, Rodrigues GA, et al. Increased steroidogenic 
factor-1 dosage triggers adrenocortical cell proliferation and cancer. 
Mol Endocrinol. 2007;21(12):2968–2987.

 67. Fayard E, Auwerx J, Schoonjans K. LRH-1: an orphan nuclear receptor 
involved in development, metabolism and steroidogenesis. Trends Cell 
Biol. 2004;14(5):250–260.

 68. He N, Park K, Zhang Y, Huang J, Lu S, Wang L. Epigenetic inhibition 
of nuclear receptor small heterodimer partner is associated with and 
regulates hepatocellular carcinoma growth. Gastroenterology. 2008; 
134(3):793–802.

 69. Kovacic A, Speed CJ, Simpson ER, Clyne CD. Inhibition of aromatase 
transcription via promoter II by short heterodimer partner in human 
preadipocytes. Mol Endocrinol. 2004;18(1):252–259.

 70. Botrugno OA, Fayard E, Annicotte JS, et al. Synergy between LRH-1 
and beta-catenin induces G1 cyclin-mediated cell proliferation. Mol 
Cell. 2004;15(4):499–509.

 71. Benod C, Vinogradova MV, Jouravel N, Kim GE, Fletterick RJ, 
Sablin EP. Nuclear receptor liver receptor homologue 1 (LRH-1) 
regulates pancreatic cancer cell growth and proliferation. Proc Natl 
Acad Sci U S A. 2011;108(41):16927–16931.

http://www.dovepress.com/oncotargets-and-therapy-journal
http://www.dovepress.com/testimonials.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
www.dovepress.com

	Publication Info 4: 


