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Abstract

Cancer cell identity and plasticity are required in transition states, such as epithelial-mesenchymal
transition (EMT) and mesenchymal-epithelial transition (MET), in primary tumor initiation,
progression and metastasis. The functional roles of EMT, MET and partial state (referred to as p-
EMT) may vary based upon the type of tumor, state of dissemination and degree of metastatic
colonization. Herein, we review EMT, MET, pEMT and plasticity in the context of tumor
metastasis.
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Plasticity in cancer

Cellular identity reflects developmental pathways as well as cell non-autonomous and cell
autonomous factors during the lifespan of a cell. Cellular plasticity implies the ability of a
cell to adapt to changing circumstances, and this adaptation is either reversible or
irreversible. There is increasing application of cellular plasticity in stem cell biology,
regenerative medicine and cancer biology, although the term plasticity itself remains in
evolution [1,2].

A number of genomic, genetic, epigenomic, transcriptomic and proteomic factors conspire
for the conversion of a normal cell to a malignant cell. These factors have a complex
interplay with diverse cell types in the tumor microenvironment. Once tumor cells invade
through the tumor stroma, tumor cells have the capacity to disseminate in circulation and
colonize distant organs, the latter influenced by the pre-metastatic niche and organotropism.
It is becoming increasingly clear that epithelial-mesenchymal transition (EMT, Glossary),
where cells lose their epithelial cell identity and acquire features of mesenchymal cells, is
not only critical in development and wound healing, but also represents a salient property of
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primary tumor formation and metastasis. In turn, mesenchymal-epithelial transition (MET)
is the reversion of EMT and is apparent during development, induced pluripotent stem cell
reprogramming and tumor metastasis [3]. In this article, we review /n vivo evidence of EMT;
summarize the current evidence of whether EMT is necessary for tumor progression; discuss
the evidence of MET in metastatic outgrowth and potential clinical associations; evaluate
potential therapeutic implications; and, conclude with outstanding questions in the field,
building upon recent review articles [4-9].

Tumor cell plasticity

Through investigation of EMT in breast, pancreatic and ovarian cancers, it has been found
that the conversion from epithelial-like to mesenchymal-like cells is less akin to a light-
switch analogy and more like a dimmer switch. In many malignant cases, the phenotypic and
functional changes appear to shift across a continuum [10]. These different cases have given
rise to the definitions of complete EMT (CEMT) and partial, mixed or hybrid EMT (Box 1).
For consistency, we will refer to incomplete transition to a mesenchymal state as “partial
EMT” or pEMT. Recent work by Panchy et a/. used transcriptomic analysis to demonstrate
the high degree to which cells can be along the epithelial and mesenchymal spectrum [11].
Several review articles have highlighted this phenomenon [12-14].

CEMT and pEMT in tumor models

A central challenge to the hypothesis that EMT occurs during tumorigenesis is that much of
the initial evidence was predicated upon manipulation of EMT transcription factors (herein
EMT-TFs), thereby leading to controversy over whether EMT was a physiologically relevant
process [15,16]. The development of spontaneously metastatic genetically engineered mouse
models (GEMMSs) with fluorescent lineage labeling became a powerful tool to study /n vivo
EMT driven by endogenous EMT-TF expression. Here, we define characteristics of
complete cEMT and pEMT and review evidence for de novo EMT under physiological
conditions across multiple tumor types (Figures 1 and 2).

Beerling et al. introduced a tumor-cell specific yellow fluorescent protein (YFP) lineage
label to a mouse breast cancer model, dependent upon the expression of the polyoma virus
middle T antigen (pyVT) and under the control of the mammary mouse tumor virus
promoter, (referred to as the MMTV-PyMT mouse (Table 1)). This model allowed a glimpse
into the role that classic EMT-TFs play as a cell undergoes EMT [17]. To that end,
subpopulations of E-CADHERIN negative (Ecad-) and Ecad+ tumor cells were identified
with upregulation of classic EMT-TFs (such as Snail, Slug, Twist, and Zeb1/2) in the Ecad-
population (Figure 1) [17]. Importantly, orthotopic transplantation and intravital microscopy
revealed that these Ecad- tumor cells, undergoing EMT, were precisely the cells that
migrated and presumably initiated the metastatic cascade. While this does not prove
necessity, the existence of EMT is demonstrated. In a related model, mouse MMTV-PyMT
cells with an R(red)FP-to-G(green)FP switch, under the control of a Fspl-cre promoter,
were transplanted into NOD-scid 112ry"!IB2mMill (NSG-B2 m~~) mice (Table 1). Under
these conditions, any cell that undergoes EMT, as defined by Fsp expression, would change
fluorescence from red to green [18]. A population of GFP+ cells that had undergone EMT
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was observed with simultaneous Ecad loss, indicating that the mesenchymal conversion did
in fact occur in this GEMM. The observation of a subset of RFP+/Ecad- cells suggests that
additional cells underwent EMT, yet through an alternative, Fsp1-independent, pathway
[18]. However, another group using a MMTV-Her2 model demonstrated that early
disseminating cells downregulated Ecad, although these were defined as ECAD “low”,
arguing for potential pEMT [19]. These results were largely in agreement with a previous
study in a HER2-driven GEMM, which revealed spontaneous upregulation of Snail
accompanied by EMT [20]. Thus, it is not surprising that a PyMT model with Snai/-driven
YFP resulted in YFP+ cells lacking Cdh1 and ZebZ expression [21].

