
 

 

Introduction 
 
The process of metastasis has four significant 
steps. The metastatic tumor cell must acquire 
the ability to emigrate from the primary tumor – 
meaning it must shed cell-cell and cell-matrix 
interactions, become motile, and acquire plas-
ticity in order to mechanically navigate the tu-
mor stroma. It must then acquire invasive capa-
bilities, allowing it to degrade the surrounding 
extracellular matrix and allow escape from the 
primary tumor mass. Next, its invasive capability 
must be sufficient to allow intravasation by navi-

gation or degradation of the basement mem-
brane and endothelial barrier of its home tissue, 
vasculature, and/or lymphatic channels. Finally, 
after migrating through the hematogenous or 
lymphatic system, it must be able to extrava-
sate, requiring adhesion capability to the distant 
endothelium and endothelial barrier and base-
ment membrane penetration capability, leading 
to establishment of a micrometastasis at the 
distant site [1]. Of these requirements, the first 
two are directly related to features of and proc-
esses active in the primary tumor microenviron-
ment. 
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Abstract: Objective: The mechanisms of cancer metastasis have been intensely studied recently and may provide vital 
therapeutic targets for metastasis prevention. We sought to review the contribution of epithelial-mesenchymal transi-
tion and the tumor microenvironment to cancer metastasis. Summary Background Data: Epithelial-mesenchymal 
transition is the process by which epithelial cells lose cell-cell junctions and baso-apical polarity and acquire plasticity, 
mobility, invasive capacity, stemlike characteristics, and resistance to apoptosis. This cell biology program is active in 
embryology, wound healing, and pathologically in cancer metastasis, and along with the mechanical and cellular com-
ponents of the tumor microenvironment, provides critical impetus for epithelial malignancies to acquire metastatic 
capability. Methods: A literature review was performed using PubMed for “epithelial-mesenchymal transition”, “tumor 
microenvironment”, “TGF-β and cancer”, “Wnt and epithelial-mesenchymal transition”, “Notch and epithelial-
mesenchymal transition”, “Hedgehog and epithelial-mesenchymal transition” and “hypoxia and metastasis”. Relevant 
primary studies and review articles were assessed. Results: Major signaling pathways involved in epithelial-
mesenchymal transition include TGF-β, Wnt, Notch, Hedgehog, and others. These pathways converge on several tran-
scription factors, including zinc finger proteins Snail and Slug, Twist, ZEB 1/2, and Smads. These factors interact with 
one another and others to provide crosstalk between the relevant signaling pathways. MicroRNA suppression and 
epigenetic changes also influence the changes involved in epithelial-mesenchymal transition. Cellular and mechani-
cal components of the tumor microenvironment are also critical in determining metastatic potential. Conclusions: 
While the mechanisms promoting metastasis are extremely wide ranging and still under intense investigation, the 
epithelial-mesenchymal transition program and the tumor microenvironment are both critically involved in the acqui-
sition of metastatic potential. As our understanding of these complexities increases, the ability to target these proc-
esses for therapy will offer new promise in the treatment of epithelial malignancy and metastasis. 
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This review will provide a broad description of 
the tumor microenvironment and its contribu-
tion to metastatic behavior of carcinomas, with 
focus on the epithelial-mesenchymal transition 
and active signaling pathways promoting this 
phenomenon. 
 
Epithelial-mesenchymal transition 
 
The most comprehensive theory describing how 
initially quiescent tumor cells acquire metastatic 
capability is the epithelial-mesenchymal transi-
tion (EMT). EMT has become progressively bet-
ter characterized in the last five to ten years 
and has emerged as a primary theory of how 
tumor cells acquire the characteristics neces-
sary to metastasize. First described in corneal 
epithelial cells in vitro in 1982 [2], the term re-
fers to a program of cell biology that is initially 
active in embryogenesis and has a physiologic 
role wound healing. Its molecular hallmark is 
the downregulation of the cell-cell adhesion 
molecule E-cadherin, resulting in dissolution of 
cell-cell tight junctions, and upregulation of a 
number of mesenchymal markers, including N-
cadherin, vimentin, and fibronectin. Phenotypi-
cally, cells become more spindle-shaped and 
lose basal-apical polarity [3]. They become mo-
bile and plastic in shape and acquire apoptosis 
resistance and stemlike characteristics. In the 
physiologic setting, these characteristics pro-
mote normal cell migration and survival during 
embryogenesis and the ability of cells to move 
into denuded areas during wound healing. How-
ever, when pathologically activated in the set-
ting of cancer, EMT results in increased metas-
tatic behavior, drug resistance, cancer stem cell 
transformation, and poorer prognosis for a num-
ber of human cancers. The EMT theory as a pri-

mary biological program during acquisition of 
metastatic potential has gained credence with 
the demonstration that it frequently is observed 
at the invasive front of primary lesions [4]. 
(Figure 1) 
 
Major signaling pathways in EMT 
 
The signaling regulation of EMT is wide and in-
credibly complex, involving activation of a num-
ber of different pathways converging on several 
prominent transcription factor families and fre-
quently involving crosstalk between them. In 
this section, we will review some of the promi-
nent signaling pathways active in EMT and re-
cent findings expanding on our understanding 
of these pathways. 
 
TGF-β 
 
TGF-β signaling is without question one of the 
most important and sophisticated regulatory 
networks under investigation in human cancer. 
It exerts potent control over cell proliferation, 
differentiation, apoptosis, adhesion, invasion, 
and interactions with the cellular microenviron-
ment. These effects have been observed in 
epithelial, endothelial, and hematopoietic cell 
lineages [5]. 
 
The canonical TGF-β signaling pathway pro-
ceeds as follows. Three forms of TGF-β are seen 
in mammals, all homo- or heterodimers se-
creted into the extracellular matrix as part of a 
complex known as the large latency complex 
(LLC). Once secreted and released from this 
complex, TGF-β is active. The TGF-β receptors 
are membrane bound receptors with serine-
threonine kinase activity. TGF-β binds as a 

Figure 1. Conceptual diagram of molecular, phenotypic, and behavioral transitions of cells undergoing EMT. Repro-
duced with permission from Micalizzi DS, Farabaugh SM, and Ford HL, Epithelial-mesenchymal transition in cancer: 
parallels between normal development and tumor progression. J Mammary Gland Biol Neoplasia 2010; 15: 117-134. 
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ligand to the type II receptor, TGFβ-RII, with the 
assistance of the type III receptor, TGFβ-RIII. 
Once it is bound tightly to TGF-βRII, this forms a 
heterotetrameric complex with and phosphory-
lates the type I receptor, TGF-βRI. The type I 
receptor then recruits and phosphorylates re-
ceptor-regulated Smads (R-Smads), of which 
there are at least eight known variants, the prin-
cipals of which are Smads 2 and 3 [6]. Indeed, 
Smad 2/3 dependent signaling is considered a 
hallmark of canonical TGF-β signaling [7]. The R-
Smad then forms a complex with the common 
Smad, Smad4, and the complex shuttles into 
the nucleus, there to function as a transcrip-
tional regulator. However, as Smad complexes 
in general have weak interactions with DNA, 
they form transcriptional complexes with a num-
ber of other transcriptional regulators to im-
prove binding and also allow interaction with 
other signaling pathways These include p300/
CBP, Forkhead, homeobox, zinc-finger, AP1, Ets, 
and basic helix-loop-helix families of transcrip-
tion factors [8].  
 
