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EMT and Oxidative Stress:
A Bidirectional Interplay Affecting Tumor Malignancy
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Abstract

Significance: Epithelial–mesenchymal transition (EMT) is emerging as a driving force in tumor progression,
enabling cancer cells to evade their ‘‘homeland’’ and to colonize remote locations. In this review, we focus on the
emerging views dealing with a redox control of EMT and with the importance of a pro-oxidant environment,
both in cancer and stromal cells, to attain an improvement in tumor malignancy. Recent Advances: The variety
of signals able to promote EMT is large and continuously growing, ranging from soluble factors to components
of the extracellular matrix. Compelling evidence highlights reactive oxygen species (ROS) as crucial conspirators
in EMT engagement. Critical Issues: Tumor microenvironment exploits a fascinating role in ensuring EMT
outcome within the primary tumor, granting for the achievement of an essential selective advantage for cancer
cells. Cancer-associated fibroblasts, macrophages, and hypoxia are major players in this scenario, exerting a
propelling role for EMT, as well as for invasiveness, stemness, and dissemination of metastatic cells. Future
Directions: Future research focused on EMT should address some key points that are still unclear. They include:
i) the role of the reverse phenomenon (i.e., mesenchymal–epithelial transition) that is likely regulated in the final
stages of tumor progression, or that of mesenchymal–amoeboid transition, a plasticity program of cancer cells,
which often follows EMT and offers a further metastatic advantage, and ii) the molecular basis of the correlation
between stemness, EMT and ROS content. Antioxid. Redox Signal. 16, 1248–1263.

Classification of EMT

Epithelial–mesenchymal transition (EMT) is a biologic
process allowing epithelial cells to undergo several bio-

chemical alterations that permit the achievement of a mesen-
chymal phenotype. These changes embrace enhanced
migratory ability and invasiveness of tissues, increased pro-
duction of extracellular matrix (ECM) proteins, as well as in-
creased resistance to stresses and apoptotic death (83, 155).
EMT is a gradual epigenetic process, terminally marked by the
proteolysis of underlying basement membrane and creation of
a path in surrounding tissues in which the mesenchymal cell
moves away from its original epithelial layer. EMT is syner-
gistically orchestrated by: i) activation of transcription factors;
ii) de novo expression of cytoskeletal and surface proteins; iii)
reorganization of cytoskeleton assembly; iv) change in integrin
expression pattern; v) production of ECM-degrading enzymes
such as metalloproteinases (MMPs), cathepsins, and uroki-
nase-type plasminogen activator (uPA) protease; and vi) ex-
pression of specific microRNAs (miRNA). This profound
change in expression of proteins is also used as biomarkers to
analyze EMT undergoing cells (Fig. 1).

Weinberg and Kalluri proposed a useful classification of
EMT into three different subtypes (83). Type I EMT is linked to
embryo implantation and development and is aimed to gen-
erate the so-called ‘‘primary mesenchyme’’ (i.e., mesenchymal
cells endowed with a great phenotypic plasticity) which move
away from the original site but subsequently undergo a
mesenchymal-to-epithelial transition (MET) to generate sec-
ondary epithelia. Type I EMT never causes fibrosis through
excessive ECM deposition, or induces an invasive phenotype
resulting in systemic spread of cells. Type II EMT is associated
with tissue regeneration and healing of wounds. This EMT
program is devoted to generation of fibroblasts and other re-
lated mesenchymal cells in order to recreate tissues following
traumatic events and injury, even if accompanied by inflam-
mation. Tissue fibrosis originates from unstopped ECM de-
position after the healing of the wound, due to persistent
inflammation, and may lead to severe organ damage (82).
Neoplastic cells often undergo type III EMT, after primary
carcinogenesis (155). Genetic and epigenetic changes in the
primary tumor concur to engage a particular EMT program,
very distant from the other two EMTs. Indeed, cancer cells
undergoing a type III EMT are the primary source of metastatic
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cells, endowed with migratory and invasive abilities. Type III
EMT is characterized by several intermediate phenotypes be-
tween epithelial and mesenchymal ones. Unfortunately, the
signals that engage type III EMT in cancer cells are still in-
completely clear, but some evidence indicates an involvement
of both cell intrinsic and stromal-derived factors.

The term ‘‘transition’’ is indicative of the reversibility of the
process. Indeed, EMT may be followed by the reverse process
(i.e., MET, rescuing back mesenchymal to epithelial pheno-
type). Conversely to EMT, MET is yet a relatively unknown
process, but it has been called upon for both kidney formation
(75) and metastatic colony growth (155). Of note, while type I
EMT is independent from inflammation and injuries, both
types II and III share their dependence from inflammation
and are characterized from their endurance until the pro-
voking spur is removed. Unless the three types of EMT are
involved in different biological processes, a common set of
molecular elements drives these epigenetic programs.

Role of EMT in Tumor Progression

The process of human tumor pathogenesis consists of mul-
tiple steps which can induce or facilitate tumor progression
toward metastatic spread. This ‘‘long metastatic route’’ can be
categorized in several stages: 1) carcinogenesis; 2) sustained
proliferative signaling; 3) generation of hypoxic environment;
4) sustained angiogenesis/lymphangiogenesis; 5) cross-talk
with the component of the new microenvironment, including
parenchymal, stromal, endothelial, and inflammatory cells; 6)
migration through the ECM and invasiveness; 7) intravasation
in bloodstream; 8) cell survival in the blood and lymphatic
vessels (anoikis resistance, i.e, the ability of cancer cells to sur-
vive to lack or improper adhesion to ECM); 9) extravasation
from the circulation into the surrounding tissues; 10) prepara-
tion of the metastatic niche; and 11) growth of the invading cells
in the new microenvironment (Fig. 2).

EMT plays several roles in tumor progression and has be-
come prominently implicated as a means by which trans-
formed epithelial cells can acquire a more motile and invasive
phenotype (154). Mesenchymal motility strictly depends on
ECM proteolysis, through the enhancement in MMPs pro-

duction, thereby enabling cancer cells to overcome physical
barriers and escape from the primary tumor.

Although the major function of EMT in tumors is believed
to be the induction of an invasive phenotype, EMT also elicits
numerous other features that likely contribute to metastasis
formation (Fig. 2).

First, the phenotypic plasticity of cancer cells may enable the
formation of functionally distinct subpopulations within a tu-
mor that support its growth in various ways. In this scenario,
EMT can convert epithelial carcinoma cells into mesenchymal
cells that may well assume the duties of cancer-associated fi-
broblasts (CAFs) in some tumors, but carry the same genetic
abnormalities of cancer cells themselves (84, 137).

Second, EMT is often correlated with tissue inflammation
and stromal infiltration. Indeed, pro-inflammatory cytokines,
produced both by stromal and cancer cells, exert tumor-
modulating effects mainly by recruiting and/or activating
CAFs and cancer-associated macrophages (CAMs) (45). CAFs
directly induce EMT through secretion of MMPs active on
E-cadherin (58). In keeping with the idea that metastasis is a
phenomenon reminiscent of the migratory/invasive behavior
of inflammatory cells, tumor cells undergoing EMT in re-
sponse to CAFs exposure share with inflammatory cells the
same signals involving activation of cyclooxygenase-2 (COX-
2), nuclear factor-jB (NF-jB), and hypoxia inducible factor-1
(HIF-1) (57). CAFs contribute to tumor progression with other
key features going beyond their EMT propelling role, as they
also recruit endothelial precursor cells from bone marrow,
thereby inducing de novo angiogenesis (119), and participate
in the preparation of the metastatic site in which the second-
ary tumor will grow up (44).

Third, EMT is a relevant process for the acquisition of re-
sistance to stresses as treatment with chemotherapeutic drugs
or anoikis, namely a particular apoptotic death due to loss or
inappropriate cell adhesion to ECM. During EMT several
genes, such as SNAI1, Twist, hepatocyte growth factor receptor
(HGF-R)/cMet, and NF-jB, are induced and play a crucial role
to evade anoikis by constitutively activating specific pro-sur-
vival signals (156). SNAI1 inhibits the transcription of the epi-
thelial marker E-cadherin and confers apoptosis resistance by
activating survival genes such as the phosphatidyl inositol-3

FIG. 1. Epithelial-to-mesenchy-
mal transition (EMT). This process
needs the transformation of a po-
larized epithelial cell into an inva-
sive mesenchymal cell, able to
secrete proteases, to create a path,
to invade, and to deeply change the
surrounding ECM. EMT is a grad-
ual process in which the cell loses
its epithelial markers (left) and
achieves expression of mesenchy-
mal markers (right). These pro-
found expression changes are
driven at a transcription level by a
large set of transcription factors,
most of which are currently used as
mesenchymal markers, including
SNAI1 and SNAI2, Twist, and
ZEBs. (To see this illustration in
color the reader is referred to the
web version of this article at www
.liebertonline.com/ars).
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kinase (PI3K)/Akt pathway (159). In keeping, loss of E-cad-
herin in mammary tumorigenesis models, grants for anoikis
resistance and increased angiogenesis, thus contributing to ef-
ficient metastatic spread (41, 118). In addition, cancer cells
undergoing EMT are endowed with resistance to both radia-
tion and treatment with chemical agents, in strict correlation
with the acquisition of stem-cell features (2, 30, 90). This is
related to the inactivation of p53-mediated apoptosis, pro-
moted by SNAI1 and Slug, two major inducers of the EMT
program (90). Furthermore, a role of the Hedgehog signaling
for EMT-induced chemoresistance has also been proposed (2).

Last, recent research has inter-related the acquisition of
cancer stem cell (CSC) traits with the EMT transdifferentiation
program. EMT program not only enables cancer cells to dis-
seminate physically from primary tumors, but also can confer
to them the self-renewal capability that is crucial to their sub-
sequent clonal expansion at sites of dissemination (135). In-
triguingly, Mani et al. initially disclosed that human mammary
epithelial cells undergoing EMT are endowed with stem-cell
features (103). This connection suggests that the heterotypic
signals that trigger an EMT may also be important in creating
and maintaining CSCs. In both breast and prostate carcinoma,
the generation of CSCs has been shown to be driven by EMT
through overexpression of SNAI1 or Twist transcription factors
(17, 103). Accordingly, Giannoni et al. reported that CAF ex-
posure promotes EMT in the surrounding prostate carcinoma
cells, allowing them to acquire stem cell traits (58).

An apparent contradiction of the association between EMT
and metastasis comes from repeated observations that distant
metastases derived from primary carcinomas are largely com-
posed of cancer cells showing an epithelial phenotype, closely
resembling that of the cancer cells in the primary tumor (26,
135). This discrepancy can be rationalized by the recognition
that MET, the reversal of EMTs, likely occurs following mi-
crometastasis growing, due to local selective pressure for the
outgrowth of cancer cells with more epithelial features or to the
absence of EMT-inducing signals at sites of dissemination (155).

Molecular Mediators and Signaling Pathways
Guiding EMT

The collection of molecular factors that contribute and co-
operate each other to promote EMT is very bulky and con-
tinuously growing. The crucial event in EMT is represented
by the disassembly of the epithelial structure, for which E-
cadherin downregulation is the most relevant step (23, 83,
155). Several transcription factors cooperate for allowing E-
cadherin repression, in particular the zinc finger factors
SNAI1 and SNAI2 (also indicated as Slug), the two-handed
zinc factors ZEB1 and ZEB2 (also designated as SIP1), the
basic helix-loop-helix factors Twist, E12/E47, and Twist2, and
both the isoforms E2-2A and E2-2B (47, 129, 150). These re-
pressors collaborate with histone deacetylases and his-
tone demethylases (i.e., LSD1), ensuring the maintenance of
the silenced state of the E-cadherin gene (99, 113).

