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Abstract

During cancer progression, tumor cells undergo molecular and phenotypic changes collectively
referred to as cellular plasticity. Such changes result from microenvironmental cues, stochastic
genetic and epigenetic alterations, and/or treatment-imposed selective pressures, thereby
contributing to tumor heterogeneity and therapy resistance. Epithelial-mesenchymal-plasticity
(EMT) is the best-known case of tumor cell plasticity, but recent work has uncovered other
examples, often with functional consequences. In this review, we explore the nature and role(s) of
these diverse cellular plasticity programs in pre-malignant progression, tumor evolution, and
adaptation to therapy, and consider ways in which targeting plasticity could lead to novel anti-
cancer treatments.

INTRODUCTION

The ability of cells to adopt different identities along a phenotypic spectrum is a
phenomenon broadly known as cellular plasticity. Although it is a signature feature of
embryonic differentiation, cellular plasticity has also been widely observed in terminally-
differentiated adult cells faced with chronic physiologic and pathologic stresses. Under such
circumstances, cellular plasticity serves as a mechanism of tissue adaptation or regeneration,
but it can also predispose tissues to cancerous transformation.
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While loss of normal cell identity and function is intrinsic to the malignant process, cancer
cells undergo further phenotypic changes during tumor progression and treatment. Tumor
cells are exposed to diverse metabolic conditions, signaling molecules, stromal elements,
and therapeutic agents, which collectively form a volatile microenvironment that can fuel
changes in cellular phenotype. Such changes may involve genetic alterations, but they more
commonly involve transcriptional or epigenetic fluctuations. The resulting pliability in cell
state can facilitate multiple aspects of tumor progression, including tumor initiation and
metastasis, immune evasion, and chemoresistance. Consequently, elucidating the
mechanisms by which cancer cells exploit plasticity to cope with selective pressures may
lead to novel therapeutic opportunities. In leukemia, for example, treatment regimens that
target a tumor’s differentiation state are highly effective, providing a rationale for pursuing
such “differentiation therapies” in solid tumors. Here, we review our current understanding
of cellular plasticity in cancer initiation and progression and suggest ways in which
mechanistic insights could have implications for therapy.

CELLULAR PLASTICITY IN PRE-MALIGNANCY: METAPLASIA

In several adult tissues, cells change their identity as part of a physiologic response to injury
or inflammation [1, 2]. Such changes may occur at the level of individual cells, where the
phenomenon is commonly referred to as “trans-differentiation,” or at the level of an entire
tissue, where the transformation is referred to as “metaplasia.” Metaplasia is thought to serve
a protective function in the face of chronic damage, either by replacing lost tissue or forming
barriers better suited to withstand hostile conditions. But in multiple organs — particularly
those comprising the Gl tract and other endoderm-derived tissues — the phenomenon is
associated with a predisposition to cancer (Table 1). Importantly, metaplasia and trans-
differentiation are not synonymous; while metaplastic tissues may arise through the
conversion of one terminally differentiated cell type into another (i.e. trans-differentiation),
alternative mechanisms — e.g. selective proliferation, drop-out of certain cell types, or
alterations in stem cell differentiation patterns — could also account for metaplastic tissue
changes. While lineage tracing studies in mice have provided insight into the programs
underlying some forms of metaplasia, little is known about the cellular and molecular
mechanisms leading to metaplasia in humans.

Intestinal metaplasia of the esophagus and stomach

In Barrett’s esophagus (BE), the normal squamous epithelium of the esophagus is replaced
by columnar cells that harbor features of the small intestine. Clinically, the precise cause of
Barrett’s esophagus is unknown, although chronic gastroesophageal reflux disease (GERD)
— in which the distal esophagus is exposed to gastric contents — is strongly associated with
the condition [3]. Gastric acid and bile salts conspire to injure the epithelial cells lining the
esophagus in GERD, resulting in inflammation and the production of reactive oxygen
species (ROS). In response to these injuries, mucus-secreting columnar epithelial cells
typical of the small intestine replace the normal squamous epithelium of the esophagus.
While this new mucus-producing epithelium provides better protection against stomach acid,
it can also serve as a precursor for esophageal adenocarcinoma [4, 5]. Barrett’s lesions rarely
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regress, suggesting that the cellular and molecular changes underlying the phenomenon are
stable.