In pancreatic ductal adenocarcinoma (PDAC), spontaneously metastatic GEMMs with
fluorescent lineage labeling of tumor cells have provided definitive evidence for the
existence of EMT /n vivo. The first model used a pan-epithelial lineage Pdx1-Cre driver to
express mutant Kras®Z2P with concomitant p53 loss and a YFP label (herein KPCY, Table
1) [22]. This study demonstrated the existence of a YFP+, ZEB1+, Ecad- population of EMT
cells at the preneoplastic stage. Using the same KPCY model, Aiello et a/. demonstrated
the existence of a pPEMT population with co-expression of epithelial and mesenchymal
markers that disseminated through collective migration, and a cEMT population that
preferentially disseminated as single cells [23]. These studies demonstrated that EMT occurs
early during primary tumor progression, and that different EMT states exist along the
metastatic cascade.

Although breast and pancreatic cancer GEMMSs have been the most well-defined models to
demonstrate EMT /7 vivo, other models have provided corroborating evidence. Ruscetti et
al. used a Pten and Kras@22P driven model with a VimentinG#” lineage label (Table 1),
which marks the mesenchymal state, to demonstrate that EMT occurs in prostate cancer
(Figure 1) [24]. This group co-stained for another epithelial cell marker, EpCAM, and found
both a pEMT population that was EpCAM+/GFP+ and a cEMT population that was
EpCAM-GFP+. In colon cancer, a model emerging from Notch activation and p53 loss,
found a distinct population of invasive cells with mesenchymal morphology that was
VIMENTIN+/GFP+, but lacked ECAD, suggesting that EMT was observed (Figure 1) [25].

Thus, these models have demonstrated that EMT occurs de novo without forced EMT-TF
expression, and is a likely driver in the invasive and metastatic phenotypes. Yet, it is
conceivable these phenotypes could be incidental, and EMT-TFs might have their own
oncogenic EMT-independent effects. We next turn to the question of whether EMT s
necessary or dispensable in tumor initiation and progression.

EMT: necessary vs. dispensable?

To evaluate the potential dispensability of EMT in tumor metastasis, work in breast,
pancreas, skin, and lung cancers has used a similar paradigm: delete known EMT-TFs in
transplantation or genetic mouse models and evaluate whether metastatic burden is affected.

In a pancreas cancer model (PaxI-cre; KRASCLZD: p53R172H) \nhen Snailor Twistl is
independently knocked out, notably primary tumor histology, tumor progression, and
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metastasis are unaffected [26]. Each model showed a decrease in Zebl, Zeb2, Sox4, and
Slug, suggesting that at least these EMT-TFs are not compensating for Snail or Twist 0ss,
although compensation by other EMT-TFs cannot be ruled out. Interestingly, the EMT-TF
knockout correlated with chemosensitivity attributed to increased nucleoside transporter
expression. These data suggest a possible explanation for the clinical observation that
patients with more mesenchymal tumors have worse outcomes [8].

While Snailor Twistis dispensable individually, ZebI knockout in the same genetic
background impairs multiple stages of tumorigenesis, ranging from premalignant lesions to
metastatic tumors [27]. Corroborating the importance of ZebZ in pancreatic cancer, short
hairpin knockdown of ZEB1 in two human pancreatic cancer lines decreases progression in
an orthotopic transplantation mouse model [28]. This suggests that potential EMT
dispensability is dependent upon which EMT-TF is driving the process and implies a
possible hierarchy amongst EMT-TFs. By contrast, in the Snai/and 7wist knockout mouse
models, amongst other EMT-TFs, Zeb1 was decreased as well. This argues for testing
whether there is a temporal dependent requirement for EMT-TFs mediated actions — for
example, whether an inducible Zeb1 knockout would reveal different effects of metastatic
potential depending upon whether ZebZ was knocked out in the preneoplastic or neoplastic
stages.

The question of potential EMT dispensability extends to other cancers. This was
interrogated in breast cancer using a triple transgenic breast cancer mouse model MMT V-
PyMT [29]. Using this system, the authors demonstrated that spontaneous lung metastatic
lesions at 12 weeks of age remain Ecad+/RFP+. Any cell that underwent EMT would have
turned on Cre recombinase and irreversibly lost RFP expression (Table 1). This
demonstrates that these metastatic cancer cells never expressed FspZ, and also opening the
premise for a potential FspZ-independent EMT program.

