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SUMMARY

Epithelial-mesenchymal transition (EMT) is a physiological process in which epithelial cells
acquire the motile and invasive characteristics of mesenchymal cells. Although EMTin embry-
onic development is a coordinated, organized process involving interaction between many
different cells and tissue types, aspects of the EMT program can be inappropriately activated
in response to microenvironmental alterations and aberrant stimuli, and this can contribute
to disease conditions including tissue fibrosis and cancer progression. Here we will outline
how EMT functions in normal development, how it could be activated in pathologic condi-
tions—especially by matrix metalloproteinases—and how it may be targeted for therapeutic
benefit.
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1 INTRODUCTION

Epithelial-mesenchymal transition (EMT) is a process in-
tegral to the formation of many tissues and organs during
development (Shook and Keller 2003; Radisky 2005; Hugo
et al. 2007; Thiery et al. 2009). Activation of developmental
EMT has been found to follow a defined sequence of events
(Fig. 1) (Shook and Keller 2003). First, the region of the tis-
sue where the EMT events will occur must be specified
through temporal and spatial patterning of the cells that
will undergo EMT, as well as morphogenic rearrangement
of the epithelial tissue so as to move those cells to the site of
EMT. Second, there must be disruption of the interaction
between epithelial cells and the basement membrane (BM),
a specialized form of the extracellular matrix (ECM) that
underlies epithelial tissue. This can occur through release
of cell-BM contacts or through proteolytic degradation of
the BM. Third, the transitioning cells must detach from
the epithelial sheet through processes that minimize loss
of epithelial integrity; this generally involves actomyosin-
based rearrangements of cell shape for the transitioning
cells in combination with crawling of the retained epithelial
cells to close the gap. Finally, the ingressed cells must differ-
entiate into the mesenchymal phenotype, altering cell-
ECM interactions, cytoskeletal organization, and funda-
mental aspects of cellular metabolism. Thus, developmen-
tal EMT is more than just the acquisition of motility but is a

process involving the entire epithelial tissue. It is organized
through a combination of cell–cell and cell-ECM interac-
tions and many soluble molecular factors. During disease,
the coordination of these processes is lost and activation
of the EMT process can occur in an uncoordinated and
cell-autonomous fashion, leading to disruption of epithe-
lial integrity and disorganization of epithelial tissue as
well as production of new mesenchymal cells, which can
perpetuate the disease process. Here, we will discuss the ba-
sic features of developmental EMTat the tissue and cellular
level, how these processes may be activated during disease,
and how pathological EMT may become a possible target
for therapy.

2 GENERAL PRINCIPLES AND KEY PROCESSES

EMT plays a critical role in early developmental processes,
such as gastrulation, leading to formation of mesoderm.
Investigation of gastrulation in Drosophila, Xenopus, birds,
and mammals, led to definition of the convergent exten-
sion process, through which the morphogenic movements
of the endoderm are coordinated with the delamination
and invasion of the early mesodermal cells. EMTactivation
occurring during neural crest formation is responsible for
the release of mesenchymal cells that migrate through the
body, generate the vertebrate head and a wide variety of tis-
sue types, including glial and neuronal cells, adrenal glan-
dular tissues, melanocytes, and skeletal and connective
tissues (Shook and Keller 2003; Duband 2006). EMT of
embryonic endocardial cells into the endocardial cushion
creates precursors of the valvular and septal structures
(Runyan et al. 2005). Significantly, EMT in embryonic de-
velopment generally occurs in an immunologically privi-
leged setting with reduced inflammatory responses. In
the adult organism, plastic transition between epithelial
and mesenchymal cell types occurs during wound healing
and remodeling of tissues that develop postnatally, such as
the mammary gland, and in the pathological context, such
as inflammation, fibrosis, or tumor progression (Lopez-
Novoa and Nieto 2009; Nieto 2010).

