
 

 

Introduction 
 
Cancer is a multistep process where normal 
cells evolve to cancer cells through the acquisi-
tion of a number of properties, referred as the 
hallmarks of cancer [1, 2] that include: self-
sufficient proliferative signaling, insensitivity to 
tumor suppression, replicative immortality, re-
sistance to cell death, induction of angiogenesis 
and invasion and metastasis. Attainment of 
these cancer traits could occur through overex-
pression, gain-of-function mutations or amplifi-
cation of oncogenes and/or epigenetic/
transcriptional repression, mutation or deletion 
of tumor suppressors. In addition to systematize 
our current understanding of cancer, the hall-
marks of cancer have helped guiding efforts to 
design therapeutic targets.  
 
One of the areas in tumor biology that has seen 
greater developments in recent years has been 
the study of how transcriptional and epigenetic 
alterations contribute to the acquisition of the 

cancer hallmark capabilities. This article re-
views the role of the ZEB family of transcription 
factors in cancer. Early evidence about the pro-
motion of tumor metastasis by ZEB factors has 
been greatly expanded in recent years by a 
wealth of reports involving ZEB proteins in the 
regulation of several other hallmarks of cancer.  
 
Invasion of an in situ carcinoma into normal 
surrounding tissue requires that cancer epithe-
lial cells lose their cell-cell adhesion and polarity 
characteristics in favor of a more motile fibro-
blast-like phenotype as part of a transdifferen-
tiation process known as the epithelial-to-
mesenchymal transition (EMT) [3]. Originally 
described during embryogenesis, the pheno-
typic and functional reprogramming associated 
to the EMT also takes place during the invasion 
of carcinoma cells from a primary tumor into 
normal tissues. A key initial step in the EMT is 
the downregulation of the E-cadherin intercellu-
lar adhesion protein, which expression could be 
regulated at genetic, epigenetic, transcriptional 
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and post-translational levels [3,4]. Loss of E-
cadherin often occurs through transcriptional 
repression, mediated by the binding of a small 
set of transcription factors (E-cadherin tran-
scriptional repressors, EcTRs) to its promoter 
region. The EcTRs described so far include the 
ZEB family (ZEB1 and ZEB2, although identified 
under different names, see below), Snail1 
(Snail), Snail2 (Slug), Twist1, Twist2 and E12/
E47. Expression of EcTRs associates with EMT 
and more mesenchymal and invasive properties 
in cancer cell lines and increased metastasis 
and poorer clinical prognosis in primary carcino-
mas [4,5]. In addition to overlapping roles and 
mutual regulation among EcTRs, evidence indi-
cates that ZEB1—and, to a lesser extent, ZEB2 
and Snail2—has the strongest correlation with 
EMT across cancer tissue origins [6,7].  
 
A rapidly growing literature has involved ZEB1 
and ZEB2 in the regulation of a large number of 
physiological and pathological processes [8,9]. 
Both ZEB proteins have recently gained special 
relevance in the field of molecular oncology for 
their roles in tumorigenesis, tumor invasiveness 
and metastasis, and resistance to chemother-
apy drugs. The rest of this article is organized as 
follows. Next section reviews the structural or-
ganization of ZEB proteins, their interaction with 
other factors and transcriptional activities. Sec-
tion three outlines the roles of ZEB proteins in 
tumor invasiveness, tumorigenesis, cell prolif-
eration and senescence, and resistance to che-
motherapy. 
 
Structure and transcriptional activities of ZEB 
factors 
 
Domain structure and interacting proteins of 
ZEB factors 
 
In upper vertebrates, the ZEB family comprises 
two proteins, ZEB1 and ZEB2, known under 
multiple alternative names. Thus, ZEB1 was 
also identified as EF1, AREB6, BZP, MEB1, Nil-
2-a, TCF8, ZEB, ZEB-1, Zfhep1 and Zfhx1a [10-
17]. In turn, ZEB2 is also referred as KIA0569, 
SIP1, SMADIP-1, ZEB-2 and Zfhx1b [18-20]. In 
Drosophila melanogaster, Caenorhabditis Ele-
gans and zebrafish a single orthologue has 
been described, namely Zfh-1, Zag-1, and 
Kheper, respectively [21-23].   
 
Structurally, ZEB proteins are highly modular 
with independent regions mediating their bind-
ing to DNA, to other transcription factors and to 

a number of cofactors—proteins with activator 
or repressor transcriptional activity but lacking a 
DNA binding domain on their own. All ZEB family 
members contain two zinc finger clusters (ZFC) 
located towards the N- and C-terminal ends of 
the protein (Nt-ZFC and Ct-ZFC, respectively) 
that bind to ZEB boxes (E-box and E-box-like 
DNA sequences) in the regulatory regions of 
target genes (Figure 1) [24-26]. Towards the 
center of ZEB proteins there is an extra zinc 
finger (mid-ZF, missing in human ZEB1) and a 
POU-like homeodomain, which has also been 
involved in binding to DNA [27]. Human and 
rodent ZEB1 and ZEB2 share a high degree of 
amino acid similarity in their ZFC and homeodo-
main, but much less elsewhere (Figure 1) 
[18,19].  
 