In another study, the positive predictive value of high miR-200, an inhibitor of Zeb1 and
Zeb2, for successful breast cancer metastasis was established in both mouse models and
human tissues [30]. Metastasis-free survival was associated significantly with higher
miR-200 family member expression, thereby indicating lower Zeb1/ Zeb2 correlated with
reduced metastasis. Intriguingly, Ecad was not prognostic for survival, suggesting that Ecad
expression did not differentiate between those patients with or without relapse. This reveals
the following considerations in this specific context: (1) Zebi/ Zeb2-driven EMT is
dispensable; (2) suppression of EMT promotes metastasis through Ecad independent
mechanisms. The authors were able to show further that miR-200 ectopic overexpression
enhances metastasis in a mammary fat pad injection model. Additionally, they demonstrated
that ectopic Ecad expression enhances metastasis but not as effectively as miR-200. This
reveals that Ecad restoration is only part of the MET program and that suppression of EMT-
TFs promotes metastasis through other mechanisms as well, including modulation of
secreted factors.

The dispensability of Zeb1 here stands in contrast to the requirement for Zeb1 in pancreatic
cancer [27], although there are two differences: the pancreatic cancer model was a direct
genetic knockout while the breast cancer data depends upon miR-200 inhibition of ZebZin a
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transplantation model. It does, however, serve as a reminder that different EMT-TFs have
divergent effects, and that different cancers might have different hierarchies of EMT-TF
functionality.

Reminiscent of the Snaill- Twist1 knockout model in the pancreas, this breast cancer model
demonstrates that chemoresistance is associated with EMT. In the latter case, treatment with
cyclophosphamide (a commonly used chemotherapeutic agent for breast cancer) revealed
only RFP+ cells (i.e., the ones that at no point underwent EMT) had greater apoptosis,
whereas GFP+ EMT cells were unaffected. Remarkably, chemotherapy also altered the EMT
profiles of the metastatic lesions. Whereas control mice exhibited entirely RFP-+/non-EMT
lung metastasis, chemotherapy-treated mice showed significant GFP+/EMT lung metastasis,
suggesting that EMT is “turned on” under certain conditions.

The dispensability of EMT-TFs has been challenged vigorously with responses to uphold the
role of EMT in both pancreatic [31] and breast [32] cancer metastasis. It was reasoned that
deletion of Snailor Twist did not completely eliminate EMT programs and that pPEMT
programs likely persisted in metastatic pancreatic cancer [26]. Furthermore, they concluded
that EMT is achieved through a complex interplay between multiple EMT-TFs and that a
system that deletes one factor is unlikely to capture the entire complexity [26]. In particular,
Zebl, Sox4, and Slug persisted after deletion of Snail or Twist, likely indicating a residual
persistence of EMT. In a similar manner, the perspective on breast cancer suggested that the
Fsp1-Creand Vim-CreER transgenes to drive the RFP-to-GFP switch (and thus mark cells
that have undergone EMT) did not fully capture the entire EMT cell population32. The
experimental evidence to show that FspZ is required for EMT was performed in renal cells
[33], which are likely to activate an EMT program distinct from that in breast cells.
Furthermore, the authors introduced studies to show that Fspl is not integral to all EMT
programs [34] and that whole body FspZ knockout mice are still able to undergo EMT
during development [35]. Only a small fraction of cancer cells undergoing EMT, as defined
by Snail or Zeb1 expression, co-expresses Fspl. These results bring into question the utility
of the FspI-Cretransgene as a driver to mark cells that have undergone EMT in breast
cancer.

It is possible that the desire to suppress EMT by forced expression of miR-200 (known to
directly inhibit ZebZ) might also activate EMT-independent phenotypes that are important
for metastasis. Fischer and colleagues explored the potential dispensability of EMT in breast
cancer by presenting additional data to show that Zeb7 was expressed exclusively in GFP+
mesenchymal, but not in RFP+ epithelial cells [36]. They indicated that in the Vim-CreER
model GFP+ EMT cells constituted ~5% of the primary tumor, but were not found in
metastases. Finally, miR-200 overexpression recapitulates EMT suppression with increased
Ecad and occludin levels and concomitant decreased Vimentin and Fspl levels [36].

In summary, the necessity or dispensability of EMT seems to be context dependent with
more evidence underscoring the necessity of EMT. In addition, discrepancies may be the
result of pEMT and differences in sensitivities of the techniques used, or low enrichment of
the cells that underwent pEMT. In order to demonstrate that metastasis occurs in an EMT-
independent fashion, it might require the ability to track Ecad expression and cellular
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localization throughout intravasation, circulation and extravasation of tumor cells.
Evaluating Ecad expression as “positive or negative” will not be able to account for pPEMT,
where a subtle loss of Ecad expression may be required and sufficient for metastasis.
Therefore, tracking tumor cells throughout the metastatic cascade /in vivo, as well as more
effective methods to isolate single cells at discrete time-points, will improve our
understanding of EMT in various malignancies.

MET and tumor metastasis

Ecad expression at a metastatic site is employed as possible evidence for MET. This relies
upon the assumption that EMT occurred earlier in the metastatic cascade, and there is re-
expression of Ecad at the metastatic site. Alternatively, it is possible that tumor cells never
lost Ecad expression or Ecad expression is perturbed minimally (e.g. in pEMT). This section
will focus on evidence that demonstrates a pro-metastatic role for Ecad and the existence of
MET [37] across three key cancers — breast, ovarian, and pancreas.