At the cellular level, the process of EMT is defined by the
conversion of epithelial cells into a mesenchymal pheno-
type (Fig. 2). Epithelial cells are interconnected by cell–
cell junctions, and whereas some cell shape rearrangement
is possible, movement of epithelial cells is largely con-
strained to the confines of the epithelial sheet. Epithelial
function and integrity depends on intercellular junctions.
Key components of epithelial junctions include E-cadher-
in, a transmembrane molecule that connects adjacent cells,
and b-catenin, part of the protein complex that connects
cadherins to the actin cytoskeleton at the adherens junc-
tions (AJ). Proper regulation of E-cadherin and b-catenin
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Figure 1. Developmental versus pathological EMT. (A) Developmen-
tal EMT is a process that involves the entire epithelial tissue. (a) Spec-
ification of cells that will undergo EMToccurs through coordination
of cell–cell, cell-ECM, and soluble signals. (b) Degradation or dis-
ruption of the basement membrane is followed by cell ingression
and morphogenesis of the retained epithelial cells to close the gap.
(c) The fully detached cell undergoes phenotypic mesenchymal shift.
(B) Activation of the EMT program in pathological conditions can
occur in a disorganized and more cell-autonomous fashion.
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is crucial for control of the epithelial phenotype, as these
molecules not only maintain intercellular adhesion but
also coordinate cellular organization, transmit information
from the microenvironment to the cells, and control phe-
notypic transitions of epithelial cells (Perez-Moreno and
Fuchs 2006; LaBarge et al. 2009; Chanson et al. 2011).

In contrast, mesenchymal cells can move in three di-
mensions, traveling along and within collagen networks,
and although cell-ECM contacts are still critical for mesen-
chymal cells, these contacts become specialized for interac-
tion with the components of the interstitial ECM (Cukier-
man et al. 2001). During the EMT process many major cell
structures and functions are affected. The loss of cell–cell
adhesion, the down-regulation of E-cadherin and other ep-
ithelial genes, components of the tight junctions, including
members of the claudin family and cytokeratins, are the

principal characteristic of EMT. These changes can occur
in concert with the up-regulation of key transcription fac-
tors and with the expression of associated mesenchymal
genes, such as vimentin and fibronectin (Yang and Wein-
berg 2008). EMT in adult tissues is regulated by the compo-
sition and structure of the ECM components and ECM-
remodeling matrix metalloproteinases (MMPs) (Lochter
et al. 1997a,b; Radisky and Radisky 2010), as well as soluble
growth factors or cytokines, including epidermal growth
factor (EGF), hepatocyte growth factor (HGF), fibroblast
growth factors (FGFs), and transforming growth factor
(TGF)-b (Shirakihara et al. 2011).

TGF-b is a potent activator of EMT; during gastrula-
tion, EMT induced by members of the TGF-b family leads
to the formation of the three multipotent germ layers. In
organogenesis TGF-b is involved in EMT processes in the
kidney, endocardial cushion, and subsequent atrioventric-
ular valve formation (Acloque et al. 2009). Virtually all cell
types are responsive to TGF-b and it is produced by many
immune and nonimmune cells (Sanjabi et al. 2009). TGF-b
also regulates proliferation, migration, differentiation, and
survival processes, and in cancer, can act either to suppress
tumor growth or to activate tumor progression, depending
on cellular context (Sieweke et al. 1989, 1990; Massague
2008). Although TGF-b is key to normal inflammatory re-
sponses, its sustained expression during chronic inflamma-
tion stimulates fibrogenic processes and tumor promotion.
The cooperation between TGF-b1 and the proinflamma-
tory cytokines produced in a chronically inflamed micro-
environment activates autoregulatory loops, which further
reinforce the EMT program (Yang et al. 2010). Induction of
EMT by TGF-b involves a combination of Smad-depend-
ent and Smad-independent events on cell junction com-
plexes. The activation of Smad transcriptionally regulates
key EMT-associated factors, including Snail, Snail2 (Slug),
Twist, and HMGA2 (high-mobility group A2) (Fuxe et al.
2010). Smad-independent activity of TGF-b leads to phos-
phorylation of Par6 with a subsequent disorganization of
the Par complex, leading to loss of polarity (Ozdamar et al.
2005).