ZEB1 and ZEB2 interact with other transcription 
factors. Downstream of the Nt-ZFC, both pro-
teins contain a Smad Interacting Domain (SID) 
for binding to phosphorylated receptor-activated 
Smads (R-Smads), transcription factors that 
regulate downstream target genes in the TGFβ/
BMP signaling pathway [18, 28,29] (Figure 1). 
The ZFCs of ZEB1 and ZEB2 also mediate bind-
ing to transcription factors. Thus, the Nt-ZFC 
and Ct-ZFC of human ZEB1 have been shown to 
interact with SRF [30] while the mid-ZF/
homeodomain region of rat ZEB1 binds to Oct-1 
[31]. Meantime, the Nt-ZFCs and Ct-ZFCs of 
ZEB2 interact directly with the polycomb factor 
Pc2 [32]. 
 
Nevertheless, most of the transcriptional activi-
ties of ZEB1 and ZEB2 are mediated through 
their recruitment of several corepressors and 
coactivators (in red and green, respectively, in 
Figures 1 and 2). Upon activation of the TGFβ/
BMP signaling pathway and binding of ZEB1 to 
R-Smads, the region N-terminal to the Nt-ZFC of 
human ZEB1 binds to histone acetyltrans-
ferases p300 and p/CAF [28]. This interaction 
has also been reported for mouse and Xenopus 
ZEB2 although in this case independently of 
binding to R-Smads and TGFβ/BMP signaling 
[33]. The N-terminal half of human ZEB1, but 
not of ZEB2, also binds to another histone ace-
tyltransferase, the Tat-interacting protein Tip60 
[8,34]. The region N-terminal to the Nt-ZFC in 
both ZEB proteins recruits nucleosome remodel-
ing factors. ZEB1 interacts with BRG1, one of 
the two ATPases of the SWI/SNF chromatin re-
modeling complex [35] while ZEB2 binds to the 
NuRD remodeling and deacetylase complex 
[36]. Between the homeodomain and the Ct-ZFC 
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vertebrate ZEB1 and ZEB2 have a CtBP interact-
ing domain (CID), containing multiple binding 
sequences for CtBP cofactors [19, 37-41], that 
in turn complex with histone deacetylases and 
methyltransferases, polycomb proteins and 
coREST [41-43]. In addition, it has been shown 
that CtBP1 could interact with the bromodomain 
of p300 blocking its ability to acetylate histones 
and activate transcription [44]. Zfh-1 and Zag-1 
also interact with CtBP although their CID con-
tains a single CtBP binding site [45,46]. Around 
the same region, human ZEB1 has been re-
ported to interact with NC2α/NC2β (also re-
ferred as DRAP1/Dr1), a repressor of RNA poly-
merase II and III transcription [47]. 
 
Molecular mechanisms of transcriptional regu-
lation by ZEB proteins 
 
Such complexity in the number and nature of 
interacting factors anticipates the multiple tran-
scriptional activities displayed by ZEB proteins. 
Although ZEB1 and ZEB2 were initially identified 
as transcriptional repressors and array screen-
ings indicate that this is indeed their main tran-
scriptional function (6 and below), both factors 
could activate or repress transcription depend-
ing on the target gene and tissue. Transcrip-
tional repression by ZEB1 and ZEB2 could take 
place through either passive or active mecha-
nisms. In the first case, ZEB proteins compete 
and displace transcriptional activators from 

their binding to E-box sequences in the DNA. 
Nevertheless, in some systems, the affinity of 
ZEB1 for DNA seems to be lower than that of 
other E-box binding proteins [17, 48-51]. In any 
case, the predominant mechanism by which 
ZEB1 and ZEB2 repress gene expression is 
through active transcriptional repression 
[19,45,47,51-54]. For instance, when the full-
length cDNAs of ZEB1 and ZEB2 are fused to 
the DNA binding domain of yeast Gal4 and 
tested in a Gal4/UAS system, both heterologous 
proteins act as potent active transcriptional rep-
ressors [19,51,52]. This approach has allowed 
the identification of several repressor domains 
within the N-terminal and central regions of 
ZEB1 and ZEB2, each with distinct transcrip-
tional repressor specificity, as well as an activa-
tion domain near the C-terminal end [19,45, 
47,51,52,54]. 
 