Breast Cancer

Certain subtypes of breast cancer are an intriguing exception to the “Ecad-as-tumor-
suppressor” model. In particular, invasive ductal carcinoma has been shown to express Ecad
at metastatic sites. One study [38] showed that of 23 paired primary tumor-metastasis
samples in patients with invasive ductal breast cancer, all metastases expressed Ecad, 10 of
which had higher Ecad expression at the metastatic site compared to the primary site. This
observation was reproduced in other studies [39,40].

Inflammatory breast cancer (IBC), which can be either ductal or lobular, has been also
shown to express Ecad virtually uniformly at primary and metastatic sites. In one cohort of
IBC tissues, all 20 patient samples (18 invasive ductal carcinoma and 2 invasive lobular
carcinoma) expressed Ecad at the primary site and at all tumor emboli found in lymphatics
[41]. These findings are supported by another IBC tissue cohort [42]. In short, IBC is
remarkable for its propensity to form microemboli that enter the dermal lymphatic system
[43]. To place this in the context of metastasis, microemboli are thought to be the direct
result of CTCs from primary tumors, obstructing capillaries and forming metastatic tumors.
This suggests that intravasation, the entry of tumor cells into the lymphovascular system, is
accelerated. Using a novel transplantation model created specifically to model IBC [44],
Ecad antibody injections caused the dissolution of the metastases observed in transplanted
mice. Additionally, the metastatic properties of IBC lines could be abrogated through
transfection with a dominant-negative Ecad. Therefore, these tumor microemboli are
dependent upon functional Ecad.

The regulation of Ecad may be driven by environmental factors that control Ecad promoter
methylation. Primary human breast cancers exhibit heterogeneous Ecad promoter
methylation early in their development [45]. Methylation increases during invasion but
decreases in the formation of spheroid cultures, suggesting that environmental cues
determine epigenetic patterns regulating epithelial-mesenchymal phenotypes, a mechanism
that would support the decreased primary tumor Ecad expression and increased metastatic
tumor Ecad expression in the human tissue studies.
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Functional evidence that MET is affected by environmental cues was observed in
spontaneous lung metastasis models that illustrated the role of the pre-metastatic niche in
modulating EMT-MET plasticity [46]. In brief, myeloid cells in the pre-metastatic lung
deposit the ECM component versican, which induces MET by attenuating SMAD?2 levels
and promoting cell proliferation. In addition to myeloid cells, fibroblasts have been
implicated in fostering a MET-promoting environment at the metastatic site. Using the same
spontaneous lung metastasis model as Gao et a/. [46], del Pozo Martin et al. [47]
demonstrated that disseminated metastatic cells that express AXL, a receptor related to the
EMT phenotype, activate lung fibroblasts through 7HBSZ2. These activated fibroblasts, in
turn, inhibit EMT in the disseminated cancer cells. The MET-like cancer cells demonstrate a
decrease in TGF-p signaling mediated through SMAD2-3. Consistent with the findings by
Gao et al. [46], these MET-like cells show higher proliferation levels, suggesting a possible
reason why MET fosters metastatic growth (Figure 2) [47]. Remarkably, forced AXL
expression leads to a significant inhibition of metastatic outgrowth in a tail vein injection
model[47]. Evidence that environmental cues induce MET has also been reported in breast
cancer metastasis to the bone [48]. Esposito ef al. demonstrated the necessity of E-selectin
for bone metastases, and elucidated a non-canonical form of MET. Under these experimental
conditions, Ecad expression is maintained, although EMT-TFs expression are largely
unperturbed [48].

Ovarian Cancer

The ovarian surface epithelium, from which most ovarian cancers derive, is normally Ecad-
[49], but it shows a remarkable upregulation of Ecad during ovarian cancer progression [49—
52]. This acquisition of Ecad at the primary tumor site in ovarian cancers is not reversed
during omental metastasis [53], and ovarian cancer cells in pleural and peritoneal effusions
show Ecadnigh [evels [54]. Functionally, Ecad transduction into normal ovarian epithelial
lines is associated with the production of the tumor antigen CA-125 [55], and, much like in
the case of IBC, the use of Ecad antibody results in dissociation of spheroid ovarian cancer
cell clusters with presumed effects on their ability to survive in effusions [56]. The
phenomenon of early-MET is not specific to ovarian cancer, and has been demonstrated in
small cell lung cancer in which MET is thought to occur in peripheral circulation prior to
metastatic colonization [57].