The TGF-β signaling pathway is under tight con-
trol from a variety of separate sources. SARA, 
TMEPAI, Dab2, and Hgs proteins control presen-
tation and sequestration of Smads, and phos-
phorylation and rapid dephosphorylation of 
Smad linker regions creates a rapid activation-
deactivation cycle of the Smad complexes [9]. 
Ubiquitination by E3ligases and Smirf family 
proteins contribute to degradation of TGF-β 
pathway constituents. Inhibitory Smads, the 
principal of which is Smad7, also exist. Smad7 
in particular turns off TGF-β signaling by recruit-
ing Smurf 1 and 2 to activated TGF-β receptors, 
leading to their ubiquitination and degradation 
[6]. 
 
There are also a number of noncanonical path-
ways by which TGF-β exerts its effects. These 
include the RhoA-Rock1 signaling axis, Erk-MAP 
kinase signaling, inflammatory mediator signal-
ing via NF-κB and Cox2, and the p38/JNK path-
way [7]. Smads have been shown to have inde-
pendent action in the nucleus outside of TGF-β 
mediated activation.  
 
TGF-β is physiologically a cytostatic cytokine 
that serves to arrest cell cycle progression. As 
such it is physiologically a tumor suppressor. 
Simultaneously, however, prometastsatic and 
cell-survival potentiation in human tumors have 
been observed as consequences of TGF-β sig-

naling. This phenomenon is knkown as the TGF-
β paradox. Human cancers frequently manifest 
mutations or loss of heterozygosity in TGF-β sig-
naling activation, which results in negation of 
the tumor-suppressive effects of the cytokine – 
in other words, the tumor-suppressive role of 
TGF-β needs to be circumvented to progress 
from a cytostatic to a prometastatic source of 
signaling [6, 10]. Interestingly, increasing evi-
dence suggests that it is an imbalance between 
canonical and noncanonical TGF-β signaling 
that results in the TGF-β paradox, such that non-
canonical signaling can promote a pro-
metastatic cell program that overrides the more 
cytostatic and anti-tumorigenic effects of ca-
nonical TGF-β signaling present especially prior 
to primary tumor formation [7]. Cells can have 
lost sensitivity for some effects of TGF-β while 
maintaining intact sensitivity to its signaling 
overall [11]. The EMT program is thought to be 
an important effector and manifestation of this 
imbalance and the primary mechanism behind 
the TGF-β paradox, enabling the metastatic pro-
gression of late stage carcinomas in response 
to TGF-β [7]. Frequently this involves not only 
activation of canonical TGF-β signaling, but also 
downstream action of members of other canoni-
cal pathways, including Wnt, Notch, Hedgehog, 
and others. (Figure 2) 
 
The heterogeneity of ligands and downstream 
effectors that participate with TGF-β signaling, 
the variety of transcription factors and com-
plexes at play, and the enormous amount of 
crosstalk between the TGF-β signaling network 
and other canonical signaling pathways result in 
a wide variety of effects of TGF-β on cancer 
growth and metastasis [12]. Some brief discus-
sion of recent discoveries in TGF-β signaling 
activity in human cancers is here presented, but 
we refer the reader to extensive recent reviews 
of this topic for more detailed information [6, 7, 
9]. 
 
Recent evidence for TGF-β importance in EMT 
 
TGF-β was first identified as a pro-EMT signaling 
stimulus in 1994 [13], and since that time has 
come to be regarded as a master regulator in 
both physiologic and pathologic EMT [9]. The 
transcriptional activation of Snail, Slug, Zeb1, 
Twist, and BHLH proteins have been shown to 
be critical in this process [7, 14, 15], which be-
gins with dismantling of cell-cell tight junctions 
and rearrangement of the actin cytoskeleton 
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[7]. Smad4 mutations have been identified in 
fifty percent of pancreatic cancers and 30% of 
colorectal cancers [9]. Recently, a novel Smad4 
mutation was found to increase homo-

dimerization of Smad4 with the receptor Smads 
and promote nuclear localization; this resulted 
in reduction in E-cadherin, increase in N-
cadherin, increased fibroblastic phenotype, and 

Figure 2. Canonical TGF-β signaling. Reproduced with permission from Meulmeester E and Ten Dijke P, The dynamic 
roles of TGF-beta in cancer. J Pathol 2011. 
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ability to grow in anchorage independent condi-
tions of papillary thyroid cancer cells [16]. In a 
kras-driven animal model of pancreatic cancer, 
deficiency of Notch2 slowed cancer progression, 
prolonged survival, and led to a phenotypic 
switch to anaplastic pancreatic cancer rather 
than ductal adenocarcinoma [17]. Activated 
TGF-β signaling constituents were found to be 
the downstream drivers of this change, along 
with myc signaling, potentially implicating the 
Wnt pathway as well as TGF-β and Notch. Fuxe 
et al described transcriptional crosstalk be-
tween TGF-β and the stem-cell promoting path-
ways, including Wnt, Ras, Hedgehog, and Notch. 
One mechanism of this crosstalk was found to 
be the formation of EMT-promoting Smad com-
plexes [18]. From a clinical standpoint, after 
TGF-β treatment was found to increase cholan-
giocarcinoma cell migration, invasion, and fibro-
blastic phenotype, cadherin switch 
(downregulation of E-cadherin and upregulation 
of N-cadherin) was observed in tumor samples 
from cholangiocarcinoma patients [19]. TGF-β 
has been implicated in resistance to chemother-
apy and radiation as well. Radiation treatment 
has been shown to lead to increased TGF-β lev-
els and increased circulating tumor cells and 
lung metastatic burden [20], and ionizing radia-
tion was found to promote TGF-β related EMT 
and associated increases in invasiveness and 
migration in six different cancer cell types [21]. 
In this study EMT markers, cell migration and 
invasiveness, and production of TGF-β were all 
found to be increased after radiation exposure, 
and these effects were reduced by treatment 
with a small molecule inhibitor of TGF-β. TGF-β 
has been shown to mediate cancer cell protec-
tion and recovery after radiation and chemo-
therapy [9]. 
 
Wnt 
 
The Wnt pathway is a known regulator of embry-
onic cell-fate determination. The canonical Wnt 
pathway begins with binding of Wnt to its Friz-
zled receptor. These receptors are seven-
transmembrane type receptors with an intracy-
toplasmic motif known as the disheveled-
binding motif. Also spanning the membrane are 
the LRP5/6 coreceptors for Wnt, which on the 
cytoplasmic side of the membrane have an Axin 
binding motif. Wnt’s binding to Frizzled leads to 
formation of a complex between Frizzled and 
LRP, resulting in formation of an LRP-Axin-FRAT 
complex. In the absence of signaling, Wnt’s 

downstream effector β-catenin is sequestered 
in the cytoplasm by GSK-3β and its associated 
destruction complex. Under these conditions, β-
catenin is phosphorylated and marked for deg-
radation, preventing accumulation. With Wnt 
signaling activation, the released LRP-Axin-FRAT 
complex frees β-catenin from GSK-3β seques-
tration, thereby preventing its degradation and 
allowing cytoplasmic accumulation with nuclear 
translocation. β-catenin then binds to its tran-
scriptional coregulators, forming the TCF/LEF-β-
catenin-Legless-PYGO complex in the nucleus to 
affect gene transcription and repression. This is 
the ultimate downstream effector of canonical 
Wnt signaling. Noncanonical signaling also pro-
ceeds through Frizzled receptor binding, but 
utilizes the coreceptors ROR1/2. These are re-
ceptor tyrosine kinases with an intracytoplasmic 
binding domain for casein kinase Iε. The non-
canonical pathway has several terminal effec-
tors, including RhoA, Jnk, and Nemo-like kinase 
[22]. 
 