Undoubtedly, transforming growth factor-b (TGF-b) is one
of the most relevant inducers of EMT and its activity is me-
diated by both a Smad-dependent signaling pathway and a
Smad-independent one. In the first case, the Smad protein
machinery plays multiple roles, ranging from the upregula-
tion of SNAI1, SNAI2, Twist, ZEB1, and ZEB2 to the activa-
tion of several mesenchymal genes, including a-smooth

FIG. 2. Transitions between epithelial and mesenchymal
states during carcinoma progression. In the primary tumor,
epithelial–mesenchymal transition (EMT) contributes to in-
tratumoral heterogeneity that can influence the ability of
cancer cells to metastasize. Interactions with stromal cells,
including leukocytes and cancer-associated fibroblasts
(CAFs), may induce EMT, thereby promoting cancer cell
growth and survival, resistance to unfavorable conditions
(i.e., chemoresistance), and the acquisition of stem cell traits.
EMT has also emerged as a source of CAFs, essential cells for
the recruitment of macrophages or endothelial precursor
cells (EPCs). Cancer cells with mesenchymal features are able
to locally invade a tissue, intravasate into blood vessels, and
colonize distant organs. At the site of metastasis, carcinoma
cells extravasate and, endowed with stem-like features,
promote the formation of a metastatic site. Metastatic en-
graftment and growth is facilitated by cancer cell reversion to
an epithelial state, a process called mesenchymal–epithelial
transition (MET). (To see this illustration in color the reader
is referred to the web version of this article at www
.liebertonline.com/ars).
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muscle actin (a-SMA), N-cadherin, fibronectin, and vimentin,
all these events contributing to the achievement of a mesen-
chymal phenotype (23, 107, 167). On the contrary, the non-
Smad signaling implicates the involvement of other major
effectors of EMT, such as mitogen-activated protein kinase
(MAPK), PI3K, and small GTPases of the Rho family, whose
contribution to EMT will be discussed later (31).

Soluble growth factors [i.e., epidermal growth factor (EGF),
fibroblast growth factor (FGF), HGF, platelet-derived growth
factor (PDGF) and insulin-like growth factor-1 (IGF-1)] are an-
other family of crucial inducers of the EMT program, that relies
on the recruitment of signaling mediators, such as Ras, PI3K, and
Src. Ras activation triggers the MAPK signaling cascade, ulti-
mately leading to activation of several transcription factors,
among which SNAI2, Jun, and Fos, which are known and pu-
tative repressors of E-cadherin, respectively (36, 130, 160). PI3K is
another relevant mediator of EMT (96). Indeed, PI3K promotes
the activation of Akt, which in turn, inactivates the glycogen
synthase kinase-3b (GSK-3b), whose activity is responsible for
the proteosomal degradation of SNAI1 and for the maintenance
of the epithelial phenotype (10). GSK-3b is assisted, in its role of
modulator of SNAI1 stability, by a recently discovered E3 ubi-
quitin ligase [i.e., Partner of paired (Ppa)], which also regulates
SNAI2, Twist, and ZEB2 proteosomal degradation (94). On the
contrary, lysyl oxidase-like 2 (LOXL2), a member of the lysyl
oxidase gene family, seems to attenuate the GSK3b-dependent
SNAI1 degradation, thus contributing to EMT induction (112,
131). The tyrosine kinase c-Src is another key effector of EMT. Its
role in EMT induction depends on its ability to activate the focal
adhesion kinase p125FAK, leading to the phosphorylation of
both MAPK and the myosin light chain kinase and promoting
cell–cell junction disengagement (8).

Recently, three members of the Forkhead box (Fox) tran-
scription factor family, namely FoxQ1, FoxM1, and its splicing
variant FoxM1b, are emerging as master regulator of EMT in
various human malignancies. FoxQ1 expression is regulated by
TGF-b and is able to repress E-cadherin by binding to its pro-
moter (171). FoxM1 contributes to EMT induction and to the
acquisition of stem cell traits, through the inhibition of several
EMT-related miRNA, among which miR200b is the most rele-
vant one (see below) (12, 139). Otherwise, the splice variant
FoxM1b promotes EMT-related changes by activating both Akt
and LOXL2 and subsequently upregulating SNAI1, by means
of the removal of the GSK-3b-mediated inhibition (125).

An additional crucial event responsible for EMT regulation
is linked to b-catenin subcellular localization. While b-catenin
sequestration within the cytosol grants for its binding with E-
cadherin and the preservation of cell–cell adhesions, during
EMT b-catenin translocates to the nucleus, where it associates
with TCF/LEF and promotes the transcription of several EMT
target genes (63; 151). The Wnt signaling is one of the major
regulators of b-catenin localization and relies on the inacti-
vation of GSK-3b, which in turn acts not only by promoting
SNAI1 upregulation, but also allowing for the formation of
the transcriptional complex b-catenin/TCF/LEF (115).

In addition to soluble factors, some ECM components as
collagen type I, III, IV, and V, also contribute to EMT by
triggering the activation of the integrin-linked kinase, FAK,
Src, Ras/MAPK, and PI3K/Akt (56). Integrin-linked kinase
promotes the phosphorylation of Akt and GSK-3b, thus
causing the inactivation of GSK-3b and leading to SNAI1
upregulation and b-catenin nuclear translocation (10, 123).

The scientific literature has recently been enriched with
other evidence that highlight the growing variety of signals
capable of inducing EMT, among which interleukin-8 (IL-8),
macrophage-stimulating protein, and the estrogen receptor
(3, 4, 48, 101). In addition, the contribution of several members
of the bone morphogenetic proteins, as well as of the Notch
signaling and the Hedgehog pathway, has been reported.
Bone morphogenetic proteins are members of the TGF-b
family that rely on the activation of several Smad members
and contributes to SNAI1 upregulation and E-cadherin re-
pression (11). Otherwise, the transmembrane receptors
belonging to the Notch family induce E-cadherin down-
regulation by means of an increased expression of tran-
scriptional repressors, such as SNAI2, ZEB1, or hairy/
enhancer-of-split-related or, as recently discovered, by mod-
ulating miR-21, miR-200b, and miR-200c (13, 67, 116). More-
over, Gli1/Hedgehog signaling promotes an increase of
both SNAI1 and ZEB1, ultimately converging on E-cadherin
repression (77, 102).

miRNAs are also emerging as essential components of the
cellular signaling circuitry that regulates the EMT program.
Indeed, miRNAs are a family of small, highly conserved
noncoding RNAs that post-transcriptionally regulate gene
expression, by binding to various mRNA targets and induc-
ing either translational repression or mRNA degradation (78).
Upon TGF-b stimulation, all the members of the miR-200
family and miR-205 are strongly inhibited, thereby removing
their repression on ZEB1 and ZEB2 and ultimately granting
for the acquisition of a mesenchymal phenotype, as well as
cell invasiveness, stemness, resistance to apoptosis, and che-
moresistance (1, 65, 136, 153). Interestingly, a role of miR-205
as a tumor-suppressor in human prostate cancer has been
reported, according to its skill to counteract EMT induction,
through the repression of ZEB2 and the concurrent upregu-
lation of E-cadherin (53). In keeping, we observed an in-
triguing role of CAFs in promoting miR-205 downregulation
and a concurrent repression of E-cadherin in prostate cancer
cells, thereby resulting in cell rearrangements consistent with
EMT and stemness (unpublished data). Of note, loss of p53 is
emerging as another crucial feature leading to inhibition of
miR-200c and EMT induction, accompanied by an increase in
stem cell traits (27). In keeping, several mutations in the gene
encoding for p53 contribute to EMT activation, by enhancing
Twist1 expression (86, 106). Recently, SNAI1 was also found
to be downregulated by miR-30a, accounting for the removal
of E-cadherin repression and for the maintenance of an epi-
thelial architecture (89). Conversely, miR-155, miR-21, and
miR-29a, have been found upregulated in many cancers and
contribute to TGF-b-induced EMT (55, 87, 168). In addition, in
human breast cancer, high levels of miR-103/107 are associ-
ated with metastasis and poor outcome. A key event elicited
by miR-103/107 is EMT induction, attained by Dicer inhibi-
tion and a subsequent downregulation of miR-200 levels (78,
105). Therefore, this scenario clearly suggests a role of specific
miRNAs in EMT induction and of others in the regulation of
the reversal phenomenon (i.e., MET) (Fig. 3).

Reactive Oxygen Species and Their Role
in Tumor Progression

Reactive oxygen species (ROS) are radicals, ions or mole-
cules that have a single unpaired electron in their outermost
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shell of electrons and are constantly generated inside cells by
dedicated enzyme complexes or as by-products of redox
reactions, including those underlying mitochondrial respiration
(71, 80, 114). The most well-studied ROS in cancer can be cate-
gorized into two groups: 1) free oxygen radicals, such as su-
peroxide (O2 �–), hydroxyl radical (�OH), and nitric oxide (NO�);
and 2) nonradical ROS, such as hydrogen peroxide (H2O2).

While generation of NO is largely due to nitric oxide syn-
thases (NOSes), ligand-dependent generation of superoxide
anion and of hydrogen peroxide, via superoxide dismutase
(SOD) activity, is mediated by the NADPH oxidase (NOX)/
dual oxidase (DUOX) family, whose prototypical member is
the phagocytic NOX (Phox/NOX2) (92). The small GTPase
Rac-1 is a key molecular player of several intracellular ROS
sources, including NOX, lipoxygenase (LOX), COX, and mi-
tochondria. Wherever produced, superoxide is dismutated
into H2O2, either by the mitochondrial MnSOD or by the cy-
tosolic Cu/ZnSOD) (71, 152).

Species such as hydrogen peroxide, superoxide anion, and
nitric oxide act as signaling molecules, and their intracellular
concentration is finely modulated and responsive to a wide
array of environmental cues (80). These oxidants act by
modifying their molecular targets in a reversible fashion,
mainly through the formation of cysteine oxidative adducts
[nitrosocysteine, SNO, glutathionylcysteine, SSG] or disulfide
bonds (S–S). Reversible cysteine oxidation plays a pivotal role
in redox signaling cascades, major molecular targets being
protein tyrosine kinases, protein tyrosine phosphatases or li-
pid phosphatases, proteases, signaling adaptors, and tran-
scription factors (80).

In cancer cells, high levels of ROS can result from increased
metabolic activity, mitochondrial dysfunction, peroxisome

activity, deregulated cellular receptor signaling, oncogene
activity, enhanced activity of COXes, LOXes and thymidine
phosphorylase, or depend on cross-talk with infiltrating im-
mune cells (9, 152). Compelling experimental, clinical, and
epidemiological evidence indicates that ROS and reactive ni-
trogen species (RNS) can promote many aspects of tumor
development and progression (Fig. 4). The carcinogenic ac-
tivity of oxidants strongly depends on: 1) their mutagenic
potential (initiation), 2) their effects on intracellular signaling
pathways controlling cell proliferation and survival (promo-
tion), 3) their impact on cell motility and invasiveness, and 4)
their established role in stromal reactions, mandatory for
cancer development and dissemination, such as inflamma-
tion/repair and angiogenesis.

Endogenous ROS and RNS account for a large fraction of
mutagenic DNA damage in mammalian cells, with the hy-
droxyl radical and peroxinitrite (ONOO - ) being the best
candidates for formation of 8-oxo-guanine and single/double
strand breaks (104).

Tumor-promoting actions of oxidants involve sustained
proliferation of carcinogen-initiated cells (25). Low doses of
hydrogen peroxide and superoxide stimulate cell prolifera-
tion in several cancer cell types (20, 152). Oxidant species may
reduce cell dependence on growth factors by lowering the
activation thresholds of the cognate receptor tyrosine kinase
(RTKs), or by trans-activating receptors in a ligand-independent
fashion (141). Since RTKs couple to multiple downstream
signaling cascade, many growth-related signaling events
triggered by oxidants, such as activation of MAPKs or in-
duction of early responsive genes as Jun, Fos, and Myc, could
ultimately reflect, at least in part, the upstream activation
of RTK-dependent signaling (121) (Fig. 4).

Clear evidence indicates that tumor progression is closely
associated with the hypoxic microenvironment within the
primary tumor lesions (5). Cell response to hypoxia, which
includes angiogenesis, survival to stress/oxygen deprivation,
and metabolic changes, is mediated by the HIF family, re-
portedly undergoing redox control. Mild hypoxic conditions
(1%–3% O2) produce ROS through a deregulation of mito-
chondrial complex III (85). HIF-1 is stabilized due to a redox-
dependent inactivation of their degrading enzymes, called
prolyl hydroxylases (PHDs). This redox-dependent stabili-
zation of HIF-1 enables tumor cells to activate a motogenic
escape program driven by c-Met (35).