It is assumed that ZEB proteins selectively re-
cruit their corepressors in a promoter-specific 
manner. However, the identity of the precise 
corepressor(s) involved is only known for a few 
ZEB target genes. Tip60 mediates ZEB1 repres-
sion of CD4 [34]. A ZEB1/CtBP repressor com-
plex regulates the growth hormone [42], inter-
leukin-2 [55] and Bcl-6 [56]. Repression of E-
cadherin by ZEB1 involves the summative activi-
ties of CtBP and BRG1 [35,40] and of CtBP and 
NuRD in the case of ZEB2 [36,40]. It is of note 
that the ATPase Mi2β/CHD4 of NuRD could also 

Figure 1. Scheme of the domain structure and main binding proteins of human ZEB1 and ZEB2. Percentages indicate 
identity at the amino acid level (GenBank accession numbers U12170 and AB011141, respectively). Proteins labeled 
in green represent coactivators, in red corepressors and in blue other transcription factors. Nt-ZFC: N-terminal zinc 
finger cluster. SID: Smad-interacting domain; Mid-ZFC: mid zinc finger cluster; HD: Homeodomain; CID: CtBP-
interacting domain; Ct-ZFC: C-terminal zinc finger cluster. High degree of amino acid identity between ZEB1 and ZEB2 
is mostly restricted to the Nt-ZFC and C-ZFC (89% and 95%, respectively), the SID (42%) and the homeodomain 
(46%).  
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associate with BRG1 [57].  
 
Activation of transcription by ZEB1 and ZEB2 
also involves promoter-dependent recruitment 
of coactivators. Upon TGFβ/BMP stimulation, 
ZEB1 binds to R-Smads, synergizing with them 
in the activation of TGFβ/BMP-dependent genes 
through binding to p300 and p/CAF [28,29]. 
Binding to these histone acetylases is also as-
sumed to mediate activation of other target 
genes positively regulated by ZEB1 and ZEB2. In 
that line, correlation between ZEB1 and Vitamin 
D Receptor—a gene directly activated by ZEB1—
in primary colorectal carcinomas is stronger the 
higher the levels of p300 [58]. Although ZEB2 
also binds to p/CAF and p300 [33], it remains 
unknown under what circumstances this 
mechanism is used to directly activate gene 
expression and for which genes, as ZEB2 inhib-
its R-Smad-mediated activation of TGFβ/BMP-
dependent genes [28,29] (Figure 2).  

The interplay among ZEB corepressors and 
coactivators remains to be fully defined (Figure 
2). Post-translational modifications of ZEB pro-
teins seem to contribute to switching ZEB1 and 
ZEB2 from repressors to activators. At least in 
the activation of TGFβ/BMP-dependent genes, 
interaction of ZEB1 with p/CAF following TGFβ/
BMP stimulation acetylates lysine residues 
flanking the CID, partly displacing CtBP from its 
binding to ZEB1 [29]. However, addition of FGF2 
over TGFβ restores ZEB1-CtBP interaction [59]. 
Recruitment of p/CAF also blocks CtBP binding 
to ZEB2 [33] although, as indicated earlier, it 
remains to be determined what triggers p/CAF 
binding to ZEB2 in the first place. SUMOylation 
of ZEB2 by Pc2 also disrupts ZEB2 binding to 
CtBP and partially relieves E-cadherin repres-
sion but does not affect repression or activation 
of other ZEB2 target genes [32]. Independently 
of the binding of Pc2 to the Nt-ZFCs and Ct-ZFCs 
of ZEB2, CtBP also binds and is sumoylated by 

Figure 2. ZEB1 and ZEB2 could act as either transcriptional repressors or activators depending on the target gene 
and tissue. Transcriptional repression and activation is achieved through differential recruitment of cofactors. Post-
transcriptional modifications of ZEB1 and ZEB2 alter the set of coactivators and corepressors bound and switch both 
proteins from transcriptional repressors to activators.  
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polycomb Pc2 [60]. Although its transcriptional 
significance remains unclear, phosphorylation 
of ZEB1 varies widely among cell types [61]. 
Finally, ZEB1 and ZEB2 functions are also regu-
lated by means of their intracellular localization. 
Both ZEB proteins are exported to the cyto-
plasm in a temporal- and/or tissue-specific 
manner during embryonic development and in 
adult tissues and tumors [15, 62-64].  
 
ZEB proteins and cancer 
 
ZEB proteins as inducers of EMT and tumor 
metastasis 
 
Since ZEB1 was originally identified in the early 
1990s, several dozen target genes—including 
key regulatory factors during embryogenesis 
and cell differentiation—have been reported to 
be repressed or activated by ZEB proteins, 
mostly through direct binding to their regulatory 
regions [8]. But it was their ability to repress the 
E-cadherin and induce an EMT that set ZEB1 
and ZEB2 as important regulators of tumor pro-
gression [41, 66-69]. 

