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The process of Epithelial-Mesenchymal-
Transition (EMT) is known to result in a 
phenotype change in cells from a proliferative 
state to a more invasive state. EMT has been 
reported to drive the metastatic spread of 
various cancers and has also been associated 
with drug resistance to cytotoxics and 
targeted therapeutics. Recently phenotype 
switching akin to EMT has been reported 
in non-epithelial cancers such as metastatic 
melanoma. This process involves changes 
in EMT-Transcription Factors (EMT-TFs), 
suggesting that phenotype-switching may 
be common to several tumour types. 

It remains unclear as to whether the presence 
of both Epilthelial-like and Mesenchymal-
like cells are a pre-requisite for phenotype 
switching within a tumour, how this 
heterogeneity is regulated, and if alteration 
of cell phenotype is sufficient to mediate 
migratory changes, or whether drivers of 

cell migration result in an associated phenotype switch in cancer cells. Similarly it has yet to be 
clarified if cells in an altered phenotype can be refractory to drug therapy or whether mediators 
of drug resistance induce a concurrent phenotypic change. Little is known today about the 
underlying genetic, epigenetic and transient changes that accompany this phenotypic switch 
and about the role for the tumor micro-environment in influencing it. Hence this is currently 
an area of speculation and keen interest in the Oncology field with wide-ranging translational 
implications. 
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Co-expression of epithelial cytokeratins (pan CK 
[AE1/AE3]•Flour594-Red) and mesenchymal 
vimentin (Vim [C-20]-Flour488-Green) in  
MDA-MB-468 human breast cancer cells growing 
as xenografts in SCID mice. Cell nuclei are stained 
with DAPI (blue). 
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In this Frontiers Research Topic, we discuss our current understanding of these concepts in 
various cancer types including breast cancer, colorectal cancer and metastatic melanoma. This 
topic covers how these processes of cellular and phenotypic plasticity are regulated and how 
they relate to cancer initiation, progression, dormancy, metastases and response to cytotoxics 
or targeted therapies. 
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Cellular and phenotypic plasticity is a key feature of development and normal function of cells
withinmostmulticellular organisms. The ability to respond to various intrinsic and external cues and
stimuli in a regulated fashion allows for appropriate cellular adjustments. This plasticity observed in
most cell types is retained in cancer and can lead to opportunistic adaptation allowing therapeutic
escape and acquisition of motile and invasive abilities that pose ongoing challenges for effective
therapy. The dynamic nature of this plasticity and the apparent requirement for widely divergent
phenotypes for different aspects of the metastatic cascade (e.g., initial escape – mesenchymal and
distant colonization – epithelial) is especially challenging.

The consequences and functional outcomes of this plasticity are well-studied and widely reported
in relation to epithelial–mesenchymal transition (EMT). In normal and cancer cells alike, EMT
is regulated through signaling pathways (1), the outcome of which is dictated by the balance and
cross-talk between the pathways as reviewed within this Research Topic (2). EMT is classically
defined as a dynamic, multistep cellular process that allows non-motile, highly organized and
polarized epithelial cells to acquire motile and more fibroblast-like, mesenchymal characteristics. It
is accompanied by the loss of some epithelial characteristics including specialized cell–cell junctions
and apical-basal polarity, and a complex reorganization of the cellular cytoskeleton (3). Functional
consequences of EMT, including enhanced or acquired migratory capacity, can result in the release
of tumor cells into circulation (4) and ultimately metastasis of the cancer. Not all cells within
a tumor undergo EMT, as different signaling inputs at different tumor sites or a variation in
genetic drivers in different clones can lead to different cellular states. However, EMT and EMT-
like processes contribute greatly to tumor heterogeneity, the challenges of which are highlighted for
colorectal cancer within this Research Topic (5). EMT-like phenotype-switching processes have also
been described in non-epithelial cancers, such as in melanoma (6). As reviewed in this Research
Topic (7), this can involve similar EMT inducers and EMT-transcription factors (EMT-TFs), but
variable patterns in terms of expression. Also, unlike the more distinct differences seen after EMT
in development, carcinoma systems often exhibit a partial EMT, sometimes called a metastable
or hybrid phenotype, reinforcing the concept of dynamic epithelial–mesenchymal plasticity
(EMP) (3, 8, 9).

Besides the already mentioned functional changes, tumor cells can undergo changing antigen
patterns in a dynamic process parallel to phenotype switching (10), allowing for escape from
recognition by already primed cytotoxic T lymphocytes (CTLs) and resulting in immune evasion.
Thus, while adaptive as well, the immune system needs to constantly re-adjust, just one of the many
obstacles for immune-based tumor control.

Recently, there has been an expanding body of research linking EMT and the mesenchymal-like
phenotypic state of cells to therapy resistance. In the case of epithelial cancers, such as breast
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and colorectal cancers, elevated expression ofmesenchymalmark-
ers or alterations to mesenchymal phenotypes has been shown to
be associated with increased metastasis (11) and poor response to
treatment (12). Cancer cells in a more mesenchymal-like state are
more refractory to conventional cytotoxic therapies, to radiation,
and to targeted therapies (13, 14). The exact mechanism of sur-
vival in these cells is not yet clear. It is possible that phenotypic
mediators can confer survival or anti-apoptotic signals, or possi-
bly the altered phenotypic state usually associated with reduced
proliferation renders them refractory to cell death following
treatment.

The extent of changes within the proteome and signaling net-
works of cancer cells, particularly in the context of acquired resis-
tance to targeted therapies (driven by genetic changes), is broad
and exemplified in this Research Topic by a phospho-proteomics
study of melanoma cells resistant to BRAF inhibitor therapy (15).
Experience from the clinic of patients relapsing within months of
BRAF-inhibitor treatment demonstrates the challenging clinical
implications of this complexity (7).

Cancer cells do not exist in isolation. They are in direct contact
with stromal cells and an intense crosstalk between “normal” cells
and cancer cells is constantly occurring. The tumor microen-
vironment is regulated by factors produced by both the tumor
and the stromal cells (5) and is not limited to close proximity.
In recent years it has been demonstrated that primary tumors
can establish favorable conditions for future metastasis in distant
organs. The so-called pre-metastatic niche can be formed by
non-tumorigenic host cells, cytokines, and tumor-derived exo-
somes, small extracellular vesicles that transfer information froma
tumor to other cells as reviewed by Vella (16), thereby influencing
other cellular compartments for promotion of tumor growth and
metastasis (17).

Based on these data, it is clear that prevention of a phenotypic
switch to this refractory state or reversal to an epithelial-like
state (MET) that would restore proliferative capacity may pro-
vide a means for maintaining or enhancing drug responsiveness,
and possibly even reducing heterogeneity. Hence, identifying the
molecular drivers that induce or maintain the mesenchymal-like

phenotype, provides an opportunity for “drugging” this pheno-
typic drug-resistant state, through inhibition of the key signaling
pathways that regulate the critical EMT-inducers (12, 18, 19).
This approach must be tempered with the risk that reversion to a
proliferativeMET state will increase tumor burden if the therapies
delivered are not sufficiently effective. Our understanding of the
balance, regulation, and cross-talk between the pathways intrin-
sically within the cancer cells, as well as extrinsically in relation
to the tumor microenvironment, is revealing opportunities for
multi-modality therapies. The identification of potential biomark-
ers of cell state and drug response will also help to guide the
choice of therapy and timing for individualized treatment for each
patient. The use of novel, multi-cellular organisms for expanding
our understanding of these processes (20) is a necessary path to
advance research discoveries in this area.

With a better understanding of the processes implicated in
cancer progression, and the key regulatory elements, options for
improved therapeutic strategies can be designed to specifically
predict and exploit the plasticity of cancer cells. As we move
from an era of DNA damaging therapy into an era of combi-
nation multi-modality treatments, the focus of the therapeutic
target shifts from just the tumor type or the genetic alteration,
to the interplay between oncogenic drivers, the vasculature, the
microenvironment, and, most promisingly, the immune system.
Understanding this complex interplay and the adaptive changes
induced by therapy, within the tumor cells as well as within
interacting compartments, is an undeniably important aspect of
current and future research efforts toward effective treatment to
control, and hopefully cure, cancer.
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Epithelial–mesenchymal transition (EMT) and cell transformation have been well-
documented in multiple cancer cell models and are believed to be one of the earliest
events in tumor progression. Genetic and epigenetic modifications shift cells toward either
end of the EMT spectrum, and can be influenced by the microenvironment surrounding
a tumor. EMT and mesenchymal–epithelial transition are critical to normal function and
development and an intricate network of transcription factors and transcriptional regula-
tors tightly regulates these processes. As evidenced in normal and transformed cell lines,
many signaling pathways trigger EMT during development and differentiation.The signaling
pathways include those triggered by different members of the transforming growth factor
superfamily, epidermal growth factor, fibroblast growth factor, hepatocyte growth factor,
hypoxia-inducible factor, Wnt, Notch, and many others. Functional redundancies allow cells
to undergo EMT even if these key transcriptional regulators are lacking, but these same
redundancies also make these pathways particularly susceptible to gain-of-function muta-
tions or constitutive signal activation; the “forced” transition toward either a mesenchymal
or epithelial phenotype.

Keywords: epithelial–mesenchymal transition, microenvironment, invasion, motility, transforming growth factor-
beta

INTRODUCTION
Historically, signaling pathways were studied in isolation and
treated as linear entities that never interacted; however, studies
in the emerging field of systems biology have provided a grow-
ing appreciation of the importance of pathway crosstalk and
emphasized the complexity of signaling webs during development
and tumor progression. This is especially true for the process
known as epithelial–mesenchymal transition (EMT). EMT was
first described in the 1980s because of its pivotal role during
embryonic development and was later implicated in the phys-
iological response to injury (1). EMT is critically involved in
normal embryogenesis and development and epithelial cells have

Abbreviations: bHLH, basic helix–loop–helix; BMP, bone morphogenetic protein;
CTBP, C-terminal binding protein; CTC, circulating tumor cell; CXCR4, C–X–C,
chemokine receptor 4; EGFR, epidermal growth factor receptor; EMT, epithelial–
mesenchymal transition; ERK, extracellular signal-regulated kinase; FGF, fibroblast
growth factor; GRB2, growth factor receptor-bound protein 2; GSK, glycogen syn-
thase kinase; HDAC, histone deacetylase; HGF, hepatocyte growth factor; HIF,
hypoxia-inducible factor; IGF, insulin-like growth factor; IκB, nuclear factor of
kappa light polypeptide gene enhancer in B-cells inhibitor, alpha; IL-6 interleukin
6; IRAK, interleukin-1 receptor-associated kinase; JNK, c-Jun N-terminal kinase;
MAPK, mitogen-activated protein kinase; MET, mesenchymal–epithelial transition;
MMP3, matrix metalloproteinase-3; MMSET, multiple myeloma SET domain; NF-
κB, nuclear factor kappa-light-chain-enhancer of activated B-cells; PDGF, platelet-
derived growth factor; PI3K, phosphatidylinositol-3-kinase; PTEN, phosphatase and
tensin homolog; PTHRP, parathyroid hormone-related protein; RANKL, receptor
activator of NF-κB ligand; SDF-1, stromal-derived-factor-1; SOS, son of sevenless;
TGF, transforming growth factor; TNF, tumor necrosis factor; TRAIL, tumor necro-
sis factor-related apoptosis-inducing ligand; TRAF, TNF receptor-associated factor;
ZEB, zinc-finger E-box-binding homeobox; ZO, zonula occludens.

developed an intricate network of signaling pathways that include
redundancies that safeguard and ensure proper functioning even
in the event of a genetic lesion. However, these functional redun-
dancies also leave the signaling network particularly susceptible
to gain-of-function mutations and inappropriate signal amplifi-
cation, eventually leading to tumor progression. Thus, EMT is not
only a key biological process during embryonic morphogenesis but
also a defining characteristic. EMT is also one of the earliest steps
of solid tumor progression, associated with tumor growth, inva-
sion, and metastasis, and contributes to the conversion of tumors
from low- to high-grade malignancy (2, 3).

During EMT, epithelial cells undergo a developmental switch
that results in decreased adhesion and loss of cell polarity,
increased proliferation, and increased motility and invasiveness
(4). Invasion is a key step to progression toward a malignant phe-
notype,and occurs when tumor cells translocate from the relatively
constrained initial neoplastic mass into neighboring host tissues.
To accomplish this, cancer cells must somehow detach from the
primary tumor and migrate through surrounding tissues, opening
up the opportunity to penetrate the basal-membrane surround-
ing a blood or lymphatic vessel, travel throughout the body via
the circulatory system, and colonize distant sites where metastatic
foci can be formed. Growing evidence suggests that in order for
benign cancer to progress toward malignant disease tumor cells
undergo EMT (5). The EMT process is associated with a num-
ber of morphological and biochemical changes where polarized
and basal-membrane anchored epithelial cells acquire a mesenchy-
mal, fibroblastoid phenotype. Morphologically, during the onset
of EMT cells transform from a cuboidal epithelial-like cell to a
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spindle-shaped mesenchymal-like cell. These changes are associ-
ated with the down-regulation of epithelial cell surface markers
and cytoskeleton components [e.g., E-cadherin, zonula occludens
(ZO)-1, claudins, occludins, cytokeratins] and the up-regulation
of mesenchymal markers (e.g., vimentin and α-smooth muscle
actin) and extracellular matrix components (e.g., collagens and
fibronectin) (6). The essential features of EMT as it relates to
tumor progression are disruption of intercellular contacts and
enhanced migration, the capability of matrix remodeling and
tumor tissue remodeling, invasion into and migration through
the extracellular matrix without the assistance of cell–cell con-
tacts, and apoptotic resistance. Although the molecular basis of
EMT have not been completely elucidated, in vitro and in vivo
model systems have identified five main interconnected trans-
duction pathways that lead to EMT and EMT-like phenotypes,
many of which connect EMT to the extracellular matrix and the
microenvironment surrounding tumors: tyrosine kinase receptors
including the receptors for platelet-derived growth factor (PDGF),
epidermal growth factor (EGF), insulin-like growth factor (IGF),
hepatocyte growth factor (HGF), and fibroblast growth factor
(FGF); nuclear factor kappa-light-chain-enhancer of activated B-
cells (NF-κB); integrins; transforming growth factor (TGF)-β;
Wnt; and many others (7). Many of these pathways share com-
mon downstream signaling effectors, highlighting the complexity
of the signaling networks involved in EMT (8). In this review,
we summarize some of the most prominent EMT-inducing net-
works and the associated molecular events leading to the tran-
sition of differentiated, polarized epithelial cells to a fibroblastic,
mesenchymal cell.

EMT-RELATED SIGNALING NETWORKS THAT REGULATE
E-CADHERIN
Most signaling pathways involved in the initiation of EMT result
in the down-regulation of E-cadherin, an epithelial cell adhesion
molecule that serves as a “master programmer” of EMT [recently
reviewed in Ref. (9)]. A critical mediator of EMT, E-cadherin has
often been described as the gatekeeper of EMT (10, 11) and in
most cell types, the loss of functional E-cadherin results in loss
of cell adhesion, leading to rapid cell growth and metastasis (9).
In addition to its role in cell adhesion, E-cadherin is involved in
transmitting signals within cells that control cell maturation, dif-
ferentiation, motility, and growth. E-cadherin also acts as a tumor
suppressor protein, preventing cells from growing and dividing too
rapidly or in an uncontrolled way; E-cadherin down-regulation
has been implicated in cell migration and invasion in murine mod-
els of mammary, prostate, and pancreatic cancer (12). Providing
further correlative support for a role of E-cadherin during tumor
formation, E-cadherin is inactivated in many diffuse-type cancers
such as lobular breast carcinoma and gastric carcinoma, in which
cells in a tumor mass lose epithelial characteristics and exhibit
a highly invasive EMT-derived histological pattern. E-cadherin
down-regulation occurs in solid, non-diffuse-type cancers at the
tumor-stroma boundary where single EMT-derived tumor cells
invade otherwise healthy tissue. In the case of single cell infil-
tration, E-cadherin loss and subsequent resulting EMT could be
a transient, reversible process, possibly regulated by the tumor
microenvironment; neoplastic cells that have undergone EMT

during invasion seem to regain E-cadherin expression and their
epithelial, cohesive characteristics at the secondary foci (13).

Molecular events during EMT result in transcriptional regula-
tion of the transcription factors Snail (Snail1), Slug (Snail2), zinc-
finger E-box-binding homeobox (ZEB)1/2, and Twist1/2, leading
to a molecular fingerprint that serves as a phenotypic marker dur-
ing EMT (14). In particular, Snail, Slug, Twist, SIP1/ZEB, and
E47 negatively regulate E-cadherin expression (14, 15) and dis-
play overlapping functional redundancy, in part through their
common recognition of E-box sequences (Figure 1). Snail and
Slug initiate EMT during development, fibrosis, and the initial
invasion of cancer by repressing epithelial genes like E-cadherin
by binding to E-box DNA sequences through their carboxy-
terminal zinc-finger domains (16). While ZEB1/2 also binds to
E-box sequences, ZEB-mediated transcriptional repression often
involves the recruitment of a C-terminal-binding protein (CTBP)
co-repressor (16). Twist1/2 belongs to the basic helix–loop–helix
(bHLH) family of transcription factors and represses E-cadherin
expression independently of Snail, probably through interactions
with co-repressors (16). E47 also binds to the E-cadherin E-box,
but appears to independently promote angiogenesis during tumor
growth (17). Involved in most physiological EMT situations, over-
expression of Snail, Slug, ZEB1/2, or Twist1/2 in epithelial cell
lines typically induces EMT (18–20). These transcription fac-
tors also regulate genes other than E-cadherin. Twist and Snail
have emerged as promising candidates of EMT “master genes”
because they regulate genes involved in motility, proliferation, dif-
ferentiation, and survival, including matrix metalloproteinases,
N-cadherin, and E-cadherin in in vitro and in vivo experiments
(19, 21). The signaling pathways involved in EMT should not
be viewed in isolation, for evidence of interactions and crosstalk

FIGURE 1 |Transcriptional regulators of EMT regulate E-cadherin.
Shown is a graphical representation of how several of transcriptional
regulators of EMT regulate E-cadherin expression. Arrows represent
up-regulation, T-bars represent inhibition.
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between multiple pathways exists. For example,Snail and Slug both
repress E-cadherin levels and are co-expressed in various carcino-
mas, including breast and ovarian cancer (22). Nevertheless, by
employing multiple signaling cascades, Snail and Slug could have
both overlapping and simultaneously distinct roles during tumor
progression, similar to what has been described for Dnmt3a/b and
Vav1/2 during hematopoiesis (22–25). β-Catenin not only inter-
acts with E-cadherin to maintain cell–cell adhesion but is also
shuttled to the nucleus where Wnt serves as the transcription effec-
tor of the Wnt signaling pathway to promote proliferation and cell
survival (26). This is particularly relevant during EMT because
Wnt gene mutations and aberrant activation of β-catenin are
considered critical events in tumor cell maintenance and growth
(27). Glycogen synthase kinase (GSK)-3β-mediated stabilization
of Snail is not only part of the Wnt signaling cascade but is also
required in colorectal cancer cells for EMT induced by the pro-
inflammatory cytokine tumor necrosis factor (TNF)-α (28). Slug
was identified as a downstream Wnt signaling pathway effector in
a basal-like carcinoma model that also linked the Wnt pathway
to tumor proliferation and self-renewal (29). These finding sug-
gest that Slug and Wnt play important roles in maintaining the
stemness of human mammary tumor cells.

EMT AND CIRCULATING CANCER CELLS
It is believed that some cells slough off the outer edges of a tumor
as it proliferates and are swept away by the bloodstream or lym-
phatic system (30). These rare so-called circulating tumor cells
(CTCs) from a primary tumor have the capacity to be shed into
the vasculature, where they circulate throughout the bloodstream
and eventually find a suitable location to colonize and form distant
metastases in new tissues (30). One of the key features of the CTC
theory of metastasis is that these cells are able to become quiescent
until microenvironmental conditions favor growth. Interestingly,
two EMT-inducers, Snail and Twist, are upregulated in CTCs and
allow cancer cell populations to revert to a stem-cell-like quies-
cent state (31). Further supporting a link between EMT and CTCs,
more than 80% of CTCs collected based on the expression of an
epithelial marker (EpCAM) also expressed a mixture of epithelial
and mesenchymal markers, suggesting that these CTC were cur-
rently transitioning along the EMT axis (32). Indeed, these cells
expressed many molecular markers only seen in cells undergoing
EMT, including epithelial proteins such as cytokeratin and E-
cadherin; mesenchymal proteins including vimentin, N-cadherin,
and O-cadherin; and the stem cell marker CD133 (32). Addition-
ally, CTC-like cells increased after immortalized human mammary
epithelial cells were transfected with Ras to initiate EMT (33, 34).
Further implicating EMT in CTC production,CTCs obtained from
metastatic breast cancer patients express a much higher rate of
Twist and vimentin, two markers of EMT, than patients with early
breast cancer (35). Many of the same microenvironmental cues
that regulate EMT also seem to be upregulated in CTCs, espe-
cially hypoxia and inflammatory mediators such as NFκB and
TGFβ (36). Inflammatory signaling mediators emanating from the
microenvironment also play a critical role in the maintenance of
CTCs. The receptor for stromal-derived-factor-1 (SDF-1), C–X–
C chemokine receptor 4 (CXCR4) enhances the survival of CTCs
as they circulate throughout the body (37). Microenvironmental

signals also serve as cues to tell CTCs to leave the circulation and
to colonize distant organs. In breast cancer, bone marrow cells
secrete parathyroid hormone-related protein (PTHRP), TNF-α,
interleukin 6 (IL-6), and/or IL-11 stimulate the release of the
receptor activator of NF-κB ligand (RANKL) from osteoblasts and
suppress the release of the RANKL antagonist osteoprotegerin,
allowing for breast tumor CTCs to colonize the bone marrow
(37). TNF-related apoptosis-inducing ligand (TRAIL) has also
been recently shown to contribute to EMT by miR-221-induced
suppression of phosphatase and tensin homolog (PTEN) (38).
Similarly, interactions between endothelial selectins and selectin
ligands expressed on CTCs, up-regulation of adhesion molecules,
and interactions between adherent neutrophils within inflamed
sinusoids and CTCs contribute metastatic colonization of the liver
(39). Together, these examples paint a complex picture of signaling
crosstalk that intersect at the CTC and play a critical role in tumor
progression.

MicroRNA REGULATION OF EMT
MicroRNAs (miRNAs) are small non-coding RNA molecules that
play key roles in the regulation of transcriptional and post-
transcriptional gene expression (40). In addition to their impor-
tant roles in healthy individuals, miRNAs are important players
during EMT and are differentially expressed in a broad range
of cancers (41). Because a single miRNA can target several mes-
senger RNAs, dysregulation of miRNAs can influence multiple
signaling pathways leading to tumor formation and metastasis.
For example, miR-138 controls EMT by targeting at least three
genes: vimentin, ZEB2, and enhancer of zeste homolog EZH2
(42). Similarly, the miR-200 micro RNA family targets at least two
transcriptional repressors of E-cadherin, ZEB1 and ZEB2; alter-
ing miR-200 in transformed cell lines induced changes consistent
with either inducing EMT or the reverse process, mesenchymal–
epithelial transition (MET) (43). Reduced expression of miR-30a
promotes TGF-β-induced EMT by targeting SNAI1 (44). In addi-
tion to the control of transcription factors, miRNA also affects
multiple aspects of the EMT process, including increased motil-
ity and invasiveness, cell adhesion, disassembly of epithelial cell
junctions, and destabilization of tight junctions (45).

GENETIC LESIONS AND EPIGENETIC MODIFICATIONS IN
EMT
Many signaling pathways associated with EMT result in increased
cellular proliferation and create feedback loops, resulting in a
perpetual proliferative state during the initial stages of EMT. In
normal, healthy cells, genomic integrity during cell division is
ensured by DNA repair and cell cycle checkpoints that respond
to DNA damage by inhibiting critical cell cycle events (46). How-
ever, the increased proliferation rate in cells undergoing EMT
provides tumor cells an opportunity to proceed through mito-
sis without high-fidelity proofreading and/or repair, consequently,
resulting in the potential of increased mutation rates (47). How-
ever, increased proliferation during EMT is not sufficient for
tumor development on its own and additional genetic lesions
are required to move past the initial cellular dysplasia toward a
malignant tumor. Consistent with this model, the carcinogenic
potential of estradiol, for example, is thought to be mediated
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by a combination of proliferation and increased mutation rate
[reviewed in Ref. (48, 49)].

Epigenetic deregulation of gene expression is involved in the
initiation and progression of multiple cancers and an important
initiator of EMT. Similar to its role in differentiation, develop-
ment, and malignant transformation, epigenetic reprograming
during EMT is largely mediated by chromatin remodeling (50).
DNA methylation patterns are preserved during EMT and sus-
tained EMT activation leads to epigenetic alterations, inducing
heritable changes that maintain the mesenchymal phenotype even
after EMT-initiating signals are removed. Epigenetic modifica-
tions, especially histone and DNA methylation, are critical to
gene regulation and establish patterns of gene repression during
development and EMT (51). Snail represses E-cadherin expres-
sion by forming a co-repressor complex with histone deacety-
lase HDAC1 and HDAC2, resulting in E-cadherin silencing and
in vivo pancreatic cancer progression (52). Overexpression of
the histone methyltransferase MMSET (multiple myeloma SET
domain) in prostate cancer influences histone 3 lysine 36 dimethy-
lation (H3K36me2) and lysine 27 tri-methylation (H3K27me3).
MMSET overexpression in immortalized prostatic epithelial cells
leads to increased migration, increased invasion, morphological
changes, and altered gene expression consistent with transition
from an epithelial cell-like state to a mesenchymal cell-like state
(53). Mediated by the ability of MMSET-mediated activation of
TWIST1, a gene implicated in tumor-associated EMT and inva-
sion (19), these data suggest that deregulated MMSET results in
aberrant epigenetic gene regulation, leading to tumor progres-
sion and metastasis. Genome-wide histone maps focusing on H3
lysine 4 and lysine 27 tri-methylation (H3K4me3 and H3K27me3)
identified differentially expressed genes in embryonic stem cells
(54–57), hematopoietic stem cells/progenitor cells (58), T cells
(59), and in prostate cancer cells (60). Although DNA methyla-
tion has been implicated in the transition from EMT to MET,
reversible histone modifications are the predominant factors in
reactivation of E-cadherin expression during the transition from
EMT to MET (61).

Genome-scale mapping revealed that most chromatin changes
are heterochromatin K9-modifications, suggesting that EMT is
characterized by the epigenetic reprograming of specific, large
chromatin domains across the genome (50). Similarly, clustered
chromatin profiles using combinatorial patterns of posttransla-
tional histone modifications and covalent changes to genomic
DNA discovered a distinct chromatin signature among genes in
well-established EMT pathways including the epidermal growth
factor receptor (EGFR), suggesting that chromatin remodeling
of EGFR plays an important role in EMT (62). Acetylation,
regulated mainly through HDACs also affects EGFR expres-
sion and downstream signaling. HDAC6 up-regulation slows
EGFR endocytic trafficking from early endosomes to late endo-
somes in renal epithelial cells and HDAC6 inhibition results
in decreased phosphorylation of extracellular signal-regulated
kinase (ERK) 1/2, a downstream target of EGFR (63). Future
experiments should determine if these findings are common to
EMT and determine if similar epigenetic reprograming occurs
in other physiological contexts. Aside from this role in epi-
genetic reprograming, crosstalk between the more traditionally

known EGFR signaling cascade and components of other sig-
naling pathways frequently leads to abnormal activation of pro-
proliferative and anti-apoptotic pathways. The most common
signaling cascades activated by EGFR are the phosphatidylinositol-
3-kinase (PI3K)/Akt, Ras/Raf/Mek/extracellular signal-regulated
kinase, and the Jak/Stat pathways (64) that both contribute to
the development of malignancies by impacting cell cycle progres-
sion, inhibition of apoptosis, angiogenesis, tumor cell motility,
and metastases (65). Crosstalk between EGFR and other signal-
ing pathways impact cancer treatment as well as the initiation of
EMT. For example,one well-known mechanism of resistance to the
selective EGFR inhibitor gefitinib/erlotinib is HGF receptor tyro-
sine kinase gene amplification. HGF receptor tyrosine kinase gene
amplification bypasses normal EGFR signaling to instead activate
AKT through HER3-mediated activation of PI3K in the presence
of EGFR tyrosine kinase inhibitors (66).

CROSSTALK BETWEEN TGFβ AND OTHER SIGNALING
PATHWAYS MEDIATING EMT
Signaling pathways are not independent from each other, but
rather interact to form complex signaling networks; the TGFβ

signaling pathway is no exception. Most likely, due to its involve-
ment during many cellular processes including proliferation, dif-
ferentiation, apoptosis, and cellular homeostasis, the TGFβ path-
way interacts with many other signaling pathways during EMT
(Figure 2). One mechanism by which TGFβ initiates EMT is by
removing β-catenin from adherens junctions in a process that
involves TGFβ-dependent PTEN dissociation from β-catenin and
Akt activation (67). Depending on the context, Notch can either
synergize with TGFβ/bone morphogenetic protein (BMP) signals
to induce target genes or inhibit TGFβ/BMP signaling (68–71). In

FIGURE 2 | Crosstalk between EMT-inducing signaling pathways.
Representation of some of the points of intersection between various
EMT-inducing signaling pathways. For clarity, branches that did not result in
crosstalk are not shown. Arrows represent up-regulation.
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the presence of other growth factors, TGFβ/BMP signaling gener-
ally stimulates migration and blocks endothelial cell proliferation,
but Notch signaling inhibits the migratory affect of BMP (72).
Stimulation of endothelial cells with BMP alone promoted cell
migration, but in the presence of Notch signaling, cell migra-
tion was inhibited (72). Interestingly, the dominance of Notch
signaling over BMP signaling was cell–cell contact-dependent, sug-
gesting that endothelial cells not in contact with surrounding cells
are stimulated by TGFβ to migrate until new cell–cell contacts
are established, at which point Notch induces gene expression
changes and arrests further migration (72). Similarly, Notch sig-
naling is necessary for growth arrest by TGFβ in epithelium; over
30% of TGFβ-induced epithelial genes require Notch signaling
for full expression (68). TGFβ leads to increased jagged-1 expres-
sion and siRNA-mediated knockdown of jagged-1 leads to reduced
TGFβ-induced p21 expression, rescuing TGFβ-inhibited prolifer-
ation (68). Therefore, TGFβ induces both c-myc, which stimulates
cell cycle progression, and jagged-1, which blocks cell cycle pro-
gression through stimulation of Notch and induction of p21.
Jagged-1 induction is rapid and transient, so a balance between
TGFβ/Notch-induced p21 and TGFβ/Smad-induced c-myc may
act as a switch to regulate cell proliferation (72).