Both ROS and RNS have emerged as critical signaling
molecules operating at multiple levels of tumor neo-
angiogenesis (52, 88, 124). Several growth factors involved in
de novo angiogenesis, such as vascular endothelial growth
factor (VEGF) or fibroblast growth factor-2 (FGF-2), undergo
redox regulation and ROS/RNS may both act upstream or
downstream to their expression. Indeed, the response to
hypoxia and to nutrient deprivation is controlled by the re-
dox-sensitive HIF-1 transcription factor, explaining the
general pro-angiogenic effects of oxidative stress in cancers.
Besides, the vast majority of angiogenic factors, including
VEGF or angiopoietins, act through membrane receptors
using ROS/RNS as downstream second messengers (108)
(Fig. 4).

Although indiscriminate oxidative stress has been exten-
sively linked to apoptosis of cancer cells, several examples
exist of the involvement of regulated production of oxidants
in survival signaling. ROS generation is indeed firmly linked

FIG. 3. The miRNA signaling network as a major regu-
lator of the EMT program. Different members of miRNA
family may be able to induce EMT or to promote and
maintain the epithelial phenotype (MET), depending on the
context. Upon TGF-b stimulation, miR-200s and miR-205 are
strongly downregulated, thereby removing their repression
on ZEB1/ZEB2 and SNAI1 and ultimately allowing for E-
cadherin downregulation and acquisition of a mesenchymal
phenotype. miR-200c downregulation is also strictly corre-
lated to a TGF-b-dependent loss of p53. According to recent
findings, CAFs are also emerging as important inducers of
miR205-dependent EMT induction. (To see this illustration in
color the reader is referred to the web version of this article at
www.liebertonline.com/ars).

1252 GIANNONI ET AL.

http://online.liebertpub.com/action/showImage?doi=10.1089/ars.2011.4280&iName=master.img-002.jpg&w=238&h=159


to activation of the pro-survival pathway driven by PI3K/Akt
(32). In addition, survival signaling elicited by growth factor
and cytokine signaling is largely mediated by the inflamma-
tory transcription factor NF-jB that has been long known as a
factor subdued to redox regulation (120, 143).

It has been shown that most malignancies are resistant to
therapies or become resistant during anticancer therapy (140).
In particular, it has been suggested that survival signaling
pathways involved in the ROS-adaptive response may play a
critical role in protecting cells against the damaging and cy-
totoxic effects of anticancer agents (132). Interestingly, lower
ROS levels in breast CSCs are associated with less DNA
damage upon ionizing irradiation and with radiosensitization
after depletion of ROS scavengers (42).

A strategy used by tumors to avoid anoikis is the em-
ployment of oxidative stress. In metastatic prostate cells, the
oxidative intracellular milieu, through the oxidation/activa-
tion of the c-Src, strongly correlates with anoikis resistance
(60). A redox-mediated activation of Src has been recently
observed also in several different tumor types overexpressing
angiopoietin-like 4 protein (173). In human lung adenocarci-
noma cells, Src oxidation/activation compensates for the loss
of cell-survival signals caused by disruption of cell–ECM in-
teractions and contributes to anoikis resistance (161) (Fig. 4).

Moreover, accumulating evidence points to the role of ROS
as promoters of cell invasion and metastatic spread. Although
several of these studies do not directly claim to EMT as the
involved phenomenon, many if not all the stimuli eliciting
redox-dependent invasion/motility are actually involved in
causing EMT. These stimuli include overexpression of RTKs,
as EGFR or c-Met/HGFR, hyperactivation of the Rac-1
GTPase, hypoxia, Ras or PTEN mutations (15, 49, 93, 111, 149)
(Fig. 4). The specific role of ROS in EMT regulation is the
subject of the next section.

Recent studies aimed to correlating CSC phenotypes with
tumor invasiveness, metastasis, and resistance to therapy,
further solicit a critical rethinking of the role of oxidants and
redox signaling in malignancy. Recent publications have re-
ported that both normal mammary stem cells and CSCs iso-
lated from human and murine breast tumors have a lower
content of ROS compared to their mature progeny, and that in
both cases this difference is critical for maintaining stem cell
function (42, 122, 133).

Oxidative Stress in Tumor Microenvironment

We now focus our attention on the origin of oxidative stress
within tumor environment, the site in which EMT occurs and
develops an invasive phenotype, in order to drive metastatic
cells to escape the primary site and colonize elsewhere (34).
Beside a cell-autonomous process involving genetically trans-
formed cancer cells exposed to intrinsic oxidative stress due to
Nox4 or HER2/ERBB2 upregulation (158), the importance of
stromal cell types populating the tumoral microenvironment is
now well established (16, 157). The environment in which the
primary tumor evolves and achieves a metastatic phenotype
through EMT is composed by stromal inflammatory cells, as
CAMs and CAFs, endothelial precursor cells, and pericytes,
usually found at the tumor–host interface of advanced tumors
(37, 84). The synergistic activity of these cells facilitates angio-
genesis, tissue remodeling by ECM breakdown, thus promot-
ing tumor cell motility. In addition to stromal cells, structural
environmental factors have also been reported to affect tumor
progression and EMT. These factors include hypoxia, in which
oxygen tension may fluctuate from 0.1% to 3%, acidity, and
deep change in ECM composition.

Within this complex network of components affecting tu-
mor progression, oxidative stress plays a wide and

FIG. 4. Role of ROS in tu-
mor progression. ROS and
RNS can promote many as-
pects of tumor development
and progression. 1) In carcin-
ogen-initiated cells, oxidants
are involved in cellular pro-
liferation by a ligand-inde-
pendent trans-activation of
RTKs and ERK activation. 2)
ROS and RNS can act as pro-
moters of tissue invasion and
metastatic spread, thanks to
MMP secretion/activation,
Met overexpression, EMT in-
duction and regulation of cel-
lular plasticity driven by the
Rac1/RhoA antagonism. 3)
Oxidant species operate in
tumor angiogenesis through-
out release of VEGF and an-
giopoietin and endothelial
progenitor activation. 4) ROS
generation is required for
evading apoptosis/anoikis by
the activation of survival sig-
naling in which PI3K/Akt, NF-kB, and c-Src play an important role. (To see this illustration in color the reader is referred to the
web version of this article at www.liebertonline.com/ars).
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mandatory role. Indeed, some of the above mentioned com-
ponents of tumor microenvironment concur to generate an
oxidative environment, while some others exploit this pro-
oxidant milieu to exert their propelling role for inducing EMT
in tumor cells (Fig. 5).

CAMs and hypoxia can be recalled as the main pro-oxidant
factors within the tumor microenvironment. It has become
clear that chronic inflammation is closely correlated with tu-
mor progression, as cancers are considered ‘‘wounds that do
not heal’’ (39). The recruitment of macrophages into several
kinds of tumors has been commonly reported and their role in
this context is multifaceted, ranging from direct ROS or RNS
generation to secretion of pro-inflammatory cytokine en-
hancing stromal reactivity. Both these activities can affect re-
dox state of the tumor microenvironment, although in
different manner. First, the constant production of ROS and
RNS within the tumor stroma, due to activation of macro-
phage NOX-2 and inducible iNOS, could directly promote
invasion and metastasis, through recruitment of CAFs (cells
that exploit this pro-oxidant environment to differentiate, see
below) or activation of MMPs. Besides, CAMs secrete pro-
inflammatory cytokines which mainly orchestrate the major
inflammatory response (i.e., the NF-jB pathway) in neigh-
bouring stromal and cancer cells, which facilitates both stro-

mal reactivity and metastatic progression of cancer cells
through EMT (39, 66). The redox addiction of these cytokine-
dependent responses is underscored by the key role played by
ROS in the signaling pathways exploited by the master pro-
inflammatory cytokines, as TNF-a or interleukins (66, 163).

Hypoxia, a common condition favoring selection of most
aggressive and invasive neoplastic cells, has been causally
linked to an increase in intracellular/mitochondrial ROS,
thereby stressing that hypoxic conditions and ROS can sy-
nergize in inducing metastasis outcomes (122, 162). The HIF
family members mediate transcriptional responses to changes
in oxygen levels (148). Conversely to what expected, inade-
quate oxygen supply increases mitochondrial ROS rather than
diminishing them (85, 148).

Hypoxia elicits the release of superoxide from complex III
into the cytosol, where it is converted to hydrogen peroxide to
activate oxidant-dependent signaling pathways resulting in
the activation of HIF-1. Hypoxia-driven ROS stabilize HIF-1
through oxidation/inactivation of PHDs, enzymes devoted to
commit the transcription factor to ubiquitin-mediated deg-
radation in the presence of adequate concentration of oxygen
(162). The key role of pro-oxidant environment due to
intratumoral hypoxia has been underscored as the main re-
sponsible for Myc-mediated tumorigenesis (54), for Met-
driven invasive growth of melanoma (35), as well as for
EMT commitment (see below).

CAFs are also active propellers of EMT, and their activity
greatly depends on oxidative stress (57, 61). CAFs originate by
both resident tissue fibroblasts which infiltrate the growing
tumors, or by recruitment of circulating mesenchymal stem
cells (84, 134). In both cases, these fibroblasts need to be ac-
tivated through a process called mesenchymal–mesenchymal
transition (MMT), which gradually allows them to convert
into myofibroblasts (74, 84) or CAFs, contractile cells able to
affect tumor progression through secretion of cytokines, me-
tabolites, and ECM deposition. Oxidative stress has dramatic
and profound effects on MMT in both neoplastic and fibrotic
diseases (6, 19, 24, 158). Indeed, in a tumor-stroma model of
skin carcinogenesis, TGF-b1 initiates a ROS-dependent dif-
ferentiation leading to myofibroblast trans-differentiation.
ROS act as modulators of protein kinase C and drive secretion
of HGF, interleukin-6, and VEGF, ultimately affecting the
invasive ability of skin tumors (24). Moreover, in a model of
mouse breast cancer, Toullec (158) indicated oxidative stress
again as the driving force for myofibroblast differentiation. In
this model, oxidative stress, due to JunD deletion, affects HIF-1
stabilization and has been called upon for activation of fibro-
blasts into myofibroblasts, cytokine secretion, and tumor
spread (158). HIF-1 activation has been involved in MMT of
cancer fibroblasts also in another model of genetic-derived
oxidative stress, due to deletion of caveolin-1. In this model,
myofibroblasts undergo HIF-1-driven mitophagy, overpro-
duction of NO, resulting in tyrosine nitration of the mito-
chondrial respiratory chain components, as well as a metabolic
conversion towards a glycolytic phenotype (127). Last, de-
regulated redox homeostasis driven by elevated NOX4-derived
ROS signaling underlies MMT in the diseased prostate stroma,
further indicating both selenium and NOX4 inhibitors as useful
tools in preventing stromal reactivity in prostate cancers (145).

It should be also underlined that the different stromal
components can synergize in inducing a pro-oxidant envi-
ronment (Fig. 5). First, we could mention that CAFs and

FIG. 5. Oxidative stress in tumor microenvironment. The
origin of oxidative stress active in eliciting EMT in cancer
cells can either be intrinsic to cancer cells themselves, due to
NOX4 or HER2/ERBB2 upregulation or to Jun-D nuclear
exclusion, or due to the tumor microenviroment. In this case,
several components can act independently or synergistically
(arrows in the top). Some stromal components can directly
produce oxidants, like CAMs (producing ROS by NOX2 or
RNS by iNOS) or hypoxia (producing ROS through dereg-
ulation of the complex III of mitochondrial electron transport
chain). Other components exploit the environmental oxida-
tive stress within the primary tumor to exert their propelling
role for EMT and/or tumor progression. CAFs are activated,
in response to both intrinsic or extrinsic oxidative stress, to
produce cytokines or proteases affecting EMT of cancer cells.
Environmental or age-related oxidative stress leads fibro-
blasts to activate their "senescence activated secretory path-
way" (SASP), composed by pro-inflammatory cytokines and
proteases, affecting in turn both stromal and cancer cells to
promote tumor aggressiveness. (To see this illustration in
color the reader is referred to the web version of this article at
www.liebertonline.com/ars).
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CAMs are often functionally associated in their tumor pro-
moting role and that CAFs can be viewed as conspirators and
sustainers of chronic inflammation (50). Indeed, laser capture
analysis of prostate and basal cell carcinoma revealed that
their stroma contains CAMs inseparable from CAFs (7, 110).
In CAFs isolated from the initial hyperplastic stage in multi-
step skin tumorigenesis, Erez (45) found a pro-inflammatory
gene signature, maintained in CAFs from subsequent skin
carcinomas, driven by the master regulator of inflammation,
the NF-jB transcription factor. Activated CAFs from this
pathway promote CAM recruitment, neovascularization, and
tumor growth, activities that are abolished when the NF-jB
signaling is inhibited (45). The synergy between environ-
mental factors may also be enlarged to hypoxia, which concur
to stabilize HIF-1 and hence to myofibroblast differentiation
and to matrix deposition, which can compatibly be altered by
the redox-dependent transcriptional responses engaged by
NF-jB and HIF-1.