Pancreatic Cancer

Pancreatic cancer metastasis has also been linked to MET. Using a lineage labeling approach
to track dissemination in a spontaneous metastatic model, CTCs were observed to express
EpCAM [58]. Additionally, consistent with data on MET correlating with metastasis size in
breast cancer [59], this same PDAC model demonstrated that the epithelial properties of
metastatic liver lesions increased in proportion to their size [60]. Specifically, epithelial
markers such as Ecad and Claudin-7 increased as disseminated cells evolved from isolated
tumor cells to micrometastatic and macrometastatic clusters. Conversely, mesenchymal
markers, such as £FSPI and ZEBI, were decreased. Human tissue staining confirmed the
FSP1 pattern, with micrometastatic lesions having the highest FSPZ expression compared to
both the primary tumor and the macrometastatic lesions. This suggests that the larger the
liver metastasis becomes, the more it recapitulates the primary tumor’s epithelial properties.
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Functional studies with the EMT-TF PrrxZ have corroborated the notion of MET in PDAC.
Specifically, dissemination is modulated by isoform-switching between a MET-promoting
isoform, Prrxla, and an EMT-promoting isoform, Prrx1b[61]. Activation of PrrxIa(i.e.,
activation of MET) or suppression of Prrx1b (i.e., suppression of EMT) in orthotopic
transplantation models promoted metastatic outgrowth in the liver.

It has been observed that CTCs display a mixture of Ecad!®¥ and Ecad"i9" states, but the
metastases are overwhelmingly EcadM9" [17]. Interestingly, metastatic lesions that are
greater than three cells are entirely Ecad+. Aiello ef al. demonstrated a similar pattern in
liver metastases emerging from pancreatic cancer (Figure 2) [60]. One possibility is that
EMT-MET may be in equilibrium during circulation, but MET becomes predominant at the
metastatic site.

An important counter-model to EMT is “clustered migration”, or “collective invasion” [62].
The concept of collective invasion espouses the premise that tumor cells retain their
epithelial features but co-opt cancer associated fibroblasts (CAFs) to collectively invade
[63]. Thus, invasive tumor cells do not need to undergo EMT [64]. It is possible these
clusters of cells enter circulation with a greater proclivity for metastasis. Budding of small
clusters of well-differentiated cells may be a harbinger for worse outcomes [65,66].
However, it is also possible that the leading edge of the invasive front comprises cells that do
undergo EMT and those in the bulk of the cluster do not.

In summary, a substantial amount of research investigating breast, ovarian and pancreatic
cancers suggests the importance of MET [67]. There still remains much to be done in terms
of understanding the dynamics between a cell undergoing EMT versus MET (or an
intermediate state). Technological advances, such as cell tracking and single cell sequencing,
will help pave the way for studying the mechanisms of plasticity necessary for these
transitions.

Necessity of MET

While there is a wealth of data demonstrating that cells re-establish epithelial characteristics,
such as membranous Ecad expression as described above, there is less evidence that this
process is essential for metastasis. The degree to which cells must shift along the
mesenchymal-to-epithelial spectrum must also be considered. Are these epithelial
characteristics a driver of the metastatic colonization and outgrowth, or is it a passenger
effect of changes originating from stemness? Does the metastatic destination or the site of
the primary tumor matter?

To determine which potential transcriptional factors may function as drivers of metastatic
colonization, Dykxhoorn et al. used four isogenic murine breast cancer lines, each exhibiting
different metastatic ability [68]. Following implantation into the mammary fat pad, the group
compared the one cell line able to form macroscopic metastases to the other three lines.
They found that miR-200 was expressed significantly higher in this particular cell line, along
with the expected decrease in Zeb2 expression and enhanced Ecad expression. They further
underscored the importance of miR-200 in colonization by overexpressing it in a cell line
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capable of invading metastatic tissues but failing to colonize. Upon miR-200 overexpression,
this cell line acquired epithelial properties (including decreased Zeb2 expression, decreased
Snail expression, and increased Cdhl expression). Importantly, miR-200 overexpressed
cells were now significantly more likely to form metastases, specifically in the lung. The
authors concluded that some tumors are able to colonize distant sites through MET [68].

Tsai et al. provided evidence for the requirement of MET, which they refer to as “reversible
EMT?”, in the context of squamous cell carcinoma (SCC) [69]. They employed a mouse
model whereby Twist1 expression is regulated in a reversible manner. Upon doxycycline
treatment, either orally or topically, papillomas form, invaginate into the skin and form
SCCs. Induction of Twist1 promoted distant metastases in 86% of the mice treated topically
and 23% of the mice treated orally. Twistl induction activates EMT and promotes tumor cell
intravasation (69). Additionally, EMT promotes tumor cell extravasation. Yet, loss of Twistl
is necessary for tumor cells to proliferate (Ki-67+) and form macrometastases. Because the
expression of other EMT-TFs are not described, it is possible that the EMT pathway is
Twist-independent at the metastatic site, but it is more likely that the reversion of EMT,
namely MET, is required (Figure 2). These findings suggest that suppression of the initiating
EMT signal is required for the formation of macrometastases [69].