In epithelial cells, E-cadherin locates at adher-
ens junctions and mediates homotypic intercel-
lular adhesion, while interacts intracellularly 
with catenins and the actin cytoskeleton. Inter-
cellular adhesion via adherens junctions is criti-
cal for maintenance of epithelial cell polarity 
and phenotype. Consequently, loss of E-
cadherin is considered a critical initial event not 
only in EMT, but also in tumor progression and 
metastasis [3,70] (Figure 3). During the EMT 
loss of E-cadherin is accompanied by reorgani-
zation of other intercellular complexes and syn-
thesis of some extracellular matrix components 
(e.g. fibronectin, collagen I and III) and metallo-
proteases (MMPs), normally produced by mes-
enchymal stromal cells [71]. In addition, the 
EMT is associated with the acquisition of a stem 
cell phenotype and increased resistance to 
apoptosis [70,72,73 and see below). Conse-
quently, the EMT endows tumor cells with 
greater motility, self-renewal capacity and resis-
tance to drugs, at the same time that degrada-
tion of the extracellular matrix facilitates their 
invasion into the surrounding stroma and even-
tual metastasis to distant organs. 

Figure 3. Schematic representation of the evolution of a carcinoma in situ into an invasive carcinoma. Invasion of 
cancer cells into the surrounding stroma involves a complex process by which they lose their epithelial characteristics 
and acquire instead a mesenchymal phenotype as part of the EMT. ZEB1 is not present in normal epithelial cells or at 
the center of well-differentiated carcinomas but is expressed by invasive cancer stem cells undergoing an active EMT 
at the tumor front of several types of carcinomas. ZEB1 also regulates several components of the basement mem-
brane, which breakdown is required for cancer cells to invade the surrounding stroma. 
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Overexpression of ZEB1 or ZEB2 in epithelial 
cells induces a full EMT. ZEB1 and ZEB2 not 
only repress E-cadherin but also P- and R-
cadherins and other epithelial markers involved 
in cell polarity (e.g. CRB3, HUGL2, PATJ), compo-
nents of tight junctions (e.g. occludin, claudin 7, 
JAM1, ZO3), gap junctions (e.g. connexins 26 
and 31) and desmosomes (e.g. desmoplakin, 
plakophilin 3) [6,74,75] (Table 1). In turn, ZEB1 
and ZEB2 activate the expression of mesenchy-
mal genes such as vimentin and N-cadherin 
[69,75,76]. Overexpression of ZEB2 has been 
shown to induce several MMPs, namely MMP1, 
MMP2 and MMP14 [77]. In colorectal carcino-
mas, ZEB1 also regulates components of the 
epithelial basement membrane, which disrup-
tion is a key step in tumor invasiveness—e.g., 
knock down of ZEB1 upregulates the α3 chain 
of laminin 5 (LAMA3) and the α2 chain of colla-
gen IV (COL4A2) while reduces the levels of the 
γ2 chain of laminin 5 (LAMC2) [78]. 

ZEB1 and ZEB2 mediate the EMT triggered by 
key signaling cascades such as TGFβ/BMP, 
NFκB, Ras-ERK2, and HIF-1, often activated in 
tumors [79-82]. On the other hand, ZEB1 and 
ZEB2 are repressed by non-coding microRNAs 
of the miR-200 family, which are important in 
maintaining an epithelial phenotype and pre-
venting an EMT [83-87]. Interestingly, miR-200 
members are, in turn, transcriptionally re-
pressed by ZEB1 and ZEB2, thus forming regu-
latory loops that maintain cells in either an 
epithelial or mesenchymal state [9,88,89].  
  
Large areas of many carcinomas, including colo-
rectal, are relatively well-differentiated, with 
tumor cells maintaining their polarity and E-
cadherin associated at the membrane with β-
catenin [90,91]. By contrast, at their invasive 
edge, tumor cells undergo an active EMT with 
loss of E-cadherin and nuclear translocation of 
β-catenin [90]. These dedifferentiated, fibro-

Table 1. Selected targets of ZEB1 and ZEB2 during EMT* 
   ZEB1  ZEB2 

Direct 
Transcriptional Targets 
  

  
Genes downregulated 
  
E-cadherin [41,66,68,69] 
Crumbs3, HUGL2, PATJ [6] 
Paklophilin 3 [74] 
MMP1 [102] 
miR-200 family [88, 89] 

  
Genes downregulated 
  
E-cadherin [67] 
P-cadherin [75] 
Claudin 4 [75] 
Connexin 26 [75] 
miR-200 family [89] 
  
Genes upregulated 
  
Vimentin [76] 