Further supporting the importance of crosstalk during EMT,
Erk, c-Jun N-terminal kinase (JNK), and p38 indirectly regulate
TGFβ signaling, but TGFβ treatment leads to activation of Erk1/2
and mitogen-activated protein kinase (MAPK) signaling (73).
Smad-dependent signaling and MAPK-mediated Erk1/2 activa-
tion is believed to result in cross-talk between the TGFβ and EGF
signaling pathways (74). The MAPK/Erk signaling pathway also
mediates Smad2/3 phosphorylation and nuclear exclusion, which
is believed to be important for the attenuation of TGFβ-induced
nuclear translocation of MAPK (74). MAPK signaling also results
in Smad1/5 phosphorylation, leading to an inability to translo-
cate specific Smads into the nucleus (74). Erk-mediated Smad1
phosphorylation creates a docking site for the Smad1/5-specific E3
ubiquitin ligase, Smurf1. Smurf1 binding results in Smad ubiqui-
tination and eventual degradation and blocks Smad interactions
with the nuclear pore complex. MAPKs also regulate the pro-
tein stability of Smad4 and the inhibitory Smad7 (74), suggesting
that Smad3 is indispensable to the mediation of the pro-apoptotic
effects of TGFβ, Smad3, but not the closely related Smad2, is the
primary target of PI3K/Akt-mediated inhibition (74). In addition,
TGFβ regulates Akt activity and phosphatase and tensin homolog
(PTEN) function during EMT initiation. In addition to activating
the MAPK and PI3K/Akt pathways, ErbB signaling interacts with
TGFβ/Smad during development and breast cancer progression
(75). The PI3K/Akt pathway is also subjected to TGFβ regulation.
Akt activity increases in response to TGFβ treatment, which seems
to be required for a variety of TGFβ-induced activities, such as cell
migration of HER2-expressing breast cancer cells, EMT of nor-
mal mammary epithelial cells, cell survival of mouse hippocampal
neurons and mesenchymal cells, as well as growth stimulation of
certain fibroblasts (74, 75). EGFR and IL-6R signaling cross-talk
through JAK2/STAT3 to mediate EMT in ovarian carcinomas; acti-
vated STAT3 in high-grade ovarian carcinomas may occur directly
through activation of EGFR/IL-6R or indirectly through induc-
tion of IL-6R signaling (76). Another ligand of EGFR, TNF-α,

also induces EMT through NF-κB-mediated transcriptional up-
regulation of Twist1 (77). In breast cancer-related EMT, HER2/Ras
antagonizes TGFβ-induced apoptosis and cell cycle arrest while
simultaneously enhancing the pro-migratory and pro-invasive
functions of TGFβ (78). TGFβ transcriptionally downregulates
PTEN in Smad4 null pancreatic cancer cells and relies on the func-
tion of the Ras/MAPK pathway (73–75). EMT-related crosstalk is
also clinically relevant; pharmacological blockade of IGF-1R fully
prevented TGFβ’s ability to activate an EMT protein signature (79).

INVOLVEMENT OF THE MICROENVIRONMENT DURING EMT
The tumor microenvironment plays a crucial role in tumor pro-
gression and metastasis, and as tumors develop, the integrity
of the surrounding basement membrane plays a critical role in
invasion and metastasis. The tumor microenvironment is com-
posed of inflammatory and immune cells, physical interactions
with neighboring cells, oxygen and nutritional gradients, stromal
extracellular matrix, and soluble factors. Cells neighboring the
developing tumor secrete growth factors and inhibitory molecules
that regulate tumor proliferation and apoptosis, while tumor cells
simultaneously secrete factors to neighboring cells that regulate
adhesion. The temporal–spatial changes within the microenvi-
ronment surrounding tumors and the interaction between tumor
cells and their microenvironment are crucial to tumor initiation
and development, and are especially critical to cancer cell quies-
cence, tumor progression, invasion, tumor metastasis, and drug
resistance (Figure 3) (80).

FIGURE 3 | ECM/growth factor involvement in EMT. Shown are several
molecular mechanisms by which the cells within the tumor
microenvironment can influence tumor progression and EMT initiation.
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Many signals received from the tumor microenvironment can
initiate EMT including TGFβ, hypoxia-inducible factor (HIF)-1α,
EGF, WNTs, and Notch (21). Various signals trigger expression
of these transcription factors including heterotypic interactions
with neighboring cancer cells and interactions with adjacent
tumor-associated stromal cells. Epithelial–mesenchymal inter-
actions within the tumor microenvironment integrate several
important signaling molecules that are critical for tumor growth
and metastasis, including integrins, cytokines, and growth fac-
tors (81). Crosstalk between the TGFβ and HER2/Ras/MAPK
signaling pathways often leads to secretion of additional growth
factors and cytokines, including TGFβ itself, which in turn
promotes EMT and cell invasion, whereas JNK kinases neg-
atively regulate the autocrine expression of TGFβ1 (73, 75).
ErbB receptors and their ligands are also involved in cross-talk
between cancer cells and the tumor microenvironment. EGFR
is activated in tumor-associated endothelial cells, but not in
endothelial cells within uninvolved organ regions, suggesting that
EGFR activation and expression is partially determined by the
tumor microenvironment (82). As time goes on, the impor-
tance of the microenvironment to pathogenesis is becoming
clearer, from the role the ECM and matrix rigidity plays in
determining polarity, to the extracellular metabolism of growth
factors and matrix molecules during cancer progression and
metastasis.

Extracellular matrix proteins and physical properties within
the microenvironment can lead to tumor progression by activat-
ing EMT-inducing pathways within tumors. One key extracellular
matrix protein is matrix metalloproteinase-3 (MMP3), a matrix-
degrading enzyme secreted by stromal fibroblasts known to induce
in vitro and in vivo EMT in mammary epithelial cells (83). When
tumor cells are exposed to MMP3, transcription of a splice vari-
ant of Rac1 called Rac1b increases stimulating the production
of reactive oxygen species and expression of Snail1 (84). EGFR
activation in human carcinoma cell lines increases MMP-9 activ-
ity and is associated with increased in vitro cell invasion (85).
Synthetic low-molecular weight or endogenous MMP inhibitors
or an anti-catalytic MMP-9 antibody blocked increased invasive
activity after EGF-mediated induction, indicating EGFR activa-
tion results in enhanced MMP-9 expression and may facilitate
the removal of extracellular matrix barriers to tumor invasion.
Additional proteins within the basement membrane influence
EMT induction from ectopic exposure of MMP3. For exam-
ple, the laminin suppresses EMT in MMP3-treated cells, while
fibronectin promotes EMT due to interactions with specific inte-
grin receptors (7). During this process, α6-integrin sequesters
Rac1b from the basement membrane and is required for inhibition
of EMT by laminin; α5-integrin maintains Rac1b at the mem-
brane and is required for the promotion of EMT by fibronectin
(7). Additionally, matrix rigidity may also play an important
role during EMT. The microenvironmental stiffness surround-
ing cells impacts differentiation and response to external mol-
ecular cues, while epithelial cells treated with MMP3 undergo
EMT when cultured on plastic or glass, cells cultured on soft
matrices do not undergo EMT in response to treatment with
MMP3 (7).

INVOLVEMENT OF INFLAMMATORY SIGNALING IN EMT
The microenvironment surrounding a tumor is often dominated
by inflammatory cytokines that promote tumor initiation by
leading to increased angiogenesis, tumor growth, and tumor
progression (86). Tumor-associated macrophages secrete EGF to
neighboring cancer cells, which in turn stimulate macrophages to
facilitate intravasation and metastatic dissemination of the can-
cer cells (87, 88). Together, these findings substantiate a role of
EGF-mediated signaling not only in EMT and proliferative sig-
naling itself but also in the cross-talk between tumor cells and
the microenvironment. The tumor microenvironment is largely
orchestrated by inflammatory cells, which facilitate extracellu-
lar matrix breakdown, angiogenesis, and tissue remodeling, thus,
promoting tumor cell motility (89). Inflammatory cells play a
major role in secreting activating factors that lead to NF-κB acti-
vation; NF-κB is a key regulator of the inflammatory response
shown to regulate Slug and Snail (90). TGF-β activity is deregu-
lated during malignant cancer progression, and plays an important
role in EMT (91). Similarly, both TNFα and interleukin-1β (IL-
1β) are expressed at low levels in normal breast epithelial cells,
but are upregulated in the majority of breast cancer patients,
with pronounced expression of both cytokines in over 80% of
patients who experience breast tumor relapse (92). In vivo murine
breast models suggest increased expression and activity of TNFα

results in many cancer-promoting functions and that inhibition
of TNFα expression leads to reduced breast cancer malignancy
(93). Chronic TNFα expression in the tumor microenvironment
is correlated with a more aggressive tumor phenotype (93). IL-1β

upregulates a variety of processes that contribute to higher angio-
genesis, tumor growth, and tumor progression and is considered
a strong and causative pro-inflammatory factor whose expres-
sion is associated with advanced cancer (94). TNFα impacts cell
morphology and may cooperate with TGFβ to lead to EMT in non-
transformed breast epithelial cells (95). Sustained co-expression of
TNFα and IL-1β acts through the complex regulatory processes of
the EMT activators Zeb1, Snail, and Twist to result in morphologic
changes including cell spreading, protrusion formation, decreased
E-cadherin expression, and increased expression of vimentin, all
consistent with EMT (96).

HYPOXIA AND EMT
When microenvironmental cues are favorable for growth, rapid
cell growth with a tumor results in local hypoxia and nutrient
deficits, regardless of the oxygen tension surrounding the tumor
(97). Therefore, sustained tumor growth requires increased local
vasculature to provide oxygen and metabolites to feed the grow-
ing tumor (98) and the nutritionally impoverished and hypoxic
environment within tumors results in local changes in hypoxia-
related gene expression, contributing to tumor heterogeneity (99).
Tumor cells adjust to hypoxia and lack of nutrients not only
by activating specific pathways associated with angiogenesis but
also associated with hypermetabolism, glycolysis, and resistance
to acidosis-induced toxicity (100). Hypoxia genes, especially HIF-
1α, are frequently upregulated within many solid tumors and
promote tumor progression (101, 102). HIF-1α induces EMT
and self-renewal of cancer stem cells, and facilitates metastasis;
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knockdown of HIF-1α inhibits or even reverses the EMT-like phe-
notype (103, 104). Hypoxia-induced EMT is mediated by HIF-1α

via up-regulation of transcription effectors such as Snail, Twist,
and ZEB1/2 and results in the suppression of E-cadherin expres-
sion (105–107). Several additional signaling pathways that are
critical for embryonic development including Notch, Wnt, and
TGFβ are also involved in hypoxia-induced EMT. Demonstrating
a complex integration of hypoxic signals into EMT, Notch signal-
ing directly upregulates Snail, and potentiates HIF-1α recruitment
to the lysyl oxidase promoter, resulting in stabilization of Snail,
increased cell motility, and increased invasiveness (108). Simi-
larly, Wnt/β-catenin signaling enhances hypoxia-induced EMT
by increasing the EMT-associated activity of HIF-1α and pre-
venting cell death (109). Hypoxia also inhibits Wnt signaling
by interfering with β-catenin acetylation (110), blocking secre-
tion of Wnt (111), and activating Siah-1 in a p53-dependent
manner (112).

Depending on cell type, Wnt/β-catenin signaling also enhances
hypoxia-induced EMT by increasing the EMT-associated activity
of HIF-1α and preventing tumor cell death (109). HIF-1α also
competes with T-cell factor-4 (TCF-4) to bind β-catenin and form
a HIF-1α/β-catenin complex, accompanied by increased HIF-1α

transcriptional activity in colorectal tumors (113). TGFβ signal-
ing also integrates hypoxia-related cues, for TGFβ/Smad3 inhibit
vascular smooth muscle cell apoptosis through an autocrine sig-
naling mechanism involving VEGF (114). Adding further com-
plexity to the impact of TGFβ signaling, TGFβ not only activates
the Notch signaling pathway but Notch signaling also activates
TGFβ in rat mesangial cells under high-glucose conditions (68,
115). It is important to note that this example also highlights
how signals from the microenvironment can influence signaling
outcomes.

CONCLUSION
Epithelial–mesenchymal transition is a key physiological process
during normal development and regulated by an intricate network
of signaling pathways that allows for the integration of signaling
cues during embryonic morphogenesis. While these signaling net-
works allow for the precise control required for a major switch
from a differentiated epithelial cell into mesenchymal cell, it also
opens up the possibility of deregulation on multiple levels dur-
ing pathological processes such as cancer and fibrosis. Owing
to the complex interactions between these signaling pathways,
activating mutations in signaling molecules can be amplified.
Many of these potentially deregulated pathways converge on a
few master regulatory molecules or parallel pathways can induce
changes on various levels. Thus, it is plausible that EMT con-
tributes to cancer progression in various ways, including tumor
growth, invasion, and metastasis. Moreover, depending on the
nature of the genetic lesions, EMT can become a very individual-
ized process, adding to the complexity of cancer,while also opening
up the possibility of personalized medicine. Thus, our improved
understanding of EMT signaling networks and their association
with therapeutic resistance is imperative for future development
of novel anti-tumor drug and treatment strategies, especially in
high-grade tumors and tumors that have developed therapeutic
resistance.
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There is increasing interest in circulating tumor cells (CTCs) due to their purported role in
breast cancer metastasis, and their potential as a “liquid biopsy” tool in breast cancer diag-
nosis and management. There are, however, questions with regards to the reliability and
consistency of CTC detection and to the relationship between CTCs and prognosis, which
is limiting their clinical utility.There is increasing acceptance that the ability of CTCs to alter
from an epithelial to mesenchymal phenotype plays an important role in determining the
metastatic potential of these cells. This review examines the phenotypic and genetic vari-
ation, which has been reported within CTC populations. Importantly, we discuss how the
detection and characterization of CTCs provides additional and often differing information
from that obtained from the primary tumor, and how this may be utilized in determining
prognosis and treatment options. It has been shown for example that hormone receptor
status often differs between the primary tumor and CTCs, which may help to explain failure
of endocrine treatment. We examine how CTC status may introduce alternative treatment
options and also how they may be used to monitor treatment. Finally, we discuss the most
interesting current clinical trials involving CTC analysis and note further research that is
required before the breast cancer “liquid biopsy” can be realized.

Keywords: circulating tumor cells, epithelial–mesenchymal transition, breast cancer, clinical application, metastasis

INTRODUCTION
Breast cancer is the most common cause of cancer death among
women (1). Prognosis for most patients with early breast cancer
(EBC) is generally very good, however, a significant proportion
(20–30%) of chemotherapy-treated EBC patients relapse with
metastatic disease (2). How to identify those breast cancer patients
who will relapse in the future and develop metastatic disease
remains elusive. Metastatic disease is initiated by circulating tumor
cells (CTCs) that originate from the primary tumor and spread the
cancer in the body via the blood circulatory system. These CTCs
may migrate to, and remain dormant in, sites such as bone mar-
row as disseminated tumor cells (DTCs). After variable latency
periods, DTCs may develop into overt metastases and although
this is not seen in all patients, it is seen more frequently in breast
cancer patients with persistent DTCs (3). Although considerable
research has been conducted to characterize these cells and their
role in dissemination, dormancy, and formation of metastasis,
many questions remain. For example, why are CTCs not detectable
in some patients with metastases, and why is it that some patients
with detectable CTCs never develop metastases?

In a rat model, human mammary tumors have been shown to
shed 3.2–4.1× 106 cells per day per gram of tissue (4), most of
which (~85%) are destroyed within minutes in the circulation (5)

by anoikis, a form of apoptosis driven by loss of cell–cell inter-
actions (6). However, some cells are resistant to anoikis (5). In a
mouse model, approximately 2.5% of CTCs formed micrometas-
tases (most of which subsequently disappeared over time) and
0.01% of CTCs progressed to form macrometastases (7). Metasta-
tic potential is not only influenced by CTCs resistance to anoikis,
but also the ability of CTCs to change their cellular phenotype
from epithelial to mesenchymal – termed epithelial–mesenchymal
plasticity (8).

Detection of either CTCs or DTCs is commonly associated with
an increased risk of metastases and accompanying poor prognosis
(9, 10). Researchers have, however, reported considerable varia-
tion in CTC detection rates and correlation with prognosis, even
in patients with substantial metastatic disease (11). To date, this
has prevented the use of CTCs as a routine prognostic clinical tool
(12). We focus our review on CTCs, their role in breast cancer
progression, and how CTC molecular variation and epithelial–
mesenchymal transition (EMT) may explain discrepancies in CTC
detection, therapy response, and relationship to prognosis.

CTC CHARACTERISTICS
Circulating tumor cells are extremely rare, with a frequency of
typically 1 per 106–7 leukocytes (13). Defining characteristics to
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delineate CTCs from other blood cells is difficult due to the sub-
stantial pleomorphism CTCs exhibit (14). Breast cancer CTCs have
a mean diameter of 13.1 µm (15), which is only slightly larger than
blood leukocytes measured at 10 µm (16). Accepted CTC charac-
teristics include presence of a nucleus, visible cytoplasm, and the
expression of cytokeratin and absence of CD45 expression (17).

Clusters of CTCs, also called tumor microemboli, are found in
some patients, comprising 4% of CTCs analyzed in one study (14)
and have been demonstrated to form prior to entering the circu-
lation, and to be precursors with more malignant potential than
their unicellular counterparts (18). Cluster presence, particularly
if sustained through treatment, correlates more strongly with poor
prognosis than single CTCs do in metastatic breast cancer (MBC)
patients (18).

EPITHELIAL–MESENCHYMAL TRANSITION
Most breast cancers are of epithelial origin (19). Epithelial cells col-
lectively maintain organized tissue architecture through distinct
contact between cells facilitated by E-cadherin, a homotypic trans-
membrane cell–cell adhesion protein (20, 21). A critical step in
tumor invasion and metastasis is the phenotypical change known
as EMT, normally a highly regulated process involved in embryo-
genesis and wound healing, and implicated in several disease states
including malignancy and fibrosis (22). Physiologically, activation
of a range of highly controlled signaling molecules triggers EMT
in response to specific stimuli (23). However in cancer cells, acti-
vation of this process is dysregulated (22). During EMT, adhesion
molecule expression is altered and cells take on mesenchymal char-
acteristics, becoming more elongated, flexible, mobile, and thereby
potentially invasive (19). This phenotype also mediates increased
resistance to common anti-cancer therapies including taxanes and
anthracyclines (24) and is elevated in breast cancer tissues remain-
ing after neoadjuvant therapies (25). Tumor cells surviving in the
hostile environment of the blood have undergone demonstrated
EMT changes (26, 27), which are considered crucial to the metasta-
tic process (28) and to resistance to anoikis (29). EMT is, for
instance, most evident in “triple-negative” tumors [those without
estrogen receptors (ER), progesterone receptors (PR), and human
epidermal growth factor receptor 2 (HER2)] and HER2 positive
(HER2+) tumors, and least frequent in ER positive (ER+) tumors,
particularly lobular cancers, mirroring the metastatic potential of
these tumor types (27, 30).

Whilst EMT/mesenchymal markers have been demonstrated
on CTCs, breast cancer metastases in liver, lung, and brain often
express higher levels of E-cadherin and hence are often “more
epithelial” than the primary tumor, indicating a reversal of the
EMT process (31), termed mesenchymal to epithelial transition
(MET). Evidence for the importance of this reverse transition and
its role in metastasis is growing rapidly (32–36).

SUB-POPULATIONS OF CTCs
Circulating tumor cells can exist in intermediate states – sub-
populations expressing both epithelial and mesenchymal markers
to varying degrees (27, 37–40). This is likely to be considerably
more common than complete polarization to either state (41).
Sub-populations of tumor cells at any point may also acquire can-
cer “stem-cell” (CSC) attributes such as quiescence, self-renewal,

asymmetric division, drug resistance (38, 42), and resistance to
radiation (43), facilitating survival in the circulation and resul-
tant metastasis. Breast CSCs are most commonly identified with
a CD44+/CD24− phenotype (44) or by the expression of alde-
hyde dehydrogenase 1 (ALDH1) (45). These CSC markers have
been identified in breast cancer CTCs populations by a number of
researchers (46–49).

CTC ISOLATION METHODOLOGIES
Current CTC detection methods rely on CTC physical properties
(e.g., size, density, electric charge, and cell deformability) or on
the retained expression of surface proteins (predominantly epithe-
lial) or messenger RNA. Although there are currently numerous
CTC detection methodologies [comprehensive reviews (13, 50–
53), the CellSearch system (Veridex, USA)], an immunomagnetic
bead capture system based on epithelial cell adhesion molecule
(EpCAM), followed by immunofluorescence analysis predomi-
nates, as it is the only current method to achieve Federal Drug
Administration approval. As malignant cell transcriptional profiles
vary, especially during processes such as EMT and CSC formation,
expression of identifying proteins may be lost in CTCs as well as
being present in non-CTCs, reducing sensitivity and specificity.
Barriere et al. (54) reviewed studies exploring CTC isolation, not-
ing their propensity to co-express epithelial, mesenchymal, and
CSC markers, and recommended development of a combined
isolation method targeting all three phenotypes to avoid missing
clinically relevant CTC sub-populations.

CTCs AS PROGNOSTIC TOOLS
Both CTCs and DTCs have been detected in breast cancer patients
with disease states ranging from ductal carcinoma in situ to MBC
(55–60), and their detection is generally associated with a poor
prognosis. Although CTCs are not seen in all MBC, this may
be due to the inability of current methods to detect EMT sub-
populations (54, 61, 62). Extensive studies in MBC show that
CTCs associate with disease progression (57, 63, 64) with a meta-
analysis by Zhang et al. (10) confirming CTC presence to be an
independent prognostic factor for overall survival (OS) in MBC
(HR= 2.33, p < 0.005).

Links with CTC presence and prognosis in EBC are also sug-
gested (65, 66). Confirming this, a defining meta-analysis by Zhang
et al. (10) showed the presence of CTCs to be an independent
prognostic factor for OS in EBC (HR= 2.78, p < 0.005).

The association of CTCs and prognosis in EBC appears inde-
pendent of tumor grade, histological type, degree of nodal involve-
ment, lymphovascular invasion, or Ki-67 (proliferation marker)
status (67, 68). Mixed results have been seen when considering
receptor-defined breast cancer subtypes. Detection of CTCs is
prognostic in EBC patients with “triple-negative” tumors or ER
negative (ER−) PR negative (PR−) HER2+ primary tumors, but
not in patients with ER+ tumors (69). In contrast, Giordano et al.
(70) found CTCs to be prognostic in all MBC disease subtypes
except HER2+ tumors, whilst Liu et al. (71) found the contrary.

The prognostic importance of CTCs over long-term follow-
up has not been established. CTCs have been detected in patients
in prolonged remission with 36% of patients in one study having
detectable CTCs 8–22 years out from treatment of EBC, despite no
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clinical evidence of disease (72). What proportion of these patients
will go on to develop metastatic disease is not known, nor have the
beneficial effects of CTC-guided intervention been established (see
Monitoring Treatment – Clinical Utility section below).

RECEPTOR DISCORDANCE
Amplification of the HER2/neu gene and subsequent HER2
protein overexpression is associated with significantly decreased
disease-free survival (DFS) and OS in the absence of HER2-
targeted therapy (73, 74). Similarly, patients with HER2+ CTCs
have been reported to have worse progression-free survival (PFS)
and OS in comparison with patients with HER2− CTCs or any
detectable CTCs (75–77). Heterogeneous amplification of HER2
is, however, known to occur within tumors and this serves to con-
found HER2 diagnostics and studies of receptor discordance (78).
Receptor discordance refers to differences in receptors of primary
tumor and metastatic tumors or CTCs. Discordance in HER2 sta-
tus between primary tumor and CTCs reports are variable, in the
order of 15–35% in MBC (75, 79, 80). HER2 discordance has also
been reported in EBC patients. Wulfing et al. (77) found that,
in EBC patients with detectable CTCs, 12 of 24 (50%) patients
with HER2− primary tumors had HER2+ CTCs, and 1 of 3
(33%) patients with HER2+ primary tumors had HER2− CTCs.
A few studies have shown that trastuzumab treatment is effective in
eliminating HER2+ CTCs, including from patients with HER2−
primary tumors and significantly reduced the risk of relapse and
prolonged the DFS (81, 82).

Clinical trials are underway testing the utility of CTCs as a
therapy decision-making tool in such cases of observed discrep-
ancy in HER2 positivity between the primary tumor and CTCs.
The DETECT III trial is randomizing HER2−MBC patients with
HER2+ CTCs to standard therapy with or without lapatinib,
a HER2-targeted therapy. The TREAT-CTC trial is randomiz-
ing HER2− EBC patients with detectable HER2+ CTCs post-
neoadjuvant therapy (NT) and surgery to either standard care or
additional trastuzumab. These studies may provide a foundation
for the use of CTCs in standard clinical practice to identify patients
who may benefit from the addition of HER2−directed therapy.

Discordance between the ER and/or PR status of primary and
metastatic tumors has long been observed (83–85). Given the
role of CTC in progression to metastases, it is not surprising
that the hormone receptor status of CTCs may also differ from
that of the primary tumor. Interestingly, this discordance appears
much greater than that seen between primary and metastatic tis-
sue, implying that receptors may be lost then regained once overt
metastases form. Aktas et al. (86) found that discordance rates
between primary tumor and CTCs for ER and PR in MBC patients
were 59% and 55%, respectively, with most CTCs being ER− and
PR− (84% and 92%). Fehm et al. found discordance rates between
primary tumors and CTCs in EBC for ER and PR to be 71%
and 75%, respectively (87) and HER2 discordance rates in MBC
patients to be 36% (76). Although this suggests that hormone
receptor loss may often be a transient phenomenon connected with
the CTC state, this “sanctuary phenotype” could still contribute to
endocrine therapy failure.

As with HER2 discordance; there are also implications for treat-
ment of ER+ CTCs where the primary tumor is ER−. It remains

to be seen if estrogen-targeted treatments in ER− primary tumors
with ER+ CTCs have a therapeutic effect.

MONITORING TREATMENT – CLINICAL UTILITY
Another important clinical area uses CTCs as an early marker of
disease progression or treatment failure – potentially giving an
indication of a need for change of therapy before conventional
imaging and/or tumor markers demonstrate progression. The lack
of a reliable method to monitor the effects of adjuvant systemic
therapy in particular is a significant area of need. Multiple studies
have shown that in EBC, locally advanced breast cancer, and MBC,
detection of CTCs after the completion of treatment is a strong
prognostic marker (58, 64, 88–90).

Circulating tumor cell changes in MBC response to treatment
can yield important prognostic information. For instance, MBC
patients in whom initially high CTC counts reduced to low lev-
els after initial therapy, had identical prognosis to CTC-negative
patients (64). Correlations between the changes in CTC numbers
and an objective response to therapy as assessed by serial imag-
ing were reported by a study conducted by Nakamura et al. (91).
Pachmann et al. (92) showed that patients who had higher CTC
numbers that declined following treatment had a better prognosis
than those whose CTC count did not change. Utilizing this para-
digm, the SWOG SO500 trial evaluated switching therapy in MBC
patients after one treatment cycle if certain CTC fall thresholds
were not met. This trial did not demonstrate that an early switch
improved DFS or OS, but presence of CTCs was an adverse prog-
nostic factor (93). It has been suggested that the reason for the
failure of this trial to observe a benefit to switching treatment on
the basis of CTC levels is due to the fact that breast cancers with
acquired chemo-resistance to one agent rarely exhibit high sen-
sitivity to a randomly chosen alternative chemotherapeutic agent
(94).

There are a number of ongoing clinical trials examining the
utility of CTCs in breast cancer treatment. Details of some of
the interventional studies employing CTC assessments, which are
currently being run, are shown in Table 1. Results are eagerly
awaited from the CirCe01 trial, which has similar design to the
SWOG SO500 trial but evaluates CTCs serially after each cycle,
with patients in the intervention arm changing therapy if CTC
counts are adverse (see Table 1). Currently, we do not have clinical
trial results supporting the use of CTCs to guide clinical decisions.
Bardia et al. (94) highlighted the need for future clinical trials to
utilize CTC isolation methodologies that are able to isolate CTCs
which have undergone EMT, and to genotype CTCs in order to
evaluate therapeutic response and guide therapeutic choices.

Circulating tumor cells have been studied with respect to their
potential to inform patient therapy. Pierga et al. (95) found a
significant correlation between CTC detection before NT and
reduced DFS, but no correlation between the persistence of CTCs
post-NT and tumor response. Boutrus et al. (96) also found that
CTC presence predicted local and distant relapse, but did not cor-
relate with primary tumor volume reduction. Similarly, Riethdorf
et al. (68) showed that CTC detection before NT did not correlate
with tumor response to treatment, nor did CTC changes necessar-
ily mirror treatment response. This suggests differential responses
to treatment between the primary tumor and CTCs.
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Table 1 | A selection of current ongoing clinical trials examining the clinical utility of circulating tumor cells in breast cancer treatment.

Trial name

(ClinicalTrial.gov

registry number)

Rationale Patient group Methodology Estimated accrual

completion date

CTC-EMT

(NCT02025413)

Evaluating a novel

mesenchymal-marker-based ferrofluid

(N-cadherin or O-cadherin based) CTC

capture method.

Metastatic prostate

or MBC patients

Non-randomized study to evaluate novel

CTC capture method.

December 2014

STIC CTC

METABREAST

(NCT01710605)

Evaluating the medico-economic value

CTCs provide in deciding on first-line

therapy.

HR+, HER2−MBC

patients

Randomized study where patients with

≥5 CTC/7.5 ml blood receive

chemotherapy and those with <5

CTC/7.5 ml receive endocrine therapy.

February 2015

COMETI P2

(NCT01701050)

Evaluating the algorithm CTC-Endocrine

Therapy Index (CTC-ETI) for the

identification of patients that will progress.

ER+, HER2−MBC

patients

ER, B-cell lymphoma-2 (BCL2), HER2, and

Ki-67 markers assessed on isolated CTCs

and CTC-ETI determined.

December 2015

Treat-CTC

(NCT01548677)

EBC, HER2− primary tumor patients with

no overt metastasis having completed

(neo) adjuvant chemotherapy and surgery.

HER2−, CTC+ EBC

patients

Patients randomized in 1:1 ratio to either

the trastuzumab arm or the observation

arm.

April 2017

CTC-CEC-AND

(NCT02220556)

Evaluation of different analysis methods

for CTCs, CECs, and circulating tumor

DNA in patient followed for a tumoral

pathology.

Patients with solid

tumors

Fifteen cohorts. Each cohort will test one

analysis method and/or tumoral type. Up

to 50 patients in each cohort.

December 2015

CirCe01

(NCT01349842)

Evaluation of the use of CTCs to guide

chemotherapy from the third-line of

chemotherapy for MBC.

Advanced MBC

patients

Patients with ≥5 CTCs/7.5 ml before

third-line of chemotherapy randomized

between CTC-driven and standard

treatment.

January 2018

DETECT III

(NCT01619111)

A multicenter, phase III study to compare

standard therapy±Lapatinib in HER2−

MBC patients with HER2+ CTCs.

HER2−MBC

patients with

HER2+ CTCs

Patients randomized between standard

therapy±Lapatinib. Patients with bone

metastases treated with denosumab.

March 2018

A large neoadjuvant chemotherapy study conducted by Rack
et al. (60) in EBC patients found separate prognostic importance
for the presence of CTCs pre- and post-treatment. Interestingly,
the initially CTC-negative patients who subsequently developed
CTCs fared better than initially CTC positive patients whose CTCs
disappeared post-treatment, suggesting CTC clearance does not
predict chemotherapy benefit (60).

To date, few studies have examined drug resistance in CTCs.
Gradilone et al. (97) evaluated CTC of 42 MBC patients for expres-
sion of multi-drug resistance-related proteins (MRPs) and/or
ALDH1, a putative tumor-initiating cell/CSC marker that corre-
lates with resistance to some chemotherapeutics. The expression
of MRPs on CTCs was found to be predictive of poor response
to chemotherapy and significantly correlated with reduced PFS
in MBC patients. Patients with CTCs expressing two or more
MRPs had shorter PFS than those with CTCs expressing zero or
one MRP (7.1 versus 16.4 months; p= 0.004). Furthermore, the
expression of ALDH1 on CTCs was correlated with MRPs (and
the number of MRPs expressed (p= 0.000) as well as an increased
resistance to chemotherapy. Gazzaniga et al. (98) screened 105
cancer patients (of which 14 had breast cancer) for CTCs and
then evaluated the MRP profile of the CTCs, postulating that this
could delineate chemotherapy responders from non-responders.

Patients were classified as chemotherapy “resistant” or “sensi-
tive” on the basis of their CTC MRP profile, together with the
chemotherapy regime the patient had received. This study found
that the MRP profiles of patients’ CTCs to be highly predictive of
response to chemotherapy, independent of tumor type and stage
of disease.

CONCLUSION
The presence of CTCs is a powerful independent prognostic factor
in both MBC and EBC. However, we increasingly understand that
CTCs are heterogeneous, even within an individual patient at dif-
ferent times in the disease trajectory (27, 99). This includes in the
receptors that they express, in relation to either the primary tumor
or any metastatic disease, as well as in their variable expression of
epithelial and mesenchymal markers.