There are at least ten Frizzled receptor variants 
and a number of variants of Wnt itself, some 
predisposed towards signaling through one 
pathway or the other. The multitude of effects of 
Wnt signaling can therefore be attributed to the 
various combinations of ligand and receptor 
that this heterogeny allows. In addition, the se-
creted frizzled-related protein (SFRP) family of 
Frizzled-binding proteins, of which there are five 
members, serves to downregulate Wnt signaling 
by preventing its interaction with Frizzled, fur-
ther diversifying Wnt signaling effects [23]. 
(Figure 3) 
 
Recent evidence for Wnt activation in EMT 
 
A role for Wnt activation and promotion of the 
EMT program has been established in a number 
of human cancers, most recently HCC, prostate, 
breast, squamous cell, esophageal, renal cell, 
and ovarian carcinomas.  
 
Yook et al in 2006 demonstrated a Wnt-Axin2-
GSK-3β activation axis that regulates Snail1 in 
breast cancer cells and thereby potentiates 
EMT. Axin2 was found to act as a nucleocyto-
plasmic chaperone for GKS-3β, resulting in its 
inhibition and release of Snail1 from suppres-
sion. Snail1 accumulated, leading to increased 
invasive activity and tissue dedifferentiation 
[24]. Knockdown of secreted frizzled-related 
protein 1 (SFRP1), one of the previously de-
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scribed family of competitive antagonists of the 
Wnt receptor, resulted in changes consistent 
with EMT including upregulation of ZEB1 and 
acquisition of characteristics of breast tumor-
initiating cells [25]. The same group had previ-
ously demonstrated that SFRP1 knockdown led 
to acquisition of invasive, migratory, stemlike, 
and EMT characteristics in an immortalized 
breast cancer cell line [26]. Similar effects of 
SFRP1 knockdown were observed in cervical 
cancer cells, in which knockdown resulted in 
increased invasion and decreased E-cadherin 
expression with concomitant demonstration of 
upregulation of Wnt signaling by increased ex-
pression of c-myc and cyclin-D1; restoration of 
SFRP1/2 activity reversed these effects [27]. 
Stabilization of ubiquitination of β-catenin by 
Rad6B, a ubiquitin-conjugating enzyme), and 
subsequent stabilization of cytoplasmic β-
catenin levels was observed in early breast can-
cers and carcinomas but not in normal breast 
tissue [28]. High Rad6B-expressing cell lines 
exhibited the EMT phenotype, and when Rad6B 

was silenced, EMT characteristics were reduced 
in breast cancer cell lines, including reduction of 
vimentin and Snail1 levels. This effect required 
intact Wnt signaling. Oral squamous cell carci-
noma cell lines generated with a lack of the 
GSK-3β phosphorylation site displayed constitu-
tive Wnt signaling activation. Cell morphology 
changed from polygonal to spindle-shaped, and 
cells displayed enhanced migration and inva-
sion as well as MMP7 upregulation. A cytoskele-
tal transition also took place, with redistribution 
of E-cadherin and rearrangement of actin fila-
ments consistent with EMT [29]. Wnt1 has been 
shown to induce EMT in murine mammary 
epithelial cells, with translocation of β-catenin 
from the cytoplasm to the nucleus, increased 
cell motility and proliferation, and upregulation 
of MMP3 (stromelysin-1). These effects were 
ameliorated by MMP inhibitors and siRNA inter-
ference [30]. Interestingly, MMP3 did not ap-
pear to be solely a downstream effector of Wnt-
EMT cell biology programs, but also cooperated 
with Wnt3a in regulation of β-catenin activity, 

Figure 3. Canonical and noncanonical Wnt signaling. Reproduced with permission from Katoh M, Cross-talk of WNT 
and FGF signaling pathways at GSK3beta to regulate beta-catenin and SNAIL signaling cascades. Cancer Biol Ther 
2006; 5: 1059-1064. 
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suggesting that it functions as both a regulator 
and an effector of Wnt-induced EMT. Dysregu-
lated Wnt signaling associated with increased 
MSX2 expression, a downstream β-catenin tar-
get, resulted in increased neoplastic potential of 
ovarian endometrioid adenocarcinoma cells, 
although in this case EMT changes appeared to 
be context dependent (manifested primarily by 
increase in vimentin expression) [31]. From a 
clinical standpoint, analysis of primary breast 
cancer biopsy samples revealed accumulation 
of GSK-3β and Slug in invasive ductal carcino-
mas and statistical correlation of Slug activation 
with loss of membranous E-cadherin and nu-
clear and cytoplasmic β-catenin [32]. 
 
If Wnt activation appears to activate EMT pro-
gramming, then disruption of Wnt signaling 
leading to its downregulation has revealed op-
posite effects. Serum response factor (SRF), a 
known activator of Wnt activity, was overex-
pressed in HeLa cells and shown to result in 
increased expression of mesenchymal markers 
vimentin, N-cadherin, and RhoA. After stable 
knockdown of SRF via shRNA interference, mi-
gration and invasiveness were decreased and 
mesenchymal marker expression reduced in 
conjunction with downregulation of c-myc and 
cyclin D1, indicating Wnt pathway downregula-
tion [33]. The Wnt inhibitory factor 1 (WIF1) pro-
moter is normally methylated and thereby down-
regulated in prostate cancer. When expression 
was restored in prostate cancer cells in vitro, 
epithelial marker expression increased and 
mesenchymal markers decreased. Cell motility 
and invasion were also decreased and expres-
sion of Slug and Twist, transcription factors ac-
tive in EMT, were reduced. Tumor growth was 
also reduced 63% in a xenograft model gener-
ated with cells abnormally expressing WIF1 
[34]. ShRNA-mediated knockdown of β-catenin 
in prostate cancer cells resulted in higher ex-
pression of E-cadherin and significantly de-
creased expression of vimentin, N-cadherin, and 
MMP-2, indicating a reversal of EMT in the set-
ting of low cellular β-catenin and inactive Wnt 
signaling [35]. In an examination of EMT-
positive versus EMT-negative prostate cancer 
cell lines, EMT-positive cells exhibited higher 
ratio of phosphorylated GSK-3B and higher β-
catenin expression; these changes were corre-
lated with more aggressive invasion and higher 
proliferative activity [36]. Interestingly, the only 
EMT-negative cell line to display these changes 
was a HIF-1α overexpressing cell line. ShRNA 

mediated knockdown of Wnt5a in canine kidney 
cells after TGF-β induced EMT resulted in re-
duced cell migration and invasion [37]. Interest-
ingly, in this study Wnt5a was found to suppress 
Wnt3a-mediated canonical Wnt pathway activa-
tion, and therefore may exert its effects through 
a noncanonical pathway such as the planar cell 
polarity pathway. Inhibition of Wnt signaling us-
ing low-density lipoprotein receptor-related pro-
tein 6 (LRP6), a known Wnt inhibitor, resulted in 
reduced activation of EMT-related transcription 
factors including Slug and Twist, increased 
epithelial markers, and reduced ability of poor-
prognosis basal cell breast cancer to metasta-
size to the lungs in xenografts [38]. Changes at 
the epigenetic level also have been shown to 
affect Wnt-related EMT. Mesenchymal-specific 
DNA hypermethylation in oral squamous cell 
carcinoma results in silencing of Wnt7A and 
Wnt10A and is associated with increased T-
status, disease stage, and nodal status [39]. 
 