Indirect Targets 
or 
Unknown Mechanism 
  
  
  
  

  
Genes downregulated 
  
P- & R-Cadherin [6] 
Occludin & JAM1 [6] 
Desmocollin-2 [6] 
Gap junction protein β2 & β3 [6] 
Epiplakin & Periplakin [6] 
Mucin [6] 
EpCAM [6,65] 
ESRP1/2 & ST14 [65] 
  
Genes upregulated 
  
Vimentin [68,69] 
  

  
Genes downregulated 
  
ZO-3 [75] 
Plakophilin 2 & Desmoplakin 1/2 
[75] 
Connexin 31 [75] 
Gap junction protein β2 & β3 [75] 
EpCAM [65] 
ESRP1/2 & ST14 [65] 
  
Genes upregulated 
  
Fibronectin (77) 
MMP1, MMP2, MMP14 [77] 
  

*Note that being a direct transcriptional target of ZEB1 and/or ZEB2 does not exclude indirect regulation as well. 
Genes under the label indirect target/unknown mechanism refer to those that are either known to be regulated by 
ZEB1 and/or ZEB2 exclusively through indirect mechanisms or where direct binding of ZEB1 and/or ZEB2 to their 
regulatory regions has not been demonstrated yet. Numbers in brackets refer to the references where these targets 
were identified. 
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blastic-like cells at the tumor front have been 
referred as “migrating cancer stem cells” be-
cause of their stem cell-like phenotype [78,91]. 
As inhibitor of E-cadherin and epithelial pheno-
type, ZEB1 is not expressed in normal epithe-
lium but is found in isolated cells at the stroma. 
ZEB1 is neither expressed by tumor cells in well-
differentiated areas of carcinomas, but is ex-
pressed at high levels in invading tumor cells of 
endometrial, colorectal, lung, breast, prostate, 
gallbladder, and pancreatic carcinomas among 
others [35,78,92-97] (Figures 3 and 4). In-
creased numbers of ZEB1-positive cells in the 
stroma are found in colorectal, breast, lung and 
bladder carcinomas [6,65,98] and it has been 
suggested that ZEB1-dependent paracrine sig-
naling from the stroma could mediate E-
cadherin repression in other parts of the tumor 
[65]. 
 
Although stronger than for most other EcTRs, 
inverse correlation between ZEB2 and E-
cadherin across cancer cell lines is not as evi-

dent as in the case of ZEB1 [7]. Interestingly, 
ZEB2 is detected at high levels in the cytoplasm 
of normal E-cadherin-positive epithelial cells of 
several tissues (e.g. esophagus, stomach, colon 
and rectum, hepatocytes, renal tubules), but is 
downregulated when these epithelia evolve to-
wards carcinomas [63,64]. Since ZEB2 is only 
known as a transcription factor, the functional 
significance of its cytoplasmic expression in 
epithelial cells remains to be elucidated.  
 
Expression of ZEB proteins at the invasive front 
of carcinomas translates into increased tumor 
metastasis in ZEB1-positive tumors. Thus, in 
mouse xenograft models, expression of ZEB1 
promotes metastasis of colorectal carcinoma 
cells [99]. Over the last few years, a wealth of 
reports have linked ZEB1 and/or ZEB2 expres-
sion to increased aggressiveness and higher 
metastatic capacity in a wide range of primary 
human carcinomas, including ovarian, breast, 
endometrium, lung, prostate, colon, gallbladder, 
pancreas and bladder [92-98,100]. 

Figure 4. ZEB1 and β-catenin colocalize at the nucleus of invasive cancer cells at the tumor front of colorectal carci-
nomas. While in epithelial cells of well-differentiated areas of colorectal carcinomas β-catenin has a membranous/
cytoplasmic distribution it becomes mostly nuclear in these invasive cancer cells. ZEB1 (green, E-20 antibody, Santa 
Cruz Biotechnology) and β-catenin (red, Ab6032 antibody, Abcam) colocalize (yellow, merge panel) in invasive cancer 
cells of a sporadic colorectal carcinoma [35,78]. Labeling with 4',6-diamidino-2-phenylindole (DAPI) is also shown. 
Scale bar represents 25 μm. 
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The transition from an avascular hyperplasia 
into a larger hypervascularized tumor mass re-
quires the formation of new vessels, the so-
called “angiogenic switch”, which results from 
the production by the tumor of angiogenic fac-
tors and proteases, including MMPs [101]. Evi-
dence in the literature indicates that ZEB1 and 
ZEB2 play opposing roles in this regard. On the 
one hand, and contrary to its tumor progression 
role discussed so far, ZEB1 inhibits tumor an-
giogenesis in vivo. Subcutaneous injection of 
melanoma cells leads to larger tumors with 
more tumor vessels—and higher ZEB1 endothe-
lial expression—in heterozygous ZEB1 -/+ mice 
than in wild type animals [102]. On the other 
hand, ZEB2 has a pro-angiogenic effect with 
ZEB2 -/- embryos displaying defective vessel 
maturation [103].  
 