Although CTC count changes are predictive of outcome in
MBC, this is largely a disease where serial agents are delivered
with palliative intent. Hence, early tailoring of therapies may not
greatly impact on outcome. To date, clinical trials have shown that
absolute CTC count alterations or CTC persistence do not pre-
dict strongly for neoadjuvant response, or improved adjuvant or
metastatic outcomes, and hence currently do not provide clini-
cally useful information to drive changes in therapies. With the
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maturation of the current clinical trials and further developments
in the molecular characterization of CTCs, this information will
hopefully become available.

Further work is needed, looking at CTC sub-populations
including the presence and importance of EMT and CSC popula-
tions, and their alteration with treatment. There may be potential
for targeting of otherwise treatment-resistant CTCs through novel
targets on such populations. Additionally, the appearance of estab-
lished therapeutic targets such as HER2 and ER on CTCs not
present on the primary tumor is of considerable clinical impor-
tance, and the results of ongoing HER2-targeting trials are awaited
with interest.

The promise of a “liquid biopsy” to diagnose, characterize,
monitor, and influence treatment of cancer is still some way off.
However profiling the presence and molecular characteristics of
CTCs is very likely to provide important predictive and prognos-
tic information in both early and MBC, and may prove useful in
assessing response to treatment and as an early warning system for
disease recurrence.
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Colorectal cancer (CRC) is a genetically heterogeneous disease that develops and pro-
gresses through several distinct pathways characterized by genomic instability. In recent
years, it has emerged that inherent plasticity in some populations of CRC cells can
contribute to heterogeneity in differentiation state, metastatic potential, therapeutic
response, and disease relapse. Such plasticity is thought to arise through interactions
between aberrant signaling events, including persistent activation of the APC/β-catenin
and KRAS/BRAF/ERK pathways, and the tumor microenvironment. Here, we highlight
key concepts and evidence relating to the role of epithelial–mesenchymal plasticity as
a driver of CRC progression and stratification of the disease into distinct molecular and
clinicopathological subsets.
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INTRODUCTION
Colorectal cancer (CRC) has provided a paradigm for studying
tumorigenesis for the past two decades (1, 2). Despite significant
advances in understanding how it develops and progresses, CRC
remains a major cause of cancer mortality in the developed world,
due largely to its propensity to metastasize (3).

Early models of the molecular genetics underlying sporadic
and hereditary CRC suggested that it arises via clonal expan-
sion of crypt cells bearing loss-of-function mutations in APC or
gain-of-function CTNNB1 mutations. Such mutations result in
persistent activation of the Wnt pathway, a central regulator of
stem cell compartments and cell fate along the crypt–villus axis.
Aberrant Wnt signaling in CRC is characterized by localization of
β-catenin to the nucleus, where it interacts with various transcrip-
tion factor complexes, including TCF/LEF (4) and YAP/Tead (5),
and Rel/NFκB (6). These interactions drive growth, proliferation,
or stemness programs contributing to formation and progression
of adenomas. Subsequent mutations in oncogenes (e.g., KRAS,
BRAF) and/or tumor suppressors (e.g., SMAD4, TP53) then drive
transition of adenomatous polyps to overt adenocarcinomas and
subsequent metastatic disease (1, 2, 7, 8) (Figure 1).

The sequential acquisition of mutations within the adenoma-
carcinoma axis, coupled with classification of disease stage/grade
and histological type has provided an important paradigm to
understand the “classic form” of CRC (Table 1). However, it has
long been recognized that the disease is often associated with
considerable heterogeneity in tumor cell phenotype, therapeutic
responses, and prognoses (9–11). Indeed, comprehensive genetic
and gene expression analyses have revealed variability in the
genetic alterations and pathways that underlie CRC, leading to the

view that the disease comprises multiple types and subtypes, which
evolve through different routes (12–18). Underlying these classifi-
cations are concepts of clonal evolution, cancer stem cells (CSC),
and reversible epithelial–mesenchymal transitions (EMT), each
with the capacity to drive heterogeneity within CRC (6, 19–22).

EMT AND TUMOR CELL PLASTICITY DURING CRC
PROGRESSION
That tumor heterogeneity arises through selection and expan-
sion of different cancer cell clones bearing perturbations (e.g.,
mutations, epigenetic changes) conferring survival and prolifera-
tive fitness is widely accepted (1, 2, 8, 12). Heterogeneity can also
arise from plasticity in tumor cell behavior, via reversible phe-
notypic changes driven by micro-environmental, morphogenetic,
or therapeutic factors (21). These observations have in part been
linked to the cancer stem cell idea, according to which a small
but highly tumorigenic population of CSC having the potential to
form metastases regenerates itself and progeny exhibiting a cellular
hierarchy resembling normal tissue (6, 19–22).

An important source of plasticity in CRC and some other
solid cancers is the EMT, which together with its reverse process,
a mesenchymal–epithelial transition (MET), is essential for tis-
sue remodeling during embryogenesis and in some pathological
contexts (23, 24). Importantly, EMT–MET events also provide
a framework through which solid cancers can disseminate and
colonize distant sites (21, 25–31). During EMT, hallmarks of
differentiated epithelia such as apico-basal polarity and cell–cell
adhesions are replaced with mesenchymal traits, including rear-to-
front polarity, capacity for individual cell migration, and invasion
of basal lamina and blood vessels.
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FIGURE 1 | Molecular phenotypes, genetic alterations, and major signaling pathways associated with CRC progression.

Table 1 | Classification of CRC on the basis of the occurrence of genetic lesions, genomic stability, and histopathology.

Genes

involved

Molecular defects Histopathology/molecular characteristics

APC

β-catein

p53

KRAS

SMAD4

TGFBR

PIK3CA

C-MYC

Point mutation, aneuploidy, polyploidy, LOH,

Activation of Wnt signaling pathway due to accumulated nuclear

β-catein

Deregulated TGFβ signaling,

Activation of PI3–PDK1 and RAF–MEK–ERK pathways

Disruption of cell cycle regulation promoting cell survival and

reduced apoptosis

Well differentiated tumors/MSS and CIN phenotype

Familial and sporadic CRC

Predominantly located in distal colon

No or low mucin production

Low tumor-lymphocyte reactivity

MLH1,2,6

PMS2

MSH3,

TGF-BRII

DNA single nucleotide mismatch repair defects

Alteration to micro-satellite repeat lengths

Accumulation of oncogenic mutations and tumor suppressor lose

Deregulated TGFβ signaling

Poor to moderately differentiated tumors/MSI phenotype

Familial and sporadic CRC

Predominantly located in distal colon

Mucinous Phenotype

Tumor-lymphocyte reactivity

Commonly located in right colon

Less aggressive/better prognosis

BRAF

MLH1

BRAF activating point mutations

Activation of RAF–MEK–ERK pathway

Methylation of MLH1 and loss of MLH1 expression that is

associated with mismatch repair defects

Serrated, poor to moderately differentiated tumors/CIMP

phenotype

Sporadic CRC

Defective mismatch repair

Commonly located in right colon

Poor prognosis

Detailed description of the characteristics used for these groupings can be found within the text and references therein.

In addition to providing a mechanism for tumor dissemination,
recent studies have identified a further pathological manifestation
of EMT – endowing cancer cells with stem-like potential (32, 33)

that appears critical for tumor initiation, metastasis, and relapse
in CRC (6, 34, 35). The coexistence of mesenchymal and stem-like
traits in cancer cells that have undergone EMT has led to the idea
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that they constitute “migrating CSC” from which metastases are
derived (21, 36). Such cells acquire the capacity to both dissem-
inate and successfully colonize new sites, where they are thought
to redifferentiate via an MET and regain the organization of cells
present in the primary tumor. This model thus provides a mecha-
nism to explain the observation that CRC metastases often retain
a similar degree of differentiation as the primary tumor.

Induction of EMT requires extensive reprograming of gene
expression in response to activation of various signaling path-
ways. Among the best studied are the Wnt, MAPK, TGFβ, and
NFκB pathways, which converge on one or more transcription
factors (TFs) driving EMT in the embryo, including members
of the zinc finger (SNAIL1, SNAIL2/SLUG, ZEB1, ZEB2/SIP1),
bHLH (TWIST1, TWIST2), forkhead (FOXC2), or homeobox
(Goosecoid, SIX1, PRRX1, PREP1) families (37–39). In CRC,
multiple TFs were reported as being aberrantly expressed based
on immunohistochemical and transcriptome studies, including
ZEB1, ZEB2/SIP1, SNAIL1, SNAIL2/SLUG TWIST, and FOXC2
(21, 40–48). Although these TFs typically function as repressors of
epithelial genes, and/or genes required for cell cycle progression,
they also activate transcription in some contexts, including that of
stemness-promoting genes and cell cycle inhibitors (21, 49, 50).

The effects of EMT-driven TF activation can be antagonized by
several species of micro-RNA (miRNA) that in addition to repress-
ing expression of TFs, are themselves repressed by these TFs. Such
reciprocal inhibition creates self-enforcing double-negative feed-
back loops that dictate the epithelial–mesenchymal balance. Two
such loops have been well documented to operate in colorectal and
other cancer cells – ZEB/miR-200 and SNAIL/mir-34 loops (51–
53). In addition to repressing EMT-TFs, the miRNAs also directly
target other genes involved in regulating EMT (e.g., cytoskele-
tal components, Wnt pathway components) and stemness (e.g.,
BMI1, KLF4, SOX2), underscoring their critical functions in regu-
lating cellular plasticity during cancer progression (26, 51, 54–57).
Notably, both miR-200 family members and miR-34 are induced
by the tumor suppressor p53 (58–60), whose induction of miR-
34 expression was found to reduce levels of several Wnt pathway
components, including LEF-1, β-catenin, WNT1, WNT3, LPR6,
and AXIN2 (60–62). Reduction in Axin2 via this mechanism was
also reported to promote nuclear accumulation of GSK3β, where
it can phosphorylate to destabilize SNAIL1 (63).

ASSOCIATION OF EMT WITH CRC PATHOLOGY
The majority of CRCs appear moderately differentiated, with
smaller subsets being well or poorly differentiated. The latter
cancers are characterized by highly irregular glandular structure,
aggressiveness, poor prognosis, and resistance to treatment. How-
ever, moderately differentiated tumors can also contain regions of
poor differentiation, typically observed at the invasive front (21,
27, 36). Often, these cancers exhibit budding phenotype, in which
individual or clusters of tumor cells detach from the tumor mass
and invade into the adjacent stroma. This feature is adversely prog-
nostic and linked with enhanced probability of metastasis to the
lymph nodes, liver, or lung (36, 64, 65).

Budding tumor cells are thought to have undergone an EMT-
like event, losing expression of epithelial differentiation markers
while gaining the capacity to express mesenchymal and stemness

markers (36, 66). In contrast to central regions of the tumor,
budding cells at the invasive front also typically strongly express
nuclear β-catenin, which is critical for induction of EMT programs
characterized by expression of ZEB1 (42) and altered basement
membrane components (67). This intra-tumoral heterogeneity
in β-catenin expression is likely to arise from a range of fac-
tors, including micro-environmental signals, altered cell–cell and
cell–matrix adhesion, and through cross-talk with other signaling
pathways such as the ERK module (27, 36, 68, 69).

While EMT–MET events provide a framework for how differ-
entiated CRCs may metastasize, a different model was proposed by
Brabletz to account for progression of poorly differentiated cancers
(21). Rather than exhibiting high plasticity, these tumors retain a
poorly differentiated mesenchymal phenotype that is driven pri-
marily by mutational events. Such cancers may have arisen prior
to differentiation of stem or progenitor cells in the crypt, or from
cells that have evolved from differentiated tumors but selected for
mutations that render them in a stable mesenchymal-like state.
A further mechanism through which selection may occur is as a
result of therapies, where the relapsing tumors often displaying a
mesenchymal, stem-like phenotype (21). Finally, it was suggested
that the highly aggressive nature of poorly differentiated tumors
may result form their propensity to metastasize through “parallel
progression” routes (70), in which tumors and metastasis develop
and progress concurrently.

ASSOCIATION OF EMT WITH CRC SUBTYPES
An important question is whether models of tumor cell plastic-
ity involving EMT–MET events and CSC can be incorporated into
current approaches for CRC subtyping. Collectively, this approach
may help better define the heterogeneity observed in CRC and
progress the development of targeted therapies.

CIN, MSS/MSI, CIMP SUBTYPING
Conventional approaches to classify colorectal tumors have cen-
tered primarily on molecular [chromosomal instability (CIN);
micro-satellite stability/instability (MSS/MSI); CpG island methy-
lator phenotype (CIMP)], and pathological (TNM grade, degree
of differentiation, immunohistological markers) characteristics of
the tumor (9, 71) (Table 1). These classifications recognize the var-
ious forms of global genomic and epigenetic alterations that occur
during tumorigenesis (Table 1). CIN is the most common form
of genomic instability in CRC that underlies the sequential dereg-
ulation of classical tumor suppressor and oncogenes including
APC, KRAS, and TP53. In the MSI classification, genomic insta-
bility arises from the mutation or methylation-mediated silencing
of genes required for DNA mismatch repair (hMLH1, hMSH2,
hMSH6, and hPMS2) and based on the level of MSI, CRCs can
be classified as MSI-high (MSI-H), MSI-low, or MSS. MSI tumors
have a lower frequency of mutations in KRAS and TP53 com-
pared to MSS cancers, and a higher frequency of mutations in
genes harboring repetitive elements in their coding sequence such
as TGFBR2 (72). Recent work indicates that as a result of this loss
of TGFβRII function, MSI tumor cells lines fail to undergo EMT
in response to TGFβ, which may contribute to their better progno-
sis (73). In the CIMP classification, tumors harbor aberrant DNA
methylation patterns that result in the global epigenetic silencing
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of genes. Each of these pathways serves as an important classifier
of disease progression and response to therapy (Table 1).

INTRINSIC EMT-ASSOCIATED CRC SUBTYPES
While the CIN, MSI, and CIMP are important disease sub-
classifiers, it is now well-established that tumors defined by these
groupings can be additionally stratified into molecularly defined
subtypes. Over the past decade, genomic and expression analy-
ses involving large patient cohorts have provided insight into
the diversity within CRC. Combined with existing mutational,
clinical, and pathological classifiers, these studies have identified
several distinct molecularly defined CRC subtypes (e.g., stem-
like, mesenchymal, immune, and epithelial/differentiated), each
driven by unique and/or overlapping biological pathways and
exhibiting differing prognostic and/or therapeutic response (11,
13, 15–17, 41, 74, 75) (Figure 2). A unifying feature from each of
these studies was the identification of a CRC subtype significantly
enriched for genes associated with a poorly differentiated, mes-
enchymal/invasive phenotype, and that were often co-enriched
with genes indicative of a stem-like state (Figure 2).

Loboda et al. (41) defined two subsets, epithelial and mes-
enchymal, where the latter was linked to TGFβ signaling and low
expression levels of anti-EMT miRNAs. Examination of the het-
erogeneity within CRC gene expression profiles also revealed a

strong association between EMT gene signatures and subtyping
(13). Marisa et al. (17) identified six molecular subtypes (C1–C6)
from stage I–IV CRC patients, with two subtypes (C4 and C6)
showing a distinct down-regulation of proliferative and upregula-
tion of EMT/motility pathways. Subtype C4 was also characterized
by a stem cell-like phenotype. Furthermore, both subtypes were
distinct with regard to harboring a serrated tumor signature. Roep-
man et al. (74) identified three subtypes (A–C) within stages II and
III CRC, with C-type tumors featuring an EMT phenotype and low
proliferative activity. Two additional studies (15, 16) examined
large patient-derived CRC gene expression datasets and defined
CRC subtypes characterized by a mesenchymal gene signature. In
the study by Sadanandam et al. (16), six subtypes were described
on the basis of gene expression signatures associated with their
cell of origin within the colon crypt. In this context, a stem cell
subgroup was associated with expression of mesenchymal genes.
De Sousa et al. (15) described three CRC subtypes (CCS1–3) and
in the CCS3 grouping EMT and genes involved with migration,
invasion, and TGFβ signaling were elevated. Subsequent analy-
sis suggests that the EMT subgroups identified in both studies
show strong overlap (76). Importantly, several of the above stud-
ies demonstrated that EMT signature defined tumors consistently
display a worse prognosis and were least sensitive to conven-
tional chemotherapy regimes. Thus, a mesenchymal/invasive poor

FIGURE 2 | Overview of suggested contemporary subtype classification
of CRC. Genomic and expression analyses involving large patient cohorts
(highlighted in red) combined with existing mutational, clinical, and
pathological classifiers (highlighted in blue) have identified several distinct
molecularly defined CRC subtypes as indicated by the various studies. Each
of these subtypes is driven by unique and/or overlapping signaling pathways

(see Figure 1) and exhibit different prognostic and therapeutic responses. A
unifying feature is a CRC subtype enriched for genes associated with a poorly
differentiated, mesenchymal/invasive phenotype, and often co-enriched for
genes indicative of a stem-like state (highlighted in green). A more detailed
description of these subtypes and their clinical/therapeutic response can be
found within the text (13, 15–17, 41, 74).
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differentiation signature is a defining feature of CRC subtyping
and clinical response.

An important issue to emerge from the above publications
is the extent to which activation of mesenchymal and stem-like
programs are linked in CRC subtypes. Consistent with the role
that Wnt signaling plays in regulating the fate of stem cells at
the base of the crypt (8), Sadanandam et al. (16) found ele-
vated activation of this pathway in stem-like tumors and cell lines,
which co-expressed markers of intestinal and colorectal stem cells
and EMT genes (34). However, whether Wnt signaling alone is
sufficient to drive stem-like/mesenchymal programs expression
requires further clarification as Zhu et al. (75) suggest that the
pathway is not only active in mesenchymal-type tumors but also
in those exhibiting differentiated or proliferative expression sig-
natures. Instead, they found that the context of Wnt activation
differed between these cancers, with migratory/EMT subsets also
enriched for VEGF signaling, whereas Wnt and Notch were active
in differentiated/epithelial-type tumors. Only the proliferative
group (enriched for genes involved in early colon development)
showed Wnt activation alone. The notion that VEGF signaling
may be important for activating EMT/migration programs in the
context of Wnt signaling is also supported by the finding that genes
associated with sprouting angiogenesis, a process regulated by the
VEGF pathway were co-enriched in mesenchymal-type tumors
identified by Marisa et al. (17).

A second pathway that appears to be critical for activation of
EMT programs in mesenchymal tumors is the TGFβ pathway (77,
78). Transcriptional outputs of this pathway were significantly
enriched in several studies and associated with the mesenchymal
phenotype (15, 17, 41, 74). Interestingly, in one study (15), TGFβ

and EMT programs appeared to be active in the absence of Wnt
transcriptional signatures or activation of stem cell programs. One
implication of this observation is that Wnt signaling is required
for stemness programs but not necessarily required for EMT in
poorly differentiated cancers. Interestingly, the CCS3 group (15)
enriched for sessile-serrated adenoma (SSA) tumors comprised
both differentiated and poorly differentiated tumors, suggesting
that further stratification based on differentiation status may be
possible.

SESSILE-SERRATED ADENOMA PATHWAY
A distinct feature of CRC that has emerged from recent studies
is that groups harboring an EMT gene expression signature may
display a pathology related to serrated adenoma (13, 15, 17, 76). As
such, the CRC subtype displaying a serrated pathology provides
an important context to examine the role of EMT events in driving
CRC progression.

In the classical adenoma-carcinoma sequence, tumors are often
located in the distal colon or rectum and genetically are defined
by CIN. In contrast, the serrated adenoma represents an alterna-
tive pathway to tumorigenesis. Typically, the serrated adenoma
is located in the proximal or right colon and is characterized by
the sawtooth appearance of the crypt epithelium (79). Tradition-
ally viewed to have limited potential to progress to a neoplas-
tic lesion, it is now established that precursor “serrated polyp”
can be subdivided into hyperplastic polyp (HP), SSA, and tra-
ditional serrated adenoma (TSA) with both the SSA and TSA

having significant potential to develop into neoplastic lesions
(80, 81).

It has been suggested that up to 30–35% of CRCs evolve
through a serrated pathway (82–84). In addition to their distinct
morphology, serrated CRCs are also distinct in the genetic back-
ground that drives their development. For example, serrated colon
tumors predominately display mutations in BRAF and KRAS
rather than APC. With respect to the MSI and CIN classifica-
tion, serrated tumors usually lack CIN but are often MSI-H and
CIMP-H (71, 85, 86). Thus, serrated tumors have been classified in
three subtypes: CIMP-low/MSS/MSI-low/KRAS mutant; CIMP-
H/MSI-H/BRAF mutant; CIMP-low/MSS/MSI-low/BRAF mutant
(9, 87). In the context of EMT-driven cellular plasticity, it is impor-
tant to note that clinically CIMP-low/MSS/MSI-low/BRAF mutant
tumors confer a poor prognosis and display high tumor budding.
This observation is consistent with the increased EMT potential
associated with wild-type TGFβRII and active TGFβ signaling
and MSI-low status. In contrast CIMP-H/MSI-H/BRAF mutant
tumors have a more favorable prognosis (86, 88, 89). Here, EMT
potential is reduced due to the increased incidence of mutated
TGFβRII (72, 73).

CLINICAL IMPLICATIONS AND CONCLUDING COMMENTS
The CRC classifications outlined above may provide new oppor-
tunities for the more targeted therapeutic/clinical management
of CRC disease progression. This possibility is illustrated in the
studies by Sadanandam et al. (16), De Sousa et al. (15), and Roep-
man et al. (74). Each of these studies revealed subtype-specific
responses to therapy that could potentially contribute to more
effective manage of disease. In case of the study by De Sousa et al.,
the CCS3-serrated subtype was reported to be resistant to cetux-
imab therapy, suggesting that new targeted therapies would be
required for this subtype (15). The identification of CCS3 specific
elevated TGFβ signaling suggested that this pathway may be an
avenue for targeted therapy (15). The six CRC subtypes identified
in the study by Sadanandam et al. (16) also displayed subtype-
specific responses to therapy. Here, three subtypes, CR-TA, CS-TA,
and Goblet were suggested to not respond to FOLFIRI chemother-
apy treatment and patients with this form of disease may better
spared this therapy in the context of local disease. However, in the
context of metastatic disease, the CR-TA and CS-TA subtypes were
suggested to respond to cetuximab therapy (16). In contrast, stem
cell-like-subtypes and inflammatory subtypes may respond best to
FOLFIRI treatment. The specific treatment of a stem cell-like sub-
type is an important consideration given that such populations
of cells are key drivers of the moderately differentiated pheno-
type that are seen in most CRCs and which due to their stem-like
behavior (e.g., low proliferative index) have thus far proved highly
resilient to current therapies. Collectively, these studies strongly
support the idea that distinct, clinically relevant CRC subtypes
can be used as a guide for subtype-specific therapy.

Tumor heterogeneity has posed a major obstacle for the suc-
cessful treatment of metastatic forms of CRC and several other
common cancers. The studies highlighted here have provided
a substantial insight into CRC heterogeneity. The identification
of various degrees of epithelial–mesenchymal plasticity, acting in
concert with clonal evolution and the concept of CSC, have helped
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dissect the heterogeneity underlying CRC and resulted in a more
detailed classification of CRC into distinct molecularly defined
subtypes. These classifications will provide new opportunities for
understanding CRC and the key oncogenic pathways and mech-
anisms required for disease progression. This new information
may also be invaluable for re-focusing basic and translational/pre-
clinical studies on identifying and targeting key pathways required
for the malignant growth of the most aggressive subtypes.
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Epithelial–mesenchymal transition (EMT) is a key process associated with the progression
of epithelial cancers to metastatic disease. In melanoma, a similar process of phenotype
switching has been reported and EMT-related genes have been implicated in promotion to
a metastatic state.This review examines recent research on the role of signaling pathways
and transcription factors regulating EMT-like processes in melanoma and their association
with response to therapy in patients, especially response to BRAF inhibition, which is ini-
tially effective but limited by development of resistance and subsequent progression. We
highlight studies implicating specific roles of various receptor tyrosine kinases (RTKs) in
advancing melanoma progression by conferring a proliferative advantage and through pro-
moting invasive phenotypes and metastasis. We also review the current knowledge of the
mechanisms underlying resistance to BRAF inhibition and the potential role of melanoma
phenotype switching in this process. In particular, we discuss how these important new
insights may significantly enhance our ability to predict patterns of melanoma progression
during treatment, and may facilitate rational development of combination therapies in the
future.

Keywords: melanoma, phenotype switching, EMT, metastasis, RTK signaling, BRAF inhibition, resistance

INTRODUCTION
Malignant melanoma accounts for 75% of deaths from all skin
cancers in the U.S (1). Women have higher survival than men (2)
and the Caucasian population has a 10-fold greater risk than eth-
nic groups with deeply pigmented skin (3). The 5-year survival
rate is over 90% for localized melanoma but drops to 16% for
distant-stage disease (1), indicating that metastasis is the main
reason for poor outcome. The classic Clark model depicts step-
wise transformation of melanocytes to malignant melanoma and
subsequent development of invasion and metastasis (4), involving
tightly regulated switching of cellular phenotypes. This phenotype
switch bears resemblance to the epithelial–mesenchymal transi-
tion (EMT), a well-characterized process of phenotypic change
that is associated with metastatic progression in epithelial cancers.
This mini-review will focus mainly on the signaling and molecu-
lar events that lead to the invasive and metastatic phenotypes of

Abbreviations: EGF, epidermal growth factor; EMT, epithelial–mesenchymal tran-
sition; EMT-TF, epithelial–mesenchymal transition-transcription factors; FGF,
fibroblast growth factor; HGF, hepatocyte growth factor; IGF, insulin-like growth
factor; KIT, stem cell factor receptor; MAPK, mitogen-activated protein kinases;
MET, hepatocyte growth factor receptor; MITF, microphthalmia-associated tran-
scription factor; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; ROR, recep-
tor tyrosine kinase-like orphan receptor; RTK, receptor tyrosine kinases; STAT, signal
transducer and activator of transcription; TGF, transforming growth factor.

melanoma, and discuss the implications of phenotype switching
on the response to treatment.

CHARACTERISTICS OF EMT IN EPITHELIAL CANCERS
Epithelial–mesenchymal transition has been suggested to play an
important role in conferring metastatic properties in many solid
tumors by altering the integrity of cell–cell junctions, promot-
ing loss of polarity and epithelial markers, eventually resulting in
loss of contact between neighboring cells. Through this process,
tumor cells become more mesenchymal-like, exhibiting higher
migratory and invasive properties that allow them to interact with
the extracellular matrix and invade surrounding tissues (5). It
is generally accepted that the EMT process involves changes in
expression of epithelial and mesenchymal markers. The loss of E-
cadherin is a characteristic feature during EMT, which is detected
in the cells located at the invasive front of many solid tumors (6,
7). The expression of E-cadherin is tightly regulated by multiple
transcription factors that bind to and repress the activity of the
E-cadherin promoter (8, 9). The first characterized direct repres-
sor of E-cadherin was the zinc-finger transcription factor Snail1
(10, 11), which initiated intense efforts to understand the mole-
cular mechanisms of EMT and subsequently led to the discovery
of the E-cadherin repressors SNAI2 (also known as SLUG) (12),
ZEB1 and ZEB2 (13, 14). Other repressors of E-cadherin include
E47 (TCF3), TCF4 (15), and Twist (16), which participate in both
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developmental EMT and tumor progression. Beta-catenin/TCF4
binds directly to the ZEB1 promoter and activates its transcription,
conferring invasiveness in colorectal cancer (17).

A common signaling mechanism that induces EMT in a range
of cancers is activation of the MAPK/ERK pathway, which can
activate SNAI1 to repress E-cadherin expression and the epithe-
lial phenotype (18). In addition, EGF signaling can induce TWIST
through a JAK/STAT3 pathway in epithelial cancer cell lines and the
EGF–STAT3-positive correlation has been confirmed in primary
breast carcinomas (19). Receptor tyrosine kinases (RTK) signaling
activated through FGF, HGF, IGF, and other ligands, as well as the
serine/threonine kinase TGF-β superfamily, can also initiate EMT
and metastasis, through various mechanisms converging on the
induction of E-cadherin repressors (20, 21).

EVIDENCE OF EMT-LIKE PHENOTYPE SWITCHING IN
MELANOCYTES AND MELANOMA
Epithelial–mesenchymal transition is a critical step for embryonic
morphogenesis and a similar process is particularly important
for melanocyte lineage differentiation. It involves restructuring
of the cytoskeleton, cell membrane, and cell–cell junctions. This
developmental plasticity allows melanocytes to emerge from the
pluripotent neural crest cells (22). Phenotype switching with sim-
ilarities to the EMT program operates during development and
has a recognized role in acquisition of metastatic properties in
the vertical growth phase of melanoma (23). A comparison of the
features of primary cutaneous melanomas from the patients who
develop metastasis to those who do not, revealed differences in the
expression of the epithelial and mesenchymal phenotype mark-
ers (24). By gene expression profiling, loss of E-cadherin with
gain of N-cadherin and osteonectin (SPARC) was significantly
associated with development of metastasis (24). Further evidence
comes from the finding that both proliferative and invasive cells are
present within heterogeneous metastatic tumors, and the observa-
tion of switching between the two phenotypes during melanoma
progression in vivo (25).

INDUCERS OF EMT-LIKE PHENOTYPE SWITCHING IN
MELANOMA
Recently, the concept of an EMT spectrum has been introduced to
describe a progressive transition characterized by an intermediate
mesenchymal status and fluctuating expression of EMT mark-
ers, as reported in carcinomas of the breast, colon, and ovary
(26). Given the intermediate mesenchymal nature of melanoma,
fluctuating expression of EMT inducers are observed. Therefore,
the literature about phenotype switching in melanoma and about
EMT in many epithelial cancers is not always consistent.

The role of EMT transcription factors (EMT-TFs) in melanoma
phenotype switching and plasticity has recently been reviewed
(27). Induction of ZEB1 and SNAIL family members as discussed
by Vandamme and Berx, as well as repression of E-cadherin is
observed during melanoma progression. The traditional para-
digm in epithelial cancers is that the EMT-TFs SNAIL1/2, ZEB1/2,
and TWISTS act as repressors of E-cadherin, thereby inducing
EMT (9). However, unlike epithelial cancers, in melanoma ZEB1
and ZEB2 are reported to be differentially expressed in alternate
phenotypic states (28). Normal epidermal melanocytes from a

melanoma patient expressed low ZEB1 and high ZEB2 expres-
sion, whereas the melanoma cells at deep sites from the same
patient had high ZEB1 and low ZEB2 levels (28). Analysis of
a large patient series by immunohistochemistry revealed high
expression of ZEB1 and TWIST1, with low expression of ZEB2
corresponded with significantly reduced metastasis-free survival
(28). Another recent study analyzing a large cohort of patient
samples also confirmed that low expression of ZEB2 corresponded
to significantly reduced melanoma recurrence-free survival (29).
The study also demonstrated that loss of ZEB2 in melanocytes
resulted in dedifferentiation, and in melanoma cells resulted in
increased ZEB1expression, repressing E-Cadherin, and contribut-
ing to progression and metastasis (29). These studies suggest that
ZEB2 could function as a differentiation factor, through maintain-
ing E-Cadherin expression (29). Both studies also reported that
the melanoma differentiation marker microphthalmia-associated
transcription factor (MITF) was regulated by the switch in ZEB
expression. Down-regulation of MITF could lead to an invasive
phenotype, consistent with the previous literature on the role of
MITF in phenotype switching (25, 27). Gene expression profil-
ing comparing non-metastatic and metastatic patient samples,
previously revealed that loss of E-cadherin/gain of N-cadherin
was a major determinant of melanoma metastasis (24). The rele-
vance of this cadherin switch was established in early studies on
prostate and melanocytic cancers (30, 31), whereas SPARC was
found later to drive activation and sustain expression of SLUG
to promote melanoma cell invasion (32). SLUG was also identi-
fied in melanoma cell lines as a direct transcriptional activator of
ZEB1, resulting in repression of E-cadherin (33). Interestingly in
contrast, switching to a proliferative state was reported to occur
in aggressive uveal melanoma with up-regulation of E-cadherin.
However, the study revealed that this phenomenon was caused
by the loss of an E-Cadherin suppressor called Id2, and as a
result of down-regulation of Id2 there was increased anchorage-
independent growth of the cells (34). These studies suggest that the
interchange between epithelial-like and mesenchymal-like pheno-
types is context dependent in different types of melanoma, but
the ability to switch phenotype in various types of melanoma has
been implicated in conferring a higher risk of death due to metas-
tasis. The dynamic switch back and forth between proliferative
and invasive states is the model that is biologically reflective of
melanoma progression (35).