Several transcription factors have been identified in
EMT, involved either in transcriptional inactivation of epi-
thelial genes or activation of mesenchymal genes (Yang and
Weinberg 2008). Investigation using mouse models has re-
vealed that among these, Snail is a central regulator of both
developmental and pathological EMT (Barrallo-Gimeno
and Nieto 2005). Snail is critical for gastrulation in normal
development of mice; homozygous knockout of Snail is
lethal as embryos fail to produce mesoderm (Carver et al.
2001). Snail has also been associated with pathological
conditions, such as fibrosis and cancer, in which its detri-
mental role is determined by its ability to induce EMT-like
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Figure 2. Characteristics of epithelial and mesenchymal cells. (A) Ep-
ithelial cells are interconnected through tight junctions (gray), E-
cadherin-based junctions (red), which are connected to the actin cy-
toskeleton, gap junctions (red/blue), and hemidesmosomes (cyan),
which are connected to the cytokeratin-based intermediate filament
cytoskeleton. Epithelial cells also have specialized cell-ECM interac-
tions for adhesion to the laminin-rich basement membrane. (B)
Mesenchymal cells show a shift to a vimentin-based intermediate
filament cytoskeleton and altered composition of cell-ECM interac-
tions optimized for adhesion to the collagen-rich interstitial matrix.
Mesenchymal cells also produce abundant TGFb, growth factors
(GF), and matrix metalloproteinases (MMPs), as well as components
of the extracellular matrix.
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processes (Thiery et al. 2009). It directly suppresses E-cad-
herin, claudins, and other epithelial cell–cell adhesion
molecules, and promotes expression of mesenchymal pro-
teins, such as fibronectin and MMP-9 (Fuxe et al. 2010).
Snail is found to be expressed in neoplastic epithelial cells
and in fibroblasts associated with damaged or neoplastic
tissues (Rowe et al. 2009), and its increased expression is
commonly observed in cultured cells treated with agents
that stimulate the EMT program, for example, by treatment
with TGF-b, interleukin 6, growth factors such as EGF or
FGF, or by exposure to MMPs (Przybylo and Radisky
2007; de Herreros et al. 2010). Expression of Snail is further
regulated by an integrated and complex signaling network
at the transcriptional and posttranscriptional levels that
includes integrin-linked kinase (ILK), phosphatidylinosi-
tol 3-kinase (P13-K), mitogen-activated protein kinases
(MAPKs), glycogen synthase kinase 3-b (GSK-3b), and
NFkB pathways. The increase of the transcription of Snail
comes about through the direct binding of NFkB to the
Snail promoter (Franco et al. 2010), which can be potentiated
by activation of NFkB by GSK-3b inhibition (de Herreros
et al. 2010; Fuxe et al. 2010).

3 ALTERNATIVE SPLICING IN THE EMT PROGRAM

Although EMT has largely been studied at the level of al-
tered gene transcription or posttranslational modifications,
it is becoming increasingly clear that alternative splicing
(AS) processes provide an additional layer of gene regula-
tion that is critical in shaping the EMT process, particularly
in cancer progression (Tavanez and Valcarcel 2010). Epithe-
lial splicing regulatory proteins 1 and 2 (ESRP1 and
ESRP2), regulators of epithelial cell specificity through reg-
ulation of genes, have been implicated as central coordina-
tors of AS networks in EMT (Warzecha et al. 2010). ESRP
target genes are involved in key EMT processes, such as reg-
ulating cell polarity, motility, cell-cell and cell-matrix adhe-
sion (Tavanez and Valcarcel 2010), and ESRP-regulated
expression of epithelial versus mesenchymal splice iso-
forms differentially promotes cell adhesion versus cell mi-
gration. This is the case for the ESRP-regulated gene
hMena, which along with VASP (vasodilator-stimulated
phosphoprotein) and Evl (Ena/VASP-like), comprises the
Ena/VASP family of actin regulatory proteins that control
cell movement, shape, and adhesion (Gertler and Condeelis
2011). The epithelial-specific hMena11a splice isoform be-
longs to a cluster of genes regulated by ESRP1/2 that are in-
volved in the actin cytoskeleton organization, cell adhesion,
and cell motility (Warzecha et al. 2010). Ectopic expression
of ESRP1 is associated with an up-regulation of hMena11a, a
dramatic reorganization of the actin cytoskeleton, changes
in cell morphology from spindle-shaped to cobblestone

appearance, and suppressed tumor cell invasion, associated
with a mesenchymal-to-epithelial transition (MET) (P
Nisticò and MJ Bissell, in prep.). In vivo, the hMena11a iso-
form is expressed in epithelial but not in mesenchymal cell
lines (Di Modugno et al. 2007; Pino et al. 2008). In human
breast cancer cells, hMena11a is phosphorylated down-
stream from HER2 and EGFR following EGF and NRG1
treatment, and this in turn influences the mitogenic signals
of these receptors in luminal breast cancer cell lines (Di
Modugno et al. 2007). Conversely, the lack of hMena11a ex-
pression is generally accompanied by increased expression
of the alternatively spliced hMenaDv6, absence of E-
cadherin, and presence of N-cadherin and vimentin in in-
vasive tumor cell lines, indicating that hMena AS is associ-
ated with the EMT process (P Nisticò and MJ Bissell, in
prep.).