β-catenin is known to influence the transcrip-
tional repressors Snail, Slug, and Twist to re-
press transcription of E-cadherin, which as pre-
viously described is the hallmark initiating 
change of EMT. β-catenin also, as reviewed by 
Heuberger et al, can be released in response to 
loss of cadherin mediated adhesion. Under nor-
mal circumstances β-catenin binds E-cadherin 
and α-catenin, providing a direct link between 
the E-cadherin cell-adhesion complex and the 
intracellular cytoskeleton. Loss of E-cadherin 
results in proteolytic cleavage of these connec-
tions and release into the cytoplasm of free β-
catenin in a manner free from canonical Wnt 
signaling. Indeed, the Wnt signaling network 
and the cadherins appear to compete for the 
same pool of intracellular β-catenin [40]. 
 
Finally, Wnt signaling can also result in EMT 
directly through GSK-3β suppression. As re-
viewed by Doble et al, the EMT-promoting tran-
scription factor Snail has several consensus 
sites for GSK-3β, which allow for its phosphory-
lation. When Wnt signaling is absent, GSK-3β 
activity is at normal levels and can phosphory-
late Snail1, inhibiting its action and preventing 
its downregulation of E-cadherin. When Wnt 
signaling is active, GSK-3β is inhibited, Snail 
remains unphosphorylated, and is free to re-
press E-cadherin transcription, resulting in EMT 
[41]. 
 
As investigation of the Wnt pathway as relevant 
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in EMT and cancer metastasis has widened, a 
number of different downstream effectors and 
regulators of the pathway outside the traditional 
canonical players have been described. Investi-
gative focus has moved increasingly towards 
identifying these factors and elucidating their 
mechanisms of action on the Wnt pathway. A 
full description of these is outside the scope of 
this review but includes Bcl9/Bcl9I, DNAJB6, 
Cripto-1, Sprouty-4, and others. 
 
Notch 
 
Similar to the Wnt pathway, the Notch pathway 
was initially identified in embryogenesis and 
directs cell fate decisions. The Notch gene prod-
uct is a membrane bound receptor with a single 
transmembrane domain, and large intracellular 
and extracellular domains for signal transduc-
tion and ligand binding respectively. There are 
four variants of the Notch receptor (1 - 4). The 
Notch receptors are expressed on the cell sur-
face as heterodimers. Notch ligands include the 
Delta and Jagged families of membrane-bound 
ligands. Notch signaling is initiated generally 
through ligand-receptor binding between adja-
cent cells. Upon ligand binding, the receptor’s 
intracellular domain is ubiquitinated, and a con-

formational change takes place 
such that the ADAM protease TACE 
is able to cleave the receptor. An 
additional cleavage occurs in the 
transmembrane domain and is per-
formed by gamma-secretase. The 
culmination of these proteolytic 
events is the release of the Notch 
intracellular domain (NICD) into the 
cytoplasm. It then translocates to 
the nucleus and binds CSL tran-
scription factors, releasing their 
targets from inhibition [42]. The 
Notch-CSL complex can then recruit 
further transcriptional coactivators 
and promote transcription of the 
Notch target genes, which include 
helix-loop-helix transcription factors, 
HRT/Herp transcription factors, 
p21, NRARP, deltex-1, and others 
[43]. (Figure 4) 
 
Notch signaling in development and 
cancer has been extensively re-
viewed [43]. Recent work in Notch 
pathway activity in cancer cells 
shows EMT promotion and en-

hancement of cancer stem cell characteristics, 
and interestingly, implicates Notch signaling in 
several cancers displaying resistance to conven-
tional chemotherapy, including cisplatin, gemcit-
abine, taxotere, taxol, tamoxifen, oxaliplatin, 
trastuzumab, and others [44]. Notch signaling 
also appears to be affected significantly by an 
emerging class of transcriptional inhibitors, the 
micro RNAs.  
 
Recent evidence for Notch pathway activation 
in EMT 
 
In work focused primarily on cardiac valve for-
mation, Timmerman in 2003 found that overex-
pression of activated Notch1 in immortalized 
cardiac endothelial cells resulted in increased 
Snail activity and E-cadherin loss, along with 
oncogenic transformation. Notch pathway mu-
tants were associated with impaired Snail and 
TGFβ2 expression [45]. In gastric cancer, over-
expression of the Notch2 intracellular domain 
(ICD) was found to promote proliferation and 
xenograft tumor growth, while knockdown re-
versed these changes. These changes were 
shown to be dependent on Notch2’s binding to 
a Cox2 promoter, and inhibition of Cox2 pres-
ence by knockdown or pharmacologic inhibition 

Figure 4. Canonical Notch signaling. Reproduced with permission 
from Weerkamp F, van Dongen JJ, and Staal FJ, Notch and Wnt sig-
naling in T-lymphocyte development and acute lymphoblastic leuke-
mia. Leukemia 2006; 20: 1197-1205. 
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led to prevention of Notch2 associated tumor 
progression [46]. Inhibition of Notch1 signaling 
in MD-MBA-231 breast cancer cells with a 
monoclonal antibody against Notch1 was shown 
to result in reduced downstream Notch signal-
ing (decreased Hey1 and HES activation), de-
creased cell proliferation, and inhibition of 
mammosphere formation by cancer stem cells; 
apoptosis was also induced and a reduction of 
EMT phenotype was observed [47]. 
 
Notch interaction with microRNAs has recently 
been shown to be significant, with implications 
for its participation in EMT induction. Recently, 
Jagged2 has been shown to promote metasta-
sis in lung adenocarcinoma cells as a result of 
Jagged2 promotion of GATA factors, which in-
hibit the transcription of miR-200 family mem-
bers. This results in induction of EMT as a result 
of removal of miR-200 mediated inhibition [48]. 
Another group has demonstrated specific ex-
pression of the Notch ICD to lead to EMT 
changes via downregulation of the miR-200 
family, while showing additionally that miR-200 
overexpression led to EMT induction [49]. 
Brabletz et al showed interactions of transcrip-
tional regulators ZEB1 and miR-200 family 
members with the Notch pathway. Knockdown 
of ZEB1 in breast and pancreatic cell lines re-
sulted in reduced Notch reporter activity and 
downregulation of Jagged1, MamI2/3, and 
Hey1. Overexpression of miR-200 family mem-
bers resulted in reduced Notch activity and 
slightly reduced Jagged1 activity with demon-
strated rescue after miR-200 inhibition. Reduc-
tion in Notch signaling resulted in reduced pro-
liferation, increased apoptotic susceptibility, 
and reduced tumorsphere formation. These 
results were consistent in xexnograft modeling, 
in which miR-200 family members were in-
creased in xenograft tumors with ZEB1 knock-
down, and this correlated with reduced invasive-
ness and metastatic capacity [50]. 
 