Last, it is mandatory to mention senescence as a final factor
affecting stromal oxidative stress. DNA damage accumula-
tion occurring in aging has indeed been associated with both
deregulation of ROS production and decreased antioxidant
defences. Senescent fibroblasts, which constitute an inflam-
matory environment, secreting several pro-inflammatory cy-
tokines and proteases, the so-called "senescence activated
secretory pathway" (SASP), affect the function of surrounding
tissues and stimulate tumor growth (38, 40, 91). SASP factors
can globally be divided into soluble signaling factors (IL-6,
IL1, IL-8), chemokines (CXCL-1, CXCL-2, CCL-8, CCL-13,
CCL-2, CCL-7, CCL-26), insulin-like growth factor-1, secreted
proteases (MMP-1, -3 and -10), as well as uPA or tissue-type
plasminogen activators (tPA), the uPA receptor (uPAR), and
the inhibitors of these serine proteases (i.e., the plasminogen
activator inhibitors PAI-1 and PAI-2). This SASP turns se-
nescent fibroblasts into pro-inflammatory cells able to pro-
mote tumor progression, at least in part by inducing an EMT
in nearby epithelial cells, potentially explaining why the in-
cidence of carcinogenesis dramatically increases with ad-
vanced age (91).

Redox Control of EMT in Cancer Cells

One of the first studies that established a direct connection
between ROS and EMT highlights a direct cross-talk between
ROS and TGF-b signaling (142). Upon TGF-b stimulation,
there is a significant increase of intracellular ROS, prevented
by treatment with inhibitors of both NOX and mitochondrial
electron transfer chain. TGF-b-dependent ROS release is then
responsible for the phosphorylation of Smad2, p38MAPK,
and extracellular signal-regulated kinase 1/2 (ERK1/2), for
a-SMA and fibronectin upregulation and for E-cadherin re-
pression (142). All these EMT-related molecular events are well
mimicked by H2O2 treatment, with the exception of Smad2
phosphorylation, strictly dependent on ERK1/2 activation
(142). TGF-b has been correlated to ROS-dependent EMT in-
duction by another study, dealing with the TGF-b-dependent
regulation of ferritin heavy chain (FHC) intracellular levels
(172). FHC is an iron storage protein, whose expression is
dramatically decreased upon TGF-b stimulation, causing an
increase in the intracellular labile iron pool (LIP). LIP increase,
in turn, promotes a strong enhancement in ROS intracellular
content and a redox-dependent activation of p38MAPK, ulti-

mately leading to the acquisition of a mesenchymal phenotype.
ROS elimination, as well as FHC overexpression, clearly ab-
rogates LIP increase and results in EMT suppression, suggest-
ing that TGF-b-induced EMT is dependent on ROS production
catalyzed by LIP upregulation (172) (Fig. 6).

The inflammatory cytokine TNF-a secreted by activated
macrophages is known to signal through generation of ROS,
potent activators of the ‘‘master’’ transcription factor NF-jB
(62). It has been reported that during TNF-a stimulation,
SNAI1 and vimentin expression is increased, whereas the le-
vel of E-cadherin is decreased (43). These events are mediated
by the TNF-a-dependent activation of NF-jB, which in turn
grants for SNAI1 upregulation, essential for EMT induction
(43) (Fig. 6). Recently, several studies further emphasize the
role of NF-jB during inflammation-mediated EMT. Wu and
colleagues reported that TNF-a, through the activation of the
NF-jB pathway, enhances the activity of the COP9 signalo-
some 2 (CSN2), which, in turn, blocks the ubiquitination and
degradation of SNAI1 (164). Altogether, this evidence
strongly suggests an involvement of macrophages within the
tumor microenvironment, in eliciting EMT activation, al-
though a direct demonstration is still missing.

Accordingly, a recent study from our group further sup-
ports the concept that intracellular ROS may regulate EMT
through a mechanism involving NF-jB, in strict collaboration

FIG. 6. Redox-mediated molecular events leading to EMT
execution. Several signals arising from the extracellular mi-
croenvironment are mandatory for EMT induction and rely
on a redox-dependent control. Macrophages derived TNF-a
and CAF-mediated MMP release converge on a redox-
dependent NF-jB activation, granting for SNAI1 upregula-
tion and E-cadherin-mediated cell–cell contact disassembly.
In particular, for CAF-mediated EMT a mandatory role for
COX-2 as a source of ROS has been highlighted. Notably,
Rac-1b acts as a downstream molecular mediator of both
CAF-released MMPs and MMP3. CAF exposure, as well as
hypoxic condition and Notch signaling activation, ultimately
leads to HIF-1 stabilization and E-cadherin repression. TGF-b
also induces a labile iron pool (LIP)-dependent ROS gener-
ation, thereby eliciting a redox-mediated increase of SNAI1
stability. Likely, a redox-dependent activation of c-Src upon
integrin engagement may also contribute to cell–cell disen-
gagement and EMT activation. (To see this illustration in
color the reader is referred to the web version of this article at
www.liebertonline.com/ars).
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with HIF-1 and COX-2. In particular, our data propose the
axis COX-2/NF-jB /HIF-1 as a crucial signature for CAFs-
mediated EMT in prostate carcinoma cells (57, 58). CAFs may
exert their propelling role for EMT by eliciting a pro-oxidant
and pro-inflammatory signature in cancer cells. In response to
CAF-released MMP-2 and MMP-9, we observed the activa-
tion of COX-2 and a consequent COX-2-mediated ROS de-
livery, responsible for the establishment of a pro-oxidant
environment in prostate cancer cells (57). Of note, MMP-
dependent COX-2 activation relies on the expression of an
alternative splicing variant of the GTPase Rac-1, Rac-1b, al-
though the signaling events underlying the relationship
among MMPs, Rac-1b expression, and COX-2 activation
need to be clarified. In keeping with a key role of ROS re-
leased by COX-2, both antioxidant treatment and COX-2
inhibition or silencing totally impedes engagement of the
EMT program (57) (Fig. 6). Besides COX-2, NF-jB, and HIF-1
are also key players of this scenario, since their activation
is mandatory for EMT accomplishment, as well as for
achievement of stem cell traits (57). Since both HIF-1 and
NF-jB are stabilized by a redox-dependent pathway (35, 62,
70), they are major candidates as targets for ROS produced
by COX-2 during CAF-induced EMT. Interestingly, a recent
report highlights that macrophages induce COX-2 expres-
sion in breast cancer cells in a redox-dependent manner,
accounting for the enhancement of cancer cell aggressive-
ness, likely through the involvement of a COX-2-mediated
EMT activation (76).

In keeping with the proposed role for HIF-1 as a critical
mediator of CAF-induced EMT in normoxic conditions (57),
an increasing bulk of literature demonstrates that hypoxia-
related activation of HIF-1 acts as an important executor of
EMT. Indeed, hypoxic conditions generate and sustain major
EMT-triggering pathways for facilitating tumor growth and
metastasis, such as TGF-b and Notch signaling pathways
(81). Several experimental studies indicate that HIF-1 and
TGF-b may cooperate in triggering EMT. On one hand,
hypoxia may affect the TGF-b signaling pathway by in-
creasing Smad3 expression (170) or by enhancing TGF-b
production (117, 146, 147). On the other hand, TGF-b acts by
decreasing HIF-1a-associated PHD2, suggesting that TGF-b
enhances HIF-1a protein stability (109). The interplay be-
tween hypoxia and Notch signaling has also been recently
established. Notch1 has been found to upregulate HIF-1
expression in breast cancer (97). In turn, HIF-1 binds and
stabilizes activated Notch, which then translates the hypoxic
response into the EMT process (29, 69). In particular, Notch
signaling deploys two distinct mechanisms to control SNAI1
expression. First, Notch directly upregulates SNAI1 expres-
sion by binding to the SNAI1 promoter (72, 144). Second,
Notch enhances HIF-1 recruitment to the LOXL2 promoter
and enhances LOXL2 expression, thereby stabilizing SNAI1
(128, 131) (Fig. 6).

There is increasing experimental evidence showing that
HIF-1 modulates EMT also by regulating the expression and
activity of major transcription factors involved in EMT. First,
during hypoxia, HIF-1 is able to directly regulate Twist ex-
pression (165, 166). In addition, Cannito et al. reported that
hypoxia-mediated induction of EMT relies on a biphasic
process, involving an early phase dependent on redox-
signaling and a late phase, mainly based on HIF-1 and VEGF
activity (22). The early ROS generation accounts for the

phosphorylation/inactivation of GSK-3b, followed by SNAI1
nuclear translocation and E-cadherin repression, all these
events ensuring triggering of EMT. At a later stage, HIF-1
induces a long-lasting activation of Wnt/b-catenin signaling
and an increase in migration and invasiveness (22). In keeping
with these observations, in hypoxic ovarian cancer cells, the
increase in SNAI1 expression correlates with HIF-1a activa-
tion, suggesting that hypoxia may act on SNAI1 directly and
results in EMT (73). Additionally, HIF-1 may also enhance
LOXL2 expression, thereby regulating SNAI1 in an indirect
manner (46, 68).

In agreement with the above described redox-regulation
of SNAI1 upon exposure to an hypoxic environment (22),
another study demonstrates that an oxidative stress elicited by
H2O2 administration induces a SNAI1-mediated hypermethy-
lation of the E-cadherin promoter by recruiting histone deace-
tylase 1 and DNA methyltransferase 1 (98). An alternative
strategy for ROS to be involved in EMT regulation has also
been proposed. Barnett et al. observed a rise in intracellular
oxidants, dependent on SNAI1 activation in prostate carcinoma
cells (14). The authors proposed that SNAI1-mediated oxida-
tive burst culminates on ERK1/2 activation, thus granting for
EMT accomplishment. According to these data, in addition to
the redox-dependent activation of SNAI1, there is also a re-
verse scenario in which SNAI1 itself has a mandatory role in
the induction of an oxidative intracellular environment,
mandatory for the EMT program (14).

The role of ROS as crucial mediators of EMT induction is
further corroborated by the involvement of MMP-3 (also
known as stromelysin) as an EMT inducer in mouse mam-
mary epithelial cells (100, 138). Exposure to MMP-3 is asso-
ciated with SNAI1 upregulation, loss of E-cadherin, nuclear
translocation of b-catenin and, finally, increased motility and
invasiveness (100). These events rely on a MMP-3-dependent
ROS generation of mitochondrial origin, which in turn is de-
pendent on the expression of Rac-1b (138) (Fig. 6). Accord-
ingly, both SNAI1 upregulation and EMT activation are
prevented by antioxidant treatment, while the same phe-
nomena are reproduced by the exposure to H2O2 (138). These
results involving MMPs as upstream mediators of the redox-
dependent EMT are reinforced by our data, indicating MMP-9
as the driving force in CAF-induced EMT, again a process
under redox control (57).

Integrin engagement by ECM components is well known to
elicit a LOX-dependent ROS increase (33). This pro-oxidant
environment is able to affect several molecular mediators,
among which the tyrosine kinase c-Src is one of the major
target (59, 61). It is reasonable to suggest that the redox-
mediated activation of c-Src may largely participate to execute
a downstream signaling pathway, culminating in the acqui-
sition of a mesenchymal phenotype. Accordingly, a ROS-
dependent oxidation/activation of c-Src leading to cell–cell
disengagement through the Rho/Rho kinase pathway has
recently been proposed (79) (Fig. 6).