Similarly, AS of CD44 with a switch from a variant iso-
form (CD44v) to a standard isoform (CD44s) is regulated by
ESRP1 and is strongly related to the EMT process (Brown
et al. 2011). CD44s expression is up-regulated in breast
tumors and correlates with levels of the mesenchymal
marker N-cadherin and breast cancer progression. Down-
regulation of ESRP1 expression, using small hairpin RNA
(shRNA), led to a switch from CD44v to CD44s. Con-
versely, overexpression of ESRP1 increases CD44v expres-
sion and prevents cells from undergoing EMT (Brown et al.
2011).

4 EMT IN MAMMARY GLAND DEVELOPMENT

Physiological EMT has largely been studied in the develop-
ing embryo, whereas pathologic EMT is commonly viewed
as a phenomenon that occurs in the adult organism. How-
ever, the majority of mammary gland development occurs
postnatally, providing a unique opportunity to investigate
functional EMT processes. During puberty, the rudimenta-
ry mammary gland develops into the fat pad through
extension and branching morphogenesis of the ductal
tree (Wiseman and Werb 2002; Fata et al. 2004; Sternlicht
et al. 2006). Ductal extension in the developing gland
occurs at endbuds, invasive structures that express high lev-
els of EMT-associated transcription factors, including Snail
and Twist (Kouros-Mehr and Werb 2006), as well as MMP-
2 and MT1-MMP (Wiseman et al. 2003). Ramification of
the mammary tree through branching morphogenesis oc-
curs by two separate mechanisms: primary branching or
endbud bifurcation, and secondary branching, in which
differentiated, ductal epithelium dedifferentiates, detaches
from the adjacent epithelial cells, penetrates the BM, and
invades into the surrounding tissue (Fig. 3). MMP-3 is a
key mediator of secondary branch formation, as transgenic
mice lacking MMP-3 expression have significantly reduced
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secondary branching, whereas the whey acidic protein
(WAP)-MMP-3 mice have increased secondary branching
and ductal complexity (Sympson et al. 1994; Wiseman
et al. 2003). Inhibition of retinoic acid signaling pathways
during mammary development increases MMP-3 expres-
sion and also increases side branching (Wang et al. 2005).
The mechanism by which MMP-3 induces branching mor-
phogenesis has been investigated in 3D collagen I cell cul-
ture models. These studies have shown that epimorphin in-
duces expression of MMP-3, and that this is both necessary
and sufficient for cell invasion into the ECM (Hirai et al.
1998, 2001; Radisky et al. 2003, 2009; Chen et al. 2009). Ac-
tivation of the fibroblast growth receptor signaling path-
way, which has also been implicated in mammary branch-
ing morphogenesis, also induced MMP-3 expression and
branch initiation in mammary epithelial cells grown in
3D collagen (Xian et al. 2005), a process reminiscent of sec-
ondary branch initiation in vivo.

5 EMT AND BREAST CANCER

Activation of the EMT program in cancer cells facilitates
tumor progression through several distinct mechanisms:
(1) EMT in the tumor cells can trigger invasive and anti-
apoptotic mechanisms that drive cancer metastasis, (2)
EMT can generate activated stromal cells that drive cancer
progression through biochemical and structural alterations
of the tumor microenvironment, and (3) EMT mediators
can stimulate the increased malignancy associated with
the cancer stem cell phenotype. Examples of many of these
phenomena are seen in response to increased levels of
MMPs (Sternlicht and Werb 2001; Page-McCaw et al.
2007). MMP-dependent activation of the EMT program
has been observed in a variety of epithelial cell types, in-
cluding kidney (Cheng and Lovett 2003; Cheng et al.
2006; Zheng et al. 2009; Tan et al. 2010), ovary (Cowden