Padmanaban et a/. used the luminal MMTV-PyMT invasive ductal carcinoma model with a
Cre-inducible deletion of Cdh1 [64]. Primary tumor organoids from these mouse models
were infected with Cre, and then embedded in collagen I. Compared to controls, Cdhl
knockout organoids had increased invasion and dissemination, but showed lower migratory
persistence and displacement. /n7 vivo transplanted organoids without CahZ were smaller and
the number of macrometastases was significantly reduced (by 15-fold) compared to control
tumors [64]. In addition, mice with Ecad- tumors had fewer CTCs by 7.5-fold compared to
control Ecad+ tumors. These results were recapitulated in multiple breast cancer models.
Interestingly, forced Ecad loss did not significantly affect expression of canonical EMT
transcripts, suggesting that Ecad loss affects multiple steps of metastasis without forcing a
completely epithelial or mesenchymal transition. Additionally, Ecad loss forces the cells into
a TGFpB-dependent ROS-mediated apoptosis. These results point to the necessity of Ecad for
effective migration and survival of the metastatic cells, and they highlight a pro-metastatic
role of Ecad and MET [64].

Recent work from our group is revealing in the context of metastatic PDAC. We
demonstrated that p120-catenin (ctn) loss in the KPCY PDAC model is sufficient to shift the
cells’ identity from epithelial to mesenchymal, with the expected loss of Ecad. Upon p120-
ctn/Ecad loss, the number of metastases significantly increases, along with a dramatic
change from predominantly liver metastases to predominantly lung metastases (Figure 2)
[70]. p120-ctn re-expression in cells without p120ctn or Ecad is sufficient to restore liver
tropism. Interestingly, liver metastases in human PDAC patients are more epithelial relative
to primary tumors. This might suggest that, in the context of PDAC, MET and Ecad
expression are essential for metastasis to specific sites such as the liver but not to the lung
[70].
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Somarelli et al. used three different mouse models of prostate cancer, two of which
metastasize in a MET-independent manner and one model which metastasizes in a MET-
dependent manner [71]. To study MET Jn vivo, the group developed a fluorescent-based
system whereby epithelial-specific skipping of exon Illc from fibroblast growth factor
receptor 2 (FGFR2) results in an in-frame Cre gene and protein expression. Using a CMV-
Lox-DsRed-Stop-Lox-eGFP, Ds-Red expression is specifically confined to mesenchymal
cells and eGFP expression marks the epithelial cells. In the prostate cancer cell lines AT3
and DU145, MET was shown to be a rare event. Next, the group replaced the split Cre gene
with a “suicide reporter” expressing the A chain of diphtheria toxin, such that cells that
undergo MET undergo cell death (Table 1). AT3 cells grew out after selection of the vector,
whereas a third prostate cancer cell ling, DT, was unable to grow. Upon tail vein injection of
the AT3 cells, lung metastases formed with confirmed expression of the MET-suicide gene.
Similar results were obtained from tail-vein injections with DU145 cells, again suggesting
that MET is not required for metastasis to the lungs, at least in the context of these two
prostate cancer lines [71]. Context is very likely important in terms of MET necessity. Ecad
is essential for lung metastasis in a breast cancer cell line [64], whereas a pancreatic cancer
cell line with Ecad loss demonstrates organotropism for the lung [70].

Concluding Remarks

We have focused in this review article on the /n vivo evidence of EMT and MET as well as
some of the evidence that is either opposed or lacking. Divergent findings do not represent
an indictment of the arguments, but underscore three pivotal points. First, the presence of
EMT and/or MET is very much context dependent with cell type and tissue type are of
paramount importance. Second, as much as possible, research and conclusions therein
require /n vivo evidence, especially using lineage tracing of cells from their origin to their
ultimate destination. Lastly, current technologies that revolve around (but not limited to)
single cell genomics, multiplex immunofluorescence, and live imaging will be of great
utility for assessing temporal and spatial cellular plasticity and dynamics (see Outstanding
Questions). Ultimately, how we translate past, current and evolving knowledge into
translational targeted therapeutics will be the next, exciting step in the field of cancer cell
plasticity (Box 2).
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AXL (AXL receptor tyrosine kinase)
cell surface receptor, part of the TAM kinase family

CTCs (Circulating Tumor Cell)s
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cancer cells that travel from a primary tumor to a metastatic site by way of the vasculature or
lymphatic system

Cdh1 (Cadherin-1)
the name of the gene that produces E-Cadherin. Cdh1 is a member of the cadherin super
family and is also known as CD324/

E-Cad (E-Cadherin)
the most well-studied member of the cadherin family. It binds p120-catenin and beta-catenin
at the cellular membrane to establish cell-to-cell adhesion

ECM (Extracellular Matrix)
a network of macromolecules in the extracellular space, consisting of collagen, glycoprotein,
and enzymes

EMT (epithelial-to-mesenchymal transition)

a complex cellular pathway in which epithelial cells lose cell-to-cell adhesion (characterized
by membranous E-Cad loss) and gain mesenchymal characteristics (characterized by
increased N-Cadherin expression and migratory capabilities). EMT is known to occur during
mammalian development, wound healing, and cancer metastasis

EpCAM (Epithelial cell adhesion molecule)

a glycoprotein on the cellular membrane involved in cell-to-cell adhesion and multiple cell
signaling pathways within epithelial cells. It is also known as CD326, TACSTD1 and 17-1A
antigen

Fspl (Fibroblast-specific protein 1)
a cytoplasmic calcium-binding protein primarily expressed in fibroblasts. As a member of
the S100 superfamily, it is also known as S100A4.