Phenotype switching in melanoma can be initiated by mecha-
nisms other than those characterized in EMT. In epithelial cancer
cell lines, increased LEF1 transcription activity by stable nuclear
beta-catenin expression can induce EMT, which is reversible by
removal of LEF1 (36). In melanoma, the beta-catenin interacting
factors LEF1 and TCF4 are both expressed in a phenotype-specific
manner and their expression is inversely correlated. Loss of LEF1
and gain of TCF4 expression is associated with tumor progression
involving a change from proliferative to an invasive phenotype
(37). The beta-catenin/LEF1 complex is regulated by Wnt sig-
naling and activates a melanocyte-specific gene encoding MITF
(38). MITF is a master regulator of melanocyte development
and has been reported to be critical for melanoma progression
(39, 40). MITF can control melanoma cell differentiation and
proliferation through cell cycle arrest (41, 42). It also regulates
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diaphanous-related formin Dia1, which promotes actin polymer-
ization and coordinates cytoskeletal networks at the cell periphery
resulting in morphological changes (43). Expression of MITF has
been used as a benchmark to distinguish melanoma cells in the
proliferative or invasive state (25). In addition, Wnt activation,
rather than acting via the classical Wnt pathway, can signal through
the Protein Kinase C pathway to mediate an EMT-like phenotype
switch and melanoma migration (44). These studies, as summa-
rized in Table 1, indicate that EMT-like phenotype switching can
be induced at both transcriptional level and through well-defined
canonical signaling pathways.

SIGNALING PATHWAYS INVOLVED IN MELANOMA
PHENOTYPE SWITCHING
Wnt and Notch signaling have well-characterized roles in devel-
opmental programs of neural crest cells (51, 52). These embryonic
signaling pathways are also implicated in tumorigenic functions
of melanoma cells (53). Notably, melanoma have a high frequency
of activating mutations within the MAPK pathway, as over 50%
metastatic melanomas are driven by the oncogenic BRAFV600E

mutation (54) and over 15% by the NRASQ61R mutation (55).
The MAPK and the PI3K signaling pathways are known to acti-
vate NF-kB, which further induces Snail to mediate a mesenchymal
phenotype in epithelial cells (56), but similar evidence for the NF-
kB/Snail mechanism in melanoma is lacking (57), although Snail
is a demonstrated inducer of the mesenchymal-like phenotype in
melanoma (58). However, this study may suggest that RTKs could
be a means of mediating NF-kB/Snail activation given that they
activate the MAPK and PI3K signaling pathways.

Additionally, there is abundant evidence that RTK signaling can
induce migratory, invasive, and metastatic properties in melanoma
cells. Knockdown of EGF in EGF over-expressing melanoma cells
results in reduced lymph node metastasis,which is considered a key
initial step of melanoma progression (59). FGF2 is a growth fac-
tor produced by melanoma cells but not by normal melanocytes,
that activates the FGFR1 receptor. FGF2 promotes melanoma cell

migration via down-regulation of focal adhesion kinase (FAK) and
subsequent loss of cellular adhesion (48). As previously discussed,
a cadherin switch is an important marker of EMT-like phenotype
switching in melanoma. By studying exogenously introduced HGF
ligand-induced activation of its receptor MET and pharmacolog-
ical inhibition of downstream MAPK and AKT signaling, HGF
signaling was shown to mediate the cadherin switch through up-
regulation of Snail and Twist (60). Additionally, HGF signaling can
also induce fibronectin matrix synthesis, which promotes malig-
nant transformation and migration of melanoma cells (49). IGF-1
can also induce migration, through increased production of IL-8
by melanoma cells (61). In patients with uveal melanoma, a sig-
nificant correlation was found between high expression of IGF-1
receptor and liver metastasis (50).

TGF-β is the most extensively studied inducer of EMT, with
established roles in regulating extracellular matrix remodeling and
in influencing cell phenotype (62, 63). Moreover, TGF-β can sig-
nal through SMAD3 and activate SNAI2/SLUG in a Rho-pathway
dependent manner (64). Enhanced TGF-β signaling is implicated
in mediating resistance to the inhibition of a range of onco-
genic signaling targets. Loss of MED12, a repressor of TGF–βR2
signaling, not only confers a mesenchymal phenotype, but also
results in resistance to inhibitors of ALK, EGFR, and BRAF in
multiple cancers including melanoma (65).

IMPLICATIONS OF PHENOTYPE SWITCHING ON RESPONSES
TO THERAPIES
Uncontrolled proliferation is a cancer hallmark, a result of acti-
vation and crosstalk of many signaling pathways. Advances in
genomic sequencing technology have enabled the successful iden-
tification of the key oncogenic events in melanoma, including
identification of the BRAFV600E mutation (54). Subsequent devel-
opments of highly selective and efficacious therapies such as vemu-
rafenib and dabrafenib that target mutant BRAF have achieved
remarkable responses in patients (66–68). However, ongoing clin-
ical studies have revealed that the therapeutic benefits are often

Table 1 | Inducers of phenotype switching in melanoma.

Phenotype switching inducers Outcome Study modela Type of melanoma Reference

↓ZEB2 ↓Metastasis-free survival Patient, in vivo and in vitro multiple (29)

↑ZEB1&TWIST/↓ZEB2&SLUG ↓Metastasis-free survival Patient and in vitro multiple (28)

↑MITF Differentiation In vitro and in vivo Cutaneous (45)

EGF/STAT3 Growth and Metastasis In vitro and in vivo Cutaneous (75)

WNT5A/↑ROR2 Invasion In vitro and in vivo Cutaneous (46)

MET/Exosome Metastasis Patient and in vivo Cutaneous (47)

↑TCF4/↓LEF1 Invasion In vitro Cutaneous (37)

↓MITF Invasion In vivo Cutaneous (25)

WNT5A/PKC Migration In vitro Cutaneous (44)

FGF2/↓FAK Migration In vitro Cutaneous (48)

↓E-Cad/↑N-Cad Metastasis Patient Cutaneous (24)

↑E-Cad Invasion In vivo Uveal (34)

HGF/Fibronectin Migration In vitro Cutaneous (49)

IGF-1 Migration Patient and in vitro Uveal (50)

aIn vitro indicates melanoma cell lines in 2D culture, in vivo indicates xenograft models or mouse models and Patient indicates patient samples.
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short-lived with the majority of patients developing resistance and
disease progression (66). There are several reports on the mecha-
nisms of resistance to BRAF directed agents as reviewed by Sullivan
and Flaherty (69). Besides the intrinsically resistant clones, some
of the surviving drug-sensitive melanoma cells are able to adapt
to BRAF inhibition. Studies have revealed that the adaptation can
involve various phenotype changes including EMT-like processes,
altered glycolytic activity (70) and ER stress response-activated
cytoprotective autophagy (71). Hypoxia induced switching of the
expression of ROR1 and ROR2 through non-canonical WNT5A
signaling, resulting in an invasive phenotype of melanoma with
reduced sensitivity to BRAF inhibitors (46). Concurrent inhibi-
tion of BRAF and glycolysis or autophagy was demonstrated as
good methods to induce cell death or tumor regression, respec-
tively, in BRAFi-resistant melanoma (71, 72). However, to target
phenotypic-switching through therapeutic intervention remains
difficult. Thus, the remainder of this mini-review will emphasize
the involvement of phenotype switching in the context of emerging
and recently developed therapies.

Using BRAFV600E melanoma lines and BRAF inhibitors,
Caramel et al., demonstrated that the ZEB switch described
above, can be initiated and sustained by MAPK/ERK signaling
through FRA-1, an ERK-regulated component of the AP-1 com-
plex. Accordingly, the expression patterns of ZEB1/2 and TWIST
were reversed by pharmacological inhibition of BRAF/ERK sig-
naling (28). Together with the TGF-β/MED12 study that showed
changes of expression of phenotype markers concomitant with
development of drug resistance (65), these recent discoveries sup-
port the emerging understanding that the mechanisms of pheno-
type switching in melanoma may have broader implications with
respect to therapeutic responses in patients.

An important question raised by all the studies described
above is whether EMT-like phenotype switching has any value
as a therapeutic “target” in the treatment of melanoma. To date,
three major strategies have been proposed to address this impor-
tant question. Considering the aggressiveness of melanoma, the
first suggested approach is to directly reduce invasive potential.
Compounds such as the potent green tea catechin, Epigallocate-
chin gallate (EGCG), have been demonstrated to have inhibitory
effects on migration and invasion in the BRAF-mutant cell line
A375, with a reversal of EMT-like phenotypic changes orches-
trated by induction of E-cadherin and suppression of N-cadherin
(73). A second reported strategy is to use phenotype switch-
ing as a method to induce changes in melanoma to a specific
phenotype that reveals a “drug-targetable” state. As previously
discussed, high expression of MITF usually associates with a pro-
liferative phenotype in melanoma. The chemotherapeutic agent
methotrexate (MTX) causes an increase in MITF and its direct tar-
get TYR (tyrosinase) that inhibit invasiveness in melanoma. This
can provide an avenue for treatment with a tyrosinase-processed
antifolate pro-drug that was shown to mediate apoptosis selec-
tively in the MTX-treated cells with high expression of MITF
and tyrosinase (45). The third reported strategy is based on the
success of the approved and emerging therapies targeting the
BRAF/MAPK signaling in melanoma. Phenotype switching, cell
migration, and invasion occur instead of, or concomitantly with,

FIGURE 1 | A schematic diagram of the signaling and molecular
features of melanoma phenotype switching. The EMT-like phenotype
switching confers melanoma invasive functions. The EMT-associated
signaling in melanoma is also implicated in conferring resistance to BRAF
inhibition therapies in BRAF-mutant metastatic melanoma.

the development of drug resistance (65). Thus, the rationale
involves inhibition of phenotype switching and cell migration
in conjunction with a therapy such as vemurafenib that tar-
gets the oncogenic BRAF signaling that leads to growth arrest
or/and cell death. Studies reveal that combination of inhibitors
of TGFβR2 with vemurafenib overcomes the TGFβ-mediated
resistance to vemurafenib (65). Chronic inhibition of BRAF was
also found to result in elevated Wnt signaling and increased
expression of the EMT inducer, WNT5A, and knockdown of
WNT5A reversed resistance caused by chronic treatment with
vemurafenib (74).

Given that signaling by various RTKs can mediate phenotype
switching and promote migration through mechanisms distinct
from those enhancing BRAF/MAPK-dependent proliferation and
regulation of EMT-TFs, co-targeting of selected RTK signaling
pathways and oncogenic BRAF appears to be a logical combi-
nation. For example, EGF signaling confers resistance to BRAF
inhibition and induces melanoma invasion through Src pathways.
Inhibition of the EGF receptor and Src re-sensitizes treatment-
resistant BRAF-mutant melanoma cells to Vemurafenib and blocks
their invasiveness (75). HGF secreted by stromal cells in the tumor
microenvironment can activate the HGF receptor MET, initiating
MAPK and PI3K signaling to confer resistance to BRAF inhibi-
tion. Consistently, dual inhibition of either HGF or MET was
found to forestall the resistance (76). This may be of particu-
lar importance because melanoma-derived exosomes were able
to confer metastatic properties and a pro-vasculogenic pheno-
type on bone marrow progenitors through MET (47). Exosomes
are important export machinery that maintains normal com-
partmentalization of molecules. In a range of cancers including
melanoma, exosomes derived from melanoma cells contain onco-
genic drivers influencing EMT and metastasis (77). Interfering
with regulators of exosome formation and MET expression can
reduce metastasis (47).
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CONCLUSION
The EMT process is crucial for normal development and for initia-
tion of malignant transformation and metastasis in a wide range of
epithelial cancers. It involves activation of various signaling path-
ways, as well as repression of E-cadherin through transcription
factors. EMT-like phenotype switching is critical for melanocyte
lineage differentiation and initiation of melanoma transformation
and metastasis. While common EMT-TFs are implicated, their
expression during the switch of melanoma to a mesenchymal-like
invasive phenotype can differ from the role in classical EMT. In
addition to TGFβ and WNT5A signaling, EGF, FGF, MET, and IGF
signaling have established roles in conferring migratory and inva-
sive functions in melanoma (Figure 1). Importantly, these EMT-
associated signaling pathways also have roles in conferring resis-
tance to inhibitors of BRAF/MEK,hindering therapeutic outcomes
in patients with metastatic melanoma driven by BRAF mutations.
Therefore, integrating insights from this body of literature may aid
in the design of studies aiming to predict the patterns of melanoma
progression during treatment with targeted therapeutics and may
facilitate development of novel combination therapies.
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Melanoma cells can switch phenotype in a manner similar to epithelial to mesenchymal
transition (EMT). In this perspective article, we address the effects of such phenotype
switching on T cell targeting of tumor cells. During the EMT-like switch in phenotype,
a concomitant change in expression of multiple tumor antigens occurs. Melanoma cells
undergoing EMT escape from killing by T cells specific for antigens whose expression
is downregulated by this process. We discuss melanoma antigens whose expression is
influenced by EMT. We assess the effect of changes in the expressed tumor antigen reper-
toire on T-cell mediated tumor recognition and killing. In addition to escape from T cell
immunity via changes in antigen expression, mesenchymal-like melanoma cells are gener-
ally more resistant to classical chemotherapy and radiotherapy. However, we demonstrate
that when targeting antigens whose expression is unaltered during EMT, the capacity of
T cells to kill melanoma cell lines in vitro is not influenced by their phenotype. When con-
sidering immune therapies such as cancer vaccination, these data suggest escape from T
cell killing due to phenotype switching in melanoma could potentially be avoided by careful
selection of target antigen.
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INTRODUCTION
The ability of melanoma cells to switch phenotype from prolif-
erative to more invasive states, in a process similar to classical
epithelial-mesenchymal transition (EMT), has been well described
(1). Non-motile, polarized, and proliferative epithelial-like (E-
like) cells, acquire motile, fibroblast-like mesenchymal characteris-
tics (2). The process contributes to the heterogeneity of the tumor,
and may be a factor in disease progression (3, 4). In melanoma,
the EMT-like switch in phenotype can be driven by environmen-
tal pressures such as changes in the cytokine milieu at the tumor
site, e.g., due to inflammation (5), and drug treatments such as
inhibition of oncogenic BRAF (6).

We have previously generated a panel of 57 melanoma cell
lines derived from patient samples (7). We have characterized
these cell lines as E-like or mesenchymal-like (M-like) on the
basis of expression levels of E-cadherin or N-cadherin, respec-
tively (8). Between these two cohorts, we documented significant
disparity in gene expression levels of many mRNA, reflective of
the functional and phenotypic differences between the groups.
Included in these differentially expressed genes, were mRNAs
encoding melanocytic differentiation proteins, such as Melan-A
and tyrosinase. Both of these have demonstrated antigenic epi-
topes,which have been previously used as targets of cancer vaccines
in melanoma clinical trials (9–11), and are currently the tar-
get antigens in ongoing trials (NCT01331915, NCT01748747).
Expression of these genes, as well as the master regulator of

differentiation, MITF (Microphthalmia-associated transcription
factor), was significantly downregulated in M-like cell lines com-
pared to E-like (8). A decrease in expression of the melanoma
differentiation antigens (MDA) under the control of MITF during
EMT has also been reported by others, e.g., gp100.

The cancer testis group of antigens (CTAg) have been identi-
fied as important immune targets in melanoma, as well as other
cancer types, and have been studied extensively (12, 13). Expres-
sion of CT genes is generally restricted to immune-privileged body
sites, yet is frequently and selectively re-activated in a broad vari-
ety of human cancers (12). Almost 150 families have been defined
(http://www.cta.lncc.br) (14). Their immunogenicity and selective
expression in cancer makes them attractive targets for therapeu-
tic cancer vaccines, and many have been used for this purpose
over the past ~2 decades, with limited success (15). In parallel
with EMT-associated downregulation of certain melanoma anti-
gens, particularly the differentiation antigens, which are under the
control of MITF, we have also observed upregulation in expres-
sion of a number of cancer testis antigens (CTAg). In particular,
we showed that expression of the SPANX family of CTAg was
enhanced in M-like compared to E-like cell lines (8). This group
of CTAg has documented immunogenicity (16) and their expres-
sion is found at higher levels in more aggressive tumors (17). A
range of CTAg (including SPANX and a number of MAGE family
members) were also recently shown to be upregulated following
EMT in a colorectal cancer cell line (18).

Frontiers in Oncology | Molecular and Cellular Oncology December 2014 | Volume 4 | Article 367 | 40

http://www.frontiersin.org/Oncology
http://www.frontiersin.org/Oncology/editorialboard
http://www.frontiersin.org/Oncology/editorialboard
http://www.frontiersin.org/Oncology/editorialboard
http://www.frontiersin.org/Oncology/about
http://www.frontiersin.org/Journal/10.3389/fonc.2014.00367/abstract
http://www.frontiersin.org/Journal/10.3389/fonc.2014.00367/abstract
http://www.frontiersin.org/people/u/167535
http://community.frontiersin.org/people/u/198698
http://www.frontiersin.org/people/u/170660
http://community.frontiersin.org/people/u/198475
http://www.frontiersin.org/people/u/103932
mailto: katherine.woods@ludwig.edu.au
mailto: katherine.woods@ludwig.edu.au
http://www.cta.lncc.br
http://www.frontiersin.org/Molecular_and_Cellular_Oncology
http://www.frontiersin.org/Molecular_and_Cellular_Oncology/archive


Woods et al. EMT and T cell targeting of melanoma

Independent of the well-documented functional differences
between E- and M-like cells, the changes in expression of
immunogenic antigens between melanoma phenotypic subsets
has profound implications for immune-based recognition and
clearance of tumor. For example, based on our studies, immune
responses induced against antigens such as Melan-A and tyrosi-
nase would potentially only be effective in clearing differentiated
E-like tumor cells. Indeed, a previous study highlighted the EMT-
like phenotypic switch in melanoma as a method of escape from
adoptive T cell therapy with T-lymphocytes targeting Melan-
A (19). This study also showed that M-like cells were poorly
recognized by T-lymphocytes that were specific for melanocytic
antigens, whereas recognition by T-lymphocytes specific for non-
melanocytic antigens was unaffected or even increased in vivo.

Taken together, the studies discussed here highlight the dis-
parity of the immunogenic profile of E-like versus M-like tumor
cells, and emphasize the importance of appropriate target antigen
selection for cancer vaccine/T cell targeting approaches.

The M-like phenotype has been associated with tumor progres-
sion, invasion, and metastasis in melanoma (20, 21). This generally
more aggressive phenotype is accompanied by acquisition of resis-
tance to drug treatment and radiotherapy (22). Furthermore, this
phenotype also emerges after the development of resistance against
BRAF inhibitors (6). Thus, M-like cells are generally considered
more difficult to eradicate, by multiple mechanisms, compared
with their E-like counterparts.

In this article, we ask whether M-like melanoma cells are inher-
ently resistant to killing by T-lymphocytes at a functional level,
reflective of the mesenchymal state, or whether an escape from
T cell-mediated killing via phenotype switching is simply reflec-
tive of the decrease in expression of many target tumor antigens.
We show that expression of the prototypic cancer testis antigen
NY-ESO-1 is unaltered between melanoma phenotypic states. We
compare the ability of NY-ESO-1 or Melan-A specific T cell clones
to recognize and kill melanoma cell lines, which were phenotypi-
cally either E-like or switched to M-like following incubation with
TGFβ (23).

MATERIALS AND METHODS
MELANOMA CELL LINES AND CULTURE
Establishment and characterization of the melanoma cell lines
used has been previously described (7). Cells were cultured in
RPMI 1640, 2 mM Glutamax, 100 IU/ml Penicillin, 100 µg/ml
Streptomycin, and 10% fetal calf serum (RF10) (all Invitrogen). To
induce EMT, subconfluent cell lines were incubated with 5 ng/ml
TGF-beta 1 (Pepro Tech) for 72 h.

GENE EXPRESSION ARRAY
The gene expression array method and analysis have been previ-
ously described (24). Briefly, genomic DNA was purified from
melanoma cell lines (Qiagen AllPrep kits) and assayed using
Illumina standard protocols.

QUANTITATIVE REAL-TIME POLYMERASE CELL REACTION (QRT-PCR)
cDNA was generated using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). Quantitative poly-
merase chain reaction (qPCR) was performed using the Quan-
tiFast SYBR Green PCR Kit (Qiagen). Primer sequences were

as follows: NY-ESO-1 (forward) 5′-gagccgcctgcttgagtt-3′ and
(reverse) 5′-agcactgcgtgatccacatc-3′; Melan-A (forward) 5′-gaga
aaaactgtgaacctgtggt-3′ and (reverse) 5′-gactgttctgcagagagtttctcat-
3′; N-cadherin (forward) 5′-ctccatgtgccggatagc-3′ and (reverse)
5′-cgatttcaccagaagcctctac-3′ β-actin (forward) 5′-ctggaacggtgaagg
tgaca-3′ and (reverse) 5′-cggccacattgtgaactttg-3′.

IMMUNOFLUORESCENCE
Melanoma cell lines were treated with 5 ng/ml TGF-β1 for 72 h and
fixed with 4% paraformaldehyde. Mouse anti-E-cadherin anti-
body (HECD1, Invitrogen) and rabbit anti-N-cadherin antibody
(AB18203, Abcam) were applied at 2 and 1 µg/ml concentration,
respectively, overnight at 4°C. Cells were subsequently treated with
Alexa flour 488 (anti-mouse) and 555 (anti-rabbit) conjugated
secondary antibodies for 45 min at room temperature (Molecular
probes, USA). Cells were counter stained with DAPI for 10 min.

GENERATION OF ANTIGEN SPECIFIC CD8+ T CELL CLONES
CD8+ T cell clones specific for the NY-ESO-1 HLA-A*0201
restricted peptide 157–165,or the Melan-A HLA-A*0201 restricted
peptide 26–35, were generated from patients who consented to
participate in our cancer research protocol (approved by Austin
Health Human Research Ethics Committee). PBMC (peripheral
blood mononuclear cells) were stimulated with 1× 10−6 M pep-
tide, then cultured for 10 days in the presence of 25 IU/ml IL-2
(Miltenyi biotech). Specific cells were labeled with a fluorescent
tetramer, comprising the relevant peptide and HLA (TCMetrix)
and single-cell sorted using a MoFlow cytometer. Clones were
expanded with pooled, autologous healthy donor PBMC as feeder
cells, PHA-L (Sigma), and 600 IU/ml IL-2. After approximately
20 days, 1–10× 103 clones were restimulated in the presence of
autologous PBMC as feeder cells, PHA-L, and 600 IU/ml IL-2,
as described above. Clone specificity was confirmed by tetramer
staining.

T cell clones/lines were cultured in RPMI 1640 media
supplemented with 20 mM N -2-hydroxyethylpiperazine-N ’-2-
ethanesulfonic acid, 60 mg/L penicillin, 12.5 mg/L streptomycin,
2 mM l-glutamine, 1% non-essential amino acids, and 10%
human serum (TCRPMI).

T CELL KILLING ASSAYS
Twenty thousand melanoma cells were plated in wells of a flat
bottom 96-well plate. T cells were added to selected wells as appro-
priate to give the effector to target (E:T) ratios shown in the
text. Samples were incubated overnight (~16–24 h) at 37°C. The
following day, T cells were resuspended by gentle pipetting and
then removed. The plate was washed once with PBS. MTS reagent
(CellTiter 96® AQueous One Solution Cell, Promega) was added
and samples incubated for 1–2 h at 37°C. Absorbance at 490 nm
was measured, and normalized to melanoma samples incubated in
absence of T cells for each cell line to give percentage of viable cells.

RESULTS
We assessed gene expression in our panel of 57 early passage
melanoma cell lines (7, 24). Cell lines were classified as E-like
or M-like on the basis of E-cadherin or N-cadherin expression,
respectively. We have previously reported widespread variation in
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antigen expression between E- or M-like phenotypes (8). Here, we
focus on the difference in expression of a range of immunogenic
antigens, including MDA and CTAg, shown in Figure 1. As previ-
ously reported by ourselves and others, expression of MDA (e.g.,
Melan-A and tyrosinase) and MITF was largely lower in M-like,
compared to E-like, cells. In contrast, a number of CTAg (e.g.,
SPANX family members) were upregulated in M-like cells. The
expression of some antigens (e.g., MAGED1) was unaffected by
the differences in phenotype between our cell lines. These data
highlight the immunogenic heterogeneity of melanoma.

Based on our previous studies (7, 8), we selected four E-like
melanoma cell lines, which were HLA-A*0201+, and which were
also positive for expression of either Melan-A, or NY-ESO-1, or
both. As a control, we also obtained an M-like cell line (LM-
Mel 53). The selected lines were treated with TGFβ for 72 h to
induce EMT, and successful switch to an M-like phenotype was
confirmed by demonstrating upregulation of N-cadherin gene
expression by qPCR, or protein expression by immunofluores-
cence (Figures 2A,B). In all four E-like cell lines, upregulation of
N-cadherin expression was observed following TGFβ incubation,

FIGURE 1 |Tumor antigen expression in melanoma epithelial or
mesenchymal-like cell lines. Microarray-based gene expression of a range
of melanoma antigens, including several melanoma differentiation antigens
and cancer-testis antigens across a panel of 57 early passage melanoma cell
lines and 2 controls (normal melanocytes; “melanocyte” and neonatal

melanocytes; “neonatal”). Melanoma cell lines were classified as
epithelial-like (top bar; red) or mesenchymal-like (top bar; blue) on the basis of
dominant E-cadherin or N-cadherin expression, respectively, however,
unsupervised clustering of the cell lines was performed without reference to
this annotation. Control melanocytes have been labeled in black.
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FIGURE 2 | Antigen expression andT cell-mediated lysis of melanoma
cell lines followingTGFβ induced EMT. Epithelial-like melanoma cells
lines, LM Mel 1a, LM Mel 28, SK Mel 8, and LM Mel 34, and
mesenchymal-like cell line LM Mel 53, were incubated with 5 ng/ml TGFβ

for 72 h to induce EMT. Cells were lysed, and cDNA was generated (as in
Section “Materials and Methods”). (A) Expression levels of N-cadherin in
treated and untreated cell lines were determined by qPCR, in order to
assess switching to the mesenchymal-like phenotype, and expressed
relative to 10,000 copies of β-actin. (B) Immunofluorescence confirmed
increase in N-cadherin protein expression (Red) and concomitant reduction
in E-cadherin (Green) after 72 h of TGF-β1 treatment, shown here for a
representative cell line (LM-Mel 28). Scale bar=100 µM. Expression levels

of (C) Melan-A and (D) NY-ESO-1 were compared between TGFβ

treated/untreated melanoma cell lines expressing these antigens.
Melanoma cell lines expressing Melan-A, and/or NY-ESO-1 were treated
with/without 5 ng/ml TGFβ for 72 h. Specific T cell clones, which
recognized the HLA-A*0201 epitopes (E) Melan-A 26–35 or (F) NY-ESO-1
157–165 were incubated with 2×104 treated/untreated melanoma cells at
a 1:1 effector to target ratio. Cells were incubated for 24 h at 37°C. T cells
were washed off, followed by addition of MTS reagent (Promega) and 1 h
incubation at 37°C. Absorbance was read at 490 nm, and normalized to
untreated control cells for each treatment condition. Each measurement
was in triplicate, and treated/untreated samples were compared using a
paired T-test. ns=not significant. **P ≤0.01.

whereas there was no significant change in N-cadherin expression
by the M-like cell line.

Epithelial-like cell lines LM-Mel 1a, LM-Mel 28, and LM-
Mel 34 express Melan-A under steady state conditions, while
the M-like cell line LM-Mel 53 expresses low levels of this
antigen. In our heatmap (Figure 1), no cell line demonstrated
expression of NY-ESO-1/CTAG1B, which is likely due to inef-
ficiency of the probe (probes to CTAg are traditionally infe-
rior), since we have shown by qPCR (Figure 2D) and IHC

(not shown) that several of our cell lines express NY-ESO-1.
The effect of phenotypic switching by EMT on the expression
of either Melan-A or NY-ESO-1 was assessed in the relevant
cell lines. qPCR demonstrated that while gene expression lev-
els of NY-ESO-1 did not alter significantly following EMT, the
expression levels of Melan-A decreased in all E-like, but not
M-like cell lines expressing this antigen (Figures 2C,D). This
result is in line with previous studies from our group and others,
which demonstrated downregulation of several MDA including
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Melan-A and related antigens under the transcriptional control
of MITF.

Previous studies have shown that TGFβ treatment results in
downregulation of MHC class II molecules, such as HLA-DR; how-
ever, no significant effect of TGFβ treatment on HLA class I levels
has been demonstrated (25). We assessed HLA Class I expression in
our cell lines before and after 72 h TGFβ treatment, and confirmed
that no significant change in HLA Class I levels occurred (data not
shown). This result is important for our subsequent experiments,
which assess T cell killing of TGFβ-treated/untreated melanoma
cell lines. In these studies, we can confirm that HLA does not play
a limiting role for either melanoma phenotype.

Since M-like cells are generally more resistant to various treat-
ment modalities, we tested whether T cell-mediated lysis of these
cells was also impeded. T cells, which recognized the HLA-A*0201
restricted epitope 157–165 from NY-ESO-1 or 26–35 from Melan-
A were incubated with melanoma cell lines expressing their respec-
tive target antigen, at a 1:1 effector:target ratio. Cells were incu-
bated for 24 h before viability of melanoma cells was assessed using
an MTS assay (methods), and normalized to untreated control cells
(Figures 2E,F). In all cell lines tested, NY-ESO-1 specific T cells
killed melanoma cell lines comparably both before and after TGFβ

treatment. In contrast, Melan-A specific T cells were significantly
more effective at killing E-like melanoma cells prior to induction
of EMT. Following TGFβ treatment, cell lines were less efficiently
cleared by Melan-A specific T cells in all cases tested.

Our results indicate that the ability of M-like cells to escape
from T cell-meditated lysis was not due to any inherent functional
characteristic of these cells, but rather due to changes in expres-
sion of target antigen. Melan-A expression decreased following
EMT, leading to corresponding diminishing ability of antigen spe-
cific T-lymphocytes to kill target cells. In contrast, the expression
of NY-ESO-1 was unchanged following EMT, and in parallel the
ability of specific T cells to recognize and kill melanoma cells in
an antigen specific manner was unaffected.

DISCUSSION
Contemporary melanoma therapy is undergoing a revolution due
to the unprecedented success of immune checkpoint inhibitors;
agents that re-activate anti-cancer immunity within treated
patients (26). These successes are a culmination of what scien-
tific researchers have long striven to achieve using methods such
as cancer vaccination and adoptive cell transfer, that is, appropriate
immune targeting in a manner which results in tumor clearance.
Phenotype switching by melanoma cells to an M-like phenotype
has been considered an inherent mechanism of tumor escape from
therapy and resistance to various treatment modalities. Set against
the back drop of recent immune-based treatment successes, we
find here that immune-mediated clearance of melanoma cells is
unaffected by EMT under the appropriate settings.