Dahl et al. 2008), lens (West-Mays and Pino 2007), lung
(Illman et al. 2006), and prostate (Cao et al. 2008), al-
though MMP-induced EMT has been best characterized
in mammary epithelial cells. Transgenic mice that ex-
pressed MMP-3 under control of the WAP promoter devel-
oped tissue fibrosis, followed by spontaneous formation of
mammary tumors (Sympson et al. 1995; Sternlicht et al.
1999, 2000); experiments using cultured mammary epithe-
lial cells revealed that MMP-3 directly stimulates EMT
(Lochter et al. 1997a,b). MMP-3 activates the EMT pro-
gram through induction of the alternative splice isoform
Rac1b (Radisky et al. 2005), a constitutively activated
variant of Rac1 initially identified in breast and colorectal
cancer cells (Jordan et al. 1999; Schnelzer et al. 2000; Matos
et al. 2003; Fiegen et al. 2004; Singh et al. 2004). Rac1b
in turn stimulates EMT through increasing levels of cellu-
lar reactive oxygen species (Radisky et al. 2005; Nelson
et al. 2008). Although the process by which expression of
MMP-3 leads to AS of Rac1b and the consequent down-
stream effects has not been completely defined, it should
be noted that a key substrate of MMP-3 is the cell–cell junc-
tion protein E-cadherin, and that loss of E-cadherin is
sufficient to induce EMT in many cell types (Lochter
et al. 1997a; Noe et al. 2001; Onder et al. 2008). Although
targeting MMPs as a cancer therapeutic strategy has proven
difficult (Coussens et al. 2002), identification of specific
cancer-associated processes induced by MMPs, such as
MMP3-induced expression of Rac1b, offers the potential
for development of new and more effective inhibitors of
MMP-induced EMT.

EMT stimulates invasivenessA

EMT mediators contribute to cancer stem cell phenotypeC

EMT produces reactive
stroma

B

Figure 4. EMT facilitates tumor progression. (A) EMT stimulates
proinvasive and antiapoptotic processes that facilitate metastasis.
(B) EMT can produce reactive stromal cells, which drive tumor ini-
tiation and progression through disruption of the surrounding ECM
and production of soluble tumorigenic factors. (C) EMT mediators
contribute to the cancer stem cell phenotype, which confers resis-
tance to radiation or chemotherapeutic agents and increased ability
of tumor regrowth.

2°

1°

Figure 3. Primary and secondary branching morphogenesis of the
mammary gland. (Left) Whole mount of mouse mammary gland.
(Inset, right) Primary (18) branching occurs through bifurcation of
the endbuds, whereas secondary (28) branching involves many as-
pects of the EMT program, including breakdown of epithelial tissue
structure, degradation of basement membrane, and acquisition of
invasive characteristics, processes dependent on MMP-3, which is
produced in response to morphogenic signals by the surrounding
stromal cells.
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6 EMT-INDUCED MYOFIBROBLAST
FORMATION AND FIBROSIS

Myofibroblasts play a key function in the repair of epithelial
injuries, digesting the damaged tissue through production
of MMPs and other ECM-degrading enzymes, as well as
synthesizing and modulating elements of the wound provi-
sional ECM (Tomasek et al. 2002; Hinz and Gabbiani 2003;
Thannickal et al. 2004; Duffield 2010). Under conditions in
which the wound healing program is properly executed, the
provisional ECM is degraded and the myofibroblasts are re-
moved by apoptosis during tissue regrowth; however, when
repair mechanisms are disrupted, chronically activated myo-
fibroblasts produce a fibrotic ECM that is not easily degraded
by proteases (Thannickal et al. 2004). This aberrant ECM
interferes with normal cell function, leading to tissue disrup-
tion, altered response to apoptotic signals, and increased
cellular proliferation, an ideal context for tumor formation
and progression (Massague 2008). The presence of fibrosis
significantly increases the risk of subsequent appearance of
tumors in the lung (Perez-Moreno and Fuchs 2006; Radisky
and Radisky 2010), liver (Acloque et al. 2009; Sanjabi et al.
2009), and breast (Boyd et al. 2005; Fuxe et al. 2010).