Chemoresistance has been observed in relation-
ship to EMT in a number of epithelial cancers, 
including pancreatic [51], ovarian [52], bladder 
[53], and breast cancers [54]. While these ef-
fects are not exclusively related to Notch signal-
ing, it appears to be an important mediator of 
chemoresistance in a number of settings, and 
its contribution to resistance to chemotherapy 
has recently been explored. Pancreatic cancer 
cells resistant to gemcitabine were compared to 
susceptible cells with regard to Notch signaling. 

Resistant cells were found to have mesenchy-
mal morphology, with downregulation of E-
cadherin and β-catenin and upregulation of 
nestin, α-SMA, vimentin and fibronectin, consis-
tent with EMT induction. Notch2 and Jagged1 
were elevated in the gemcitabine resistant cells, 
and increased activity of MMP9 and uPA/uPAR 
were observed [55]. In chemoresistant pancre-
atic ductal adenocarcinoma, a heparin-binding 
growth factor termed midkine was found to be a 
downstream target of Notch2. Gemcitabine ex-
posure resulted in a dose-dependent increase 
in midkine expression, while siRNA mediated 
knockdown resulted in abrogation of chemore-
sistance to gemcitabine. The midkine-Notch2 
interaction was found to upregulate Notch sig-
naling, EMT markers, and NFκB [56]. Finally, in 
EGFR-TKI resistant lung cancer, the Notch ICD 
was found to promote EMT with increased Snail 
and Vimentin expression, while silencing of 
NICD reversed this phenotype. This suggested 
that gefitinib resistance was secondary to Notch
-activated EMT [57].  
 
Notch pathway activation has also recently been 
validated in clinical tissue. An evaluation of 
prostate cancer specimens and their bony me-
tastases revealed upregulation of Notch1 and 
expression of EMT markers including E-
cadherin, vimentin, ZEB1, PDGF-D, and NFκB in 
both primary and metastatic sites.  Bony metas-
tases revealed increased Notch1 expression 
relative to their primary sites. In line with inter-
esting recent observations, the EMT phenome-
non seemed to be most heavily active at the 
invasive tumor front [58]. In examination of pa-
tient primary breast cancer samples, high ex-
pression of Notch1 and Jagged1 were associ-
ated with poor prognosis and patient survival 
[59].  
 
These recent findings indicate that of the de-
scribed signaling pathways, the Notch pathway 
may be among the most pivotal in conferring 
poor clinical prognosis and chemoresistance. 
 
Hedgehog 
 
Originally identified in flies, the Hedgehog path-
way is crucial in embryonic patterning and 
growth of many human tissues during embryo-
genesis. Specifically, it has a role in specifying 
segmental patterns [60]. There are three known 
Hedgehog variants: sonic hedgehog, desert 
hedgehog, and Indian hedgehog. Signaling be-
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gins with a number of modifications to the pro-
tein itself. First, the hedgehog protein autoproc-
esses itself by proteolytic cleavage to release 
the N-terminal fragment in addition to a cova-
lently bound cholesterol moiety from the C-
terminal fragment. The N-terminal fragment is 
then palmitoylated, resulting in a lipoprotein N-
terminal fragment (HhN) ready for interaction 
with the other components of the pathway. It 
binds the Patched receptor, a 12-
transmembrane-domain integral membrane 
protein. In the absence of Hedgehog signaling, 
Patched acts as an inhibitor of Smoothened 
(Smo), another transmembrane protein with 
similarities to G-protein coupled receptors. Upon 
binding of HhN to Patched, its inhibition of Smo 
is released, which then accumulates in the 
plasma membrane. Activated Smo can then 
activate the Gli (glioma-associated oncogene 
family zinc finger) family of transcription factors, 
which are the downstream effectors of Hedge-
hog signaling. As in the other signaling path-
ways discussed, the activity of Gli in the nucleus 
is mediated and chaperoned by a number of 
coactivators and transcriptional regulators, in-
cluding Cos2, Fused, and Sufu to name a few 

[60, 61] (Figure 5). 
 
Recent evidence for Hedgehog 
pathway activation in EMT 
 
Louro in 2002 compared gene 
expression profiles between 
cells retrovirally transduced 
with Gli versus c-myc for down-
stream signaling activation 
and found that Gli activation 
and subsequent Hedgehog 
signaling resulted in upregula-
tion of Snail mRNA and char-
acteristics of EMT [62]. In non-
small cell lung cancer cells 
chronically exposed to TGF-β, 
in which EMT was thereby in-
duced, sonic hedgehog signal-
ing activation was observed at 
protein and mRNA levels with 
increased clonogenic growth, 
cell motility, and invasion. 
Pharmacologic and siRNA-
mediated knockdown of sonic 
hedgehog resulted in reversal 
of EMT, manifested as upregu-
lation of E-cadherin and down-
regulation of ZEB1 and fi-

bronectin [63]. In hepatoma cell lines, Chen et 
all were able to identify a subpopulation of 
hepatoma cells with high chemoresistance de-
spite being negative for cancer stem cell sur-
face markers. EMT was active in this subpopula-
tion compared to marker positive cells, with 
downregulation of E-cadherin and upregulation 
of vimentin and Snail. Hedgehog activation was 
observed in these cell lines and abrogation of 
Hedgehog signaling resulted in reduced prolif-
eration [64]. Colon cancer epithelial cells and 
their stem cells were found to harbor high 
Hedgehog-Gli activation coincident with the de-
velopment of metastases. In xenografts, recur-
rence and metastasis required Hedgehog-Gli 
function, which led to robust EMT [65]. 
 
In human samples, Gli1 was found to be 
upregulated in HCC tissue and adjacent normal 
tissue; levels correlated with poor prognosis 
including increased stage, worsened cirrhosis, 
presence of metastasis, and portal vein inva-
sion [66]. Gli1 activation positively correlated 
with sonic hedgehog and S100a4 upregulation, 
and was negatively correlated with E-cadherin 
expression. In gastric cancer primary biopsies, 

Figure 5. Canonical Hedgehog signaling. Reproduced with permission from 
Prasad CP, The Hedgehog Signaling Pathway in Breast Cancer. CML Breast 
Cancer 2012; 22. 
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sonic hedgehog expression has also been asso-
ciated with presence of nodal disease and poor 
prognosis. The same group observed overex-
pression of sonic hedgehog to result in a higher 
incidence of metastasis in a mouse xenograft 
model, and found that the Hedgehog signal was 
effected through P13K/Akt activation. Inhibition 
of this axis led to reduced EMT (reduced E-
cadherin, and Snail), reduced MMP9 activity, 
and reduced lymphangiogenesis [67]. In brain 
tumors, Hedgehog pathway constituents were 
amplifiable from astrocytomas, gliomas, men-
ingiomas, and metastatic lesions, including 
sonic hedgehog, Smoothened, Patched, Gli1, 
Gli2, and N-myc. E-cadherin was seen to be 
downregulated and Snail concomitantly upregu-
lated in malignant tumors and metastases es-
pecially compared to primary tumors. This group 
concluded that Hedgehog signaling aberrations 
were detectable and frequent in brain tumors 
[68]. 
 