Many other factors involved in EMT execution are emerg-
ing as correlated with ROS production. Aldosterone has been
reported to induce EMT in human renal proximal tubular
cells, as evidenced by SNAI1 upregulation, E-cadherin inhi-
bition, and a-SMA expression (169). These effects appear
mediated by a mitochondrial-dependent ROS generation, re-
sponsible for MAPK activation (169). Recent observations by
Chang and colleagues also support a pivotal role of ROS in
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EMT induced by angiotensin II in rat peritoneal mesothelial
cells (28). Cell exposure to angiotensin II significantly in-
creases the ROS intracellular content, by means of NOX ac-
tivity, as confirmed by the effectiveness of diphenylene
iodonium to prevent the oxidative imbalance. Moreover, ROS
act as essential mediators in promoting plasminogen activator
inhibitor-1 and a-SMA upregulation, as well as E-cadherin
inhibition, thus supporting a redox-mediated regulation of
EMT (28).

Conclusion

In spite of the undoubted role of EMT in embryonic de-
velopment, organ fibrosis or tumor progression, some key
points still need to be clarified by further studies.

1) EMT is a reversible phenomenon, as it may be followed
by MET (83, 154), but the stimuli within the metastatic
site that induce this reversibility are completely un-
known. As EMT is a redox-dependent phenomenon, it
is likely that ROS content could also affect MET. If the
primary tumor microenvironment has pro-oxidant
features, we should assume that the metastatic niche is
characterized by low ROS levels, but experimental
evidence is still lacking.

2) EMT is clearly associated with selection/induction of
cells with stem-like traits (58, 103). Nevertheless, qui-
escent cells within the stemness niche have been asso-
ciated with low ROS content (133). The apparent
inconsistency between these two concepts needs to be
re-discussed, also in the light of the role played by ROS
in chemo- and radio-resistance and the acknowledged
correlation between resistance to therapy and stemness
(42, 95).

3) EMT is not the only example of the enormous plasticity
that cancer cells usually undergo. Indeed, mesenchy-
mal-amoeboid motility (MAT) has been reported to be
a further escaping strategy adopted by cancer cells
when mesenchymal motility is not allowed (by protease
or integrin inhibition) (51). Only few indications sug-
gest that also MAT is under redox control (21, 126), thus
enlarging the role of ROS in the regulation of whole
plasticity of cell motility.

4) An honest view of EMT suggests that, although it acts
at multiple levels in tumor progression, it is only one
of the steps required by carcinoma cells to success-
fully spread and grow metastases at distance. This
has enormous therapeutic implications for the use of
single antioxidants as antimetastatic agents. Indeed,
although antioxidant supplements have been used
in clinical trials (18, 64), their use may select quies-
cent stem cells, behaving as dormant metastases.
Therefore, studies combining antioxidant therapy with
other treatments aimed to target quiescence of CSCs or
other kinds of plasticity in cell motility, are highly
warranted.

Acknowledgments

This work was supported by the Associazione Italiana Ri-
cerca sul Cancro (AIRC), by Istituto Toscano Tumori (ITT) and
Regione Toscana.

References

1. Ahmad A, Aboukameel A, Kong D, Wang Z, Sethi S, Chen
W, Sarkar FH, and Raz A. Phosphoglucose isomerase/au-
tocrine motility factor mediates epithelial-mesenchymal
transition regulated by miR-200 in breast cancer cells.
Cancer Res 71: 3400–3409, 2011.

2. Ahmed N, Abubaker K, Findlay J, and Quinn M. Epithelial
mesenchymal transition and cancer stem cell-like pheno-
types facilitate chemoresistance in recurrent ovarian cancer.
Curr Cancer Drug Targets 10: 268–278, 2010.

3. Al SS, Al MF, and Luqmani YA. Estrogen receptor silencing
induces epithelial to mesenchymal transition in human
breast cancer cells. PLoS One 6: e20610, 2011.

4. Al SS, Sharaf LH, and Luqmani YA. Signalling pathways
involved in endocrine resistance in breast cancer and as-
sociations with epithelial to mesenchymal transition (Re-
view). Int J Oncol 38: 1197–1217, 2011.

5. Allen M and Louise JJ. Jekyll and Hyde: The role of the
microenvironment on the progression of cancer. J Pathol
223: 162–176, 2011.

6. Amara N, Goven D, Prost F, Muloway R, Crestani B, and
Boczkowski J. NOX4/NADPH oxidase expression is in-
creased in pulmonary fibroblasts from patients with idio-
pathic pulmonary fibrosis and mediates TGFbeta1-induced
fibroblast differentiation into myofibroblasts. Thorax 65:
733–738, 2010.

7. Augsten M, Hagglof C, Olsson E, Stolz C, Tsagozis P,
Levchenko T, Frederick MJ, Borg A, Micke P, Egevad L,
and Ostman A. CXCL14 is an autocrine growth factor for
fibroblasts and acts as a multi-modal stimulator of prostate
tumor growth. Proc Natl Acad Sci USA 106: 3414–3419,
2009.

8. Avizienyte E, Fincham VJ, Brunton VG, and Frame MC. Src
SH3/2 domain-mediated peripheral accumulation of Src
and phospho-myosin is linked to deregulation of E-
cadherin and the epithelial-mesenchymal transition. Mol
Biol Cell 15: 2794–2803, 2004.

9. Babior BM. NADPH oxidase: An update. Blood 93: 1464–
1476, 1999.

10. Bachelder RE, Yoon SO, Franci C, de Herreros AG, and
Mercurio AM. Glycogen synthase kinase-3 is an endoge-
nous inhibitor of Snail transcription: Implications for the
epithelial-mesenchymal transition. J Cell Biol 168: 29–33,
2005.

11. Bailey JM, Singh PK, and Hollingsworth MA. Cancer me-
tastasis facilitated by developmental pathways: Sonic
hedgehog, Notch, and bone morphogenic proteins. J Cell
Biochem 102: 829–839, 2007.

12. Bao B, Wang Z, Ali S, Kong D, Banerjee S, Ahmad A, Li Y,
Azmi AS, Miele L, and Sarkar FH. Over-expression of
FoxM1 leads to epithelial-mesenchymal transition and
cancer stem cell phenotype in pancreatic cancer cells. J Cell
Biochem 112: 2296–2306, 2011.

13. Bao B, Wang Z, Ali S, Kong D, Li Y, Ahmad A, Banerjee S,
Azmi AS, Miele L, and Sarkar FH. Notch-1 induces epi-
thelial-mesenchymal transition consistent with cancer stem
cell phenotype in pancreatic cancer cells. Cancer Lett 307:
26–36, 2011.

14. Barnett P, Arnold RS, Mezencev R, Chung LW, Zayzafoon
M, and Odero-Marah V. Snail-mediated regulation of re-
active oxygen species in ARCaP human prostate cancer
cells. Biochem Biophys Res Commun 404: 34–39, 2011.

15. Benhar M, Dalyot I, Engelberg D, and Levitzki A. En-
hanced ROS production in oncogenically transformed cells

EMT AND OXIDATIVE STRESS 1257



potentiates c-Jun N-terminal kinase and p38 mitogen-
activated protein kinase activation and sensitization to
genotoxic stress. Mol Cell Biol 21: 6913–6926, 2001.

16. Bissell MJ and Radisky D. Putting tumors in context. Nat
Rev Cancer 1: 46–54, 2001.

17. Blick T, Hugo H, Widodo E, Waltham M, Pinto C, Mani SA,
Weinberg RA, Neve RM, Lenburg ME, and Thompson EW.
Epithelial mesenchymal transition traits in human breast
cancer cell lines parallel the CD44(hi/)CD24 (lo/-) stem cell
phenotype in human breast cancer. J Mammary Gland Biol
Neoplasia 15: 235–252, 2010.

18. Block KI, Koch AC, Mead MN, Tothy PK, Newman RA,
and Gyllenhaal C. Impact of antioxidant supplementation
on chemotherapeutic toxicity: A systematic review of the
evidence from randomized controlled trials. Int J Cancer
123: 1227–1239, 2008.

19. Bocchino M, Agnese S, Fagone E, Svegliati S, Grieco D,
Vancheri C, Gabrielli A, Sanduzzi A, and Avvedimento EV.
Reactive oxygen species are required for maintenance and
differentiation of primary lung fibroblasts in idiopathic
pulmonary fibrosis. PLoS One 5: e14003, 2010.

20. Burdon RH, Gill V, and Rice-Evans C. Oxidative stress and
tumor cell proliferation. Free Radic Res Commun 11: 65–76,
1990.

21. Buricchi F, Giannoni E, Grimaldi G, Parri M, Raugei G,
Ramponi G, and Chiarugi P. Redox regulation of ephrin/
integrin cross-talk. Cell Adh Migr 1: 33–42, 2007.

22. Cannito S, Novo E, Compagnone A, Valfre di BL, Busletta
C, Zamara E, Paternostro C, Povero D, Bandino A, Bozzo F,
Cravanzola C, Bravoco V, Colombatto S, and Parola M.
Redox mechanisms switch on hypoxia-dependent epithe-
lial-mesenchymal transition in cancer cells. Carcinogenesis
29: 2267–2278, 2008.

23. Cannito S, Novo E, di Bonzo LV, Busletta C, Colombatto S,
and Parola M. Epithelial-mesenchymal transition: From
molecular mechanisms, redox regulation to implications in
human health and disease. Antioxid Redox Signal 12: 1383–
1430, 2010.

24. Cat B, Stuhlmann D, Steinbrenner H, Alili L, Holtkotter O,
Sies H, and Brenneisen P. Enhancement of tumor invasion
depends on transdifferentiation of skin fibroblasts medi-
ated by reactive oxygen species. J Cell Sci 119: 2727–2738,
2006.

25. Cerutti PA. Prooxidant states and tumor promotion. Science
227: 375–381, 1985.

26. Chaffer CL, Thompson EW, and Williams ED. Mesenchy-
mal to epithelial transition in development and disease.
Cells Tissues Organs 185: 7–19, 2007.

27. Chang CJ, Chao CH, Xia W, Yang JY, Xiong Y, Li CW, Yu
WH, Rehman SK, Hsu JL, Lee HH, Liu M, Chen CT, Yu D,
and Hung MC. p53 regulates epithelial-mesenchymal
transition and stem cell properties through modulating
miRNAs. Nat Cell Biol 13: 317–323, 2011.

28. Chang J, Jiang Z, Zhang H, Zhu H, Zhou SF, and Yu X.
NADPH oxidase-dependent formation of reactive oxygen
species contributes to angiotensin II-induced epithelial-
mesenchymal transition in rat peritoneal mesothelial cells.
Int J Mol Med 28: 405–412, 2011.

29. Chen J, Imanaka N, Chen J, and Griffin JD. Hypoxia po-
tentiates Notch signaling in breast cancer leading to de-
creased E-cadherin expression and increased cell migration
and invasion. Br J Cancer 102: 351–360, 2010.

30. Chen X, Lingala S, Khoobyari S, Nolta J, Zern MA, and Wu
J. Epithelial mesenchymal transition and hedgehog signaling

activation are associated with chemoresistance and invasion
of hepatoma subpopulations. J Hepatol 55: 838–845, 2011.

31. Chen XF, Zhang HJ, Wang HB, Zhu J, Zhou WY, Zhang H,
Zhao MC, Su JM, Gao W, Zhang L, Fei K, Zhang HT, and
Wang HY. Transforming growth factor-beta1 induces epi-
thelial-to-mesenchymal transition in human lung cancer
cells via PI3K/Akt and MEK/Erk1/2 signaling pathways.
Mol Biol Rep 2011 [Epub ahead of print]; DOI: 10.1007/
s11033-011-1128-0.

32. Chiarugi P. From anchorage dependent proliferation to
survival: lessons from redox signalling. IUBMB Life 60: 301–
307, 2008.

33. Chiarugi P, Pani G, Giannoni E, Taddei L, Colavitti R,
Raugei G, Symons M, Borrello S, Galeotti T, and Ramponi
G. Reactive oxygen species as essential mediators of cell
adhesion: The oxidative inhibition of a FAK tyrosine
phosphatase is required for cell adhesion. J Cell Biol 161:
933–944, 2003.