The precise cellular origins of BE remain controversial. Because the lesions almost always
involve the area of transition between the glandular mucosa of the stomach and the
squamous mucosa of the esophagus — the so-called “squamocolumnar junction” (SCJ) — the
cells giving rise to BE are presumed to reside in or near this zone. One potential mechanism
for metaplasia involves a phenomenon known as “trans-commitment,” in which a stem or
progenitor cell is diverted from its normal differentiation path. In several studies in mice,
stem or progenitor cells residing at or near the SCJ have been implicated as giving rise to
BE-like lesions [6-8], although the extent to which these candidates for the “cell-of-origin”
of BE represent distinct or overlapping cell populations is unclear. In addition, other sources
of esophageal metaplasia have been invoked, including the squamous cells of the esophagus
themselves, either through direct conversion of differentiated epithelial cells (trans-
differentiation) or trans-commitment of stem cells residing at the basal layer of the
esophageal mucosa [9]. The interpretation of BE studies in animals is confounded by
substantial differences between mouse and human anatomy; consequently, the cellular
origins of Barrett’s metaplasia in human patients remains entirely unknown.

Metaplasia is also associated with the development of gastric malignancy. Analogous to the
esophagus, the normal foveolar and oxyntic epithelium of the stomach may be replaced by
intestinal epithelium, a process referred to as spasmolytic polypeptide-expressing metaplasia
(SPEM). Several factors, such as chronic Helicobacter pylori, hyperacidity, smoking, alcohol
intake, and high salt intake, can lead to the loss of the acid secreting parietal cells and
enzyme producing chief cells in the stomach (so-called “atrophic gastritis”) [10-12]. As
these cells die, other cells that express spasmolytic polypeptide (SP) begin to emerge, giving
rise to a metaplastic epithelium. The epithelium of the stomach can also undergo intestinal
metaplasia — either directly or through a SPEM intermediate — which is also at risk for
malignant transformation. Although the cellular origins of SPEM, intestinal metaplasia, and
adenocarcinoma of the stomach remain controversial, gastric chief cells [13] and gastric
isthmus stem cells [14] have emerged as the strongest candidates.

Ductal metaplasiain the liver

Liver injury is associated with dramatic changes in cellular identity. Two cell types —
hepatocytes, which comprise the bulk of liver mass, and cholangiocytes (or biliary epithelial
cells; BECs), which line the bile-transporting ducts of the liver — perform all the liver’s
major functions. Following toxin-induced injury, hepatocytes undergo a trans-differentiation
into BECs, likely as a way of regenerating lost bile ducts [15, 16]. This transition occurs in a
stepwise fashion over a period of 2—-3 weeks — involving a series of intermediate states — and
is driven by signals from the Notch and/or Hippo pathway [15, 17, 18].

As is the case with the esophagus and stomach, chronic liver injury (and the ensuing cellular
plasticity) predisposes to cancer. Cancers arising in the liver exhibit one of two
histopathological forms: hepatocellular carcinoma (HCC) and cholangiocarcinoma (CC).
Cirrhosis, or severe scarring of the liver, is a risk factor for both. It has been assumed, based
on such histological classifications, that these distinct tumor types arise from their
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corresponding normal counterpart; in other words, HCCs have been presumed to arise from
hepatocytes and CCs have been presumed to arise from cholangiocytes. Consequently, CC is
often referred to as “bile duct cancer.”