There have been reports challenging the pro-
EMT action of Hedgehog signaling, suggesting 
that the picture may be more complicated than 
the literature above suggests. Joost et al dem-
onstrated that in pancreatic ductal adenocarci-
noma cells, Hedgehog-dependent Gli1 activity is 
responsible for epithelial differentiation, and 
that Gli1 knockdown resulted in EMT-like 
changes with abolition of characteristics of 
epithelial differentiation. The EMT conversion 
was seen to be independent of Snail and Slug, 
and rather was the result of direct Gli1 regula-
tion of E-cadherin transcription [69]. These re-
sults suggest that, as with TGF-β, the Hedgehog 
contribution to EMT may be context- and cell-
type dependent. 
 
Major transcription factors 
 
A primary group of transcription factors appear 
to effect many of the changes seen in EMT. 
These include Snail, Slug, Twist, ZEB1 and 2, 
the Smad proteins, and microRNAs among oth-
ers. These transcriptional factors can work inde-
pendently but also appear to be simultaneously 
activated under the influence of many of the 
major pathways in EMT activation, as seen in 
the previous discussion. These transcription 
factors all directly or indirectly affect E-cadherin 
transcription. The ZEB proteins and zinc finger 
proteins Snail and Slug are direct inihibitors of 
the E-cadherin promoter, while Twist and others 
repress E-cadherin transcription indirectly [70]. 

Smads function under the influence of TGF-β 
signaling as well as independently to form tran-
scriptional complexes with Snail and other EMT-
relevant transcription factors. The complexity of 
these interactions obscures any underlying or-
ganization, but there is emerging evidence of a 
hierarchical relationship between these differ-
ent transcription factors, with Snail1 being most 
active at the initiation of EMT, and Snail2, 
ZEB1/2, and Twist being subsequently involved 
in maintaining the mesenchymal state [71, 72]. 
 
Snail/Slug 
 
Snail has been shown structurally to have the 
capability of interacting with a number of path-
ways. Yook in 2005 demonstrated β-catenin-like 
canonical motifs in Snail, which result in GSK-
3β dependent phosphorylation, β-TRCP directed 
ubiquitination, and proteosomal degradation 
similar to the effects of these Wnt pathway con-
stituents on β-catenin itself. Wnt signaling was 
found to inhibit Snail phosphorylation, ubiquiti-
nation, and subsequent degradation, allowing it 
to accumulate and drive EMT. These effects 
were suppressed following Snail knockdown 
[73]. 
 
cDNA microarray analysis comparing Snail-
expressing and Snail-knockdown melanoma cell 
lines has shown downregulation of genes asso-
ciated with EMT including MMP2, EMMPRIN, 
SPARC, TIMP-1, t-PA, RhoA, and Notch4 in Snail-
deficient cells. E-cadherin expression was also 
upregulated in these cells, although it was not 
found to have a regulatory role in the process 
[74]. Ectopic Snail expression in epidermoid 
carcinoma cell lines has been shown to induce 
EMT, manifested by an increase in motility and 
invasiveness. These changes coincided with 
increased Wnt5a/Ror2 and MMP2 expression. 
Interestingly, suppression of Wnt5a/Ror2 inter-
action did not result in changes in EMT markers, 
but rather in a reduction of motility and inva-
siveness at least partially mediated by MMP2 
[75]. Yaguchi et al showed that breast cancer 
cells with high Snail expression undergo EMT 
and demonstrate increased immunoresistance. 
These effects are likely mediated by the ob-
served increased production of TGF-β, IL-10, 
TSP01, induction of suppressive regulatory T-
cells, and impairment of dendritic cells [76].  
 
Siemens et al have demonstrated a double 
negative feedback loop between Snail and mi-
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croRNAs. P53 expression was found to induce 
miR-34a/b/c genes, leading to microRNA-
mediated downregulation of Snail. When the 
miRNA activity was suppressed, Snail was re-
leased from inhibition and led to upregulation of 
EMT markers and increased migration and inva-
siveness. Treating the cells with ectopic miR-34 
family members led to downregulation of the 
EMT program, Snail, Slug, and ZEB1, as well as 
a multitude of stem cell markers. Interestingly, 
Snail and ZEB1 were also found to be able to 
bind to the miR-34 promoter and suppress its 
transcription, thus defining a double feedback 
loop. The authors suggested that p53 inactiva-
tion or miR34 inactivation might therefore abol-
ish this double negative feedback loop and lock 
the cells into a metastatic biology program [77]. 
 
Crosstalk with the TGF-β signaling pathway may 
also be made possible by Snail transcription 
factors. Vincent et al describe the formation of 
Snail1-Smad3/4 transcriptional repressor com-
plexes that promote TGF-β mediated EMT. 
These complexes were shown to transcription-
ally repress expression of E-cadherin, claudin3, 
CAR, and occludin during TGF-β induced EMT in 
breast epithelial cells. Silencing of Snail1 and 
Smad3/4 by siRNA interference resulted in in-
creased CAR and occludin expression. Interest-
ingly, these effects were observed to be most 
active at the invasive front of tumors in human 
invasive breast cancer samples [78]. 
 
Twist 
 
Yang et al described a critical role for Twist ex-
pression in metastatic breast cancer, reporting 
that Twist inhibition in highly metastatic breast 
cancer lines resulted in inhibition of their ability 
to metastasize to the lungs of xenograft mice. 
Ectopic expression of Twist resulted in loss of E-
cadherin and activation of mesenchymal mark-
ers and cell motility, indicating EMT activation. 
Clinically these results were verified upon find-
ing high levels of Twist expression in invasive 
lobular carcinoma [79]. Stable expression of 
Twist in breast and cervical cancer cell lines 
resulted in a phenotypic change to spindle-
shaped morphology consistent with EMT, which 
correlated with decreased E-cadherin expres-
sion and increased N-cadherin and vimentin 
consistent with EMT. Twist expression also en-
hanced migration, tumorsphere formation, and 
expression of stemlike markers. β-catenin and 
Akt were both found to be activated in Twist 

over-expressing cells [80]. 
 
Smads 
 
Smads are interesting subjects of investigation 
in EMT because they appear to have functions 
both dependent and independent of TGF-β sig-
naling. The formation of Smad complexes that 
interact at the transcriptional level with factors 
traditionally seen as part of other signaling 
pathways is a major mechanism of EMT poten-
tiation, and also may explain the highly variable 
effects of TGF-β signaling in tumorigenesis. 
Smads alone have a relatively low affinity for 
DNA, but in interacting with Snail, ZEB1/2, 
Twist, and other transcription factors, they ac-
quire higher DNA affinity and the ability to affect 
transcription [18]. This by necessity results in 
crosstalk between the TGF-β, Wnt, Notch, 
Hedgehog, and other signaling pathways. The 
Notch ICD has also been shown to interact with 
Smad3, 1, and 5 in embryonic settings to affect 
chromatin organization [81]. In carcinogenesis, 
direct binding of Notch to Smads or indirect 
transcriptional inhibition of Smad transcriptional 
coactivators have been described [82]. Notch 
action in general seems to inhibit the protumori-
genic, prometastatic activities of TGF-β and re-
turn the signaling milieu to one in which TGF-β 
signals result in inhibitory effects on tumori-
genesis and metastasis.  
 