34. Christofori G. New signals from the invasive front. Nature
441: 444–450, 2006.

35. Comito G, Calvani M, Giannoni E, Bianchini F, Calorini L,
Torre E, Migliore C, Giordano S, and Chiarugi P. HIF-
1alpha stabilization by mitochondrial ROS promotes Met-
dependent invasive growth and vasculogenic mimicry in
melanoma cells. Free Radic Biol Med 51: 893–904, 2011.

36. Conacci-Sorrell M, Simcha I, Ben-Yedidia T, Blechman J,
Savagner P, and Ben-Ze’ev A. Autoregulation of E-
cadherin expression by cadherin-cadherin interactions: The
roles of beta-catenin signaling, Slug, and MAPK. J Cell Biol
163: 847–857, 2003.

37. Condeelis J and Pollard JW. Macrophages: Oobligate
partners for tumor cell migration, invasion, and metastasis.
Cell 124: 263–266, 2006.

38. Coppe JP, Desprez PY, Krtolica A, and Campisi J. The se-
nescence-associated secretory phenotype: The dark side of
tumor suppression. Annu Rev Pathol 5: 99–118, 2010.

39. Coussens LM and Werb Z. Inflammation and cancer. Nat-
ure 420: 860–867, 2002.

40. Davalos AR, Coppe JP, Campisi J, and Desprez PY. Se-
nescent cells as a source of inflammatory factors for tumor
progression. Cancer Metastasis Rev 29: 273–283, 2010.

41. Derksen PW, Liu X, Saridin F, van der Gulden H, Ze-
venhoven J, Evers B, van Beijnum JR, Griffioen AW, Vink J,
Krimpenfort P, Peterse JL, Cardiff RD, Berns A, and Jonkers
J. Somatic inactivation of E-cadherin and p53 in mice leads
to metastatic lobular mammary carcinoma through induc-
tion of anoikis resistance and angiogenesis. Cancer Cell 10:
437–449, 2006.

42. Diehn M, Cho RW, Lobo NA, Kalisky T, Dorie MJ, Kulp
AN, Qian D, Lam JS, Ailles LE, Wong M, Joshua B, Kaplan
MJ, Wapnir I, Dirbas FM, Somlo G, Garberoglio C, Paz B,
Shen J, Lau SK, Quake SR, Brown JM, Weissman IL, and
Clarke MF. Association of reactive oxygen species levels
and radioresistance in cancer stem cells. Nature 458: 780–
783, 2009.

43. Dong R, Wang Q, He XL, Chu YK, Lu JG, and Ma QJ. Role
of nuclear factor kappa B and reactive oxygen species in the
tumor necrosis factor-alpha-induced epithelial-mesenchymal
transition of MCF-7 cells. Braz J Med Biol Res 40: 1071–
1078, 2007.

44. Duda DG, Duyverman AM, Kohno M, Snuderl M, Steller
EJ, Fukumura D, and Jain RK. Malignant cells facilitate
lung metastasis by bringing their own soil. Proc Natl Acad
Sci USA 107: 21677–21682, 2010.

1258 GIANNONI ET AL.



45. Erez N, Truitt M, Olson P, Arron ST, and Hanahan D.
Cancer-associated fibroblasts are activated in incipient
neoplasia to orchestrate tumor-promoting inflammation in
an NF-kappaB-dependent manner. Cancer Cell 17: 135–147,
2010.

46. Erler JT, Bennewith KL, Nicolau M, Dornhofer N, Kong C,
Le QT, Chi JT, Jeffrey SS, and Giaccia AJ. Lysyl oxidase is
essential for hypoxia-induced metastasis. Nature 440: 1222–
1226, 2006.

47. Fang X, Cai Y, Liu J, Wang Z, Wu Q, Zhang Z, Yang CJ,
Yuan L, and Ouyang G. Twist2 contributes to breast cancer
progression by promoting an epithelial-mesenchymal
transition and cancer stem-like cell self-renewal. Oncogene
2011 [Epub ahead of print]; DOI: 10.1038/onc.2011.181.

48. Fernando RI, Castillo MD, Litzinger M, Hamilton DH, and
Palena C. IL-8 signaling plays a critical role in the epithe-
lial-mesenchymal transition of human carcinoma cells.
Cancer Res 71: 5296–5306, 2011.

49. Ferraro D, Corso S, Fasano E, Panieri E, Santangelo R,
Borrello S, Giordano S, Pani G, and Galeotti T. Pro-
metastatic signaling by c-Met through RAC-1 and reactive
oxygen species (ROS). Oncogene 25: 3689–3698, 2006.

50. Flavell SJ, Hou TZ, Lax S, Filer AD, Salmon M, and Buckley
CD. Fibroblasts as novel therapeutic targets in chronic in-
flammation. Br J Pharmacol 153 Suppl 1: S241–S246, 2008.

51. Friedl P and Wolf K. Plasticity of cell migration: A multi-
scale tuning model. J Cell Biol 188: 11–19, 2010.

52. Fukumura D, Kashiwagi S, and Jain RK. The role of nitric
oxide in tumor progression. Nat Rev Cancer 6: 521–534,
2006.

53. Gandellini P, Folini M, Longoni N, Pennati M, Binda M,
Colecchia M, Salvioni R, Supino R, Moretti R, Limonta P,
Valdagni R, Daidone MG, and Zaffaroni N. miR-205 exerts
tumor-suppressive functions in human prostate through
down-regulation of protein kinase C-epsilon. Cancer Res 69:
2287–2295, 2009.

54. Gao P, Zhang H, Dinavahi R, Li F, Xiang Y, Raman V,
Bhujwalla ZM, Felsher DW, Cheng L, Pevsner J, Lee LA,
Semenza GL, and Dang CV. HIF-dependent anti-
tumorigenic effect of antioxidants in vivo. Cancer Cell 12:
230–238, 2007.

55. Gebeshuber CA, Zatloukal K, and Martinez J. miR-29a
suppresses tristetraprolin, which is a regulator of epithelial
polarity and metastasis. EMBO Rep 10: 400–405, 2009.

56. Giancotti FG and Ruoslahti E. Integrin signaling. Science
285: 1028–1032, 1999.

57. Giannoni E, Bianchini F, Calorini L, and Chiarugi P. Cancer
associated fibroblasts exploit reactive oxygen species
through a proinflammatory signature leading to epithelial
mesenchymal transition and stemness. Antioxid Redox Sig-
nal 14: 2361–2371, 2011.

58. Giannoni E, Bianchini F, Masieri L, Serni S, Torre E, Ca-
lorini L, and Chiarugi P. Reciprocal activation of prostate
cancer cells and cancer-associated fibroblasts stimulates
epithelial-mesenchymal transition and cancer stemness.
Cancer Res 70: 6945–6956, 2010.

59. Giannoni E, Buricchi F, Raugei G, Ramponi G, and Chiarugi
P. Intracellular reactive oxygen species activate Src tyrosine
kinase during cell adhesion and anchorage-dependent cell
growth. Mol Cell Biol 25: 6391–6403, 2005.

60. Giannoni E, Fiaschi T, Ramponi G, and Chiarugi P. Redox
regulation of anoikis resistance of metastatic prostate can-
cer cells: Key role for Src and EGFR-mediated pro-survival
signals. Oncogene 28: 2074–2086, 2009.

61. Giannoni E, Taddei ML, and Chiarugi P. Src redox regu-
lation: Again in the front line. Free Radic Biol Med 49: 516–
527, 2010.

62. Gloire G and Piette J. Redox regulation of nuclear post-
translational modifications during NF-kappaB activation.
Antioxid Redox Signal 11: 2209–2222, 2009.

63. Gottardi CJ, Wong E, and Gumbiner BM. E-cadherin sup-
presses cellular transformation by inhibiting beta-catenin
signaling in an adhesion-independent manner. J Cell Biol
153: 1049–1060, 2001.

64. Greenlee H, Hershman DL, and Jacobson JS. Use of antioxi-
dant supplements during breast cancer treatment: A com-
prehensive review. Breast Cancer Res Treat 115: 437–452, 2009.

65. Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin A,
Farshid G, Vadas MA, Khew-Goodall Y, and Goodall GJ.
The miR-200 family and miR-205 regulate epithelial to
mesenchymal transition by targeting ZEB1 and SIP1. Nat
Cell Biol 10: 593–601, 2008.

66. Grivennikov SI, Greten FR, and Karin M. Immunity, in-
flammation, and cancer. Cell 140: 883–899, 2010.

67. Gungor C, Zander H, Effenberger KE, Vashist YK, Kalinina
T, Izbicki JR, Yekebas E, and Bockhorn M. Notch signal-
ing activated by replication stress-induced expression of
midkine drives epithelial-mesenchymal transition and chemo-
resistance in pancreatic cancer. Cancer Res 71: 5009–5019,
2011.

68. Gupta R, Chetty C, Bhoopathi P, Lakka S, Mohanam S, Rao
JS, and Dinh DE. Downregulation of uPA/uPAR inhibits
intermittent hypoxia-induced epithelial-mesenchymal
transition (EMT) in DAOY and D283 medulloblastoma
cells. Int J Oncol 38: 733–744, 2011.

69. Gustafsson MV, Zheng X, Pereira T, Gradin K, Jin S,
Lundkvist J, Ruas JL, Poellinger L, Lendahl U, and Bon-
desson M. Hypoxia requires notch signaling to maintain
the undifferentiated cell state. Dev Cell 9: 617–628, 2005.

70. Hamanaka RB and Chandel NS. Mitochondrial reactive
oxygen species regulate hypoxic signaling. Curr Opin Cell
Biol 21: 894–899, 2009.

71. Han D, Williams E, and Cadenas E. Mitochondrial respi-
ratory chain-dependent generation of superoxide anion
and its release into the intermembrane space. Biochem J 353:
411–416, 2001.

72. Higgins DF, Kimura K, Bernhardt WM, Shrimanker N, Akai
Y, Hohenstein B, Saito Y, Johnson RS, Kretzler M, Cohen CD,
Eckardt KU, Iwano M, and Haase VH. Hypoxia promotes
fibrogenesis in vivo via HIF-1 stimulation of epithelial-
to-mesenchymal transition. J Clin Invest 117: 3810–3820, 2007.

73. Higgins DF, Kimura K, Iwano M, and Haase VH. Hypoxia-
inducible factor signaling in the development of tissue fi-
brosis. Cell Cycle 7: 1128–1132, 2008.

74. Hinz B, Phan SH, Thannickal VJ, Galli A, Bochaton-Piallat
ML, and Gabbiani G. The myofibroblast: one function,
multiple origins. Am J Pathol 170: 1807–1816, 2007.

75. Hogan BL and Kolodziej PA. Organogenesis: Molecular
mechanisms of tubulogenesis. Nat Rev Genet 3: 513–523, 2002.

76. Hou Z, Falcone DJ, Subbaramaiah K, and Dannenberg AJ.
Macrophages induce COX-2 expression in breast cancer
cells: Role of IL-1beta autoamplification. Carcinogenesis 32:
695–702, 2011.

77. Huber MA, Kraut N, and Beug H. Molecular requirements
for epithelial-mesenchymal transition during tumor pro-
gression. Curr Opin Cell Biol 17: 548–558, 2005.

78. Inui M, Martello G, and Piccolo S. MicroRNA control of
signal transduction. Nat Rev Mol Cell Biol 11: 252–263, 2010.

EMT AND OXIDATIVE STRESS 1259



79. Inumaru J, Nagano O, Takahashi E, Ishimoto T, Nakamura
S, Suzuki Y, Niwa S, Umezawa K, Tanihara H, and Saya H.
Molecular mechanisms regulating dissociation of cell–cell
junction of epithelial cells by oxidative stress. Genes Cells 14:
703–716, 2009.

80. Janssen-Heininger YM, Mossman BT, Heintz NH, Forman
HJ, Kalyanaraman B, Finkel T, Stamler JS, Rhee SG, and
van der Vliet A. Redox-based regulation of signal trans-
duction: Principles, pitfalls, and promises. Free Radic Biol
Med 45: 1–17, 2008.

81. Jiang J, Tang YL, and Liang XH. EMT: A new vision of
hypoxia promoting cancer progression. Cancer Biol Ther 11:
714–723, 2011.

82. Kalluri R and Neilson EG. Epithelial-mesenchymal transi-
tion and its implications for fibrosis. J Clin Invest 112: 1776–
1784, 2003.