However, several lines of evidence suggest that at least a subset of CCs arise from
hepatocytes, not cholangiocytes. Specifically, the activation of various oncogenic mutations
(Notch, Kras, Pter) in murine hepatocytes /n vivo results in carcinomas with histological
characteristics of CC [19-21], suggesting that biliary trans-differentiation precedes cancer
initiation. Importantly, these results do not preclude a biliary origin for CC, as suggested by
other studies [22, 23], but rather suggest that CC may arise from either hepatocytes or BECs.
Collectively, these studies suggest that a given cell type (i.e. the hepatocyte) may give rise to
tumors with vastly different histological characteristics as a result of lineage plasticity
elicited by distinct oncogenic pressures. In the future, it will be important to distinguish
human CCs that are hepatocyte-derived from those that are BEC-derived, as tumors with
distinct cellular origins are likely to exhibit distinct biological features which could further
translate into divergent therapeutic opportunities.

Ductal metaplasia in the pancreas

The exocrine pancreas is responsible for synthesizing digestive enzymes and delivering them
to the intestine. It does so through two principal cellular components: acinar cells, which
produce enzymes, and ductal cells, which line the pancreatic ducts and carry the enzyme-
rich pancreatic juice to the intestine. Cancers of the exocrine pancreas generally fall into two
corresponding histological categories — pancreatic acinar carcinoma and pancreatic ductal
carcinoma (PDAC). Consequently, these two tumor types were long believed to arise from
the corresponding normal cells (i.e. acinar carcinomas were presumed to arise from acinar
cells and ductal carcinomas were presumed to arise from ductal cells). But as we have
already seen in the liver, cellular plasticity can give rise to a false impression regarding a
cancer’s cellular origins, and multiple studies in the mouse have called this simple lineage
relationship into question.

Acinar-to-ductal metaplasia (ADM) [24] describes a process wherein normal pancreatic
acinar cells assume a duct-like state. ADM is observed in the setting of chronic injury
(pancreatitis) in both mice and humans. While resolution of pancreatitis leads to regression
of ADM lesions in the normal pancreas, further histologic changes occur when oncogenic
signals from the KRAS oncogene are present, resulting in precancerous pancreatic
intraepithelial neoplasia (PanIN). Support for an ADM — PanIN — PDAC progression
model is supported by several lines of evidence including mutational and clinical-
pathological observations, /n vitro trans-differentiation of acinar cells, and lineage tracing
studies [25-29]. Hence, it appears likely that many if not most PDACs do not arise from
duct cells at all, but instead trace their origins to acinar cells that have undergone trans-
differentiation to a duct-like state.

Unlike intestinal metaplasia in the esophagus, ductal metaplasia in the pancreas appears to
be reversible, indicating a high degree of plasticity associated with the ADM state. In murine
models, withdrawal of an ADM-provoking stimulus — either inflammatory or genetic —
allows rapid and complete resolution of histological abnormalities. Likewise, acute
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pancreatitis in mice and humans typically resolves without histological sequelae. The
difference in plasticity exhibited by the esophagus and pancreas may be related to the
rapidity of cellular transitions in different tissues. While ADM occurs rapidly (over days),
Barrett’s esophagus develops over much longer periods of time (weeks to months — the exact
timing is unknown). The degree of chronicity of metaplasia is also likely to influence cancer
risk, as individuals with recurrent or chronic pancreatitis have a markedly increased risk of
developing PDAC while those with one or two episodes of uncomplicated acute pancreatitis
do not [30].

Squamous metaplasia in the lung and cervix

While Barrett’s metaplasia involves the replacement of esophageal squamous epithelium
with intestinal epithelium, metaplasia in the lung involves conversions in the opposite
direction. Specifically, the simple cuboidal or columnar epithelium of the airways and
alveoli can be replaced by a stratified squamous epithelium. As with the instances of
metaplasia discussed above, squamous metaplasia in the lung is thought to arise as a
response to chronic injury, where it is thought to have a protective effect. But squamous
metaplasia also predisposes these cells to malignant transformation, including cystic
keratinizing epithelioma and squamous cell carcinoma [31]. Similarly, the epithelium of the
female genitourinary tract — the uterine endometrium and the endocervix — can undergo
premalignant squamous metaplasia. In the cervix, the resulting squamous epithelium can be
infected with human papillomavirus (HPV), which can lead to dysplasia and squamous cell
carcinoma [32]. Cellular plasticity in the context of cervical cancer is further exemplified by
the entity of gastric metaplasia, wherein the cervical mucosa takes on the appearance of the
foveolar and pyloric epithelium of the stomach. Gastric metaplasia of the cervix can
progress to “gastric type adenocarcinoma,” which represents the most common form of non-
HPV-associated cervical cancer [33]