ZEB proteins in stemness maintenance and 
tumorigenesis  
 
In the classic stochastic model of tumorigene-
sis, all cells are homogenous and have the 
same potential to initiate a tumor in response to 
intrinsic or extrinsic factors. However, oncolo-
gists have been puzzled for decades by the gre-
at level of heterogeneity displayed by tumors—
both hematologic and solid—in terms of morp-
hology, surface markers, genetic mutations and 
sensitivity to treatment [104,105]. Evidence 
built in the last two decades have revived an 
alternative model of tumorigenesis, the “cancer 
stem cell” (CSC) model [105,106]. Seminal stu-
dies in the 1990s demonstrated that some va-
riants of acute myeloid leukemia originate from 
a subset of cells, which phenotype resembles 
that of normal hematopoietic stem cells—thus 
coined as “leukemia stem cells”—and that re-
tain the capacity to reproduce leukemias in 
xenotransplanted recipient mice [105]. Using 
similar approaches researchers have also found 
CSCs in colon, pancreas, breast and brain can-
cers. Contrary to cells in the bulk of the tumor, 
CSCs have the capacity for self-renewal, diffe-
rentiation and initiation of tumorigenesis 
[104,106]. A recent report has showed that 
oncogenic transformation enhances the conver-
sion of non-stem cancer cells into cancer stem 
cells. Oncogenic transformation of mammary 
stem-like cells also produces more aggressive 
tumors that transformation of differentiated 
mammary epithelial cells [107].  
 
Induction of EMT by TGFβ or overexpression of 
EcTRs—is able to reprogram differentiated popu-

lations of normal mammary epithelial cells and 
breast carcinoma cells into undifferentiated 
cells with stem cell-like phenotype and func-
tional properties (e.g. generation of spheres in 
culture, increased turmorigenecity in xenotrans-
plants) [72]. A subpopulation of cancer cells 
within breast tumors display a phenotype simi-
lar to normal stem cells, including lower levels 
of miR-200c-141, miR-200b-200a-429, and 
miR-183-96-182 [108]. Expression of miR-200c 
in normal and cancerous breast stem cells re-
duces the expression of self-renewal factor 
Bmi1 and these cells’ ability to form mammary 
ducts and tumors, respectively. 
 
The salience of ZEB proteins in cancer biology 
was further enhanced by work from Brabletz’s 
group elegantly showing that ZEB1 maintains an 
stemness phenotype in pancreatic cancer cells 
and increases their tumorigenic capacity in 
nude mice [97]. Regulation of stemness by 
ZEB1 occurs through transcriptional repression 
of miR-200, miR-183 and miR-203, which in 
turn repress Bmi1, Sox2 and KLF4. In this line, 
breast stem cells express higher levels of both 
ZEB1 and ZEB2 than differentiated cells [108]. 
Formation of spheres in mouse embryo fibro-
blasts (MEFs) from Rb family and Rb1 -/- mice is 
accompanied by the generation of stem-like 
cells, which phenotype and viability requires of 
ZEB1 expression [109]. Recent reports have 
showed that p53 suppresses EMT, stemness 
and reduces ZEB1 levels through direct tran-
scriptional activation of miR-200c [110]. Con-
versely, loss of p53—or overexpression of onco-
genic p53 mutants—induces a downregulation 
of miR-200c and increased expression of ZEB1 
and stem cells markers (including Bmi1 and 
KLF4) in mammary and pancreatic acinar 
epithelial cells and associates with higher tumor 
grading in breast carcinomas [110, 111]. The 
connection between ZEB proteins, EMT and 
stemness may play an important role not only 
during tumorigenesis but also in embryonic de-
velopment [9,112]. 
 
ZEB proteins in the regulation of cell cycle and 
senescence 
 
The involvement of ZEB proteins in the regula-
tion of cell cycle and proliferation varies de-
pending on the cell type and model used. Over-
expression of either ZEB1 or ZEB2 in lung 
epithelial cells does not have by itself any effect 
in cell cycle. However, when combined with low 
doses of TGFβ—suboptimal to induce a full 
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growth arrest—ZEB1 increases the percentage 
of cells in G1 phase [28]. This synergistic effect 
between ZEB1 and TGFβ depends on the direct 
interaction of ZEB1 with R-Smads. By contrast, 
ZEB1 -/- mice display decreased proliferation in 
tissues affected by developmental defects (e.g. 
palate, skeleton, nervous system) and MEFs 
from ZEB1 -/+ and ZEB1 -/- mice arrest at much 
earlier passage than wild type MEFs [69].  
 