83. Kalluri R and Weinberg RA. The basics of epithelial-mes-
enchymal transition. J Clin Invest 119: 1420–1428, 2009.

84. Kalluri R and Zeisberg M. Fibroblasts in cancer. Nat Rev
Cancer 6: 392–401, 2006.

85. Klimova T and Chandel NS. Mitochondrial complex III
regulates hypoxic activation of HIF. Cell Death Differ 15:
660–666, 2008.

86. Kogan-Sakin I, Tabach Y, Buganim Y, Molchadsky A, Sol-
omon H, Madar S, Kamer I, Stambolsky P, Shelly A,
Goldfinger N, Valsesia-Wittmann S, Puisieux A, Zundele-
vich A, Gal-Yam EN, Avivi C, Barshack I, Brait M, Si-
dransky D, Domany E, and Rotter V. Mutant p53(R175H)
upregulates Twist1 expression and promotes epithelial-
mesenchymal transition in immortalized prostate cells. Cell
Death Differ 18: 271–281, 2011.

87. Kong W, Yang H, He L, Zhao JJ, Coppola D, Dalton WS,
and Cheng JQ. MicroRNA-155 is regulated by the trans-
forming growth factor beta/Smad pathway and contrib-
utes to epithelial cell plasticity by targeting RhoA. Mol Cell
Biol 28: 6773–6784, 2008.

88. Kostourou V, Cartwright JE, Johnstone AP, Boult JK, Cullis
ER, Whitley G, and Robinson SP. The role of tumor-derived
iNOS in tumor progression and angiogenesis. Br J Cancer
104: 83–90, 2011.

89. Kumarswamy R, Mudduluru G, Ceppi P, Muppala S, Ko-
zlowski M, Niklinski J, Papotti M, and Allgayer H. Mi-
croRNA-30a inhibits epithelial-to-mesenchymal transition
by targeting snai1 and is downregulated in non-small cell
lung cancer. Int J Cancer 2011 [Epub ahead of print]; DOI:
10.1002/ijc.26218.

90. Kurrey NK, Jalgaonkar SP, Joglekar AV, Ghanate AD,
Chaskar PD, Doiphode RY, and Bapat SA. Snail and slug
mediate radioresistance and chemoresistance by antagoniz-
ing p53-mediated apoptosis and acquiring a stem-like phe-
notype in ovarian cancer cells. Stem Cells 27: 2059–2068, 2009.

91. Laberge RM, Awad P, Campisi J, and Desprez PY. Epi-
thelial-mesenchymal transition induced by senescent fi-
broblasts. Cancer Microenviron 2011 [Epub ahead of print];
DOI: 10.1007/s12307-011-0069-4.

92. Lambeth JD. NOX enzymes and the biology of reactive
oxygen. Nat Rev Immunol 4: 181–189, 2004.

93. Lander HM, Milbank AJ, Tauras JM, Hajjar DP, Hempstead
BL, Schwartz GD, Kraemer RT, Mirza UA, Chait BT, Burk
SC, and Quilliam LA. Redox regulation of cell signalling.
Nature 381: 380–381, 1996.

94. Lander R, Nordin K, and Labonne C. The F-box protein
Ppa is a common regulator of core EMT factors Twist, Snail,
Slug, and Sip1. J Cell Biol 194: 17–25, 2011.

95. Landriscina M, Maddalena F, Laudiero G, and Esposito F.
Adaptation to oxidative stress, chemoresistance, and cell
survival. Antioxid Redox Signal 11: 2701–2716, 2009.

96. Larue L and Bellacosa A. Epithelial-mesenchymal transition
in development and cancer: Role of phosphatidylinositol 3’
kinase/AKT pathways. Oncogene 24: 7443–7454, 2005.

97. Lee JH, Suk J, Park J, Kim SB, Kwak SS, Kim JW, Lee CH,
Byun B, Ahn JK, and Joe CO. Notch signal activates hyp-
oxia pathway through HES1-dependent SRC/signal
transducers and activators of transcription 3 pathway. Mol
Cancer Res 7: 1663–1671, 2009.

98. Lim SO, Gu JM, Kim MS, Kim HS, Park YN, Park CK, Cho
JW, Park YM, and Jung G. Epigenetic changes induced by
reactive oxygen species in hepatocellular carcinoma: Me-
thylation of the E-cadherin promoter. Gastroenterology 135:
2128–2140, 2008.

99. Lin T, Ponn A, Hu X, Law BK, and Lu J. Requirement of the
histone demethylase LSD1 in Snai1-mediated transcrip-
tional repression during epithelial-mesenchymal transition.
Oncogene 29: 4896–4904, 2010.

100. Lochter A, Galosy S, Muschler J, Freedman N, Werb Z, and
Bissell MJ. Matrix metalloproteinase stromelysin-1 triggers
a cascade of molecular alterations that leads to stable epi-
thelial-to-mesenchymal conversion and a premalignant
phenotype in mammary epithelial cells. J Cell Biol 139:
1861–1872, 1997.

101. Ma Q, Guin S, Padhye SS, Zhou YQ, Zhang RW, and Wang
MH. Ribosomal Protein S6 Kinase (RSK)-2 as a central
effector molecule in RON receptor tyrosine kinase medi-
ated epithelial to mesenchymal transition induced by
macrophage-stimulating protein. Mol Cancer 10: 66, 2011.

102. Maitah MY, Ali S, Ahmad A, Gadgeel S, and Sarkar FH.
Up-regulation of sonic hedgehog contributes to TGF-beta1-
induced epithelial to mesenchymal transition in NSCLC
cells. PLoS One 6: e16068, 2011.

103. Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou
AY, Brooks M, Reinhard F, Zhang CC, Shipitsin M,
Campbell LL, Polyak K, Brisken C, Yang J, and Weinberg
RA. The epithelial-mesenchymal transition generates cells
with properties of stem cells. Cell 133: 704–715, 2008.

104. Marnett LJ. Oxyradicals and DNA damage. Carcinogenesis
21: 361–370, 2000.

105. Martello G, Rosato A, Ferrari F, Manfrin A, Cordenonsi M,
Dupont S, Enzo E, Guzzardo V, Rondina M, Spruce T,
Parenti AR, Daidone MG, Bicciato S, and Piccolo S. A Mi-
croRNA targeting dicer for metastasis control. Cell 141:
1195–1207, 2010.

106. Martin P, Liu YN, Pierce R, Abou-Kheir W, Casey O, Seng
V, Camacho D, Simpson RM, and Kelly K. Prostate epi-
thelial Pten/TP53 loss leads to transformation of multipo-
tential progenitors and epithelial to mesenchymal
transition. Am J Pathol 179: 422–435, 2011.

107. Massague J, Seoane J, and Wotton D. Smad transcription
factors. Genes Dev 19: 2783–2810, 2005.

108. Maulik N. Redox signaling of angiogenesis. Antioxid Redox
Signal 4: 805–815, 2002.

109. McMahon S, Charbonneau M, Grandmont S, Richard DE,
and Dubois CM. Transforming growth factor beta1 induces
hypoxia-inducible factor-1 stabilization through selective
inhibition of PHD2 expression. J Biol Chem 281: 24171–
24181, 2006.

110. Micke P and Ostman A. Tumor-stroma interaction: Cancer-
associated fibroblasts as novel targets in anti-cancer thera-
py? Lung Cancer 45 Suppl 2: S163–S175, 2004.

1260 GIANNONI ET AL.



111. Mitsushita J, Lambeth JD, and Kamata T. The superoxide-
generating oxidase Nox1 is functionally required for Ras
oncogene transformation. Cancer Res 64: 3580–3585, 2004.

112. Moreno-Bueno G, Salvador F, Martin A, Floristan A, Cue-
vas EP, Santos V, Montes A, Morales S, Castilla MA, Rojo-
Sebastian A, Martinez A, Hardisson D, Csiszar K, Portillo
F, Peinado H, Palacios J, and Cano A. Lysyl oxidase-like 2
(LOXL2), a new regulator of cell polarity required for
metastatic dissemination of basal-like breast carcinomas.
EMBO Mol Med 3: 528–544, 2011.

113. Moustakas A and Heldin CH. Signaling networks guiding
epithelial-mesenchymal transitions during embryogenesis
and cancer progression. Cancer Sci 98: 1512–1520, 2007.

114. Murphy MP. How mitochondria produce reactive oxygen
species. Biochem J 417: 1–13, 2009.

115. Nelson WJ and Nusse R. Convergence of Wnt, beta-catenin,
and cadherin pathways. Science 303: 1483–1487, 2004.

116. Niessen K, Fu Y, Chang L, Hoodless PA, McFadden D, and
Karsan A. Slug is a direct Notch target required for initia-
tion of cardiac cushion cellularization. J Cell Biol 182: 315–
325, 2008.

117. Nishi H, Nakada T, Hokamura M, Osakabe Y, Itokazu O,
Huang LE, and Isaka K. Hypoxia-inducible factor-1 trans-
activates transforming growth factor-beta3 in trophoblast.
Endocrinology 145: 4113–4118, 2004.

118. Onder TT, Gupta PB, Mani SA, Yang J, Lander ES, and
Weinberg RA. Loss of E-cadherin promotes metastasis via
multiple downstream transcriptional pathways. Cancer Res
68: 3645–3654, 2008.

119. Orimo A, Gupta PB, Sgroi DC, Arenzana-Seisdedos F,
Delaunay T, Naeem R, Carey VJ, Richardson AL, and
Weinberg RA. Stromal fibroblasts present in invasive hu-
man breast carcinomas promote tumor growth and angio-
genesis through elevated SDF-1/CXCL12 secretion. Cell
121: 335–348, 2005.

120. Ozes ON, Mayo LD, Gustin JA, Pfeffer SR, Pfeffer LM, and
Donner DB. NF-kappaB activation by tumor necrosis factor
requires the Akt serine-threonine kinase. Nature 401: 82–85,
1999.

121. Pani G, Colavitti R, Bedogni B, Anzevino R, Borrello S, and
Galeotti T. A redox signaling mechanism for density-de-
pendent inhibition of cell growth. J Biol Chem 275: 38891–
38899, 2000.

122. Pani G, Giannoni E, Galeotti T, and Chiarugi P. Redox-
based escape mechanism from death: The cancer lesson.
Antioxid Redox Signal 11: 2791–2806, 2009.

123. Papkoff J and Aikawa M. WNT-1 and HGF regulate GSK3
beta activity and beta-catenin signaling in mammary epi-
thelial cells. Biochem Biophys Res Commun 247: 851–858,
1998.

124. Parenti A, Morbidelli L, Cui XL, Douglas JG, Hood JD,
Granger HJ, Ledda F, and Ziche M. Nitric oxide is an up-
stream signal of vascular endothelial growth factor-in-
duced extracellular signal-regulated kinase1/2 activation in
postcapillary endothelium. J Biol Chem 273: 4220–4226,
1998.

125. Park HJ, Gusarova G, Wang Z, Carr JR, Li J, Kim KH, Qiu J,
Park YD, Williamson PR, Hay N, Tyner AL, Lau LF, Costa
RH, and Raychaudhuri P. Deregulation of FoxM1b leads to
tumor metastasis. EMBO Mol Med 3: 21–34, 2011.

126. Parri M and Chiarugi P. Rac and Rho GTPases in cancer
cell motility control. Cell Commun Signal 8: 23, 2010.

127. Pavlides S, Tsirigos A, Vera I, Flomenberg N, Frank PG,
Casimiro MC, Wang C, Fortina P, Addya S, Pestell RG,

Martinez-Outschoorn UE, Sotgia F, and Lisanti MP. Loss
of stromal caveolin-1 leads to oxidative stress, mimics
hypoxia and drives inflammation in the tumor microenvi-
ronment, conferring the "reverse Warburg effect": A tran-
scriptional informatics analysis with validation. Cell Cycle
9: 2201–2219, 2010.

128. Peinado H, Del Carmen Iglesias-de la Cruz, Olmeda D,
Csiszar K, Fong KS, Vega S, Nieto MA, Cano A, and Por-
tillo F. A molecular role for lysyl oxidase-like 2 enzyme in
snail regulation and tumor progression. EMBO J 24: 3446–
3458, 2005.