Previous treatment strategies have been hampered by the het-
erogeneity of the disease – escape of residual cells from radio-
therapy, emergence of resistance to BRAF inhibition, etc – and
a strategy which could target the tumor as a whole has eluded
researchers. Patients successfully treated by immune checkpoint
inhibition can continue to remain disease free long-term [4 years
at the most recent follow up for anti-CTLA4 therapy (27), and

~25 months for anti-PD-1 treatment (28)]. It is therefore clear that
appropriate immune control can achieve clearance of melanoma.

Despite the relative success of immune checkpoint inhibition,
many patients are still not rendered disease free with these agents.
In this cohort, rational combination therapies are likely to be ben-
eficial and extensive studies are currently underway to ascertain
which kinds of combination will exert broadest patient benefit and
disease control. These combination therapies will include target-
ing melanoma specific antigens by cancer vaccination or adoptive
cell therapy, in conjunction with immune checkpoint inhibition,
and indeed this is the focus of several current clinical trials
(NCT01176474, NCT02077114, NCT01176461, NCT01988077,
NCT01701674), including our own trial combining vaccination
with NY-ESO-1 and ipilimumab (NCT01810016).

Our study here, and others (8, 19, 29) highlight not only func-
tional but also immune heterogeneity of melanoma cells. We
demonstrate that EMT in melanoma can result in escape from
T cell targeting. Importantly, we have shown that the means of
tumor escape from immune-mediated killing is not due to an
intrinsic functional resistance mechanism of cells that display the
M-like phenotype, but rather is due to decrease in the expression
of target antigen. T lymphocyte targeting of selected antigens with
constant expression during EMT results in comparable killing of
melanoma cells in vitro independent of their phenotype. Since
M-like cells have traditionally been considered more difficult to
kill than their E-like counterparts, this finding is significant. The
ability of M-like and E-like tumor cells to be equally killed by
T cells recognizing appropriate targets confirms the potential of
combination treatments using appropriately selected antigens as
targets.

These data further highlight the importance of antigen selec-
tion for cancer vaccination or adoptive cell transfer, since even
if completely effective, therapeutic options which target antigens
preferentially expressed by E-like cells will be incapable of clear-
ing the tumor as a whole. Indeed such therapies could potentially
exert selective pressure for tumor cells with the more aggressive M-
like phenotype and thereby promote cell populations that carry a
poorer prognosis for the patient.

To develop this rationale further, antigen specific immunother-
apy strategies should ideally target antigens which are not only
expressed in differentiated E-like cells, but also those which are
either induced when the phenotype changes during EMT, or which
are consistently expressed in both E-like and M-like cells. The
former have been little examined in melanoma to date, most stud-
ies focusing on antigen loss leading to immune escape during
EMT. However, Figure 1 demonstrates that a subset of MAGE
antigens and the SPANX family of CTAgs are upregulated in M-
like melanoma cell lines. Furthermore, Boisgerault et al. demon-
strated that in prostate cancer, topoisomerase IIα and CD44 are
antigens which are specific to M-like cells, and further showed
that a subset of melanoma cells also expressed topoisomerase
IIα (29, 30).

Hopefully, combination treatment strategies with appropriately
selected target antigens as discussed here will result in enhanced
tumor clearance irrespective of tumor heterogeneity. Indeed, we
are currently assessing the efficacy of this approach using the
CTAgs SPANX, expression of which is induced during EMT,
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and Ropporin, whose expression in melanoma is widespread and
constant during EMT (manuscript in preparation).
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Androgens regulate biological pathways to promote proliferation, differentiation, and sur-
vival of benign and malignant prostate tissue. Androgen receptor (AR) targeted therapies
exploit this dependence and are used in advanced prostate cancer to control disease
progression. Contemporary treatment regimens involve sequential use of inhibitors of
androgen synthesis or AR function. Although targeting the androgen axis has clear ther-
apeutic benefit, its effectiveness is temporary, as prostate tumor cells adapt to survive
and grow. The removal of androgens (androgen deprivation) has been shown to activate
both epithelial-to-mesenchymal transition (EMT) and neuroendocrine transdifferentiation
(NEtD) programs. EMT has established roles in promoting biological phenotypes associ-
ated with tumor progression (migration/invasion, tumor cell survival, cancer stem cell-like
properties, resistance to radiation and chemotherapy) in multiple human cancer types.
NEtD in prostate cancer is associated with resistance to therapy, visceral metastasis, and
aggressive disease. Thus, activation of these programs via inhibition of the androgen axis
provides a mechanism by which tumor cells can adapt to promote disease recurrence and
progression. Brachyury, Axl, MEK, and Aurora kinase A are molecular drivers of these pro-
grams, and inhibitors are currently in clinical trials to determine therapeutic applications.
Understanding tumor cell plasticity will be important in further defining the rational use
of androgen-targeted therapies clinically and provides an opportunity for intervention to
prolong survival of men with metastatic prostate cancer.

Keywords: prostate cancer, epithelial-to-mesenchymal transition, neuroendocrine, androgen deprivation therapy,
castrate resistant, tumor cell plasticity, brachyury, Axl

INTRODUCTION
Prostate cancer is the most prevalent malignancy in men, and
ranks second as the cause of cancer-related deaths in the devel-
oped world (1, 2). Advanced prostate cancer is initially treated
with androgen deprivation therapy (ADT) and subsequently with
newer generation androgen-targeted therapies (ATT), approaches
which rely on the central role of androgens in tumor develop-
ment and growth. In the majority of patients, castrate resistant
prostate cancer (CRPC) develops and tumor progression occurs
despite treatment. The development of agents that more effec-
tively block androgen receptor (AR) activity, such as enzalutamide
and abiraterone, has greatly enhanced the clinical armamentarium
and extended survival (3–6). Nonetheless, advanced prostate can-
cer remains incurable. Tumor cell plasticity induced by androgen

deprivation may play a critical role in disease progression, and
potentially provides an additional opportunity to further improve
cancer control.

PROGRESSION TO CASTRATE RESISTANCE
While the exact mechanisms underlying the development of CRPC
are not yet known, it arises when cancer cells can either main-
tain AR signaling in the absence of normal levels of ligand or no
longer require activation of this pathway for survival and pro-
liferation. There are a number of mechanisms that can produce
this outcome, including altered functionality of the AR due to
genomic events, resulting in either promiscuous (7, 8), constitu-
tively activated (9, 10), or hypersensitive (11, 12) states; intrapro-
static production of androgens by tumor cells themselves (13); and
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altered growth factor and/or microenvironment signaling (14–18).
Despite the development of multiple strategies that effectively tar-
get the androgen axis, disease progression is inevitable. This is
underpinned by the accumulation of further genomic abnormali-
ties, outgrowth of different clonal populations of tumor cells, and
the adaptive response of cancer cells to therapy. In this review,
we focus on adaptive changes induced by therapy, specifically
epithelial-to-mesenchymal plasticity (EMP) and neuroendocrine
transdifferentiation (NEtD), which may contribute to the devel-
opment of advanced disease (Figure 1). A better understanding of
these processes will contribute to the development of new ther-
apeutic strategies that may potentially enhance the efficacy of
androgen-targeted agents and delay disease progression.

EPITHELIAL-TO-MESENCHYMAL PLASTICITY
Epithelial-to-mesenchymal transition (EMT) is a process by which
adherent, polar cells with an otherwise epithelial phenotype
develop more migratory and invasive properties through altered
gene expression (19–23). Both EMT and the related process
mesenchymal-to-epithelial transition are physiological mecha-
nisms important in development and tissue repair. However, when
differentiated epithelium begins to display mesenchymal charac-
teristics it is often a sign of disease progression in cancers (19,
24–27). EMT is commonly characterized by the loss of epithelial
markers (typically E-cadherin, epithelial cytokeratins, and desmo-
somes), and gain of mesenchymal markers (such as N-cadherin,
vimentin, and fibronectin) and transcriptional repressors of E-
cadherin (Twist1, Snai1, Snai2, Zeb1, Zeb2) (20, 21). EMT has
been associated with advanced prostate cancer, and correlated
with aggressive behavior and therapy resistance in primary tumors
(17, 28–30).

NEUROENDOCRINE TRANSDIFFERENTIATION
While men may present with prostate cancer demonstrating
various neuroendocrine features (31), the prevalence of

neuroendocrine differentiation increases following ADT and in
CRPC (32–37). These cells not only express neuropeptides, rem-
iniscent of the normal NE cells of the prostate, but also proteins
that are characteristic of prostate epithelial cells [such as prosta-
tic acid phosphatase cytokeratin 8/18 and/or epithelial adhesion
molecules and proliferation markers (38, 39)], while AR expres-
sion is typically absent or low (40). Importantly, the number of
NE-like prostate cancer cells is positively associated with the dura-
tion of hormone deprivation therapy (32–34). There are several
hypotheses for the origin of NE-like prostate cancer cells. It has
been postulated that NE-like cancer cells can arise during dis-
ease progression from NE cells of the prostate (41). However, the
observation that genetic aberrations are common to both the ade-
nocarcinoma and NE-like cells (42–45) suggests that this is not
likely to be a common mechanism. An alternative explanation is
that a common progenitor prostate cancer stem cell gives rise to
both the NE-like and adenocarcinoma components and both these
components continue to evolve and respond to selective pressures
in parallel (42, 44, 46, 47). In contrast, NEtD is a process that can
enable prostatic adenocarcinoma cells to gain NE characteristics
without relying on genetic divergence. NEtD can occur after pro-
longed androgen deprivation, and has recently been reported in
a patient derived xenograft (48). This mechanism would poten-
tially enable tumor cells to reduce ATT-induced apoptosis and
thus provide an adaptive pathway that would contribute to the
development of CRPC (41).

ANDROGENS SUPPRESS NEUROENDOCRINE
TRANSDIFFERENTIATION
Evidence of NEtD has been observed in both in vitro and in vivo
studies. LNCaP cells, an androgen dependent prostate cancer cell
line derived from a lymph node metastasis, undergo NEtD when
exposed to media lacking androgens (39, 49–51). In low-androgen
conditions, LNCaP cells take on an altered elongated neuron-like

FIGURE 1 | Inhibition of androgen receptor (AR) signaling using
androgen-targeted therapies (ATT) induces adaptive responses
including epithelial–mesenchymal transition (EMT) and
neuroendocrine transdifferentiation (NEtD) in prostate cancer cells.

These phenotypes are associated with CRPC (castrate resistance prostate
cancer). Inhibition of plasticity drivers Brachyury, Axl, MEK, and Aurora
kinase A provide potential mechanisms to reduce the induction of the EMT
and/or NEtD phenotypes.
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phenotype, gain cytoplasmic secretory granules, and undergo
growth arrest. This is accompanied by an increase in expression of
NE markers and a decrease in AR and PSA levels. This transdif-
ferentiation is reversible with the addition of androgens (DHT) to
the media, an observation consistent with the identical allelic pro-
files of NEtD LNCaP and parental LNCaP cells. Silencing of the AR
using siRNA also induces NEtD in LNCaP cells, suggesting that AR
signaling suppresses NEtD (52). In vivo studies also provide sup-
port for the NEtD model. Castration of nude mice bearing prostate
cancer xenografts LNCaP, PC-295, CWR22, and PC-310 increased
the number of tumor cells expressing NE markers, consistent with
induction of NEtD (53–56). Furthermore, implantation of pri-
mary patient tumor tissues from a population of adenocarcinoma
cells implanted under the renal capsule of castrated mice appear
to undergo an NEtD en masse as an adaptive response (48).

THERAPY-INDUCED EMT
There is accumulating evidence supporting that ADT may induce
an EMT, and that this is particularly prominent with the newer
generation ATT. ADT has been associated with an increase in the
expression of mesenchymal markers N-cadherin, vimentin, Zeb1,
Twist1, and Snai2, with a concomitant loss of E-cadherin in patient
derived xenografts and clinical prostate tumors (17, 57–59). Tra-
ditionally, investigations have primarily focused on the effects of
targeting AR signaling in prostate cancer cells; however, ADT/ATT
is not specific to tumor cells alone. Recent reports demonstrate
significant effects of ADT/ATT on the tumor microenvironment,
including stromal and immune cells (15, 18, 60). For instance,
elevated numbers of tumor associated macrophages have been
reported in men undergoing ADT (60), and these cells have been
shown to promote local invasion and metastatic dissemination of
tumor cells in response to ADT (18, 57–60). Hence, the implica-
tions of targeting the androgen axis and its effect on the multiple
cell types comprising the tumor microenvironment needs to be
assessed when considering therapeutic interventions.

THERAPY-INDUCED EMT AND NEUROENDOCRINE
TRANSDIFFERENTIATION AS CLINICAL TARGETS
Therapeutically targeting regulators of EMP/NEtD is an attrac-
tive concept that has recently matured to clinical trials (Figure 1).
Brachyury is a transcription factor required for the developmen-
tal EMT that generates mesoderm by converting epithelial cells
into migratory mesenchymal cells (61). In tumor cells, includ-
ing prostate cancer, Brachyury also induces EMT and an invasive
phenotype (62–65). Furthermore, Brachyury is overexpressed at
both the transcript and protein level in clinical prostate cancer
specimens, and nuclear expression is associated with metastasis
(66). While the regulation of Brachyury by androgen-targeted
therapies has not been addressed, Brachyury motifs were highly
enriched in AR bound promoters when LAPC-4 cells were grown
in the presence of AR antagonist flutamide (67). Furthermore,
in silico bioinformatic analysis using transcriptional profiles from
clinical prostate cancer specimens and clustering Brachyury co-
expressed genes by functional role/signaling pathways demon-
strated an enrichment for regulation of neuron differentiation
and nervous system development (68). An inverse relationship

between Brachyury and E-cadherin expression, with a concomi-
tant positive correlation of Brachyury with EMT promoting genes
FN1, Snai1, IL8, and TGF-β was also observed. Thus, we hypothe-
size that targeting Brachyury in the context of ATT may modulate
the emergence of both a neuroendocrine phenotype and EMP
by preventing, for example, the induction of Brachyury medi-
ated release of migration/invasion promoting soluble factors into
the tumor microenvironment (62, 68, 69). GI-6301 (Tarmogen)
is a Brachyury vaccine (70) currently in Phase I clinical trial in
patients with metastatic or unresectable locally recurrent cancers
who have failed previous therapy or have no further therapeutic
options (NCT01519817). Recent assessment of data from patients
with advanced chordoma in this trial demonstrated safety and a
confirmed partial response (71), and data from the larger cohort
are eagerly awaited.

The receptor tyrosine kinase Axl is implicated in the Snai1-,
Snai2-, IL6-, and STAT3-mediated activation of EMT (72, 73)
as well as the metastasis promoting AKT/NF-κB and AKT/Snai2
pathways (73, 74) in multiple cancer types. Targeting Axl has
shown promise in preclinical models of cancer progression (75–
77), and clinical trials are currently underway. BGB324 is a small
molecule inhibitor of the Axl receptor tyrosine kinase developed to
block EMT with the goal of inhibiting drug-resistance and metas-
tasis. Recent Phase Ia data have demonstrated BGB324 to be safe
and well tolerated, and Phase Ib studies commenced in non-small
cell lung cancer and acute myeloid leukemia in 2014. Cabozanti-
nib is another tyrosine kinase inhibitor targeting Axl, as well as
EMT promoting kinases VEGFR2, RET, KIT, FLT-1/3/4, c-MET,
and Tie-2 (78–80). Clinically significant regression of metasta-
tic tumors in CRPC patients was achieved with cabozantinib
treatment in a Phase II trial (81). Of course the precise molec-
ular mechanism underpinning this efficacy is not clear and likely
involves inhibition of multiple tyrosine kinases in several cell types.
Trials investigating whether cabozantinib is a useful addition to
ADT in the control of prostate cancer are currently underway
(NCT01630590).

MEK inhibitors may also be useful in managing therapy-
induced EMP/NEtD. In vitro, MEK inhibitor PD98059 blocked
the acquisition of NE-like morphology and prevented the increase
in NSE levels usually observed in LNCaP-C33 cells induced to
undergo NEtD by androgen-depletion (82). Ectopic expression of
constitutively active AR in LNCaP cells inhibited RAF/MEK/ERK-
induced NSE expression (83), demonstrating the central regu-
latory role of AR in constraining the emergence of this pheno-
type. Furthermore, the RAF/MEK/ERK pathway has been shown
to be necessary for the induction of Twist1, Snai1, and N-
cadherin in multiple cancer models (84, 85). A neoadjuvant trial
examining the effect of short-term MEK inhibition (trametinib)
prior to radical prostatectomy in the context of ADT on mark-
ers of EMT (N-cadherin, vimentin) has recently commenced
(NCT01990196).

Finally, Aurora kinase A (AURKA) inhibitors may also be effec-
tive in inhibiting ATT-induced EMP/NEtD as they suppress both
EMT and NEtD in vitro and in vivo (86, 87). In cancer cells,
AURKA has been demonstrated to play an important role in the
genesis of a more mesenchymal phenotype via down-regulation
of E-cadherin and up-regulation of vimentin (88). Clinical trials
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examining the role of the inhibitors in prostate cancer are currently
ongoing (NCT01799278, NCT01094288).

Despite independent lines of evidence implicating key factors
in both EMT and NEtD, the functional and molecular relation-
ship between these states in prostate cancer has not been exten-
sively explored. McKeithen et al. (89) have demonstrated that the
well-established EMT-inducing transcription factor Snai1 induced
both EMT and NEtD in LNCaP cells as defined by morphology
and marker expression. However, as the data are mostly presented
as analyses of bulk populations of cells, it is not possible to deter-
mine whether EMT and NEtD phenotypes are co-expressed within
individual cells, and are thus intimately linked, or whether these
transdifferentiation processes are independent of each other and
become activated by influences such as neighboring cells, local
microenvironmental cues, or cell intrinsic factors.

CONCLUDING REMARKS
Multiple factors are clearly involved in the progression to CRPC
during treatment with ATT. Studies over the past two decades
have associated blockade of the androgen axis with the increased
prevalence of neuroendocrine prostate cancer. These observations,
in combination with recent reports of androgen deprivation mod-
ulating EMP, suggest novel strategies for therapeutic intervention.
Further studies will be required to determine whether these adap-
tive response pathways have a functional role in the progression to
CRPC or are simply a consequence of removing the differentiation
pressure imposed by active androgen signaling on prostate cells.
Moreover, revealing if and how these plasticity pathways inter-
sect in the androgen-targeted environment will be an intriguing
area for future research. Improved understanding of the molecu-
lar pathways underlying the adaptive responses to ATT provides
opportunities to investigate whether targeted inhibition of these
pathways will delay tumor progression and thus improve outcomes
for men with prostate cancer.
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The treatment of melanoma by targeted inhibition of the mutated kinase BRAF with
small molecules only temporarily suppresses metastatic disease. In the face of chemical
inhibition tumor plasticity, both innate and adaptive, promotes survival through the
biochemical and genetic reconfiguration of cellular pathways that can engage proliferative
and migratory systems. To investigate this process, high-resolution mass spectrometry
was used to characterize the phosphoproteome of this transition in vitro. A simple and
accurate, label-free quantitative method was used to localize and quantitate thousands
of phosphorylation events. We also correlated changes in the phosphoproteome with
the proteome to more accurately determine changes in the activity of regulatory kinases
determined by kinase landscape profiling. The abundance of phosphopeptides with
sites that function in cytoskeletal regulation, GTP/GDP exchange, protein kinase C, IGF
signaling, and melanosome maturation were highly divergent after transition to a drug
resistant phenotype.

Keywords: phosphoproteomics, BRAF, drug resistance, vemurafenib, kinases, label-free quantitation, mass
spectrometry

Introduction

In melanoma, coding mutations in the mitogen-activated kinase pathway (MAPK) (e.g., BRAF
and RAS) are common and contribute to disease severity (1). In cutaneous melanoma, BRAF is
mutated in ~70% of cases and correlates with poorer prognosis and aggressive disease (2, 3). The
mutant BRAF protein is a hyperactive serine/threonine-protein kinase that directs signaling through
MEK1/2 to phosphorylate the MAPK ERK1/2 and drive cell proliferation and tumor growth. In
recent years, a high-therapeutic value has been attained by targeted inhibition of the mutated
BRAF protein with selective inhibitors (e.g., vemurafenib and dabrafenib) (4–6). Vemurafenib and
dabrafenib effectively reduce signaling through the MAPK pathway, resulting in disease regression
(~85%) and progression free survival for ~5–6months [reviewed in Ref. (7)], after which almost all
treated patients develop drug resistant, progressive disease (5).

Several mechanisms for intrinsic and acquired resistance have been detected in vivo and in vitro
and this has been extensively reviewed (7–9). Relapses in melanoma involve mechanisms that
reprogram signaling pathways to bypass inhibition and reactivate the ERK1/2 signaling hub (10).
For example, the up-regulation of receptor tyrosine kinases (RTKs), platelet derived growth factor
(PDGF), epidermal growth factor receptor (EGFR), and insulin-like growth factor 1 receptor
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(IGF-1R) can drive cell survival signals through the PI3K/AKT
pathway (11–13). Alternative pathways that reactivate ERKduring
targeted therapy utilize the multimeric properties of RAF signal-
ing complexes and also occur in BRAF wild-type cells. BRAF
inhibitors have been shown to drive the formation of alternative
RAFdimers able to phosphorylateMEKand induceERK signaling
(14–17). In drug resistant patients, up-regulation and splicing of
MAPK signaling components [CRAF, BRAF, or the MAP3K8
(COT)] provide alternative mechanisms for the reactivation of
ERK1/2 signaling (18–20). In response to the microenvironment,
phenotypic switching can also occur based upon intrinsic tumor
heterogeneity and lead to resistance to therapy (21). For example,
paracrine signaling from stromal cells that secrete hepatocyte
growth factor (HGF) reestablish the MAPK pathway in BRAF
mutated cells by activating the RTK MET (22). Independent of
the MAPK pathway, low expression of the melanocyte transcrip-
tional network driver microphthalmia-associated transcription
factor (MITF) associates with drug resistance and a more inva-
sive, less proliferative phenotype (23, 24). This and the fact that
MAPK inhibitors can themselves drive an invasive phenotype
(25) indicate that inter-tumor plasticity allowsmelanoma to evade
complete growth arrest in the face of MAPK inhibition.

The discovery of these mechanisms and others [reviewed in
Ref. (8)] has established opportunities for novel melanoma treat-
ment. The design of more effective co-inhibitory-based therapies
could represent an improved strategy to prevent the acquired
resistant phenotypes currently found in the clinic. In most cases,
combination therapies in which BRAF inhibition is paired with
inhibitors of the well establish mediators of resistance (PI3K,
MEK, HGF, and IGF-R1) is showing promise (12, 26, 27). Because
kinases (ERK1/2, IGF-R1, MEK, PI3K) provide key signaling
hubs that orchestrate biochemical processes in drug resistant
melanoma, characterizing their global activity profiles will aid
the design of novel therapies. Kinase activity can be mapped by
measuring the abundance of substrates using phosphoproteomic
methods that combine phosphopeptide enrichment with high-
resolution mass spectrometry (28). A quantitative phospho-site
(P-site) analysis has the potential to provide a direct readout of
kinase activity, elucidate novel mechanisms driving resistance,
and guide the selection of therapies for validation in cell and
animal models (29, 30). Previously, Old et al. reported ~90 P-
sites that were regulated in a melanoma cell line in response to
short-term MKK1/2 inhibition and Girotti et al. screened the
phosphoproteome of A375 cells in a model for in vitro acquired
drug resistance (31, 32). Both studies identify changes in the
intensity of P-sites in signaling and cytoskeletal regulators and
support the co-inhibition of specific kinase signaling (EGFR-SRC
and SFK-STAT3) to provide therapeutic efficacy in drug resis-
tance (32). To add to this work, we have developed and applied
a simple and reproducible label-free quantitative phosphopro-
teomic procedure and analyzed an in vitromodel of acquired drug
resistance in melanoma cell line LM-MEL-28. The abundance of
2230 P-sites was measured by high-resolution mass spectrometry
and correlated with the abundance of 3556 unmodified proteins
to provide a more accurate determination of kinase activity.
Kinase-substrate databases (Phosphosite.org, cell signaling) and
motif analysis (NetworKIN) of the flanking linear amino acid

sequences predicted several regulatory kinases that aremost likely
to be responsible for differential phosphorylation detected during
long-term exposure to BRAF inhibition in LM-MEL-28. Key regu-
latory sites that control actin and microtubule-based cytoskeleton
and cellular GTP/GDP ratio exhibited large changes in phospho-
rylation. Phosphorylation of the melanosome G-protein coupled
receptor (GPCR) OA1 (GP143) indicated a direct role for the
melanocyte maturation pathway. While sites of phosphorylation
of the insulin receptor substrate IRS-2 and IGFR2 indicated novel
points of regulation in the IGF-1R pathway previously identified
to mediate drug resistance in melanoma.

Materials and Methods

Cell Culture and Protein Preparation
The melanoma cell line LM-MEL-28 was selected from the Lud-
wig Institute for Cancer ResearchMelbourneMelanoma Cell Line
Panel (33). LM-MEL-28 was cultured in RPMI 1640 medium
supplemented with 10% (v/v) bovine serum (Life Technologies)
at 37°C in a humidified atmosphere of 5% CO2. Cells were treated
with PLX4720 (Selleck Chemicals) for a 1-month period in 5 μM
PLX4720 to generate a drug resistant line referred to LM-MEL-
28R1. Cells were tested for authenticity by short tandem repeat
profiling according to the ANSI/ATCC ASN-0002-2011 stan-
dards. For phosphoproteomic analysis, six biological replicates
were generated by sub-culture and cells were grown to 80–90%
confluence with the LM-MEL-28-R1 continuously cultured in the
presence of 5 μM PLX4720 and LM-MEL-28 in the presence of
vehicle. Cells were washed three times in PBS and harvested by
gentle enzyme-based release (TrypLE), pooled and centrifuged
at 400× g, cell pellets frozen on dry ice and stored at −70°C.
Cells were lysed by boiling for 5min in 1% (w/v) sodium deoxy-
cholate (Sigma), 50mM triethylammonium bicarbonate (TEAB)
(Sigma), and 1mM MgCl2 (Sigma). Lysates were cooled to 4°C,
sonicated to complete lysis, and DNA was digested by incubation
with benzonase (Sigma) (10,000 units). Lysate were centrifuged
at 20,000× g for 10min and protein amounts determined by
the micro-BCA assay (Pierce). Samples were stored at −80°C.
Mutational testing was performed by MelCarta assay and all cell
lines were tested formycoplasma and appropriate consent from all
patients had been obtained.

Protein Digestion and Phosphopeptide
Enrichment
Five hundred milligrams of total protein lysate were reduced with
5mMDTT (Sigma) for 30min at 60°C and alkylated with 10mM
of iodoacetamide (Sigma) in the dark at room temperature for
30min. Trypsin (Promega) was added at ratio of 1:50 ratio for
18 h at 37°C. Samples were adjusted to 1% (v/v) trifluoroacetic
acid (TFA) (Sigma), 80mg/ml glycolic acid (Sigma), and the
precipitated deoxycholate was removed by centrifugation. Five
milligrams of TiO2 beads (Titanisphere, 10 μm)were washed once
in 0.1% (v/v) TFA, 70% (v/v) acetonitrile (ACN), and 80mg/ml
glycolic acid, added directly to the sample and incubated with
shaking for 1 h. A C8 stage-tip was prepared and washed with
methanol (Sigma), then 0.1% (v/v) TFA, 70% (v/v) ACN, and
80mg/ml glycolic acid (40 μl). TiO2 beads were added to the
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C8 stage-tip and tips were centrifuged 1000× g until all liquid
was dispensed. Beads were washed on tip with 300 μl of 0.1%
TFA, 70% ACN, 80mg/ml glycolic acid (300 μl) twice then thrice
with 0.1% (v/v) TFA and 70% (v/v) ACN. Phosphopeptides were
eluted fromTiO2 tip with consecutive 100 μl additions of 1% (v/v)
ammonia (Sigma) with 0, 30, and 50% (v/v) ACN. Samples were
immediately dried and resuspended in 1% (v/v) TFA and 5% (v/v)
ACN for LC-MS/MS.

Isobaric Labeling by Reductive Dimethylation
and Peptide Separation
Proteolytic digestion of 100 μg total protein was carried out as
described above and samples were labeled by reductive dimethy-
lation using formaldehyde isotopologues (34) with slight modi-
fications (35). After labeling, each sample was pooled and 40 μg
separated into six fractions using pH-based strong anion exchange
(SAX) STAGE tips (36) described in Ref. (37).

Mass Spectrometry (LC-MS/MS)
Samples were loaded onto a self-packed 100 μm× 3.5 cm reversed
phase peptide trap (Solid core Halo® 2.7 μm 160Å ES-C18,
Advanced Materials Technology) and desalted for 10min with
buffer A [0.1% (v/v) formic acid], peptide separation was carried
out using a self-packed 75 μm× 10 cm (Solid core Halo® 2.7 μm
160Å ES-C18, AdvancedMaterials Technology) column. A buffer
B [100% (v/v) ACN, 0.1% (v/v) formic acid] gradient (5–40%
in 120min) was used to elute peptides. Phosphopeptides were
ionized by electrospray ionization and data-dependent MS/MS
acquisition carried out using a Q-Exactive consisting of 1 full MS1
(R= 70K) scan acquisition from 350 to 1500m/z, and 10 HCD
type MS2 scans (R= 15K). Dimethylated peptides were analyzed
on an Orbitrap Elite (Thermo Fisher Scientific) consisting of 1
full MS1 (R= 120K) scan acquired from 350 to 1500m/z, and
10 CID type MS2 scans. On both instruments, monoisotopic
precursor selection, charge state screening, and dynamic exclusion
were enabled, charge states of +1, >4, and unassigned charge
states were not subjected toMS2 fragmentation. Rawmass spectra
were identified using Maxquant 1.3 using a 1% peptide and pro-
tein FDR. Searches were conducted against the uniprot complete
proteome reference database downloaded on June 06, 2014. The
database was supplemented with common contaminants often
found in cell culture and proteomics experiments these were later
removed. Searches specified for tryptic peptides with four missed
cleavages, 7 ppm precursor ion mass tolerance, 0.05Da fragment
ion mass tolerance, fixed modifications of carbamidomethylation
(C), and variable modification of oxidation (M), acetylation (N-
term, protein), and phosphorylation (STY). For phosphopeptides,
quantitation was performed using peptide intensity for modified
(STY) P-sites and for proteins using the protein intensity ratio
from the protein groups detected in the dimethylated data-set gen-
erated byMaxquant (38). Statistical analysis was carried out using
Perseus 1.5.0 (39). Intensities were pre-processed by log2 trans-
formation and checked for normality. To identify differentially
expressed peptides, the Student’s t-test were applied to compare
groups, P values were filtered for the effect of multiple hypothesis
testing using the FDR method (<5%). The mass spectrometry
proteomics data have been deposited to the ProteomeXchange

Consortium (40) via the PRIDE partner repository with the
dataset identifier PXD002079.

Phosphosite Localization and Kinase Assignment
To localize modifications search results were processed using
Maxquant that generates a score and probability function to assign
confidence to amino acidmodification location based on available
peak depth present in MS/MS spectra. Upstream kinases were
putatively assigned using the NetworKIN algorithm (41) and
Phosphosite database (42).

Viability Assays
Cell lines were seeded in 96-well plates at 5000 cells/well in tripli-
cate for each drug treatment and time point. After 2 h, cells were
treated with dilutions 5 μM for vemurafenib (PLX4072) alone or
in combination with 1.25 or 2.5 μM of the CK2 inhibitor (CX-
4945). After 72 h, cell viability for each cell line was assessed by
Presto Blue Assay (Life Technologies).