Zeb1/2 
 
Similar to the double negative feedback loop 
between Snail and miR-34 family members de-
scribed by Siemens, a double negative feedback 
loop has been described between the ZEB1/2 
transcription factors and miR-200 family mem-
bers. This was first described in 2008 in canine 
kidney cells [83, 84]. The miR-200 family re-
presses ZEB1/2 translation, and conversely the 
ZEB proteins have the ability to bind to miR-200 
family member promoter sites, preventing their 
transcription. The authors propose that the bal-
ance of this feedback loop can be shifted to-
wards ZEB predominance (mesenchymal pheno-
type) or miR-200 predominance (epithelial phe-
notype) by the action of exogenous signaling 
factors, and subsequently identify autocrine TGF
-β as a major factor in locking this loop into a 
pro-mesenchymal state [85]. Interestingly, the 
mesenchymal phenotype can be perpetuated by 
methylation of the miR-200 promoter, leading to 
longer-term mesenchymal changes and support-
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ing the role of epigenetic silencing in EMT and 
cancer progression. The same feedback loop 
has also been shown to influence Notch signal-
ing by Brabletz et al [50]. ZEB1 has also been 
shown to control stemness and survival by in-
hibiting miR-200 family members [86]. 
 
Micro-RNAs 
 
MicroRNAs as regulators of metastatic potential 
have received a great deal of attention recently. 
These are short, noncoding RNA molecules that 
regulate gene expression post-transcriptionally. 
Base pair complementarity between mature 
miRNAs and their target mRNAs result in en-
donuclear cleavage of the mRNA transcript. Im-
perfect complementarity can also result in inter-
ference by forcing transcript degradation or pre-
venting effective translation [87]. In EMT, 
miRNAs are frequently engaged in feedback 
loops with previously described signaling path-
way constituents such that an imbalance away 
from miRNA expression results in activation of 
EMT programming. The miR-200 family has 
been described to directly target ZEB1 and 
ZEB2. Korpal et al reported that miR-200 family 
member expression is repressed in TGF-β in-
duced EMT in murine mammary epithelial cells. 
Overexpression of the miRNAs individually or as 
clusters resulted in enhanced E-cadherin ex-
pression through direct targeting of ZEB1/2, 
demonstrated by reduced luciferase reporter 
activity when miR-200 family members were 
cotransfected with luciferase-ZEB1/2 plasmid 
constructs. This effect appeared to be most pro-
found on ZEB2. When a mesenchymal mouse 
mammary epithelial line was exposed to exoge-
nous mi-R200 miRNAs, the cells changed mor-
phology to an epithelial phenotype and dis-
played increased E-cadherin expression, consis-
tent with reversal of EMT [88]. In gastric cancer 
cell lines, miR-200 family members were over-
expressed in cell lines also overexpressing 
Smad3. Luciferase reporter assays showed that 
Smad3 binds to the miR-200b/a promoter to 
function as a transcriptional activator. This led 
to transcription of miR-200 family microRNAs 
and subsequent downregulation of ZEB1/2, 
leading to release of E-cadherin from their tran-
scriptional repression. This led to reversal of 
EMT. Interestingly, although these effects were 
mediated by Smad3, they were found to ulti-
mately be independent of TGF-β signaling [89].   
 
In general microRNAs have been shown to func-

tion as genetic repressors, interfering with tran-
scripts of target genes and preventing their 
translation and ultimate expression. An interest-
ing study recently described an oncogenic role 
for miR-27 in gastric cancer. Zhang et al re-
ported increased miR-27 levels in gastric cancer 
tissues and showed that levels were increased 
in metastatic compared to nonmetastatic tu-
mors. In vitro, miR-27 overexpression led to 
increased migration of AGS gastric cancer cells, 
and when treated with an miR-27 inhibitor, 
these effects were abrogated. miR-27 was 
shown to induce an EMT phenotype, including 
increased ZEB1/2, Slug, and vimentin expres-
sion with decreased E-cadherin expression. Fi-
nally, the signaling mechanism of miR-27 activ-
ity in this study was identified as Wnt/β-catenin 
based with APC as its target gene [90]. 
 
Epigenetics 
 
Epigenetic silencing has been shown in a num-
ber of reports to play a role in regulation of the 
key EMT effectors. Methylation of promoter 
sites of miR-200 family members [39] and Wnt 
family members [85] have been shown to affect 
EMT changes as described above. SFRP5, a 
Wnt pathway antagonist, was shown to reduce 
cell proliferation, invasiveness, and tumor for-
mation in mice when expression is allowed. 
Higher SFRP5 expression was also found to re-
duce EMT changes and sensitize the ovarian 
cancer model to chemotherapy with cisplatin. 
Given evidence for SFRP5 hypermethylation in 
ovarian cancer patients, the authors proposed 
that the epigenetic silencing of SFRP5 was a 
mechanism by which ovarian cancer cells be-
come prometastatic and acquire chemoresis-
tance [91]. Prasad et al demonstrated hyper-
methylation of CDH1 and APC promoters in in-
vasive ductal breast carcinoma samples, and 
showed that the hypermethylation status corre-
lated with nuclear localization of β-catenin along 
with evidence of EMT (E-cadherin loss, in-
creased vimentin expression) [92]. Prolonged 
induction of EMT has been shown to result in 
recruitment of DNA methyltransferases and 
chromatin remodeling enzymes to EMT-related 
gene promoter regions regulated by TGF-β such 
as E-cadherin and estrogen receptor α [7, 93]. 
The loss of such epigenetic silencing has been 
shown sufficient to induce mesenchymal-
epithelial transition related to inhibition of 
Smad2 signaling in breast cancer [94]. Histone 
modification, which determines repressive ver-
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sus available chromatin structure, has been 
shown in a number of cancer models to perform 
a regulatory role in availability of EMT-related 
gene products for transcription; many of these 
effects are under the influence of TGF-β and 
Notch signaling [82]. 
 