129. Peinado H, Olmeda D, and Cano A. Snail, Zeb and bHLH
factors in tumor progression: An alliance against the epi-
thelial phenotype? Nat Rev Cancer 7: 415–428, 2007.

130. Peinado H, Portillo F, and Cano A. Transcriptional regu-
lation of cadherins during development and carcinogene-
sis. Int J Dev Biol 48: 365–375, 2004.

131. Peinado H, Portillo F, and Cano A. Switching on-off Snail:
LOXL2 versus GSK3beta. Cell Cycle 4: 1749-1752, 2005.

132. Pennington JD, Wang TJ, Nguyen P, Sun L, Bisht K, Smart
D, and Gius D. Redox-sensitive signaling factors as a novel
molecular targets for cancer therapy. Drug Resist Updat 8:
322–330, 2005.

133. Pervaiz S, Taneja R, and Ghaffari S. Oxidative stress reg-
ulation of stem and progenitor cells. Antioxid Redox Signal
11: 2777–2789, 2009.

134. Pietras K and Ostman A. Hallmarks of cancer: Interactions
with the tumor stroma. Exp Cell Res 316: 1324–1331, 2010.

135. Polyak K and Weinberg RA. Transitions between epithelial
and mesenchymal states: Acquisition of malignant and
stem cell traits. Nat Rev Cancer 9: 265–273, 2009.

136. Radisky DC. miR-200c at the nexus of epithelial-mesen-
chymal transition, resistance to apoptosis, and the breast
cancer stem cell phenotype. Breast Cancer Res 13: 110, 2011.

137. Radisky DC, Kenny PA, and Bissell MJ. Fibrosis and can-
cer: Do myofibroblasts come also from epithelial cells via
EMT? J Cell Biochem 101: 830–839, 2007.

138. Radisky DC, Levy DD, Littlepage LE, Liu H, Nelson CM,
Fata JE, Leake D, Godden EL, Albertson DG, Nieto MA,
Werb Z, and Bissell MJ. Rac1b and reactive oxygen species
mediate MMP-3-induced EMT and genomic instability.
Nature 436: 123–127, 2005.

139. Raychaudhuri P and Park HJ. FoxM1: A master fegulator of
tumor metastasis. Cancer Res 71: 4329–4333, 2011.

140. Redmond KM, Wilson TR, Johnston PG, and Longley DB.
Resistance mechanisms to cancer chemotherapy. Front
Biosci 13: 5138–5154, 2008.

141. Rhee SG, Bae YS, Lee SR, and Kwon J. Hydrogen peroxide:
A key messenger that modulates protein phosphorylation
through cysteine oxidation. Sci STKE 2000: e1, 2000.

142. Rhyu DY, Yang Y, Ha H, Lee GT, Song JS, Uh ST, and Lee
HB. Role of reactive oxygen species in TGF-beta1-induced
mitogen-activated protein kinase activation and epithelial-
mesenchymal transition in renal tubular epithelial cells. J
Am Soc Nephrol 16: 667–675, 2005.

143. Romashkova JA and Makarov SS. NF-kappaB is a target of
AKT in anti-apoptotic PDGF signalling. Nature 401: 86–90,
1999.

144. Sahlgren C, Gustafsson MV, Jin S, Poellinger L, and Len-
dahl U. Notch signaling mediates hypoxia-induced tumor
cell migration and invasion. Proc Natl Acad Sci USA 105:
6392–6397, 2008.

145. Sampson N, Koziel R, Zenzmaier C, Bubendorf L, Plas E,
Jansen-Durr P, and Berger P. ROS signaling by NOX4

EMT AND OXIDATIVE STRESS 1261



drives fibroblast-to-myofibroblast differentiation in the
diseased prostatic stroma. Mol Endocrinol 25: 503–515, 2011.

146. Schaffer L, Scheid A, Spielmann P, Breymann C, Zimmer-
mann R, Meuli M, Gassmann M, Marti HH, and Wenger
RH. Oxygen-regulated expression of TGF-beta 3, a growth
factor involved in trophoblast differentiation. Placenta 24:
941–950, 2003.

147. Scheid A, Wenger RH, Schaffer L, Camenisch I, Distler O,
Ferenc A, Cristina H, Ryan HE, Johnson RS, Wagner KF,
Stauffer UG, Bauer C, Gassmann M, and Meuli M. Phy-
siologically low oxygen concentrations in fetal skin regulate
hypoxia-inducible factor 1 and transforming growth factor-
beta3. FASEB J 16: 411–413, 2002.

148. Semenza GL. Defining the role of hypoxia-inducible factor
1 in cancer biology and therapeutics. Oncogene 29: 625–634,
2010.

149. Shinohara M, Shang WH, Kubodera M, Harada S, Mit-
sushita J, Kato M, Miyazaki H, Sumimoto H, and Kamata
T. Nox1 redox signaling mediates oncogenic Ras-induced
disruption of stress fibers and focal adhesions by down-
regulating Rho. J Biol Chem 282: 17640–17648, 2007.

150. Sobrado VR, Moreno-Bueno G, Cubillo E, Holt LJ, Nieto
MA, Portillo F, and Cano A. The class I bHLH factors E2-
2A and E2-2B regulate EMT. J Cell Sci 122: 1014–1024, 2009.

151. Stockinger A, Eger A, Wolf J, Beug H, and Foisner R. E-
cadherin regulates cell growth by modulating proliferation-
dependent beta-catenin transcriptional activity. J Cell Biol
154: 1185–1196, 2001.

152. Storz P. Reactive oxygen species in tumor progression.
Front Biosci 10: 1881–1896, 2005.

153. Sun L, Yao Y, Liu B, Lin Z, Lin L, Yang M, Zhang W, Chen
W, Pan C, Liu Q, Song E, and Li J. MiR-200b and miR-15b
regulate chemotherapy-induced epithelial-mesenchymal
transition in human tongue cancer cells by targeting BMI1.
Oncogene 2011 [Epub ahead of print]; DOI: 10.1038/onc
.2011.263.

154. Thiery JP. Epithelial-mesenchymal transitions in tumor
progression. Nat Rev Cancer 2: 442–454, 2002.

155. Thiery JP and Sleeman JP. Complex networks orchestrate
epithelial-mesenchymal transitions. Nat Rev Mol Cell Biol 7:
131–142, 2006.

156. Thompson EW, Newgreen DF, and Tarin D. Carcinoma
invasion and metastasis: A role for epithelial-mesenchymal
transition? Cancer Res 65: 5991–5995, 2005.

157. Tlsty TD and Coussens LM. Tumor stroma and regulation of
cancer development. Annu Rev Pathol 1: 119–150, 2006.

158. Toullec A, Gerald D, Despouy G, Bourachot B, Cardon M,
Lefort S, Richardson M, Rigaill G, Parrini MC, Lucchesi C,
Bellanger D, Stern MH, Dubois T, Sastre-Garau X, Delattre
O, Vincent-Salomon A, and Mechta-Grigoriou F. Oxidative
stress promotes myofibroblast differentiation and tumor
spreading. EMBO Mol Med 2: 211–230, 2010.

159. Vega S, Morales AV, Ocana OH, Valdes F, Fabregat I, and
Nieto MA. Snail blocks the cell cycle and confers resistance
to cell death. Genes Dev 18: 1131–1143, 2004.

160. Walsh LA and Damjanovski S. IGF-1 increases invasive
potential of MCF 7 breast cancer cells and induces activa-
tion of latent TGF-beta1 resulting in epithelial to mesen-
chymal transition. Cell Commun Signal 9: 10, 2011.

161. Wei L, Yang Y, Zhang X, and Yu Q. Altered regulation of
Src upon cell detachment protects human lung adenocar-
cinoma cells from anoikis. Oncogene 23: 9052–9061, 2004.

162. Weinberg F and Chandel NS. Mitochondrial metabolism
and cancer. Ann NY Acad Sci 1177: 66–73, 2009.

163. Wu WS. The signaling mechanism of ROS in tumor pro-
gression. Cancer Metastasis Rev 25: 695–705, 2006.

164. Wu Y, Deng J, Rychahou PG, Qiu S, Evers BM, and Zhou
BP. Stabilization of snail by NF-kappaB is required for in-
flammation-induced cell migration and invasion. Cancer
Cell 15: 416–428, 2009.

165. Yang MH and Wu KJ. TWIST activation by hypoxia in-
ducible factor-1 (HIF-1): Implications in metastasis and
development. Cell Cycle 7: 2090–2096, 2008.

166. Yang MH, Wu MZ, Chiou SH, Chen PM, Chang SY, Liu CJ,
Teng SC, and Wu KJ. Direct regulation of TWIST by HIF-
1alpha promotes metastasis. Nat Cell Biol 10: 295–305, 2008.

167. Zavadil J and Bottinger EP. TGF-beta and epithelial-to-
mesenchymal transitions. Oncogene 24: 5764–5774, 2005.

168. Zavadil J, Narasimhan M, Blumenberg M, and Schneider
RJ. Transforming growth factor-beta and micro-
RNA:mRNA regulatory networks in epithelial plasticity.
Cells Tissues Organs 185: 157–161, 2007.

169. Zhang A, Jia Z, Guo X, and Yang T. Aldosterone induces
epithelial-mesenchymal transition via ROS of mitochon-
drial origin. Am J Physiol Renal Physiol 293: F723–F731, 2007.

170. Zhang H, Akman HO, Smith EL, Zhao J, Murphy-Ullrich
JE, and Batuman OA. Cellular response to hypoxia involves
signaling via Smad proteins. Blood 101: 2253–2260, 2003.

171. Zhang H, Meng F, Liu G, Zhang B, Zhu J, Wu F, Ethier SP,
Miller F, and Wu G. Forkhead transcription factor foxq1
promotes epithelial-mesenchymal transition and breast
cancer metastasis. Cancer Res 71: 1292–1301, 2011.

172. Zhang KH, Tian HY, Gao X, Lei WW, Hu Y, Wang DM,
Pan XC, Yu ML, Xu GJ, Zhao FK, and Song JG. Ferritin
heavy chain-mediated iron homeostasis and subsequent
increased reactive oxygen species production are essential
for epithelial-mesenchymal transition. Cancer Res 69: 5340–
5348, 2009.

173. Zhu P, Tan MJ, Huang RL, Tan CK, Chong HC, Pal M, Lam
CR, Boukamp P, Pan JY, Tan SH, Kersten S, Li HY, Ding JL,
and Tan NS. Angiopoietin-like 4 protein elevates the pro-
survival intracellular O2(-):H2O2 ratio and confers anoikis
resistance to tumors. Cancer Cell 19: 401–415, 2011.

Address correspondence to:
Prof. Paola Chiarugi

Department of Biochemical Sciences
University of Florence

Viale Morgagni 50
50134 Firenze

Italy

E-mail: paola.chiarugi@unifi.it

Date of first submission to ARS Central, September 15, 2011;
date of acceptance, September 19, 2011.

1262 GIANNONI ET AL.



Abbreviations Used

a-SMA¼ a-smooth muscle actin
CAFs¼ cancer-associated fibroblasts

CAMs¼ cancer-associated macrophages
COX¼ cyclooxygenase
CSC¼ cancer stem cell

ECM¼ extracellular matrix
EMT¼ epithelial-to-mesenchymal transition
ERK¼ extracellular signal-regulated kinase
FAK¼ focal adhesion kinase
FHC¼ ferritin heavy chain
Fox¼ forkhead box

GSK-3b¼ glycogen synthase kinase-3b
HGF¼hepatocyte growth factor

HIF-1a¼hypoxia-induced transcription factor 1
LIP¼ labile iron pool

LOXL2¼ lysyl oxidase-like 2
MAPK¼mitogen-activated protein kinase

MET¼mesenchymal-to-epithelial transition
miRNA¼microRNA

MMP¼matrix metalloproteinase
MMT¼mesenchymal-mesenchymal transition

NF-jB¼nuclear factor-jB
NOS¼nitric oxide synthases
NOX¼NADPH oxidase
PI3K¼phosphoinositide-3-kinase
ROS¼ reactive oxygen species

SASP¼ senescence activated secretory pathway
SOD¼ Superoxide dismutase

TGF-b¼ transforming growth factor b
TNF-a¼ tumor necrosis factor a

uPA¼urokinase-type plasminogen activator
VEGF¼vascular endothelial growth factor
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