Her2 (Human epidermal growth factor receptor 2)
a human epidermal growth factor receptor family member, widely known as an oncogene
important in breast cancer progression. It is also known as ERBB2, CD340 and neu

Kras (Kirsten Rat Sarcoma virus)
a GTPase oncogene in the RAS/MAPK pathway, frequently mutated and/or overexpressed in
cancers (notably lung, colorectal and pancreatic cancer)

MET (mesenchymal-to-epithelial transition)
a cellular pathway by which mesenchymal cells decrease motility and establish epithelial
characteristics (signified by increased expression of E-Cad and increased cellular polarity).

mMiR-200 (microRNA 200)

a family of microRNAs (including miR-200a, miR-200b, miR-200c, miR-141 and
miR-429). Members of miR-200 are highly expressed in epithelial cells and have been
shown to repress the EMT pathway

Neoplastic stage
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a term that means the benign or malignant growth of cells, the formation of a tumor. This
state is typically characterized by accumulated genetic damage and disorganized, persistent
growth

P53 (tumor protein p53)
a tumor suppressor that regulates cell cycle and is frequently mutated in cancer

Pdx1 (Pancreatic and duodenal homeobox 1)
a transcription factor required for pancreatic development and is used to identify pancreatic
ductal cells

Preneoplastic stage
a cellular state preceding neoplasia typically characterized by hypertrophy, hyperplasia,
metaplasia and/or dysplasia

Pten (Phosphatase and tensin homolog)
a tyrosine phosphatase and tumor suppressor involved in cell cycle regulation

ROS (reactive oxygen species)
an unstable molecule or free radical that, in over-abundance, causes DNA, RNA and protein
damage to cells

Secreted factors
factors can include cytokines, structural components of the ECM, receptors, enzymes, and
other chemical factors. For example, TGF-beta can be secreted by macrophages during the
initiation of EMT

Slug
the gene that encodes Snai2/Snail2, a zinc finger transcription factor involved in the
promotion of EMT

Smad2 (Mothers against decapentaplegic homolog 2)

an intracellular signaling transducer and transcriptional co-factor activated by TGF-beta
signaling. In cooperation with SMAD4, SMAD?2 binds to TRE elements and activates
transcription

Snail
the gene that encodes Snail/Snaill, a zinc finger transcription factor involved in the
promotion of EMT

Sox4 (SRY-Box Transcription Factor 4)
a member of the SOX family of transcription factors important for regulating expression of
genes involved in embryonic development and cell differentiation

TGF-beta (Transforming growth factor beta)

a secrete cytokine and member of the transforming growth factor superfamily. Upon binding
with its receptor, it can affect pathways such as EMT, differentiation, proliferation and
apoptosis
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Twist1/2 (Twist-related protein 1/2)
Twist1/2 are basic helix-loop-helix transcription factors. Cells undergoing EMT demonstrate
increased expression of Twist1/2

Vimentin
a type Il intermediate filament structural protein, characteristic of mesenchymal cells

Zeb1/2 (Zinc finger E-box-binding homeobox 1/2)
Zebl and Zeb?2 are paralogs belonging to the Zeb family of transcription factors. They are
known to promote EMT
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Box 1:
Partial, hybrid and mixed EMT

The field of cellular plasticity has generated several terms to describe cells residing
between complete epithelial or mesenchymal phenotypes: partial EMT (pEMT), hybrid
EMT and mixed EMT. While the terms are often used interchangeably, it is important to
recognize the origins of these terms and nuances.

The term ‘mixed EMT’, or mixed tumors, might have arisen from Chase et a/. [72] in
which they describe keratin+/Vimentin+ sarcoma cells with epithelioid morphology.
Stromal cells are thought to response to growth of malignant epithelial cells, but we now
know that this may be the result of cellular plasticity [73].

The existence of a spontaneous ‘hybrid EMT’ state has been demonstrated. Pastushenko
et al. discovered that primary skin and mammary tumors undergo EMT. Within the
tumors, subpopulations of cells were found displaying different degrees of epithelial and
mesenchymal characteristics, including cells with intermediate or hybrid characteristics.
The cells along this epithelial and mesenchymal spectrum displayed differences in
cellular plasticity, invasiveness and metastatic potential. Importantly, subpopulations of
cells with hybrid phenotypes were more effective at forming metastases [74]. The
importance of cellular plasticity in metastasis is highlighted by Kroger et al.
demonstrated that hybrid EMT cells cannot be phenocopied by mixing cells in a stable
epithelial state with cells in a stable mesenchymal state. It is the dynamic characteristic of
cells in the hybrid state that is important for endowing increased metastatic potential [10].