A causative link between fibrosis and cancer has been
best studied in the lung (Thannickal et al. 2004), kidney
(Zeisberg and Kalluri 2004), and liver (Elsharkawy and
Mann 2007). Breast fibrosis, by comparison, is a much
less studied phenomenon, in part because characterization
of fibrosis in nonmalignant breast tissue has not been as
precisely defined as with fibrosis of the lung, kidney, or liv-
er. One indication that breast fibrosis might also predispose
to cancer, however, is the identification of increased risk of
tumor incidence in women with mammographically dense
breasts (Boyd et al. 2005); several investigations of dense
breast tissue have shown that these areas contain increased
collagen deposition, presence of activated fibroblasts, and
other early markers of fibrosis (Wellings and Wolfe 1978;
Buchanan et al. 1981; Bright et al. 1988; Urbanski et al.
1988; Bartow et al. 1990; Boyd et al. 2000). Another indica-
tion is that the appearance of myofibroblasts is a frequent
component of the breast cancer reactive stroma (Lagace
et al. 1985; Sappino et al. 1988). Given the role of reactive
stroma in tumor promotion (Bissell and Radisky 2001),
targeting processes involved in myofibroblast formation
may be essential for preventing cancer recurrence.

7 EMT AND THE CANCER STEM
CELL PHENOTYPE

Stem cells are characterized as having low proliferative
rates, existing as minority populations within tissues in de-
fined tissue compartments, or niches, and having responses

to extracellular stimuli that are distinct from those of the
more differentiated cells within the organ (Fuchs et al.
2004). Stem cells show self-renewal and can divide sym-
metrically, to produce additional stem cells, or asymmetri-
cally, to generate progenitor cells that can subsequently
differentiate into the many different cell types within the
organ. More recently, cells with stem/progenitor character-
istics have been found to play critical roles in tumor forma-
tion and progression (Kakarala and Wicha 2008). Cancer
subpopulations of highly malignant tumor-initiating cells,
designated cancer stem cells (CSCs), were first identified in
human acute myeloid leukemia (Lapidot et al. 1994). Sub-
sequent studies have identified CSCs in solid tumors, in-
cluding breast, brain, colon, and pancreas (reviewed in
Hollier et al. 2009).

The identification of cells within tumors that possess
CSC characteristics has resulted in increased efforts to
identify treatments that selectively target this subpopula-
tion. Some studies have provided evidence that traditional
treatments for breast cancer that target the bulk of the tu-
mor such as surgery, conventional chemotherapy, and radi-
ation, may be less effective toward the CSCs, because of
their decreased proliferation rate and altered response to
environmental stimuli (Creighton et al. 2009). Although
identification of therapies that selectively target CSCs is a
potentially important goal, a parallel and perhaps equally
effective approach would be to target the mechanisms
that generate and maintain the CSC population in tumors.
A significant advance toward this goal was provided by a re-
cent series of studies showing that induction of EMT in
human or mouse mammary epithelial can result in the gen-
eration of cells with stem cell properties, such as self-renewal
and resistance to toxicants (Mani et al. 2008; Morel et al.
2008; Santisteban et al. 2009). Characterization of these
model systemsprovidesanexperimentalplatformtoexplore
the processes involved in CSC development.

8 CANCER IMMUNOEDITING AND EMT

Immune responses can eliminate premalignant and malig-
nant cells in a process called immunosurveillance, and this
has been identified as a key factor in reducing the earliest
stages of tumor development (Dunn et al. 2004). However,
aberrant activation of the immune system can also promote
tumor development, as chronic activation of inflammatory
responses has been directly linked to development of cancer
(Tan and Coussens 2007; Mantovani et al. 2008). The inter-
action of tumors with the immune system progresses
through an initial stage in which the immune system can
effectively target and kill tumor cells. However, as the tu-
mor-immune interaction evolves, tumors can acquire the
ability to evade immune targeting entirely, by becoming
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less immunogenic or more immune suppressive (Dunn
et al. 2004; Reiman et al. 2007). Evaluation of immunoedit-
ing in a mouse model of breast cancer relapse identified ac-
tivation of EMTas a mechanism for immune escape (Fig. 5)
(Reiman et al. 2010). Transgenic mice that express the cell-
surface rat neu oncogene under control of the mammary
epithelial cell-specific mouse mammary tumor virus
(MMTV) promoter develop tumors with a highly epithelial
morphology; transplantation of these tumors into non-
transgenic syngeneic mice stimulated a T-cell-dependent
rejection, followed by relapse of phenotypically mesenchy-
mal tumors enriched in neu-negative variant cells (Knut-
son et al. 2006; Kmieciak et al. 2007). Activation of the
EMT program had led to down-regulation of the epithelial-
specific MMTV promoter and consequent loss of expres-
sion of the neu oncogene, allowing tumor growth without
immune reaction. Subsequent investigations revealed that
CD8 T cells were required for outgrowth of the neu-nega-
tive mesenchymal variants suggesting local induction of
EMT rather than selection (Santisteban et al. 2009), and
that the induction of EMT was associated with TGF-b
and TNF-a signaling pathways (Asiedu et al. 2011). De-
tailed characterization of tumor cells isolated from relapsed
mice showed that these tumors had adopted CSC charac-
teristics, including altered cell-surface marker profiles,
enhanced mammosphere formation, and substantially in-
creased tumorigenicity (Santisteban et al. 2009). Immuno-
edited mesenchymal tumor cells also had elevated ex-
pression of drug transporters, DNA repair enzymes, and
enhanced resistance to chemotherapy and radiation. Histo-
pathologic analysis of tumors formed by injection of neu-
negative cells into MMTV-neu mice showed a predominant
epithelial phenotype with the reacquisition of neu expres-