Overexpression of ZEB2 in lung epithelial cells 
raises the concentration of TGFβ needed to trig-
ger growth arrest [28]. Likewise, specific tar-
geted deletion of ZEB2 in the mice developing 
cerebral cortex results in decreased prolifera-
tion of precursor cells in the hippocampus and 
dentate gyrus [113]. However, in epidermoid 
and bladder carcinoma cell lines the reverse is 
observed, overexpression of ZEB2 induces a G1 
arrest by direct transcriptional repression of 
cyclin D1 [98,114]. 
 
ZEB1, but not ZEB2 or Snail1, is repressed by 
the p16INK4a/Rb1 tumor suppressor pathway. 
Rb1/E2F1-HDAC1 repressor complexes regu-
late ZEB1 transcription by direct binding to its 
promoter and, compared to MEFs from wild type 
mice, Rb1 -/- and E2F1 -/- MEFs display higher 
levels of ZEB1 [115]. Loss of Rb1 has been in-
volved in both tumor initiation and progression 
and may contribute to explain overexpression of 
ZEB1 in proliferating cells and many primary 
tumors.  
 
Replicative senescence is considered an impor-
tant tumor-suppressor mechanism and, for in-
stance, knock down of Rb1 inhibits the ability of 
cells to undergo oncogene-induced senescence. 
ZEB1 helps cancer cells to overcome replicative 
senescence and its elimination (e.g. ZEB1 -/+ 
and ZEB1 -/- MEFs) triggers premature senes-
cence in a dose-dependent manner [69]. Cir-
cumvention of senescence by ZEB1 occurs inde-
pendent of p16INK4a but rather through direct 
transcriptional repression of p15INK4b and 
p21CDKN1a [28,69]. By contrast, ZEB2 induces 
senescence arrest in hepatic and breast carci-
noma cells through repression of hTERT [116]. 
 
ZEB proteins in oncogenic addiction and 
resistance to chemotherapy and radiother-
apy  
 
Some tumors require the expression of one or 
more genes for the maintenance of their malig-
nant phenotype and viability, in what is known 

as “oncogenic addiction” [117,118]. The suc-
cess of antibodies and drugs targeting specific 
oncogenes (e.g. K-Ras, Her2/Neu, Bcr/Abl, 
EGFR, c-kit) in the treatment of a number of 
solid and hematologic cancers in mice models 
and humans has helped to reinforce the onco-
genic addiction concept. Given the potential 
therapeutic applications, the identification of 
the specific oncogene(s) on which particular 
types of human cancers are dependent on has 
attracted a great deal of interest in recent 
years.  
 
A survey of K-ras mutant lung and pancreatic 
cancer cell lines found that their epithelial 
status determines their dependency on K-ras 
for survival [70,73]. Thus, cancer cells that are 
independent on K-Ras for their growth and vi-
ability have a mesenchymal phenotype while K-
Ras-dependent cell lines exhibit epithelial char-
acteristics [73]. Furthermore, induction of EMT 
protects lung cancer cells from apoptosis follow-
ing K-ras knock down. The same study found 
that ZEB1 expression overrides K-ras oncogenic 
addiction while its elimination reverses K-Ras 
dependency. In the same line, the phenotype 
and histology of tumors formed from ZEB1-
dependent CSCs in Rb1 -/- MEFs are similar to 
those observed by expression of activated Ras 
[109]. The presence of ZEB1 within the “K-ras 
dependency gene signature” highlights its role 
as a potential therapeutic target. Other EcTRs 
seem to play parallel roles—Twist1 and Twist2 
override ErbB2-dependent senescence and co-
operate with Ras to induce malignant transfor-
mation, EMT and metastasis [119]. It has been 
therefore suggested that the induction of ZEB1 
and other EcTRs during tumor progression—and 
the parallel acquisition of a dedifferentiated 
stem cell phenotype—may substitute for consti-
tutive Ras activation [120].  
 