Lastly, the term pEMT has been used to describe cells stably or dynamically in an
epithelial-mesenchymal intermediate state [75]. This “partial” phenotype can be manifest
by the simultaneous expression of epithelial and mesenchymal markers, or by the loss of
epithelial markers without the gain of mesenchymal markers. Recently, pPEMT has gained
traction in the field as an alternative to the observation of complete EMT (cEMT), which
is characterized by the repression or inactivation of epithelial markers and the
simultaneous gain of mesenchymal markers [23].
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Box 2:
Clinical Implications

Given the variability with which EMT and MET are deemed essential and pro-metastatic,
it becomes unclear if and when in disease progression therapies targeting these pathways
should be clinically administered [76]. In addition, it is important to consider the impact
that FDA-approved therapies (not directly made to target EMT-MET) have on cellular
plasticity.

Recently, Soundararajan et al. delve into the role that EMT has in preventing the efficacy
of immunotherapy [77]. It has been shown that tumor cell PD-L1 expression (important
for tumor cell immune evasion) is upregulated by EMT pathways, namely the miR-200/
ZEB1 signaling axis [78]. In addition, EMT contributes to the recruitment of tumor-
associated-macrophages, furthering the immunosuppressive effects of this pathway [79].
In the context of improving immunotherapy efficacy, inhibition of EMT may be an
effective strategy. Additionally, an active clinical trial in Chronic Lymphocytic Leukemia
patients uses an AXL kinase inhibitor, TP-0903, which has been shown previously to
inhibit EMT (http://www.clinicaltrials.gov/ct2/show/NCT03572634). In fact, as of 2019,
there have been over 50 clinical trials related to targeting EMT, indirectly or directly
[72,73, http://clinicaltrials.gov/] while much less has emerged to target MET.

Given the previous evidence that MET is required for metastatic outgrowth, at least in
some contexts [64], it is somewhat surprising that more attention has not been paid to
MET inhibition. For example, in clinical situations where the tumor has already
metastasized, treatment with an EMT-inhibiting agent (potentially promoting MET)
might be deleterious to the primary or circulating cancer cells, while simultaneously
benefiting the metastatic cells. An ideal, albeit technically challenging, therapeutic
strategy might involve targeting the primary tumor and circulating tumor cells with EMT
inhibitors, while selectively targeting metastatic tumors with a MET inhibitor. Future
advances in detection of micro-metastasis and targeted drug-delivery have the potential to
make this kind of strategy feasible. In the meantime, a more thorough understanding of
how cells at different ends of the EMT-MET spectrum respond to current therapeutics is
needed.
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OUTSTANDING QUESTIONS
. What factors determine the necessity of EMT?
. What factors determine the necessity of MET?
. Avre there conditions in which EMT or MET is dispensable?

. At what stage(s) within the metastatic cascade, does cellular plasticity
become prominent?

. How can cells along the EMT-MET spectrum be targeted in a clinically-
relevant manner?
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HIGHLIGHTS

. Cellular plasticity plays an important role in tumor progression, metastasis
and chemoresistance.

. Cells may shift along the EMT-MET spectrum, such that EMT and MET may
not be dichotomous fates as evidenced by partial EMT.

. The requirements of EMT and MET in primary tumorigenesis and metastasis
are context dependent and require rigorous evaluation of the model systems
employed.
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Figure 1: Primary tumor cells undergo intravasation into the lymphatic-vascular systems.
There are multiple mechanisms by which tumor cells (blue rectangles) are thought to detach

from the primary site and intravasate into the lymphatic-vascular systems. One proposed
mechanism is complete EMT or cEMT (green spheres), whereby cells lose epithelial
markers and gain mesenchymal characteristics. During partial EMT or pEMT, cells retain
some of their epithelial characteristics. Another possibility is that cells undergoing EMT
represent only a small portion of the total population that ultimately metastasize.
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Figure 2: Primary tumor cells undergo extravasation and metastatic colonization.
Evidence in multiple model systems demonstrates that macrometastases have strong

expression of epithelial markers (blue), which are likely a requirement for expansion within
the metastatic site. One model suggests cells that previously underwent cEMT or pEMT
regain epithelial markers and lose mesenchymal characteristics (green). Lastly, in mixed
populations of metastatic cells, it is thought that the clusters of epithelial cells are the
exclusive or dominant population capable of expanding and forming macrometastases.
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Primary : .
Model organ site Lineage label Definition of EMT Reference
MMTV-PyMT Rosak-SL-YFP low
MMTV-Cre Breast Fcad-mCEP YFP+/mCFP™ EMT cells [17]
Fsp-Cre RFP-/GFP+ EMT cells after Fsp-cre
MMTV-PYMT Breast Rosa/oxP-RFP-STOP-loxP-GFP mediated recombination (18]
; YFP+ EMT cells after induction of Snail
MMTV-Her2/c-neu/Erbb2 | Breast Snail-YFP during EMT [21]
“KPCY”
Krasl-SL-G12D stvep
DBELSLRIT2H or loxP Pancreas Rosa- YFP+/ECAD- EMT cells [22]
Padx1-Cre
Pb-Cre i ;
loxP/loxP : . GFP+/EpCAM- EMT cells after induction
ZZZL e Prostate Vimentin-GFP of Vimentin during EMT [24]
S CMV-loxP-DsRed-Stop-loxP- RFP+ cells that have undergone EMT and
ATS tumor cell injection Prostate eGFP GFP+ cells that remain epithelial [71]
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