sion, suggesting that the immune-induced EMT was fully
reversible through the reverse process, MET (Santisteban
et al. 2009). These studies identify EMT as an intrinsic
mechanism that can allow tumor cells to avoid immune
surveillance.

9 CONCLUSIONS

EMT is, therefore, both an essential step in development and
normal morphogenic processes, as well as a mechanism that
facilitates pathological processes such as fibrosis and chronic
inflammation and many stages of tumor progression. Ac-
cordingly, differentiating between how the EMT program
differs between normal development and disease has become
an important area of investigation. Such studies have been
complicated by a relatively recent controversy concerning
the specific role of EMT in disease (Duffield 2010; Popov
and Schuppan 2010; Zeisberg and Duffield 2010; Kriz et al.
2011). Part of this controversy results from differing defini-
tions of EMT, and particularly from the diagnostic use of
specific markers that may not be universally involved in all
EMT processes. Such narrow definitions are likely to be
too limited—even in well-established developmental EMT,
there are few universal rules (Shook and Keller 2003). More-
over, it is likely that many studies of EMT in fibrosis or cancer
progression have reflected the cellular consequences of an in-
complete activation of the EMT program. Unlike develop-
mental EMT, which represents a controlled and organized
morphogenic program, the chaotic microenvironment of fi-
brotic tissues or developing tumors contains many different,
dysregulated signaling processes, inducing an uncoordinated
and incomplete EMT. As a consequence, these EMT-activated
cells may acquire significant fibrotic or tumor-promoting

Epithelial morphology
Her2/neu-positive

MMTV-Her2/neu MMTV-Her2/neuNontransgenic

a b c d e

Mesenchymal morphology
Her2/neu-negative

Epithelial morphology
Her2/neu-positive

Figure 5. EMT facilitates evasion of immunosurveillance. (A) Tumor cells isolated from MMTV-Her2/neu mice
have an epithelial morphology and express the cell-surface rat Her2/neu antigen. (B) When reimplanted into non-
transgenic mice, these tumor cells are initially targeted by the immune system, but eventually regrow. (C) Isolated
tumor cells from the xenografted mice show a mesenchymal morphology and do not display the Her2/neu antigen.
(D) Reinjection of these cells into MMTV-Her2/neu mice leads to rapid tumor regrowth. (E) Isolation of secondary
tumors reveals an epithelial morphology and reexpression of Her2/neu. (Adapted from Reiman et al. 2010.)
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abilities even as they retain many of their original character-
istics, making it difficult to distinguish them from the orig-
inal tumor mass from which they are derived.

However, aside from the semantic debates, there remain
unanswered questions pertaining to the extent of EMT in-
volvement in some aspects of disease progression, which
could be addressed through the use of appropriate model
systems. For example, although EMT of epithelial cells of-
fers one potential source of myofibroblasts that accumulate
in fibrosis, there remain competing theories, including re-
cruitment of circulating fibrocytes or activation of resident
fibroblasts (Scotton and Chambers 2007). Such questions
have been difficult to address experimentally, because ex-
cept in relatively uncommon types of cancer, active EMT
is not readily detected using conventional imaging meth-
odologies, such as immunohistochemistry of paraffin-fixed
tissue samples (Iwatsuki et al. 2010). Future studies are
needed to address these questions using lineage-tracing ap-
proaches and new methods of in vivo imaging.
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