Results

Phosphoproteome Analysis of In vitro Drug
Resistance
Figure 1A outlines themethodology taken to investigate the phos-
phoproteome of drug-exposed melanoma cells. To model drug
resistance, a BRAF(V600E) mutant cell line (LM-MEL-28) was
cultured inmedia containing 5 μMof the selective BRAF inhibitor
PLX-4720 for 1month to generate the stable cell line, LM-MEL-
28R. The resistant line LM-MEL-28R was threefold less sensitive
to the growth inhibitory effects of PLX4720 than the parental
line LM-MEL-28 as shown in a viability assay (Figure 1B). For
phosphoproteomic and proteomic analysis, protein extracts were
generated, digested with trypsin, and then phosphopeptides were
enriched by micro-column based TiO2 chromatography analyzed
by LC-MS and total peptides labeled by reductive dimethylation
using light and heavy isotopes, mixed, separated by SAX chro-
matography and analyzed by LC-MS; all steps were performed in
triplicate. LC-MS identified 3162 unique phosphopeptides (S,T,Y)
sequences, mapping to 1164 distinct protein groups and 16,713
none-phosphorylated peptide spectral matches mapping to 3556
protein groups at a FDR of 1% using Maxquant; 836 phosphopro-
teins (72%) had dual P-site and protein quant estimates providing
added confidence in this dataset for detecting changes in phospho-
rylation occupancy (Figure 1C; Tables S1–S3 in Supplementary
Material). The intensity of all phosphopeptides within replicates
exhibited a strong positive correlation and low variance (R2 of
0.75–0.84 and CV 27.26–28.28%). Using a probability function,
76% (2395 of 3162) p[S], p[T], p[Y] sites could be localized
with high confidence (>75%) by MS/MS spectra (Figure 1D;
Table S3 in Supplementary Material). The intensity of all peptides
containing P-sites was used to compare cell populations initially,
while Class 1 (>75%) was used for assigning kinase–substrate
relationships.

Phosphorylation of the MAPK1 Pathway
Because the MAPK1 pathway is often at the center of acquired
drug resistance to BRAFi, we first examined the relative abun-
dance of P-sites in MAPK1, RB1, and CDK1/2, which can provide
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A B

C

D

FIGURE 1 | Phosphoproteomic analysis of in vitro drug resistance in
melanoma cells. (A) The melanoma cell line LM-MEL-28 BRAF(V600E) was
exposed to BRAF inhibitor PLX4072 for 30 days to generate LM-MEL28R cell
population. Proteins were extracted, digested, and ±TiO2 enrichment (for
phosphopeptides) or labeled by reductive dimethylation, separated by tip-based
strong anion exchange (SAX) chromatography, and analyzed by LC-MS and

Maxqaunt. (B) The viability of LM-MEL-28R and LM-MEL-28 cells when grown
in BRAFi was compared after 3 days (error bars are SD). (C) Venn diagram giving
the number of P-sites and proteins identified by LC-MS, overlap is calculated
where quantitation for P-sites and protein has been determined. (D) Histogram
of probability values obtained from Maxquant for P-site localization accuracy,
dotted line indicates the >0.75 cut-off used for kinase enrichment analysis.

a measure of MAPK1 signaling (Figures 2A–C). Regulatory P-
sites [MAPK1 (T185), RB1 (T821)] and the inhibitory site in
CDK1/2 (T/14Y15) were quantified and increased in abundance
in LM-MEL-28-R, indicating reactivation/modulation of MAPK1
signaling had taken place in LM-MEL-28R despite continued
BRAFi (Figures 2A–C). LC-MS data also provided a site-specific
quantitative measure of protein phosphorylation for MAPK1 and
RB1 and can thus indicate the activity of the regulatory kinases.
To demonstrate this further, we selected the heavily phospho-
rylated protein, sequestosome-1 (SQSTM1), a known substrate
of CDK1 (S269, S272) and demonstrate divergent site-specific
protein phosphorylation is detectable. P-site intensity decreased at
sites T269, S272 and increased at site S361 providing a snap shot
of the activity of multiple kinase and/or phosphatases that target
this protein (Figure 2D).

Proteome of Drug Resistance
To more accurately determine change in phosphorylation after
BRAF drug resistance the proteome of LM-MEL-28 and LM-
MEL-28R1 cell populations was compared using isotope coded
quantitative proteomics and LC-MS (Table S3 in Supplementary
Material). Analysis of these data alone indicated widespread reg-
ulation of protein biosynthesis occurs during the development
of resistance to BRAFi. Using a twofold cut-off, the majority of
proteins were found down-regulated (317) and fewer (151) up-
regulated. 1-D gene set enrichment analysis using the log2 ratio
and the Kyoto Encyclopedia of Genes and Genomes (KEGG, http:
//www.genome.jp/kegg/) database reflects this and is reported in
Table 1 andTable S4 in SupplementaryMaterial). Down-regulated
processes indicate major reprograming of metabolic pathways for
amino acid metabolism and energy transducing systems (TCA
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A B

C D

FIGURE 2 | Phospho-site analysis of MAP kinase pathway output. (A–D) The log2 intensity of key P-sites from proteins that function in and downstream of the
MAPK01 (ERK1/2) pathway signaling are plotted and analyzed using a Student’s t-test (error bars are SD).

and Glycolysis). Up-regulated processes indicate changes in pro-
cesses controlling DNA metabolism and the cell cycle.

Phosphorylation Dynamics in Drug Resistance
With estimates of both P-site and protein effect for drug sensi-
tive and resistant populations of LM-MEL-28, we subtracted the
protein effect to determine more accurately changes in the rate of
phosphorylation at significant sites. Protein quantitative estimates
for 2895 sites (~72%) were available and using the following
equation (Phospho rate = log2 Phospho− log2 Protein) specific
post-translational activity (kinase or phosphatase) was inferred.
Figure 3 is an x/y scatter plot of the significant P-sites (n= 148,
Student’s t-test FDR corrected P< 0.05) where x is log2 P-site
ratio (R1/S1) and y is log2 protein ratio (R1/S1). Data were well
correlated indicating a large effect of protein abundance on P-site
abundance (Pearson’s R2 = 0.6, P< 0.0001) (Figure 3A). Forty-
seven accurately localized (P< 0.75) P-sites were differentially
regulated by a minimum of twofold after protein abundance was
subtracted, and these were selected for kinome analysis using
Phosphosite.org and NetworKIN databases (41, 42) (Table 2).
Seventeen sites originated from singly phosphorylated peptides,
30 sites were from 15 doubly phosphorylated peptides, of which
5 had a second site where the P-site localization was ambiguous
(Class 2) (Table S5 in Supplementary Material). All accurately
localized sites (Class 1) were used for further analysis, and it

was accepted that for sites originating from the same peptide
the quantitative value would amount to the sum of regulation at
each site.

Kinase Enrichment Analysis
Using the phosphosite.org and NetworKIN databases, regulatory
kinases for 29/46 P-sites could be assigned and are reported
in Table 2 and Tables S3 and S5 in Supplementary Material.
Of the 46 P-sites, 11 were in key cytoskeletal regulators and
kinase predictions were available for 7 of these sites. For exam-
ple, myosin regulatory light chain, MLC12A/B/9 (T18 and S19)
destrin/cofilin (S3) predicts the activity of ROCK1 and LIMK1/2
protein kinases (Figure 3B). P-sites in three distinct guanidine
exchange factors (GEF’s 11, 40, and 1)were also regulated by phos-
phorylation and S35 in GEF40 is putative substrate for the p21-
associated kinase PAK4 (Figure 3C; Table 2). Phosphorylation
of two microtubule-associated proteins (MAPs) increased at six
sites (Figure 3D). Here, sites S2019, S2022 predicted the activity
of CK1A on MAP1A and S1793, S1797 are putative substrates for
GSK3β onMAP1B. Other sites of note for which kinase–substrate
predictions were determined included two MAPK1 substrates
TPR (S2155) and PPP2R2A (S692). Sites in the key signaling
molecules insulin receptor substrate 1 (IRS1, S736), the insulin-
like growth factor 2 receptor/cation-independent mannose-6-
phosphate receptor (IGF2R/CI-MPR, S2484), and protein kinase
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TABLE 1 | 1-D gene enrichment analysis.

KEGG pathway name Proteinsa Medianb Benj.
Hoch. FDR

Mismatch repair 14 0.50 3.4E-03

DNA replication 24 0.34 1.3E-04

Nucleotide excision repair 21 0.26 4.6E-04

Cell cycle 40 0.22 3.5E-04

Huntington’s disease 97 −0.37 3.3E-03

Oxidative phosphorylation 73 −0.40 7.2E-04

Alzheimer’s disease 87 −0.41 3.3E-03

Parkinson’s disease 76 −0.41 3.0E-04

Glycolysis/gluconeogenesis 34 −0.48 4.6E-03

Ribosome 72 −0.52 1.2E-08

Cardiac muscle contraction 25 −0.55 6.6E-04

Peroxisome 30 −0.59 2.9E-03

Aminoacyl-tRNA biosynthesis 30 −0.60 3.5E-04

Fatty acid metabolism 24 −0.60 1.6E-03

Citrate cycle (TCA cycle) 27 −0.61 2.2E-03

Valine, leucine, and isoleucine
degradation

26 −0.62 4.1E-04

Pyruvate metabolism 27 −0.63 1.4E-03

PPAR signaling pathway 22 −0.67 2.6E-03

Tryptophan metabolism 14 −0.75 3.3E-04

aNumber of proteins annotated with the KEGG pathway.
bMedian log2 fold change for proteins annotated within the KEGG pathway.

C (PKC, S497) indicated activity ofGSK3α/β, CK2A, andPDHK1,
respectively. Nestin (S680) and sequestosome-1 (T269, S272)
decreased in phosphorylation and are predicted to be substrates of
CDK1, consistent with the increase in inhibitory phosphorylation
of CDK1 (Y15/T14) measured. Finally, Casein kinase 2 alpha
(CK2A)was predicted to regulate six sites, four of which increased
in abundance for proteins that function in core processes of
DNA replication and damage responses [MCM3 (S711, S672)
and HERC2 S2928] and protein translation (RPLP1/2, S104/105)
(Table 2).

Meta-Analysis
Recently, Girotti et al. identified major regulation of phospho-
proteins involved in cytoskeletal and cell invasion gene ontology
and interaction modules occurs in melanoma cells with acquired
BRAFi resistant in vitro (32). To investigate our results in the
context of this and other data-sets a meta-analysis of datasets
including Girotti et al. and Old et al. (a measure of short-term
BRAFi in melanoma) was completed Table S7 in Supplementary
Material (31, 32). Several sites in cytoskeletal proteins [e.g., Nestin
(S680/768), Cortactin (S405) MAPB1 (S1793)] were commonly
regulated in both our and the Girotti et al. (32) datasets. Less
overlap is observed with the Old et al. screen, with only Cortactin
(S405/S401) andNES (S768) regulated in all three data-sets. Addi-
tionally, we compared our data to an shRNA screen by Sun et al.
for factors that influence the expression of EGFR in acquired drug
resistance (13). Both SOX-10 and MTA2 were identified in the
screen and both aremeasured in our proteomic data.We observed
no change in SOX-10 protein expression, but an increase inMTA2

expression in drug resistance cells (Figure S1 in Supplementary
Material).

Drug Resistant Cells are Sensitive to CK2
Co-Inhibition
Based on the measured increase in phosphorylation of several
putative CK2 sites in LM-MEL-28R and our previous finding
that CK2 inhibition is synergistic with BRAF inhibition in
BRAF(V600E) mutated cells (43), we tested whether LM-MEL-
28R was sensitive to CK2 inhibition. Figure 4 demonstrates
that the resistant line was sensitive to co-inhibition with CK2
inhibitor CX-4595 and that this inhibition was beyond what was
observed for CK2 alone in the drug sensitive LM-MEL-28. A
quantitative reduction in cell growth over several concentrations
of inhibitor (<50% at 2.5 μM and <90% at 5 μM) was observed
in LM-MEL-28R.

Discussion

Changes in the phosphoproteome of a BRAF(V600E) mutant
melanoma cell line that occur after the development of drug
(PLX4720) resistance in vitro are described here. Using a sin-
gle step phosphopeptide enrichment followed by LC-MS analy-
sis and label-free quantitation using the freeware Maxquant, we
accurately detected and measured ~2700 phosphorylation events
and 3556 proteins. Initially, we quantitated the viability of both
unexposed and drug resistant populations in the presence of
BRAFi. We observed that although viability was reduced after
drug adaption, stable growth was maintained and cells were able
to propagate in the presence of 5 μMPLX4720.Our in vitro system
provided a suitable model to measure phosphorylation in drug
resistance in vitro; and through kinases landscape analysis the
activity of several kinases regulating these events was predicted.

Drug resistance in melanoma often occurs through reacti-
vation of MAPK signaling despite continued exposure to the
inhibitor (10). Through selective analysis of regulatory P-sites in
the MAPK1 signaling pathway (ERK1/2) and downstream cell
cycle regulators (RB1 and CDK1), our cell model was consistent
with MAPK reactivation in resistant cells despite exposure to
BRAFi. With this data set, we next investigated the relationship
between protein phosphorylation and protein abundance. Amea-
sure for protein abundance was available for ~72% of measured
P-sites. The measure for protein was based upon all identified
unmodified peptides mapping to the same protein group as the P-
site-derived peptide spectral match. This measure could account
for the dominant effects of protein metabolism (synthesis and
degradation) often observed in cells during long-term adaptive
responses. As expected, the abundance of the majority of P-sites
closely followed that of protein expression, with only a small
subset (46 P-sites) exhibiting changes in abundance that could
not be accounted for by changes in the rate of protein turnover.
The most likely explanation for this divergence is the activity
of kinase(s) or phosphatase(s) with specific regulatory functions
in cellular adaption to BRAF inhibition. Focusing on kinases
where the most probable enzyme–substrate relationship(s) can be
mapped, potential regulatory mechanisms were identified and are
discussed below and summarized in Figure 5.
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A B

C D

FIGURE 3 | Phosphorylation rate analysis. (A) Correlation of metrics for
P-site effect with protein abundance effect measured between drug
sensitive and resistant cell populations. Green=P-site effect
twofold>protein effect. Red=P-site effect twofold<protein effect. Log2

intensity of P-sites and total protein for key cytoskeletal regulators
(B) myosin and destrin, (C) guanidine exchange factors (11, 40, and 1), and
(D) microtubule-associated proteins 1A and 1B analyzed using a Student’s
t-test (error bars are SD).

Drug Resistance Induces De/Phosphorylation of
the Cytoskeleton Regulators
Cytoskeletal changes are central to the phenotypic transitions
that occur in tumor progression, altering invasiveness, metastasis,
and resistance to therapy and this was reflected in our data. P-
sites that are key regulatory residues in proteins controlling both
actin and microtubule-based filaments were altered beyond pro-
tein metabolic control. Destrin (actin-depolymerization factor,
ADF) is responsible for actin stability (44) and Ser-3 can be
phosphorylated by LIM domain kinase 1 and 2 (LIMK1/2) to
induce cytoskeletal reorganization to form stress fibers, mem-
brane blebs and alter cell adhesion through the formation of F-
actin in non-muscle tissue (45, 46). Myosin light chain (12A/B/9)
phosphorylation of S19 and T18 provide evidence for increased
activity of several up-stream kinases [myosin light chain kinase
(MLCK), Rho-associated kinase (ROCK), citron kinase, leucine
zipper interacting kinase ZIPK/DAPK3, and CDC42 binding
kinase]. Functionally, phosphorylation of S19/T18 alleviates auto-
inhibition of the MYLC globular heads and promotes interaction
with actin to form bipolar filaments (47). The activating signals
for this are diverse, ROCK2 is activated by the small GTP-binding

protein RhoA, which is dependent on the activity of GEFs (48,
49). In the resistant cell population, a drop in phosphorylation
of three different GEF’s, including S35 in GEF11 was measured.
Phosphorylation ofGEF11 by the Cdc42 effector kinase PAK4 and
p38 MAPK both lead to a drop in GEF activity (50, 51). Kinase
enrichment analysis predicted a C-terminal site S35 to be a target
for PAK4, indicating a novel site where PAK4 may regulate GEF
activity in drug resistant cells. In themicrotubule-based cytoskele-
ton, reduced phosphorylation of MAPs indicated altered tubule
stabilization and several sites near microtubule binding domains
could influence the tethering of cargo for transportation (52). P-
site S1793 and S1797 in MAP2A are putative sites for GSK3-β.
GSK3-β activity couples extra-cellular matrix (ECM) signaling to
the actin/microtubule cytoskeleton during cell migration (53).

The regulation of cytoskeletal dynamics by Rho/ROCK and
GEF signaling is a key driver of the phenotypic transitions or
switching that can change the migratory phenotype of cells (54).
In melanoma, transcriptional networks that have roles in mes-
enchymal and amoeboid transitions alter during metastasis and
response to therapy (55). These changes may contribute to the
intrinsic invasive phenotypes that have been observed in response
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TABLE 2 | Regulated phosphosites in drug resistant cells and the prediction of putative regulatory kinases.

Protein names Gene names P-site Diffa R PhosphoSitePlus kinase NetworKIN

Protein kinase C alpha type PRKCA T497 2.21 + PDHK1

Serine/threonine-protein phosphatase 2A regulatory
subunit B” subunit alpha

PPP2R3A S692 1.41 MAPK3, MAPK1,
CDK1

Myosin regulatory light chain 12B MYL12B S25 2.74 + ILK; DLK; DAPK1; ROCK1; AurB;
smMLCK; DAPK3; CAMK1A; CRIK;
MRCKA; PKCA; PAK1

Myosin regulatory light chain 12B MYL12B T24 2.74 + ILK; DLK; ROCK1; smMLCK; DAPK3;
CRIK

ROCK2

G-protein coupled receptor 143 GPR143 S343 1.28

Destrin DSTN S3 2.29 + LIMK2; LIMK1; TESK1

40S ribosomal protein S6 RPS6 S236 2.49 + PKCD; p90RSK; p70S6K; RSK2 p70S6K

Nucleoprotein TPR TPR S2155 1.59 MAPK1

Choline-phosphate cytidylyltransferase A PCYT1A S347 1.66

E3 ubiquitin-protein ligase HERC2 HERC2 S2928 1.32 CK2alpha

Choline-phosphate cytidylyltransferase A PCYT1A S343 1.59

DNA replication licensing factor MCM3 MCM3 S756 1.16 CK2alpha

DNA replication licensing factor MCM3 MCM3 S717 1.15 CK2alpha

60S acidic ribosomal protein P1 RPLP1 S104 1.92 CK2alpha

60S acidic ribosomal protein P2 RPLP2 S105 1.80 GRK2, CK2alpha

Insulin receptor substrate 2 IRS2 S736 1.34 GSK3alpha,
GSK3beta

Choline-phosphate cytidylyltransferase A PCYT1A S331 −1.25

ATP-dependent RNA helicase DDX24 DDX24 S82 −1.31 Chk1

Ras-related GTP-binding protein C RRAGC S95 −1.25

Ankyrin repeat and SAM domain-containing protein 1A ANKS1A S663 −1.53

Septin-9 SEPT09 S85 −1.24 CK1delta

CLIP-associating protein 1 CLASP1 S415 −1.75 NEK2, CaMKIIalpha

C-Jun-amino-terminal kinase-interacting protein 4 SPAG9 S730 −1.25

C-Jun-amino-terminal kinase-interacting protein 4 SPAG9 S733 −1.25

Rho guanine nucleotide exchange factor 40 ARHGEF40 S262 −1.80

MAP7 domain-containing protein 1 MAP7D1 S113 −1.69

Niban-like protein 1 FAM129B S646 −1.04

Sequestosome-1 SQSTM1 S272 −1.40 + CDK1 MAPK3

60S ribosomal export protein NMD3 NMD3 T470 −1.81

Niban-like protein 1 FAM129B S641 −1.23

Sequestosome-1 SQSTM1 T269 −1.62 + CDK1 MAPK3

Syntaxin-12 STX12 S142 −1.87

E3 ubiquitin-protein ligase NEDD4L S308 −1.06 PDHK1, GSK3beta

Rho guanine nucleotide exchange factor 11 ARHGEF11 S35 −1.70 PAK4

E3 ubiquitin-protein ligase NEDD4L S307 −1.30 + PKACA; SGK1 TGFbR2

Rho guanine nucleotide exchange factor 1 ARHGEF1 S919 −2.42

Microtubule-associated protein 1A MAP1A S764 −1.46

Microtubule-associated protein 1A MAP1A S765 −1.46

Microtubule-associated protein 1A MAP1A S1913 −1.89

Cation-independent mannose-6-phosphate receptor IGF2R S2484 −2.74 CK2A1 CK2alpha

Nestin NES S680 −2.31 CDK1, CDK5

Microtubule-associated protein 1B MAP1B S1793 −2.05 GSK3beta

Microtubule-associated protein 1B MAP1B S1797 −2.05 GSK3beta

PDZ and LIM domain protein 4 PDLIM4 S112 −2.08

Microtubule-associated protein 1A MAP1A S2257 −3.85 CK1alpha, CK1delta

Microtubule-associated protein 1A MAP1A S2260 −3.85 CK1alpha, CK1delta

aLog2 fold change corrected for protein effect (see text), R (known regulatory site).
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FIGURE 4 | CK2i of the drug resistant cell line (LM-MEL-28-R1). The
effects of co-inhibition with the CK2 inhibitor CX-4945 and BRAFi (PLX4072)
on proliferation of the drug resistant cell population LM-MEL-28-R1 were
quantitated by viability assay, analyzed using a Student’s t-test (error bars are
SD).

to inhibitor therapy (25, 32). ROCK1 and 2 promote myosin
phosphorylation and actin fiber formation to drive amoeboid
movement, where cell membranes undergo extensive blebbing
allowing cells to deform and pass through voids in the surround-
ing matrix (56). Co-inhibition of ROCK signaling has recently
been shown to enhance the anti-proliferative effect of the BRAFi
PLX4720 and supports our observation that drug resistant pop-
ulations utilize ROCK signaling as a pro-survival mechanism
(57). Through a meta-analysis of our results with other drug-
exposed cell models (31, 32), a clear functional role can now
be confirmed for the phosphorylation of proteins that function
in the cytoskeleton. However, this analysis revealed that only
20/145 P-sites were shared between our data and that of Girotti
et al. (32). This discrepancy could be explained by the myriad of
possiblemechanisms that canmediate drug resistance and is likely
to depend on tumor genotype, heterogeneity, and locale; where
each generates a unique cytoskeletal organization of maximum
fitness. Outside of biological variation, technical differences in
data generation and analysismay underlie the inconsistency in the
P-sites identified. However, in Girotti et al., despite differences in
methodology and only a twofold cut-off being applied to assign
significance, of the sites that do overlap the majority of P-sites
(13) exhibit a similar direction of regulation. While carrying out
this meta-analysis, we also compared the proteomic data to the
results of an shRNA screen for mechanisms of EGFR-based drug
resistance in melanoma. Here, we identified MTA2 but not SOX-
10 protein expression as altered in drug resistant cells. In Sun
et al. (13), MTA2 is ruled out as a false-positive mediator by a
targeted approach. These data provide an indication that LM-
MEL-28, does not acquire BRAFi resistant through expression
of EGFR receptor via SOX-10 attenuation; and could further
explain the discrepancy in regulated P-sites with Girotti et al.,

where EGFR signaling is required for growth of the resistant cell
population (32).

Melanosome Signaling Through G-Protein
Couple Receptor-143 (OA1)
G-protein-coupled receptors can generate signals key to the devel-
opment of resistance to BRAF inhibitor therapy (58). Here, we
identified novel sites of phosphorylation (S331/S343) in theGPCR
143, also known as ocular albinism type 1 (GPR143/OA1), that
increased in BRAFi resistant cells (Table 1; Figure 5). OA1 is a
pigment-cell specific G-protein receptor for tyrosine, -DOPA,
and dopamine it also localizes to intracellular melanosomes and
forms a key component of melanosome biogenesis and trans-
port (59–61). OA1 regulates expression of the MITF, sustaining
its expression and promoting melanocyte differentiation (62).
Oncogenic BRAF can suppress MITF expression preventing nor-
mal melanocyte differentiation and promoting transformation
to a de-differentiated proliferative state (63). In GPR143/OA1,
S331/S343 reside in the C-terminal cytoplasmic domain andwhile
no kinase prediction was assigned, phosphorylation here could
drive the classical recruitment of beta-arrestins and lead to inac-
tivation of G-protein signaling by OA1 leading to further de-
differentiation observed in drug resistant tumors (64). OA1 also
signals through the actin/microtubule cytoskeleton to regulate the
transport of melanosomes from the perinuclear region to the cell
periphery and could in-part drive phosphorylation dynamics of
the cytoskeleton indicated above (59). Finally, S331 is directly
adjacent to a two amino acid “WE” domain vital for the correct
localization of OA1 protein to the melanosome (65). Mutation
of WE>AA redirects OA1 to the plasma membrane (65). The
role of OA1 phosphorylation in protein localization, melanosome
and cytoskeleton signaling and how this facilitates drug resistance
remain to be tested.

Key P-Sites in Known Signaling Nodes Reflect
MAPK1 Reactivation
T497 in protein kinase C alpha (PKCα) increased in expression
and phosphorylation in drug resistant cells. T497 in PKCα is
located in the activation loop and phosphorylation is essential
for full catalytic activity of PKCα (66). Phosphorylation of T497
by PDPK1 (PDK1) is classically dependent on phosphatidyli-
nositol metabolism and PI3K activation induced by GPCR or
TRK signaling (Figure 5). PKCα activity in melanoma is highly
context dependent with roles in both oncogenesis and growth
suppression (67). PKCα can contribute to activation of theMAPK
pathway through direct phosphorylation of RAF substrates to
activate ERK, or promote the c-Jun N-terminal kinase (JNK)
MAP kinase pathway through association with RACK1 (68, 69).
RACK1 shuttles PKCα to target the stress-related MAPK JNK for
phosphorylation leading to constitutive activation of p38 MAPK
signaling (69). Interestingly, we measured dephosphorylation of
S730/733 in SPAG9 (JIP4), a scaffold protein involved in the
spatial organization of MAP kinases and a mediator of c-Jun
N-terminal kinase. The meta-analysis of Girotti et al. (32) sup-
ported this finding and while kinases/phosphatases able to reg-
ulate SPAG9 S730/733 phosphorylation remain unreported our
data indicates that regulationmay be key to the rewiring ofMAPK
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FIGURE 5 | Network cartoon summarizing the prominent differences in phosphorylation measured between BRAFi sensitive and resistant cell
populations.

signaling in cells adapted to BRAFi. A further mechanism able
to reactivate ERK1/2 signaling in BRAFi resistance was indicated
by the increased phosphorylation of the ERK/1/2 substrate TPR
at S2155 (Table 1). TPR is a nuclear pore complex protein and
chromatin regulator that in response to ERK1/2 phosphorylation
can bind and localize ERK1/2 to chromatin (70). During short-
term exposure to BRAF and MEK inhibitors phosphorylation of
TPR at S2155 reduces in BRAF(V600E)mutant cell lines (43). The
recovery of TPR phosphorylation in the face of chronic BRAFi
appears to be associated with the re-establishment of MAPK
nuclear signaling in drug adapted cells.

Evidence for potential upstream mechanisms for ERK reac-
tivation is provided by a change in phosphorylation of insulin
receptor substrate (IRS2), a downstream effector of insulin-like
growth factor receptor 1 (IGF-1R). IGF-1R signaling in cancer
cells results fromup-regulation of the receptor or its ligands (IGF-I
and IGF-II) and contributes to the emergence of chemotherapeu-
tic resistance. Insulin receptor substrate (IRS1/2) proteins trans-
mit oncogenic signals through PI3K and ERK signaling modules
(Figure 5). IRS1/2 also mediate the termination of IGF-IR signal-
ing and resistance to PI3K inhibitors occurs through a reduction
in this feedback inhibition [reviewed in Ref. (71)]. We measured
phosphorylation of IRS2 at two sites, (i) S736 confidently localized
and predicted to be regulated by GSK-3α/β and (ii) an ambiguous
P-site (either S730/731/735/740 or Y742) in the same peptide. A
lack of clarity for the position of the second site makes it difficult
to predict, which kinase(s) may be responsible for the regulation

that we observed. However, phosphorylation of IRS2 represents
a key signaling process where cells become reprogramed through
PI3K to activate PDK1-PKC/PKB(AKT) or throughGRB2-SOS to
activate the Ras-MAPK pathway directly (Figure 5) (72). IGF-1R
has been shown to be up-regulated in drug resistantmelanoma cell
lines previously (12). Recently, IRS2 was also found up-regulated
in BRAFi (PLX4032) resistant tumors and blocking or eliminating
IRS or subsequent PI3K-mediated signaling may provide thera-
peutic potential (12, 73). More specifically, IRS-2 is a target of
miR-7-5p found down-regulated in melanoma (74). miR-7-5p
down-regulation is associated with increased cell migration and
metastasis, and using RNA interference (RNAi) IRS-2 was shown
to regulate this phenotype through the PKB/AKT signaling node
(74, 75). In support of a role for IGF signaling, a decrease in the
phosphorylation of a CK2 site (S2484) in the cytoplasmic domain
of the insulin-like growth factor receptor II (IGFR2) known also as
the CI-MPR receptor was detected in BRAFi drug resistant cells.
This protein acts as both the receptor for IGF2 and mannose-6-
phosphate and is implicated in both G-protein signaling and the
targeting of lysosomal enzymes. In CHO cells, phosphorylation of
this site regulates changes in the trafficking of the receptor in the
Golgi-network (76) and down-regulation of plasma membrane
IGFR2 is associatedwith increased signaling through IGF-R1 (77).

This study demonstrated a simple and effective approach to
detect kinase activity important in the transition of cells from
a BRAF sensitive to BRAF resistant phenotype. Once detected
these kinase present themselves as potential targets for future
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co-therapies. During our analysis, we detected increases in the
phosphorylation and abundance of proteins involved in processes
related to DNA metabolism. Several of these sites were substrates
for CK2A, and we tested if long-term exposure to BRAFi provided
protection from the synergistic inhibitory effects of protein kinase
CK2A–BRAF co-inhibition previously observed in BRAF(V600E)
mutant melanoma (43). This was not the case with an additive
effect (>50%) being observed in both parental and resistant popu-
lations, suggesting that this drug combination could be effective in
reducing the emergence of resistant cell populations.We have pre-
viously demonstrated that CK2 plays an important role in priming
the activity of Akt through phosphorylation at S129, and that
controlling CK2 activity is an effective strategy in preventing cell
growth in BRAF melanoma and BRAF thyroid carcinoma (43).
Notwithstanding the importance of Akt-driven growth pathway,
CK2 is a ubiquitous serine/threonine kinase and in the nucleus
plays an important role in modulating DNA-damage and repair
machinery (78, 79); it is likely that the inhibitory effect of blocking
CK2 leads to wide-spread modulation in numerous other path-
ways that support cell proliferation. Understanding the mecha-
nistic significance of how CK2 regulates these other pathways in
melanoma needs ongoing research.