EMT is also accompanied by increased resis-
tance to apoptosis by DNA damaging drugs 
[70,73], and mounting evidence indicates that 
expression of different EcTRs by cancer cell 
lines and primary tumors confers tumor cells 
resistance to chemotherapy and radiotherapy. 
In lung cancer cell lines, expression of E-
cadherin has been associated to higher sensitiv-
ity to the EGFR inhibitor gefitinib while expres-
sion of ZEB1—but not of ZEB2, Snail1 and 
Snail2—correlates to higher resistance [121] 
(Table 2). Conversely, knock down of ZEB1 in-
creases the sensitivity of colorectal and pancre-
atic cancer cell lines to gemcitabine, fluorouracil 
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and cisplatin while gemcitabine-resistant clones 
of these cell lines exhibit high levels of ZEB1 
[97,122,123]. Likewise, elimination of ZEB1 in 
non-small cell lung and head and neck cancer 
squamous carcinoma cell lines reduced cell 
death in response to the EGFR inhibitor erlotinib 
in an E-cadherin-dependent manner [124]. In-
terestingly, simultaneous knockdown of ZEB1 
and E-cadherin reverses the sensitization to 
erlotinib induced by ZEB1 knockdown, suggest-
ing that sensitivity to this EGFR inhibitor re-
quires E-cadherin re-expression. Levels of ZEB1, 
but not ZEB2, also inversely correlate with sen-
sitivity of breast cancer cells to doxorubicin 
[125].  
 
Parallelly, ZEB2 has been shown to have an 
independent prognostic value in transitional cell 
carcinomas of the bladder [98]. Irrespective of 
ZEB1 levels, patients with ZEB2-negative blad-
der carcinomas exhibit better survival outcomes 
and response to radiotherapy [98]. In addition, 
expression of ZEB2 protects bladder and 
squamous carcinoma cell lines against DNA 
damage-induced cell death (e.g. UV radiation, 
cisplatin). 
 
The mechanisms involved in ZEB1- and ZEB2-
mediated drug resistance are still being investi-
gated. In different cell systems, ZEB1 has been 
shown to directly inhibit TAp73, which triggers 
apoptosis, but also Np73 and Np63, that 
function as anti-apoptotic factors [48, 126, 
127]. The pro-survival effect of ZEB2 is inde-
pendent of cell cycle arrest and intercellular 
adhesion and is mediated through inhibition of 
cleavage of PARP and pro-caspase 3 and phos-

phorylation of ATM/ATR substrates [98].  
 
Interestingly, other EcTRs such as Snail and 
Twist proteins also protect cells from apoptosis 
and contribute to drug resistance in cancer 
cells, in part through regulation of p53/p63/
p73 family members. Snail-mediated resistance 
to cell death is also critical for migration of em-
bryonic cells during development [128]. Snail1 
and Snail2 confer resistance to chemotherapy 
and radiotherapy through two mechanisms: 
repression of genes involved in p53-mediated 
apoptosis (e.g. ATM, PUMA, PTEN) and derep-
ression of genes associated to stemness (e.g. 
Nanog, claudin 3, KFL4) [129]. Snail1 inhibition 
of Np63α induces increased invasiveness in 
human squamous cell carcinomas independent 
of its effect over E-cadherin [130]. Meantime, 
Twist1 inhibits p53-mediated apoptosis by di-
rect interaction with the DNA binding domain of 
p53 [131,132]. 

 
Concluding remarks 
 
The literature here reviewed involves ZEB1 and/
or ZEB2 in the control of several cancer cell 
capabilities, namely, cell proliferation, senes-
cence, apoptosis, angiogenesis, resistance to 
chemotherapy and radiotherapy and tumor inva-
siveness and metastasis. Targeting of a single 
cancer cell trait often provides limited success 
in cancer treatment and, thus, simultaneous 
approach to several of them may be a more 
appropriate strategy. The contribution of ZEB1 
and ZEB2 to multiple cancer hallmarks, along 
with their highly modular structure and complex 
transcriptional activities, offers translational 

Table 2. ZEB1 and ZEB2 confer resistance to chemotherapy and radiotherapy 
  Evidence Resistance Reference 

ZEB1 Pancreatic carcinoma cell lines Gemcitabine 
5-Fluorouracil 
Cisplatin 

[97, 122, 123] 
  

ZEB1 Breast carcinoma cell lines Doxorubicin [125] 

ZEB1 Non-small cell lung carcinoma cell lines Gefitinib [121] 

ZEB1 Head and neck squamous carcinoma cell lines Ertotinib [124] 

ZEB2 Primary transitional cell carcinomas of the 
bladder (clinical evidence) 

Radiotherapy [98] 

ZEB2 Bladder carcinoma cell lines Cisplatin 
UV radiation 

[98] 

ZEB2 Squamous carcinoma cell lines Cisplatin 
UV radiation 

[98] 
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researchers with an attractive therapeutic tar-
get. Examination of the levels of ZEB1 and ZEB2 
expression (or lack of) in primary tumors may 
help to prospectively identify their resistance (or 
sensitivity) to particular chemotherapy treat-
ments. In addition, the inhibition of ZEB1, ZEB2 
or its cofactors could be used to reverse drug 
resistance in cancer patients. Altogether, ZEB1 
and ZEB2 are thus poised to become important 
diagnostic, prognostic and/or therapeutic can-
cer targets in the near future. 
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