Physical components and characteristics of the 
tumor microenvironment 
 
We are increasingly coming to understand the 
importance of the specific constituents of the 
tumor stroma in seeding and metastatic poten-
tial of primary tumors. The stroma is generally 
made up of other cell types, extracellular matrix, 
and the vasculature and lymphatic systems 
feeding the tumors. Cell types in the tumor 
stroma include fibroblasts, myofibroblasts, 
granulocytes, macrophages, mesenchymal stem 
cells, and lymphocytes [95]. Work has shown 
that in the context of the tumor microenviron-
ment, some of these cell types additionally 
change phenotype and become accessories to 
tumorigenesis and metastasis, and are there-
fore referred to as cancer-associated fibroblasts 
and tumor-associated macrophages. TGF-β sig-
naling has been heavily implicated in the inter-
action between tumor cell mass and stroma, 
primarily demonstrated by loss of function stud-
ies in which lack of TGF-β signaling results in 
higher paracrine factor production (such as 
MMPs, TGF-α, MSP, and HGF) that enhances 
stromal fibroblast conversion to cancer-
associated fibroblasts, and these CAFs in turn 
can determine to a large extent whether the 
cytostatic or prometastatic manifestations of 
TGF-β signaling predominate [70, 96]. Reduc-
tion of the TGF-β signal has been associated 
with worsened cancer phenotypes, including 
increased growth, survival and motility [97]. TGF
-β has been shown to stimulate CAFs, resulting 
in synthesis and deposition of extracellular ma-
trix compounds such as collagen and fi-
bronectin that are associated with tumor inva-
sive potential [98]. CAF are also primary produc-
ers of VEGF, which promotes angiogenesis, and 
facilitates tumor growth and metastasis [99]. 
Tumor fibroblasts have been shown to promote 
esophageal tumor progression, and Fu et al 
have shown that 43% of the known deregulated 
genes in tumor-associated fibroblasts are asso-
ciated with proliferation, extracellular matrix 
remodeling, and immune response, all critical 
for tumor success [100]. Given the importance 
of tumor stromal cells in both supporting and 

enhancing tumor formation, it has been pro-
posed that the signaling impetus driving EMT 
can be derived from two sources: the genetic 
and physical changes in the cancer cell popula-
tion itself resulting in autocrine and paracrine 
signaling changes leading to EMT, and the input 
of signaling information from the stromal cells 
that are recruited to support the tumor mass 
[95].  
 
In addition, the mechanical characteristics of 
the extracellular matrix play an important role in 
the ability of tumor cells to utilize the character-
istics acquired during EMT and metastasize. 
The role of mechanical attributes such as colla-
gen content, fiber thickness, and extent of in-
trafibrillar crosslinks characterizing the collagen 
stroma of a given tumor have effects on the 
degree of plasticity and specific cell-ECM adhe-
sion molecules required by a tumor cell in order 
to navigate that environment [101, 102]. These 
effects can be mediated by signaling pathways 
associated with EMT; for example, TGF-β signal-
ing has been studied in the context of 3D-
organotype culture systems, in which collagen 
content, mechanical compliance, and integrin 
activation can be examined, and these factors 
have been found to have significant effects on 
TGF-β signaling both in its tumor-suppressing 
and tumorigenic roles according to the TGF-β 
paradox [7]. In addition, matrix rigidity has been 
shown to change the effect of TGF-β signaling 
from apoptosis promotion to EMT induction in 
epithelial cells [103]. 
 
An interesting study recently demonstrated Wnt 
signaling active in tumor-associated fibroblasts 
at the stromal-tumor interface in oral squamous 
cell carcinomas. Fu et al demonstrated that in 
immunohistochemistry of clinical samples of 
OSCC, Wnt2 signal was only detected in tumor 
fibroblasts, and primarily at the boundary be-
tween stroma and tissue. Wnt2 positivity was 
associated with lymph node metastasis, higher 
TNM stage, and worsened disease-specific sur-
vival. In vitro studies using conditioned medium 
from Wnt2 expressing fibroblasts revealed 
upregulation of cyclin-D1 and c-myc in response 
to Wnt2 in conditioned medium; this resulted in 
increased EMT, motility, and invasiveness of 
OSCC cells [100]. Other authors have reported 
activity of EMT-associated signaling pathways 
and transcriptional products primarily at the 
invasive front as well [4, 58, 78], recapitulating 
the idea of EMT as a site-specific phenomenon 



EMT, microenvironment, and metastasis  

 
 
131                                                                                                   Int J Biochem Mol Biol 2012:3(2):117-136 

in the appropriate context. 
 
Hypoxia 
 
The hypoxic tumor microenvironment contrib-
utes to its reactive, inflammatory nature and is 
thought to be relevant in radiation and chemo-
resistance. Hypoxic stress also promotes angio-
genesis, lymphangiogenesis, and inflammation, 
leading to recruitment of new nutrient supplies 
and inflammatory cells that can then further 
potentiate the metastatic phenotype [104]. Can-
nito et al showed that under hypoxic conditions, 
several epithelial carcinoma cell lines, including 
pancreatic, breast, colon, and hepatoblastoma, 
showed mesenchymal morphologic changes, 
decreased E-cadherin expression, increased 
Snail expression, and nuclear translocation of β-
catenin consistent with Wnt pathway activation. 
The cells then displayed increased invasiveness 
in vitro. The mechanism demonstrated for these 
changes involved early reactive oxygen species 
generation in mitochondria and resultant GSK-
3β inhibition [105]. Notch signaling has been 
shown to be activated by hypoxia as well, either 
directly or synergistically with increased Notch 
ligand activation. In breast and ovarian cancer 
cell lines, cells exposed to hypoxia showed E-
cadherin and β-catenin downregulation with 
upregulation of N-cadherin, vimentin, and fi-
bronectin. These changes were ameliorated 
with specific Notch pathway inhibitor treatment. 
Further study showed that upregulation of 
Snail1 directly or by Notch-dependent LOX 
upregulation was the mechanism of these 
changes [106]. One mechanism of survival of 
cancer stem cells and/or EMT-transformed tu-
mor cells may be an increased ability to scav-
enge free radicals and therefore survive the 
hypoxia of the tumor microenvironment, as de-
scribed by Kim et al [107]. 
 
Conclusions 
 
As our surgical capability has improved, much of 
the persistent mortality suffered by cancer pa-
tients continues to arise from the presence of 
distant metastases, converting what seems to 
begin as a localized process into a systemic 
disease. Hence, much of our current effort in 
understanding cancer biology focuses on 
mechanisms of metastasis with the ultimate 
goal of targeting those mechanisms for treat-
ment. The tumor microenvironment and the 
EMT program both contribute in sweeping and 

complex ways to a metastatic cancer cell’s ac-
quisition of the four properties of metastasis – 
emigration, invasion, intravasation, and extrava-
sation and micrometastasis establishment. 
While the challenges of migration from the pri-
mary to the distant site and the mechanisms 
allowing establishment of a micrometastasis 
are still nebulous, our understanding of EMT 
and the acquisition of mobile and invasive phe-
notypes by cancer cells has undergone an ex-
plosion in the last decade. The elaboration of 
the numerous signaling pathways involved in 
EMT and their interactions, as well as the down-
stream effectors actually driving the EMT proc-
ess, has provided us with an extensive number 
of potential therapeutic targets. While it is 
unlikely that targeting any specific component 
of these regulatory networks will result in signifi-
cant clinical response given the redundancy of 
these signaling networks, it may be possible to 
develop multi-agent targeted therapy regimens 
that block or reverse EMT. In conjunction with 
surgical removal of the primary tumor and other 
modal therapies, these potential therapeutic 
targets provide some hope that a systematic 
approach to reducing or reversing EMT changes 
and targeting the components of the tumor mi-
croenvironment may allow us to progress on the 
path to effective prevention and treatment of 
cancer metastasis. 
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