Conclusion

A central paradigm of acquired drug resistance in BRAF mutant
melanomas is the reactivation of MAPK signaling (10). In this
work, a quantitativeMSmethodmeasuring both the phosphopro-
teome and proteome was developed and implemented to describe
novel phosphorylation-based signaling events in cells after this
transition in vitro. We identified increased MAPK01 phospho-
rylation alongside well-known and novel protein phosphoryla-
tion events driven by this and other kinases. Regulation of key
substrates in Rho/ROCK signaling axis provided evidence for
cytoskeletal rearrangements able to facilitate a phenotypic switch
in cell motility that evolve during BRAFi therapy. Importantly,

our study provided evidence for signaling events in several pro-
teins (IGFR2, IRS1, PKC, and GEFs) associated with established
pathways of drug resistance in melanoma and other cancers (12,
80). Phosphorylation of IRS1 re-enforces the importance of IGF
signaling in drug resistant melanoma as a valid target for co-
therapy. Novel sites identified indicate new and untested mecha-
nisms able to promote cell survival and these require confirmation
in vivo. The diversity of drug resistance mechanisms discovered
in melanoma so far indicates a need to develop an individual-
ized approach to multi-targeted cancer treatment. TheMS-driven
phosphoproteomic method described here can be readily applied
to the analysis of tumors biopsied before, during, and after treat-
ment to provide a direct readout for kinases that are drug-able
targets in relapsed patients.
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Metastasis in cancer consists of multiple steps, including epithelial–mesenchymal-
transition (EMT), which is characterized by the loss of epithelial-like characteristics and
the gain of mesenchymal-like attributes including cell migration and invasion. It is clear that
the tumor microenvironment can promote the metastatic cascade and that intercellular
communication is necessary for this to occur. Exosomes are small membranous vesicles
secreted by most cell types into the extracellular environment and they are important
communicators in the tumor microenvironment. They promote angiogenesis, invasion,
and proliferation in recipient cells to support tumor growth and a prometastatic pheno-
type. Although it is clear that exosomes contribute to cancer cell plasticity, experimental
evidence to define exosome induced plasticity as EMT is only just coming to light. This
review will discuss recent research on exosomal regulation of the EMT process in the
tumor microenvironment.
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INTRODUCTION
Epithelial–mesenchymal-transition (EMT) is a process whereby
epithelial cells undergo a shift in plasticity and acquire the abil-
ity to disseminate, invade, and cause metastasis. Established as a
central process during the early stages of development, it is now
clear that EMT has implications on cancer progression by trigger-
ing the loss of cell–cell adhesion to facilitate tumor cell invasion
and remodeling of the extracellular matrix. While epithelial cells
express high levels of E-cadherin and are closely connected to each
other by tight junctions, mesenchymal cells express N-cadherin,
fibronectin, and vimentin, have a spindle-shaped morphology and
less tight junctions.

Intercellular crosstalk between neighboring and distant tumor
cells and immune and stromal cells in the tumor microenviron-
ment plays a large role in cancer development, the establishment of
the mesenchymal state, and metastasis. Intercellular crosstalk can
occur by direct cell to cell contact or via factors secreted into the
extracellular environment. Extracellular vesicles, called exosomes,
have become recognized as important in cellular communication
(1). Unlike soluble factors secreted by cells, exosomes carry a con-
centrated group of functional molecules, provide protection to the
transported molecules and serve as intercellular communicators
not only locally but also systemically.

Exosomes are formed from inward budding of the limiting
membrane of multi-vesicular bodies (MVB) and are released from
the cell into the extracellular environment upon fusion of the
MVB with the plasma membrane. Most prokaryotic and eukary-
otic cells release exosomes, including cancer cells such as colorectal
(2), lung, breast, glioblastoma (GBM), ovarian, and melanoma (3).
Exosomes from different cellular types contain a common set of
molecules, as well as cell type-specific components. For example,
exosomes derived from cancer cells contain proteins that reflect

the endosomal origin of exosomes as well as cellular oncogenic
drivers including receptor tyrosine kinases (RTKs), oncoproteins,
phosphorylated proteins, and miRNA (2, 4–6). After release into
the extracellular environment, exosomes act as discrete vesicles
trafficking to distant and proximal recipient cells where they alter
cell signaling and phenotype by transfer of bioactive molecules.
Exosomes transfer their messages in different ways. Firstly, they
can activate target cells through the transfer of ligands such as
fibroblast growth factor (FGF), hepatocyte growth factor (HGF),
vascular endothelial growth factor (VEGF) (7, 8), and epidermal
growth factor (EGF) (9). Secondly, they can transfer receptors
such as mutant EGFR (10) and HGFR (11) from one cell to
another by fusion with the plasma membrane of recipient cells
(10). This results in transfer of oncogenic activity via activation
of growth factor signaling pathways in recipient cells (11, 12). The
third mechanism of action involves endocytosis of the exosome
and subsequent transfer of molecules directly into the cytosol of
the recipient cell. These can include phosphorylated P13K, AKT,
mTOR, cyclins, and cyclin-dependent kinases (13, 14) and miRNA,
which can functionally repress target genes in the recipient cell
(15).

Over the last decade, a number of studies have demonstrated
that exosomes are mediators of the metastatic process. Exosomes
derived from both normal and cancer cells can promote angio-
genesis (16–19), invasion (20–23), and proliferation (24–26) in
recipient cells to support tumor growth.

CHANGES IN EXOSOME COMPOSITION ACCOMPANY THE
TRANSITION TO A MESENCHYMAL STATE
Epithelial–mesenchymal-transition entails morphological and
phenotypic changes to a cell. To assess the composition of
exosomes released from cells following these changes, several
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groups have induced EMT via transformation with oncogenic
proteins such as Ras or EGFR (27–29). Exosomes released from
Madin–Darby canine kidney (MDCK) cells transformed with
oncogenic H-Ras contained the EMT marker vimentin, in addition
to matrix metalloproteases (MMPs), integrins, and key and core
splicing complex components (29). Epithelial markers including
E-cadherin and EpCAM were downregulated relative to exosomes
from untransformed cells. It was postulated that exosomes from
the transformed cells were capable of inducing EMT in recipi-
ent cells although no functional experiments were performed to
validate this. Proteomic studies on EGFR (coupled with block-
ade of E-cadherin) induced EMT in A431 and DLD-1 epithelial
cancer cells, revealed coordinated loss of EGFR and tissue fac-
tor (TF) from the cells (27). This coincided with an increase in
exosome release, selective upregulation of TF in exosomes, and
expression of 30 additional proteins unique to the mesenchymal
cell-derived exosomes (28). The mesenchymal-like cells trans-
ferred TF to recipient endothelial cells via exosomes rendering the
recipient cells procoagulant, suggesting EMT promotes exosome
release and shedding of TF from cells via exosomes (27).

Jeppesen et al. studied the protein content of exosomes derived
from a human bladder carcinoma cell line without metastatic
capacity relatively to two isogenic derivate metastatic cell lines
formed in the lung and liver of mice. Although proteins associated
with EMT were found in exosomes derived from the metasta-
tic cells (30), no functional studies correlating changes in protein
content with alterations in exosome function were carried out,
so it is unclear in this case if exosomes from the metastatic cell
line had an increased metastatic potential. With that said, exo-
somes from a range of mesenchymal-like breast and ovarian cancer
cell lines differentially impacted on recipient cells compared to
epithelial-like cell lines (31). Exosomes from the mesenchymal-
like cell lines contained increased angiogenic molecules including
PDGF, IL-8, and angiogenin suggested to promote AKT phos-
phorylation and subsequent activation of recipient endothelial
cells (31).

EMT INDUCERS ARE ASSOCIATED WITH EXOSOMES
The protein composition of exosomes has been analyzed exten-
sively, predominantly by mass spectrometry to reveal a defined
subset of cellular proteins common to exosomes originating from
a variety sources and species (32–35). Inducers of EMT have been
found in association with exosomes including TGFβ (36), TNFα,
IL-6, TSG101, AKT, ILK1, β-catenin (37, 38), hepatoma-derived
growth factor, casein kinase II (CK2), annexin A2 (30), integrin
3 (39), caveolin-1 (40), and matrix metalloproteinases (41–44).
Functional studies to demonstrate that exosome associated EMT
inducers promote a prometastatic phenotype are outlined below.

The WNT signaling pathway participates in EMT by inhibit-
ing glycogen synthase kinase-3β (GSK3β) to stabilize β-catenin,
promoting a gene expression program that favors EMT (45). Exo-
somes released from human and Drosophila cells contain WNT
(46, 47), which can be transferred and activate WNT signal-
ing in recipient cells (48–50). Luga et al. observed that WNT
containing exosomes derived from cancer associated fibroblasts
(CAFS) promoted motility and metastasis by activating autocrine
WNT-planar cell polarity signaling in recipient breast cancer cells

(48). Similarly, mesenchymal stem cell (MSC) and macrophage-
derived exosomes (51) promoted migration and/or invasion of
breast cancer via activation of WNT signaling (49). In melanoma,
recombinant WNT5A induces the release of soluble mediators
including IL-6, IL-8, VEGF, and MMP2 in association with exo-
somes (52) suggesting that not only does exosomal WNT promote
EMT in recipient cells but it changes the composition of the
released exosome to promote further EMT. Kock et al. examined
the contribution of exosomes to cancer population equilibrium
and tumor heterogeneity (53). They showed that diffuse large B-
cell lymphomas possess a self-organized infrastructure comprising
two populations of cells, where transitions between clonogenic
states could be modulated by exosome-mediated WNT signaling
(53). This study goes some way in broadening our understanding
of the complex processes that maintain tumor cell heterogeneity
and highlights exosomes as key players in this process.

Hypoxia in the tumor environment can promote EMT and
several studies have provided evidence that hypoxia promotes
the release of exosomes from different tumor cell types includ-
ing breast, glioma, leukemia, and prostate (38, 54–57). Exosomes
released by prostate cancer cells under hypoxic conditions con-
tain more TGFβ IL-6, TNFα, and MMP, TSG101, AKT, ILK1,
and β-catenin (38), suggesting that they could differentially mod-
ulate recipient cells compared to exosomes from normal cells.
Indeed, exosomes released from A431 carcinoma (58), glioma cells
(55), and leukemia cells (54) promoted angiogenesis in recipi-
ent cells (16, 55). Similarly, exosomes derived from hypoxic GBM
cells promoted tumor cell survival by inducing angiogenesis both
in vitro and ex vivo through phenotypic modulation of endothe-
lial cells and increased autocrine, promigratory activation of GBM
cells (57).

Latent membrane protein 1 (LMP) of Epstein–Barr virus (EBV)
contributes to the metastatic phenotype of nasopharyngeal car-
cinoma (NPC) by inducing EMT. Aga et al. (22) investigated
if LMP1-positive exosomes could mediate EMT. They demon-
strated that LMP1 positive exosomes and exosomal HIF1α modu-
late expression of EMT markers in recipient cells (22). Following
treatment with LMP1-positive exosomes, recipient cells expressed
less E-cadherin and more N-cadherin along with morphological
spindle-like changes in cell shape indicative of EMT (22). Although
exosome concentration was not reported and downstream signal-
ing pathways associated with EMT were not examined, it is clear
that LMP1-positive exosomal transmission of HIF1α correlates
with EMT-associated changes in the cadherin expression profile
in recipient cells.

A growing number of miRNAs have been implicated in the
regulation of EMT-related pathways in cancer (59) and in recent
years exosomes have been reported to contain nucleic acid such
as DNA, RNA, non-coding RNA, and miRNA (60–62). MiR-223,
a miRNA specific for IL-4-activated macrophages, could be trans-
ported from macrophages to breast cancer cells via exosomes
(63) to promote breast cancer cell invasion via modulation of
the β-catenin pathway. Similarly, exosomes released from bone
marrow-derived mesenchymal cells promoted multiple myeloma
(MM) formation in an animal model by transfer of exosomal miR-
15a (64). Josson et al. recently performed one of the first studies
to show that transfer of stromal-derived exosomal miRNA results
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in morphologically and biochemically defined EMT in cancer cells
(65). Exosomes were isolated from normal prostate stromal cells
overexpressing miR-409. Exosome associated miR-409-3p and -5p
decreased the expression of target genes in prostate cancer cells and
increased proliferation. Interestingly,6 weeks after maintaining the
prostate cancer cells in stromal cell media, the prostate cancer cells
underwent EMT, which was biochemically defined by decreased
E-cadherin and increased vimentin mRNA expression. In vivo,
co-injection of prostate cancer cells and miR-409-overexpressing
stromal fibroblasts resulted in tumor cells expressing miR-409 and
enhance tumor growth suggesting that miR-409 was secreted out
of stromal fibroblasts and taken up by the adjacent tumor. Further
in vivo modeling however is required to conclude that stromal-
derived exosomes were responsible for transfer of miR-409 to
surrounding cancer epithelial cells and subsequent tumor growth.

EXOSOMES RELEASED FROM TUMOR CELLS PROMOTE
PHENOTYPE CHANGE IN STROMAL CELLS
The tumor microenvironment consists of a complex network con-
sisting of an extracellular matrix populated by CAFs, endothelial
cells, and immune cells. Exosomes derived from tumor cells com-
municate with stromal cells and vice-versa to promote tumor
growth. MSCs have multi-lineage potential and can differentiate
into a variety of cell types including tumor stromal cells, which
are pro-tumorigenic. One way they do this is by promoting differ-
entiation of MSCs, in some cases via mesenchymal-to-epithelial
transition (MET).

Ovarian cancer cell-derived exosomes can induce adipose
tissue-derived MSCs (ADSC) to exhibit the characteristics of
CAFs, by increasing expression of TGFβ and activation of Smad-
dependent and -independent pathways (9). Similarly, gastric can-
cer exosomes trigger differentiation of umbilical cord-derived
MSCs to CAFs through the TGFβ/Smad pathway (66) and breast
and prostate cancer-derived exosomes can induce a myofibroblas-
tic phenotype (67, 68). Together, these studies show that via activa-
tion of both Smad-dependent and -independent pathways, tumor-
derived exosomes can hijack MSCs to promote a prometastatic
environment. In some cases, this process appears dependent on
TGFβ1 expressed at the exosome surface in association with the
transmembrane proteoglycan betaglycan (67). Although existing
in a latent state, this complex was fully functional in eliciting Smad-
dependent signaling in recipient cells. Interestingly, myofibroblasts
generated using soluble TGFβ1 were not pro-angiogenic or tumor-
promoting, suggesting that exosomal TGFβ1 is required for the
formation of tumor-promoting stroma (36).

In an elegant series of experiments, Abd Elmageed et al.
demonstrated that tumor-tropic patient-derived ADSCs primed
with prostate cancer cell-derived exosomes undergo genetic insta-
bility, MET, oncogenic transformation, and develop prostate
tumors in vivo (69). Oncogenic transformation was associated
with down-regulation of tumor suppressors upon delivery of
prostate cancer-derived exosomal oncogenic H-ras and N-ras
transcripts, Rab proteins, and oncogenic miRNA.

CONCLUSION
Exosomes play an important role in the development and progres-
sion of cancer. The studies outlined above highlight their role in the

regulation of EMT-related pathways and suggest that tumor and
stromal cells can regulate the invasiveness of cancer cells through
exosome-mediated delivery of protein and miRNA. In the last
decade, there has been an exponential increase in the number
of studies aiming to understand the biology and composition of
exosomes. These studies established that exosome composition
changes upon transition to a mesenchymal state and that EMT
inducers are associated with exosomes. In the last 2 years, exper-
imental evidence has come to light defining exosome induced
plasticity in recipient cells as EMT. Future investigations should
further reveal how multiple cellular populations communicate via
exosomes to promote a premetastatic phenotype and how exo-
somes can be employed for diagnostic and prognostic purposes to
improve patient outcome.

REFERENCES
1. Roma-Rodrigues C, Fernandes AR, Baptista PV. Exosome in tumour microen-

vironment: overview of the crosstalk between normal and cancer cells. Biomed
Res Int (2014) 2014:179486. doi:10.1155/2014/179486

2. Ji H, Greening DW, Barnes TW, Lim JW, Tauro BJ, Rai A, et al. Proteome profil-
ing of exosomes derived from human primary and metastatic colorectal cancer
cells reveal differential expression of key metastatic factors and signal trans-
duction components. Proteomics (2013) 13(10–11):1672–86. doi:10.1002/pmic.
201200562

3. Zhang HG, Grizzle WE. Exosomes: a novel pathway of local and distant inter-
cellular communication that facilitates the growth and metastasis of neoplastic
lesions. Am J Pathol (2014) 184(1):28–41. doi:10.1016/j.ajpath.2013.09.027

4. Bellingham SA, Coleman BM, Hill AF. Small RNA deep sequencing reveals a
distinct miRNA signature released in exosomes from prion-infected neuronal
cells. Nucleic Acids Res (2012) 40(21):10937–49. doi:10.1093/nar/gks832

5. Cheng L, Quek CY, Sun X, Bellingham SA, Hill AF. The detection of microRNA
associated with Alzheimer’s disease in biological fluids using next-generation
sequencing technologies. Front Genet (2013) 4:150. doi:10.3389/fgene.2013.
00150

6. Hill AF, Pegtel DM, Lambertz U, Leonardi T, O’Driscoll L, Pluchino S, et al. ISEV
position paper: extracellular vesicle RNA analysis and bioinformatics. J Extracell
Vesicles (2013) 2:22859. doi:10.3402/jev.v2i0.22859

7. Skog J, Wurdinger T, van Rijn S, Meijer DH, Gainche L, Sena-Esteves M, et al.
Glioblastoma microvesicles transport RNA and proteins that promote tumour
growth and provide diagnostic biomarkers. Nat Cell Biol (2008) 10(12):1470–6.
doi:10.1038/ncb1800

8. Thompson CA, Purushothaman A, Ramani VC, Vlodavsky I, Sanderson RD.
Heparanase regulates secretion, composition and function of tumor cell-derived
exosomes. J Biol Chem (2013) 288(14):10093–9. doi:10.1074/jbc.C112.444562

9. Cho JA, Park H, Lim EH, Kim KH, Choi JS, Lee JH, et al. Exosomes from ovar-
ian cancer cells induce adipose tissue-derived mesenchymal stem cells to acquire
the physical and functional characteristics of tumor-supporting myofibroblasts.
Gynecol Oncol (2011) 123(2):379–86. doi:10.1016/j.ygyno.2011.08.005

10. Al-Nedawi K, Meehan B, Kerbel RS, Allison AC, Rak J. Endothelial expres-
sion of autocrine VEGF upon the uptake of tumor-derived microvesicles con-
taining oncogenic EGFR. Proc Natl Acad Sci U S A (2009) 106(10):3794–9.
doi:10.1073/pnas.0804543106

11. Peinado H, Aleckovic M, Lavotshkin S, Matei I, Costa-Silva B, Moreno-Bueno
G, et al. Melanoma exosomes educate bone marrow progenitor cells toward
a pro-metastatic phenotype through MET. Nat Med (2012) 18(6):883–91.
doi:10.1038/nm.2753

12. Al-Nedawi K, Meehan B, Micallef J, Lhotak V, May L, Guha A, et al. Intercellu-
lar transfer of the oncogenic receptor EGFRvIII by microvesicles derived from
tumour cells. Nat Cell Biol (2008) 10(5):619–24. doi:10.1038/ncb1725

13. Gonzales PA, Pisitkun T, Hoffert JD, Tchapyjnikov D, Star RA, Kleta R, et al.
Large-scale proteomics and phosphoproteomics of urinary exosomes. J Am Soc
Nephrol (2009) 20(2):363–79. doi:10.1681/ASN.2008040406

14. Demory Beckler M, Higginbotham JN, Franklin JL, Ham AJ, Halvey PJ, Ima-
suen IE, et al. Proteomic analysis of exosomes from mutant KRAS colon cancer
cells identifies intercellular transfer of mutant KRAS. Mol Cell Proteomics (2013)
12(2):343–55. doi:10.1074/mcp.M112.022806

Frontiers in Oncology | Molecular and Cellular Oncology December 2014 | Volume 4 | Article 361 | 68

http://dx.doi.org/10.1155/2014/179486
http://dx.doi.org/10.1002/pmic.201200562
http://dx.doi.org/10.1002/pmic.201200562
http://dx.doi.org/10.1016/j.ajpath.2013.09.027
http://dx.doi.org/10.1093/nar/gks832
http://dx.doi.org/10.3389/fgene.2013.00150
http://dx.doi.org/10.3389/fgene.2013.00150
http://dx.doi.org/10.3402/jev.v2i0.22859
http://dx.doi.org/10.1038/ncb1800
http://dx.doi.org/10.1074/jbc.C112.444562
http://dx.doi.org/10.1016/j.ygyno.2011.08.005
http://dx.doi.org/10.1073/pnas.0804543106
http://dx.doi.org/10.1038/nm.2753
http://dx.doi.org/10.1038/ncb1725
http://dx.doi.org/10.1681/ASN.2008040406
http://dx.doi.org/10.1074/mcp.M112.022806
http://www.frontiersin.org/Molecular_and_Cellular_Oncology
http://www.frontiersin.org/Molecular_and_Cellular_Oncology/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Vella Exosomes in EMT in cancer

15. Montecalvo A, Larregina AT, Shufesky WJ, Stolz DB, Sullivan ML, Karlsson JM,
et al. Mechanism of transfer of functional microRNAs between mouse dendritic
cells via exosomes. Blood (2012) 119(3):756–66. doi:10.1182/blood-2011-02-
338004

16. Millimaggi D, Mari M, D’Ascenzo S, Carosa E, Jannini EA, Zucker S, et al. Tumor
vesicle-associated CD147 modulates the angiogenic capability of endothelial
cells. Neoplasia (2007) 9(4):349–57. doi:10.1593/neo.07133

17. Grange C, Tapparo M, Collino F, Vitillo L, Damasco C, Deregibus MC,
et al. Microvesicles released from human renal cancer stem cells stimulate
angiogenesis and formation of lung premetastatic niche. Cancer Res (2011)
71(15):5346–56. doi:10.1158/0008-5472.CAN-11-0241

18. Taverna S, Flugy A, Saieva L, Kohn EC, Santoro A, Meraviglia S, et al. Role of
exosomes released by chronic myelogenous leukemia cells in angiogenesis. Int J
Cancer (2012) 130(9):2033–43. doi:10.1002/ijc.26217

19. Liu Y, Zhu XJ, Zeng C, Wu PH, Wang HX, Chen ZC, et al. Microvesicles secreted
from human multiple myeloma cells promote angiogenesis. Acta Pharmacol Sin
(2014) 35(2):230–8. doi:10.1038/aps.2013.141

20. Rappa G, Mercapide J, Anzanello F, Pope RM, Lorico A. Biochemical and bio-
logical characterization of exosomes containing prominin-1/CD133. Mol Cancer
(2013) 12:62. doi:10.1186/1476-4598-12-62

21. Zhang W, Zhao P, Xu XL, Cai L, Song ZS, Cao DY, et al. Annexin A2 promotes
the migration and invasion of human hepatocellular carcinoma cells in vitro
by regulating the shedding of CD147-harboring microvesicles from tumor cells.
PLoS One (2013) 8(8):e67268. doi:10.1371/journal.pone.0067268

22. Aga M, Bentz GL, Raffa S, Torrisi MR, Kondo S, Wakisaka N, et al. Exosomal
HIF1alpha supports invasive potential of nasopharyngeal carcinoma-associated
LMP1-positive exosomes. Oncogene (2014) 33(37):4613–22. doi:10.1038/onc.
2014.66

23. Kobayashi M, Salomon C, Tapia J, Illanes SE, Mitchell MD, Rice GE. Ovarian can-
cer cell invasiveness is associated with discordant exosomal sequestration of Let-
7 miRNA and miR-200. J Transl Med (2014) 12:4. doi:10.1186/1479-5876-12-4

24. Arscott WT, Tandle AT, Zhao S, Shabason JE I, Gordon K, Schlaff CD, et al. Ion-
izing radiation and glioblastoma exosomes: implications in tumor biology and
cell migration. Transl Oncol (2013) 6(6):638–48. doi:10.1593/tlo.13640

25. Soldevilla B, Rodriguez M, San Millan C, Garcia V, Fernandez-Perianez R, Gil-
Calderon B, et al. Tumor-derived exosomes are enriched in DeltaNp73, which
promotes oncogenic potential in acceptor cells and correlates with patient sur-
vival. Hum Mol Genet (2014) 23(2):467–78. doi:10.1093/hmg/ddt437

26. Wang J, Hendrix A, Hernot S, Lemaire M, De Bruyne E, Van Valcken-
borgh E, et al. Bone marrow stromal cell-derived exosomes as communica-
tors in drug resistance in multiple myeloma cells. Blood (2014) 124(4):555–66.
doi:10.1182/blood-2014-03-562439

27. Garnier D, Magnus N, Lee TH, Bentley V, Meehan B, Milsom C, et al. Cancer
cells induced to express mesenchymal phenotype release exosome-like extra-
cellular vesicles carrying tissue factor. J Biol Chem (2012) 287(52):43565–72.
doi:10.1074/jbc.M112.401760

28. Garnier D, Magnus N, Meehan B, Kislinger T, Rak J. Qualitative changes in the
proteome of extracellular vesicles accompanying cancer cell transition to mes-
enchymal state. Exp Cell Res (2013) 319(17):2747–57. doi:10.1016/j.yexcr.2013.
08.003

29. Tauro BJ, Mathias RA, Greening DW, Gopal SK, Ji H, Kapp EA, et al. Oncogenic
H-Ras reprograms Madin-Darby canine kidney (MDCK) cell-derived exoso-
mal proteins following epithelial-mesenchymal transition. Mol Cell Proteomics
(2013) 2(8):2148–59. doi:10.1074/mcp.M112.027086

30. Jeppesen DK, Nawrocki A, Jensen SG, Thorsen K, Whitehead B, Howard
KA, et al. Quantitative proteomics of fractionated membrane and lumen exo-
some proteins from isogenic metastatic and nonmetastatic bladder cancer cells
reveal differential expression of EMT factors. Proteomics (2014) 14(6):699–712.
doi:10.1002/pmic.201300452

31. Pasquier J, Thawadi HA, Ghiabi P, Abu-Kaoud N, Maleki M, Guerrouahen BS,
et al. Microparticles mediated cross-talk between tumoral and endothelial cells
promote the constitution of a pro-metastatic vascular niche through Arf6 up
regulation. Cancer Microenviron (2014) 7(1–2):41–59. doi:10.1007/s12307-013-
0142-2

32. Escola JM, Kleijmeer MJ, Stoorvogel W, Griffith JM, Yoshie O, Geuze HJ. Selec-
tive enrichment of tetraspan proteins on the internal vesicles of multivesicular
endosomes and on exosomes secreted by human B-lymphocytes. J Biol Chem
(1998) 273(32):20121–7. doi:10.1074/jbc.273.32.20121

33. Thery C, Regnault A, Garin J, Wolfers J, Zitvogel L, Ricciardi-Castagnoli P, et al.
Molecular characterization of dendritic cell-derived exosomes. Selective accu-
mulation of the heat shock protein hsc73. J Cell Biol (1999) 147(3):599–610.
doi:10.1083/jcb.147.3.599

34. Simona F, Laura S, Simona T, Riccardo A. Contribution of proteomics to
understanding the role of tumor-derived exosomes in cancer progression:
state of the art and new perspectives. Proteomics (2013) 13(10–11):1581–94.
doi:10.1002/pmic.201200398

35. Choi DS, Kim DK, Kim YK, Gho YS. Proteomics of extracellular vesicles: exo-
somes and ectosomes. Mass Spectrom Rev (2014). doi:10.1002/mas.21420

36. Webber JP, Spary LK, Sanders AJ, Chowdhury R, Jiang WG, Steadman R, et al.
Differentiation of tumour-promoting stromal myofibroblasts by cancer exo-
somes. Oncogene (2014). doi:10.1038/onc.2013.560

37. Chairoungdua A, Smith DL, Pochard P, Hull M, Caplan MJ. Exosome release
of beta-catenin: a novel mechanism that antagonizes Wnt signaling. J Cell Biol
(2010) 190(6):1079–91. doi:10.1083/jcb.201002049

38. Ramteke A, Ting H, Agarwal C, Mateen S, Somasagara R, Hussain A, et al. Exo-
somes secreted under hypoxia enhance invasiveness and stemness of prostate
cancer cells by targeting adherens junction molecules. Mol Carcinog (2013).
doi:10.1002/mc.22124

39. Bijnsdorp IV, Geldof AA, Lavaei M, Piersma SR, van Moorselaar RJ, Jimenez
CR. Exosomal ITGA3 interferes with non-cancerous prostate cell functions and
is increased in urine exosomes of metastatic prostate cancer patients. J Extracell
Vesicles (2013) 2:22097. doi:10.3402/jev.v2i0.22097

40. Felicetti F, Parolini I, Bottero L, Fecchi K, Errico MC, Raggi C, et al.
Caveolin-1 tumor-promoting role in human melanoma. Int J Cancer (2009)
125(7):1514–22. doi:10.1002/ijc.24451

41. Hakulinen J, Sankkila L, Sugiyama N, Lehti K, Keski-Oja J. Secretion of
active membrane type 1 matrix metalloproteinase (MMP-14) into extracellu-
lar space in microvesicular exosomes. J Cell Biochem (2008) 105(5):1211–8.
doi:10.1002/jcb.21923

42. Keller S, Konig AK, Marme F, Runz S, Wolterink S, Koensgen D, et al. Systemic
presence and tumor-growth promoting effect of ovarian carcinoma released
exosomes. Cancer Lett (2009) 278(1):73–81. doi:10.1016/j.canlet.2008.12.028

43. Mathias RA, Chen YS, Wang B, Ji H, Kapp EA, Moritz RL, et al. Extracellu-
lar remodelling during oncogenic Ras-induced epithelial-mesenchymal tran-
sition facilitates MDCK cell migration. J Proteome Res (2010) 9(2):1007–19.
doi:10.1021/pr900907g

44. Atay S, Banskota S, Crow J, Sethi G, Rink L, Godwin AK. Oncogenic KIT-
containing exosomes increase gastrointestinal stromal tumor cell invasion. Proc
Natl Acad Sci U S A (2014) 111(2):711–6. doi:10.1073/pnas.1310501111

45. Lamouille S, Xu J, Derynck R. Molecular mechanisms of epithelial-mesenchymal
transition. Nat Rev Mol Cell Biol (2014) 15(3):178–96. doi:10.1038/nrm3758

46. Gross JC, Chaudhary V, Bartscherer K, Boutros M. Active Wnt proteins are
secreted on exosomes. Nat Cell Biol (2012) 14(10):1036–45. doi:10.1038/
ncb2574

47. Beckett K, Monier S, Palmer L, Alexandre C, Green H, Bonneil E, et al.
Drosophila S2 cells secrete wingless on exosome-like vesicles but the wing-
less gradient forms independently of exosomes. Traffic (2013) 14(1):82–96.
doi:10.1111/tra.12016

48. Luga V, Zhang L, Viloria-Petit AM, Ogunjimi AA, Inanlou MR, Chiu E, et al.
Exosomes mediate stromal mobilization of autocrine Wnt-PCP signaling in
breast cancer cell migration. Cell (2012) 151(7):1542–56. doi:10.1016/j.cell.
2012.11.024

49. Menck K, Klemm F, Gross JC, Pukrop T, Wenzel D, Binder C. Induction and
transport of Wnt 5a during macrophage-induced malignant invasion is medi-
ated by two types of extracellular vesicles. Oncotarget (2013) 4(11):2057–66.

50. Dovrat S, Caspi M, Zilberberg A, Lahav L, Firsow A, Gur H, et al. 14-3-3 and
beta-catenin are secreted on extracellular vesicles to activate the oncogenic Wnt
pathway. Mol Oncol (2014) 8(5):894–911. doi:10.1016/j.molonc.2014.03.011

51. Lin R, Wang S, Zhao RC. Exosomes from human adipose-derived mesenchymal
stem cells promote migration through Wnt signaling pathway in a breast cancer
cell model. Mol Cell Biochem (2013) 383(1–2):13–20. doi:10.1007/s11010-013-
1746-z

52. Ekstrom EJ, Bergenfelz C, von Bulow V, Serifler F, Carlemalm E, Jonsson
G, et al. WNT5A induces release of exosomes containing pro-angiogenic and
immunosuppressive factors from malignant melanoma cells. Mol Cancer (2014)
13:88. doi:10.1186/1476-4598-13-88

www.frontiersin.org December 2014 | Volume 4 | Article 361 | 69

http://dx.doi.org/10.1182/blood-2011-02-338004
http://dx.doi.org/10.1182/blood-2011-02-338004
http://dx.doi.org/10.1593/neo.07133
http://dx.doi.org/10.1158/0008-5472.CAN-11-0241
http://dx.doi.org/10.1002/ijc.26217
http://dx.doi.org/10.1038/aps.2013.141
http://dx.doi.org/10.1186/1476-4598-12-62
http://dx.doi.org/10.1371/journal.pone.0067268
http://dx.doi.org/10.1038/onc.2014.66
http://dx.doi.org/10.1038/onc.2014.66
http://dx.doi.org/10.1186/1479-5876-12-4
http://dx.doi.org/10.1593/tlo.13640
http://dx.doi.org/10.1093/hmg/ddt437
http://dx.doi.org/10.1182/blood-2014-03-562439
http://dx.doi.org/10.1074/jbc.M112.401760
http://dx.doi.org/10.1016/j.yexcr.2013.08.003
http://dx.doi.org/10.1016/j.yexcr.2013.08.003
http://dx.doi.org/10.1074/mcp.M112.027086
http://dx.doi.org/10.1002/pmic.201300452
http://dx.doi.org/10.1007/s12307-013-0142-2
http://dx.doi.org/10.1007/s12307-013-0142-2
http://dx.doi.org/10.1074/jbc.273.32.20121
http://dx.doi.org/10.1083/jcb.147.3.599
http://dx.doi.org/10.1002/pmic.201200398
http://dx.doi.org/10.1002/mas.21420
http://dx.doi.org/10.1038/onc.2013.560
http://dx.doi.org/10.1083/jcb.201002049
http://dx.doi.org/10.1002/mc.22124
http://dx.doi.org/10.3402/jev.v2i0.22097
http://dx.doi.org/10.1002/ijc.24451
http://dx.doi.org/10.1002/jcb.21923
http://dx.doi.org/10.1016/j.canlet.2008.12.028
http://dx.doi.org/10.1021/pr900907g
http://dx.doi.org/10.1073/pnas.1310501111
http://dx.doi.org/10.1038/nrm3758
http://dx.doi.org/10.1038/ncb2574
http://dx.doi.org/10.1038/ncb2574
http://dx.doi.org/10.1111/tra.12016
http://dx.doi.org/10.1016/j.cell.2012.11.024
http://dx.doi.org/10.1016/j.cell.2012.11.024
http://dx.doi.org/10.1016/j.molonc.2014.03.011
http://dx.doi.org/10.1007/s11010-013-1746-z
http://dx.doi.org/10.1007/s11010-013-1746-z
http://dx.doi.org/10.1186/1476-4598-13-88
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_and_Cellular_Oncology/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Vella Exosomes in EMT in cancer

53. Koch R, Demant M, Aung T, Diering N, Cicholas A, Chapuy B, et al. Popula-
tional equilibrium through exosome-mediated Wnt signaling in tumor pro-
gression of diffuse large B-cell lymphoma. Blood (2014) 123(14):2189–98.
doi:10.1182/blood-2013-08-523886

54. Tadokoro H, Umezu T, Ohyashiki K, Hirano T, Ohyashiki JH. Exosomes derived
from hypoxic leukemia cells enhance tube formation in endothelial cells. J Biol
Chem (2013) 288(48):34343–51. doi:10.1074/jbc.M113.480822

55. Svensson KJ, Kucharzewska P, Christianson HC, Skold S, Lofstedt T, Johans-
son MC, et al. Hypoxia triggers a proangiogenic pathway involving cancer cell
microvesicles and PAR-2-mediated heparin-binding EGF signaling in endothe-
lial cells. Proc Natl Acad Sci U S A (2011) 108(32):13147–52. doi:10.1073/pnas.
1104261108

56. King HW, Michael MZ, Gleadle JM. Hypoxic enhancement of exosome release by
breast cancer cells. BMC Cancer (2012) 12:421. doi:10.1186/1471-2407-12-421

57. Kucharzewska P, Christianson HC, Welch JE, Svensson KJ, Fredlund E, Ringner
M, et al. Exosomes reflect the hypoxic status of glioma cells and mediate hypoxia-
dependent activation of vascular cells during tumor development. Proc Natl
Acad Sci U S A (2013) 110(18):7312–7. doi:10.1073/pnas.1220998110

58. Park JE, Tan HS, Datta A, Lai RC, Zhang H, Meng W, et al. Hypoxic tumor cell
modulates its microenvironment to enhance angiogenic and metastatic potential
by secretion of proteins and exosomes. Mol Cell Proteomics (2010) 9(6):1085–99.
doi:10.1074/mcp.M900381-MCP200

59. Zhang J, Ma L. MicroRNA control of epithelial-mesenchymal transition and
metastasis. Cancer Metastasis Rev (2012) 31(3–4):653–62. doi:10.1007/s10555-
012-9368-6

60. Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-
mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic
exchange between cells. Nat Cell Biol (2007) 9(6):654–9. doi:10.1038/ncb1596

61. Gezer U, Ozgur E, Cetinkaya M, Isin M, Dalay N. Long non-coding RNAs with
low expression levels in cells are enriched in secreted exosomes. Cell Biol Int
(2014) 38(9):1076–9. doi:10.1002/cbin.10301

62. Thakur BK, Zhang H, Becker A, Matei I, Huang Y, Costa-Silva B, et al. Double-
stranded DNA in exosomes: a novel biomarker in cancer detection. Cell Res
(2014) 24(6):766–9. doi:10.1038/cr.2014.44

63. Yang M, Chen J, Su F, Yu B, Lin L, Liu Y, et al. Microvesicles secreted by
macrophages shuttle invasion-potentiating microRNAs into breast cancer cells.
Mol Cancer (2011) 10:117. doi:10.1186/1476-4598-10-117

64. Roccaro AM, Sacco A, Maiso P, Azab AK, Tai YT, Reagan M, et al. BM mes-
enchymal stromal cell-derived exosomes facilitate multiple myeloma progres-
sion. J Clin Invest (2013) 123(4):1542–55. doi:10.1172/JCI66517

65. Josson S, Gururajan M, Sung SY, Hu P, Shao C, Zhau HE, et al. Stromal fibroblast-
derived miR-409 promotes epithelial-to-mesenchymal transition and prostate
tumorigenesis. Oncogene (2014). doi:10.1038/onc.2014.212

66. Gu J, Qian H, Shen L, Zhang X, Zhu W, Huang L, et al. Gastric cancer exo-
somes trigger differentiation of umbilical cord derived mesenchymal stem cells
to carcinoma-associated fibroblasts through TGF-beta/Smad pathway. PLoS One
(2012) 7(12):e52465. doi:10.1371/journal.pone.0052465

67. Webber J, Steadman R, Mason MD, Tabi Z, Clayton A. Cancer exosomes trigger
fibroblast to myofibroblast differentiation. Cancer Res (2010) 70(23):9621–30.
doi:10.1158/0008-5472.CAN-10-1722

68. Cho JA, Park H, Lim EH, Lee KW. Exosomes from breast cancer cells can convert
adipose tissue-derived mesenchymal stem cells into myofibroblast-like cells. Int
J Oncol (2012) 40(1):130–8. doi:10.3892/ijo.2011.1193

69. Abd Elmageed ZY, Yang Y, Thomas R, Ranjan M, Mondal D, Moroz K, et al.
Neoplastic reprogramming of patient-derived adipose stem cells by prostate
cancer cell-associated exosomes. Stem Cells (2014) 32(4):983–97. doi:10.1002/
stem.1619

Conflict of Interest Statement: The author declares that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 26 September 2014; accepted: 27 November 2014; published online: 19
December 2014.
Citation: Vella LJ (2014) The emerging role of exosomes in epithelial–mesenchymal-
transition in cancer. Front. Oncol. 4:361. doi: 10.3389/fonc.2014.00361
This article was submitted to Molecular and Cellular Oncology, a section of the journal
Frontiers in Oncology.
Copyright © 2014 Vella. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or reproduction
in other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Oncology | Molecular and Cellular Oncology December 2014 | Volume 4 | Article 361 | 70

http://dx.doi.org/10.1182/blood-2013-08-523886
http://dx.doi.org/10.1074/jbc.M113.480822
http://dx.doi.org/10.1073/pnas.1104261108
http://dx.doi.org/10.1073/pnas.1104261108
http://dx.doi.org/10.1186/1471-2407-12-421
http://dx.doi.org/10.1073/pnas.1220998110
http://dx.doi.org/10.1074/mcp.M900381-MCP200
http://dx.doi.org/10.1007/s10555-012-9368-6
http://dx.doi.org/10.1007/s10555-012-9368-6
http://dx.doi.org/10.1038/ncb1596
http://dx.doi.org/10.1002/cbin.10301
http://dx.doi.org/10.1038/cr.2014.44
http://dx.doi.org/10.1186/1476-4598-10-117
http://dx.doi.org/10.1172/JCI66517
http://dx.doi.org/10.1038/onc.2014.212
http://dx.doi.org/10.1371/journal.pone.0052465
http://dx.doi.org/10.1158/0008-5472.CAN-10-1722
http://dx.doi.org/10.3892/ijo.2011.1193
http://dx.doi.org/10.1002/stem.1619
http://dx.doi.org/10.1002/stem.1619
http://dx.doi.org/10.3389/fonc.2014.00361
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Molecular_and_Cellular_Oncology
http://www.frontiersin.org/Molecular_and_Cellular_Oncology/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

METHODS ARTICLE
published: 16 February 2015

doi: 10.3389/fonc.2015.00036

Embryonic chicken transplantation is a promising model
for studying the invasive behavior of melanoma cells
Aparna Jayachandran1,2,3, Sonja J. McKeown4, Briannyn L. Woods4, Prashanth Prithviraj 1,2 and
Jonathan Cebon1,2,3*
1 Cancer Immunobiology Laboratory, Ludwig Institute for Cancer Research, Melbourne-Austin Branch, Heidelberg, VIC, Australia
2 Department of Medicine, University of Melbourne, Melbourne, VIC, Australia
3 School of Cancer Medicine, La Trobe University, Melbourne, VIC, Australia
4 Department of Anatomy and Neuroscience, University of Melbourne, Melbourne, VIC, Australia

Edited by:
Petranel Theresa Ferrao, Peter
MacCallum Cancer Centre, Australia

Reviewed by:
Steven De Jong, University Medical
Center Groningen, Netherlands
Holger Kalthoff, Institute for
Experimental Cancer Research,
Germany

*Correspondence:
Jonathan Cebon, Cancer
Immunobiology Laboratory, Ludwig
Institute for Cancer Research,
Melbourne-Austin Branch, Olivia
Newton-John Cancer & Wellness
Centre, Austin Health Level 5, Studley
Road, Heidelberg, VIC 3084, Australia
e-mail: jonathan.cebon@onjcri.org.au

Epithelial-to-mesenchymal transition is a hallmark event in the metastatic cascade confer-
ring invasive ability to tumor cells. There are ongoing efforts to replicate the physiological
events occurring during mobilization of tumor cells in model systems. However, few
systems are able to capture these complex in vivo events. The embryonic chicken trans-
plantation model has emerged as a useful system to assess melanoma cells including
functions that are relevant to the metastatic process, namely invasion and plasticity. The
chicken embryo represents an accessible and economical 3-dimensional in vivo model
for investigating melanoma cell invasion as it exploits the ancestral relationship between
melanoma and its precursor neural crest cells. We describe a methodology that enables
the interrogation of melanoma cell motility within the developing avian embryo.This model
involves the injection of melanoma cells into the neural tube of chicken embryos. Melanoma
cells are labeled using fluorescent tracker dye,Vybrant DiO, then cultured as hanging drops
for 24 h to aggregate the cells. Groups of approximately 700 cells are placed into the neural
tube of chicken embryos prior to the onset of neural crest migration at the hindbrain level
(embryonic day 1.5) or trunk level (embryonic day 2.5). Chick embryos are reincubated and
analyzed after 48 h for the location of melanoma cells using fluorescent microscopy on
whole mounts and cross-sections of the embryos. Using this system, we compared the
in vivo invasive behavior of epithelial-like and mesenchymal-like melanoma cells. We report
that the developing embryonic microenvironment confers motile abilities to both types of
melanoma cells. Hence, the embryonic chicken transplantation model has the potential to
become a valuable tool for in vivo melanoma invasion studies. Importantly, it may provide
novel insights into and reveal previously unknown mediators of the metastatic steps of
invasion and dissemination in melanoma.

Keywords: embryonic chicken transplantation, melanoma, epithelial-to-mesenchymal transition, invasion, neural
crest cells

INTRODUCTION
Melanoma is a frequent malignant neoplasm, and metastasis of
melanoma is the main cause of death in these patients (1–3).
Metastasis is a complicated, multi-step process that is still poorly
understood. Model systems have been developed to recapitulate
cellular invasion, which is the early crucial step of the metastatic
cascade (4, 5). Transwell invasion assays using the reconstituted
Matrigel in Boyden chamber inserts have been utilized to study
melanoma cell invasion in vitro (6, 7). However, the lack of in vivo
microenvironmental factors may confound the results. Due to the
transient and rare nature of the invasive process, there is a paucity
of techniques for studying and visualizing motile melanoma cells
in vivo.

Here, we describe a model using transplantation of melanoma
cells into the neural tube of the embryonic chicken that is gaining
traction for melanoma tumor invasion studies in vivo. This model
was originally reported by Drews et al. for assessing melanoma

cell behavior in vivo (8) and has been subsequently used by sev-
eral other groups (9–13). It involves injecting melanoma cells
into a microenvironment that is populated with neural crest
cells that undergo an epithelial-to-mesenchymal transition (EMT)
to exit from the neural tube and undergo extensive migration,
to eventually populate a great diversity of areas in the embryo
(14, 15). The developing chicken has been used extensively as
a model to study developmental EMT and neural crest biology
since the neural crest cells give rise to a wide variety of cell
types including melanocytes, peripheral neurons and glia, secre-
tory cells of the medulla, and bone and cartilage cells in the head
(16–19).

Recently, this model has been adapted for studying cancer cell
invasion since cancer cells use molecular programs, which are
comparable to those utilized by migrating neural crest cells in
the embryo (16, 20). Indeed, the molecular mechanisms for tis-
sue interaction, penetration, and remodeling that are seen during
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EMT in melanoma appear to have much in common with those
seen with their ancestral cells undergoing similar processes in the
neural crest. For instance, over 50 percent of genes associated
with EMT and cell migration were induced in melanoma cells
following exposure to the neural crest microenvironment (21,
22). Furthermore, transplanted melanoma cells respond to cues
within the host embryonic microenvironment and subsequently
mimic many aspects of neural crest cell motility without forming
tumors (11, 22).

The key advantages of using this model are, first, the easy access
to the developing embryo to visualize in vivo tumor cell behav-
ior and its ability to respond to microenvironmental cues (23).
Second, to clarify which specific factors and signaling pathways in
embryonic development also participate in maintenance of tumor
cell plasticity. Third, the legal and ethical restrictions are lim-
ited with early developmental stages of the chick embryo before
hatching. Fourth, the transplants are not rejected (13). Finally,
the short time frame required from start of the experiment to
readout, it’s relative affordability and the lack of need for a spe-
cialized housing facility renders the chick embryo a suitable model
system.

We and others have used this model to investigate the role of
candidate genes in invasion in vivo by perturbing gene expres-
sion with morpholino or siRNA approach (10–12, 24). The
ease of integrating this model with intravital imaging techniques
and laser capture microdissection assisted gene profiling strategy
has enabled the examination of dynamic temporal and spatial
gene regulation exhibited by motile cells in vivo (22). Alterna-
tively, invasive behavior of other tumor cells that share ancestral
relationship with neural crest cells could be studied using this
method (25). Although the avian embryo offers many advantages,
it may be preferable to compare the results obtained in mam-
malian embryos, which are presumably more closely related to the
environment found in human embryos (26).

We have previously reported the classification of metastatic
human melanoma cell lines into epithelial- and mesenchymal-
like cells based on gene expression profiling and functional
assays (12). Herein, we have compared the behavior of epithelial-
and mesenchymal-like melanoma cells in vivo. LM-MEL-8 is an
epithelial-like cell line that lacks invasive ability in vitro, whereas
LM-MEL-3 is a mesenchymal-like melanoma cell line with high
invasive ability in vitro. Both cells were chosen for further study
following transplantation into the chick neural tube where invasive
ability was assessed in vivo. Although previous studies have trans-
planted melanoma cells at the head level of chick neural tube, we
primarily performed transplantation at the trunk level of the chick
embryos as the melanocyte progenitors arise predominantly from
neural crest cells at this location.

MATERIALS
REAGENTS
• Melanoma cell lines LM-MEL-3 and LM-MEL-8 were estab-

lished from resected melanoma metastases. All tissue donors
provided written informed consent for tissue collection and
research, which was covered by protocols approved by the
Austin Health Human Research Ethics Committee, Melbourne,
Australia (approval number H2012/04446). All cell lines were

matched with their donors by HLA-typing. Cells were cultured
in RF-10 media (RPMI1640 supplemented with 10% fetal calf
serum) as described previously (27).

• Adult normal human melanocytes (Lonza Australia).
• 1× Dulbecco’s phosphate buffered saline (DPBS) without

calcium and magnesium (Life Technologies).
• TrypLETM (Life Technologies).
• Vybrant labeling DiO dye (Life Technologies).
• Fertilized chicken embryos (Research Poultry Farm, Australia).
• 70% ethanol.
• Sterile phosphate buffered saline and 1% penicillin/streptomycin

(PBS-Pen/Strep).
• India ink (Pelikan Fount).
• Paraformaldehyde, 4% (wt/vol): add 30 ml of 1×DPBS to 10 ml

of 16% (wt/vol) paraformaldehye (ProSciTech).
• 30% sucrose solution in DPBS.
• Tissue-Tek OCT solution (Olympus).
• Liquid nitrogen.
• Fluorescent mounting media (Dako).

EQUIPMENT
• Egg incubator (Bell South).
• Dissection microscope.
• Fluorescent stereomicroscope with epi-illuminaton (SteREO

Lumar V12 Carl Zeiss).
• Forceps size 3 and size 5.
• Scissors.
• Microscissors.
• Syringe (5 cc with a 18G needle and 1 cc with a 27G needle).
• Thin-walled glass capillaries (Harvard apparatus GC150T)

pulled to generate a fine tip.
• Sharpened tungsten wire needles.
• Transparent tape.
• Sylgard petridish.

METHODS
The experimental design of the protocol is depicted in Figures 1
and 2.

Incubation of fertilized eggs:
1. Place fertilized chicken eggs at 38°C in a humidified incuba-

tor for 48 h to allow the embryos to reach the desired stage of
development (28).

2. Turn the eggs after 24 h to ensure that the yolk does not attach
to the eggshell.

Labeling and hanging drop culture of melanoma cells:
3. Cells can be pre-treated with siRNA or other factors prior to

culturing as a hanging drop (11–13).
4. Aspirate media and wash cell monolayer with 1× DPBS. Add

3 ml of TrypLETM to the flask and incubate at 37°C until cells
detach.

5. Add 3 ml of media to the flask and transfer cells into a 15 ml
conical tube. Centrifuge at 1800 rpm for 5 min.

6. Aspirate the media and suspend cells at a density of 1× 106 in
1 ml 1× DPBS.

7. Add 1 µl of the Vybrant cell labeling DiO dye to the cell
suspension and mix well by pipetting.
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FIGURE 1 | Preparing egg for transplantation. (A,B) Create a window in the
eggshell and (C) inject with India ink to better visualize the embryo.
(D) Perform staging of the embryo by counting the number of somites.
(E) An E2.5, or HH stage 14 embryo, showing the location of the transplanted

melanoma cells in green. (F) Wholemount view of the cranial region of an
E1.5, or HH stage 8+ embryo. (G) Schematic of an E1.5/HH8+ embryo,
showing the location of transplanted melanoma cells in green. Arrows point
to somites.

8. Incubate cells with labeling solution at 37°C for 20 minutes.
The DiO label is a lipophilic tracer dye. After 20 min, add 10 ml
of RF-10 media.

9. Centrifuge the tubes at 1800 rpm for 5 min. Aspirate the super-
natant and resuspend cells in media. Repeat the wash procedure
two more times.

10. Resuspend cells in media at a density of 5× 104 cells per 25 µl
media. Pipette four 25 µl drops of resuspended cells on the lid
of a 35 mm culture petridish. Place the lid on the culture dish
filled with 2 ml media. Incubate cells at 37°C for 24 h under
standard cell culture conditions.

Preparation of eggs:
11. Rinse eggs with 70% ethanol and wipe clean. Do not turn

eggs over at this time, the embryo will be on the uppermost
side.

12. Mount the egg on the stage of a dissection microscope. Using a
5 cc syringe fitted with an 18 gauge needle, pierce a small hole
in the eggshell and withdraw 3 ml of albumin from the caudal
region of the egg.

13. Cut a circular hole in the eggshell with scissors to create a
window to enable visualization of the yolk (Figures 1A,B).

14. Using a 1 cc syringe fitted with a 27 gage needle, inject 10%
India ink in PBS-Pen/Strep below the blastodisc to enable better
visualization of the embryo (Figure 1C).

15. Count the somite pairs in the embryo to determine the embry-
onic stage (28). Stage HH 12-14 embryos are used for this
procedure (Figure 1D).

16. Make a small nick with a needle in the vitelline membrane over-
lying the most caudal end of the neural tube. Other procedures

use similar processes to prepare chick embryos for grafting
experiments (29–31).

Transplantation of melanoma cells into the neural tube:
17. Melanoma cells cultured as hanging drops form clusters

(Figure 2A). Disaggregate the large cell clusters with needles
into similar sized smaller clumps of approximately 500 to 1200
cells (Figure 2B). We use this method as single cells injected
into the neural tube often float out. The clumps can be vari-
able in size but they are malleable. The size of clump that can be
inserted into the neural tube is limited by the width of the neural
tube; therefore, the width of the clump is typically reproducible
following placement in the neural tube, with greater variability
seen in the length of the clump along the neural tube.

18. Aspirate a small clump of melanoma cells into the pulled glass
pipette (Figure 2C).

19. Transplant the melanoma cells into the lumen of the neural
tube in the trunk region, just caudal to the most caudal somites
(Figures 1E and 2E). The glass pipette can be guided into the
neural tube through the open neuropore, and cells injected into
the neural tube caudal to the last somite (Figure 2E). Alterna-
tively, a clump of cells can be maneuvered into the neural tube
using tungsten wire needles through the open neuropore or a
slit cut carefully into the dorsal neural tube closer to the most
caudal somite. This is a delicate process with variable success
rate. It is useful to incubate approximately 2 dozen eggs to
generate roughly 6–12 injected embryos.

20. For transplantation into the cranial region, eggs are incubated
for 1.5 days prior to injection, and embryos used between stages
HH 8–10. Melanoma cells are placed into the neural tube at the
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FIGURE 2 |Transplanting melanoma cells into the embryonic chick
neural tube. (A) Melanoma cells are labeled with DiO and allowed to
grow as hanging drop culture. They form variable sized aggregates after
24 h. (B) Large clumps are dissected into similar sized small clusters
using dissection tools. (C) A pulled glass pipette is used to aspirate a
small cluster. (D) Melanoma cells are transplanted to the neural tube in
the trunk region of the embryo. (E) Schematic of the caudal trunk
region of an E2.5 embryo. The arrow is located in the posterior
neuropore, showing the entry for a cluster of melanoma cells (green),

which can then be pushed or injected into the neural tube so it lies just
caudal to the most caudal somites (S). (F) Eggs are then re-sealed with
transparent tape and allowed to incubate for 48 h. (G) Clusters of
DiO-positive melanoma cells can be seen in the trunk neural tube
immediately after injection when imaged using a fluorescence
stereomicroscope (arrow). The head of the embryo is to the right.
(H) Embryo is processed 2 days following injection. (I) DiO-positive
melanoma cells can be seen under a fluorescence stereomicroscope in
the trunk neural tube and in the surrounding tissue (arrow).

level of rhombomere 1–2 (HH 8) to rhombomere 4 (HH 10)
(Figures 1F,G).

21. Seal the window in the eggshell with transparent tape and
re-incubate eggs in the incubator at 38°C for 48 h to allow
melanoma cells to invade the host tissue (Figure 2F). Following
injection, fluorescently labeled cells can be seen in the lumen
of the trunk neural tube (Figure 2G).

Harvesting chick embryo for image processing:
22. After 2 days, select the surviving embryos and harvest the

embryos individually and place it in 1× DPBS in a petridish
(Figure 2H).

23. Under the fluorescence stereomicroscope, dissect out the
membranes covering the embryo using microscissors and
microforceps.

24. Place embryos dorsal side up with needles on a Sylgard
petridish. Locate the fluorescent labeled melanoma cells within
the embryo using the upright stereomicroscope (Figure 2I).

25. Whole mount pictures are captured of the embryo containing
fluorescently labeled melanoma cells.

26. Using microscissors dissect the region of interest and fix it in
4% paraformaldehyde for 1 h on a shaker.

27. Wash the tissue in 1× DPBS and embed the embryos in 30%
sucrose in DPBS overnight at 4°C.

28. Transfer the tissue into a cryomold filled with Tissue-Tek OCT
Compound. Using forceps, position the tissue so cross-sections
can be cut and remove air bubbles.

29. Freeze in liquid nitrogen. Section tissues at 20 µm using a
cryostat. Sections can be frozen and stored prior to mounting.

30. Mount slides in fluorescent mounting media or counterstain
with antibodies to visualize proteins of interest. DiO does fade
over time; therefore, it is advisable to examine and image
sections shortly after processing and mounting. Melanoma
cells can also be detected using anti-human antibodies, such
as Abcam ab7856 mouse anti-HLA DR+DP+DQ (CR3/43),
used at 1:200 dilution with a fluorescent secondary anti-mouse
antibody.

RESULTS AND DISCUSSION
Typical results of motility of melanoma cells within the embry-
onic chicken are shown in Figure 3. DiO was used to mark the
melanoma cells; however, anti-human HLA antibody also iden-
tifies melanoma cells (Figure S1 in Supplementary Material). We
initially transplanted melanoma cells into both head and trunk
regions of the neural tube. Analysis of two cell lines (LM-MEL-3,
LM-MEL-8) showed that cells transplanted into the head region
migrated far less readily than cells transplanted into the trunk
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FIGURE 3 | Migration of melanoma cells from the neural tube.
Melanoma cells labeled with DiO are green. (A,B) Cross-sections of
cranial (A) and trunk (B) levels showing the extent of migration of
LM-MEL-3 cells at 4 days post-injection (DPI). Arrowheads indicate the
cells that migrated the greatest distance from the middle of the dorsal
neural tube. (A) LM-MEL-3 cells are located dorsal to the hindbrain.
(B) LM-MEL-3 cells migrate further in trunk regions at 4 DPI. (C,D) Dorsal
view of melanoma cells migrating from the neural tube at 2 DPI. White
dotted line indicates the midline of the neural tube. (C) LM-MEL-3.
(D) LM-MEL-8. (E) Schematic of a cross-section through the trunk region
of the neural tube during neural crest or melanoma cell migration.

Melanoma cells are injected into the lumen of the neural tube (NT) and
some remain in this position without migrating. Cells emerge from the
neural tube at the dorsal surface (top) into the staging area (SA). They then
migrate along one of two major pathways: the dorsolateral pathway under
the ectoderm (DL) or the ventral pathway (V). (F,G) Cross-sections of trunk
at 2 DPI showing the location of (F) LM-MEL-3 and (G) LM-MEL-8 cells.
Cells can be seen along dorsolateral (arrowheads) and ventral (arrows)
pathways. The SA is indicated with a yellow arrow in (G). (H) Melanocyte
cells are found in the roof of the neural tube (arrow) but very few migrate
outside the neural tube. NT, neural tube. Scale bar is 100 µm. Open arrows
indicate speckles of DiO that have transferred to non-melanoma cells.

region. A comparison of the migration of LM-MEL-3 at 4 days
post-injection is shown for the cranial region (Figure 3A, n= 4)
and the trunk (Figure 3B, n= 3). A similar difference in migra-
tion between head and trunk regions is also seen using LM-MEL-8
(n= 5 for each of head and trunk), which is a cell line with an
epithelial-like phenotype and deemed to be non-invasive on the
basis of in vitro characterization.

Previous work using the chicken embryo to assess melanoma
migration has used cranial regions (11) and trunk (9). Kulesa et al.
found that at cranial levels, a highly aggressive melanoma cell line
C8161 migrated well, while a poorly aggressive cell line C8161
was less responsive (11). In our hands, both LM-MEL-3 (invasive
mesenchymal-like) and LM-MEL-8 (non-invasive epithelial-like)
cell lines showed poor migration at cranial levels and much greater
migration at trunk levels, indicating that there were significant

differences in the environmental signals between these regions.
During normal development, the majority of melanocytes arises
from trunk levels (18, 19), see Figure 3E. We concluded that
the trunk was a preferable region for analyzing the migration of
melanoma cells, but comparison of migratory ability between cells
transplanted at cranial compared to trunk levels could be very
informative.

During development, neural crest cells in the trunk migrate
along two main pathways, the ventral pathway, which gives rise to
neurons and glia in dorsal root and sympathetic ganglia, Schwann
cells along nerves, melanocytes and adrenal chromaffin cells, and
the dorsolateral pathway, which gives rise solely to melanocytes
(19, 32–34). We analyzed cross-sections of embryos containing
LM-MEL-3 and LM-MEL-8 cells to see if the cell lines followed
these pathways. Cells from both LM-MEL-3 and LM-MEL-8
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migrated from the trunk neural tube and could be seen out-
side the neural tube at 2 days post-injection by a dorsal view of
whole mount embryos (Figures 3C,D). These migrated along the
dorsolateral and ventral pathways (Figures 3F,G). We observed
numerous cells located dorsal to the neural tube, a region termed
the staging area, where neural crest cells are found prior to migra-
tion along a pathway (Figure 3E, yellow arrow, Figure 3G). Cells
were also observed along the dorsolateral pathway adjacent to the
ectoderm, along the ventral pathway in association with the dor-
sal root ganglia, and a small proportion of cells were observed
in between the ventral and dorsolateral pathways. Neural crest
cells are found at each of these locations (35). This finding is in
line with earlier studies that have demonstrated that melanoma
cells migrated along both dorsolateral and ventral routes (11, 13).
Melanoma cells from another epithelial-like melanoma cell line
LM-MEL-71 (Figure S2 in Supplementary Material) also showed
migration outside the neural tube, along the dorsolateral and
ventral pathways. EMT in melanoma often occurs with acquisi-
tion of motility and concomitant decrease in the expression of
E-cadherin and gain in the expression of N-cadherin (12, 36).
Culturing both epithelial- and mesenchymal-like melanoma cell
lines as hanging drops do not induce changes in the expression
of E-cadherin (epithelial marker) and N-cadherin (mesenchymal
marker) (Figure S3 in Supplementary Material).

We also transplanted normal human melanocytes into the
trunk region. A very small number of melanocytes migrated away
from the neural tube, but this proportion was far less than the
migration observed from melanoma transplantations. Some cells
were observed in the roof plate of the neural tube, while others
remained in the lumen of the neural tube (Figure 3H). Previous
studies have reported that melanocyte aggregates integrated into
the roof plate but did not migrate outside the neural tube (13).

The microenvironment of the neural tube of chick embryos
affects the behavior of melanoma cells and promotes their migra-
tion along neural crest migratory pathways. In addition to chick
embryos, zebrafish and mouse embryos have been used previously
to provide either a receptive or potentially normalizing microenvi-
ronment that alters the behavior of human melanoma cells. Some
factors active during gastrulation and early organogenesis within
these embryonic microenvironments change the gene expression
pattern of melanoma cells, limiting tumor formation, and enabling
migratory potential (11, 26, 37). Bailey et al. identified a num-
ber of genes associated with EMT and migration upregulated in
melanoma cells post exposure to the chick microenvironment
(22). These gene products are excellent candidates to send and
receive signals instructing and maintaining migratory potential in
melanoma cells. Furthermore, epithelial-to-mesenchymal transi-
tions are generally described as a process requiring external stimuli
for their initiation (38). The process of neural crest development
and the molecular mechanisms involved show similarity across
species. For example, members of the BMP and Wnt families are
involved in regulating neural crest induction and emigration in
multiple species (39).

In conclusion, this model represents an accessible and poten-
tially powerful system for examining the invasive behavior and
remarkable plasticity of metastatic melanoma cells in vivo. It is
proving helpful for identifying intrinsic and microenvironmental

regulators and drivers of cellular migration. This should prove
valuable for the identification and validation of molecules involved
in metastatic behavior as well as for the development of therapies
that target related pathways.
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