Plasticity and cancer risk

These observations raise provocative questions about the earliest stages of cancer initiation;
particularly, why and how does tissue metaplasia confer an increased cancer risk? Classical
models, based on straightforward histological correlations, held that a tumor’s final
histopathological state indicated its cell of origin. As intuitive as this inference may seem,
the strong association between metaplasia and malignancy suggest that this simple model is
flawed, forcing consideration of more nuanced mechanisms (Fig. 1).

One attractive hypothesis is that metaplasia sensitizes cells to the transforming effects of
oncogenic stimuli to which they would otherwise be resistant. Metaplasia is associated with
large alterations in chromatin landscapes, leading to dynamic changes in gene expression.
These epigenetic and transcriptional changes allow tissues to cope with an acute injury, but
they may simultaneously sow the seeds for malignant transformation by rendering tumor-
promoting genes more “open” and/or tumor-suppressing genes more “closed.” Such
structural changes in the epigenome, in the right cellular context, may therefore create
favorable conditions for oncogenes to act.
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Mutations in oncogenes and tumor suppressor genes have vastly different effects in different
cells of origin. For example, pancreatic acinar cells are sensitive to the transforming effects
of mutant KRAS and TRP53, while pancreatic ductal cells are relatively resistant [28, 34].
By contrast, pancreatic ductal cells are sensitive to the transforming effects of KRAS and
loss of PTEN [35]. These observations, along with similar studies in the liver, indicate that
the likelihood of a tumor forming — and the tumor’s eventual histological type (e.g. acinar
vs. ductal carcinoma and CC vs. HCC) — depends on both the specific oncogenic drivers that
are present and the cellular compartment in which they are expressed [19-23]. Consistent
with this notion, loss of the tumor suppressor LKB1 in club cells and bronchioalveolar stem
cells (BASCs) of the lung not only accelerates KRAS-driven lung adenocarcinoma, but also
renders the resultant tumors more susceptible to a lineage switch to squamous cell
carcinoma [36].

Taken together, these studies raise the possibility that the epigenetic and transcriptional
rewiring accompanying metaplasia may itself serve as an oncogenic stimulus. For example,
while the epigenetic state of a pancreatic duct cell may confer resistance to the oncogenic
effects of mutant KRAS and TRP53 at baseline, its syperimposition on a pre-existing acinar
state (as would occur during ADM) may confer sensitivity to the same oncogenic signals.
Further studies in animal models and human clinical specimens — including careful
examination of the chromatin states associated with normal, metaplastic, and pre-malignant
tissues — will help resolve these issues.

EPITHELIAL-MESENCHYMAL PLASTICITY

During embryonic development, when cells regularly shift identities to form differentiated
tissues, cellular plasticity is common. The best-known example, first described by Elizabeth
Hay as an “epithelial to mesenchymal transformation,” is now commonly referred to as the
“epithelial-mesenchymal transition,” or EMT [37] (see Box 1 for other examples of
epithelial and/or mesenchymal plasticity). The programs encompassing EMT — or the
reverse process of mesenchymal-to-epithelial transition (MET) — span metazoan evolution
and encompass multiple overlapping and distinct programs.

In carcinomas, which arise from epithelial cells, the manifestation of an EMT program is
reflected in a tumor’s grade. High-grade disease is aggressive and marked by an obliteration
of normal tissue structure and architecture. Such tumors — often referred to as “poorly
differentiated” — bear the histopathological and molecular hallmarks of EMT. By contrast,
low-grade disease is characterized by a “moderately-to-well differentiated” histology that
reflects the cancer cells’ retention of an epithelial phenotype. Across human cancer, high-
grade (poorly differentiated) tumors carry a worse prognosis than low-grade (well-
differentiated) tumors.

Importantly, such grading schemes describe the dominant cellular phenotype within a tumor
and thus fail to capture the dynamic plasticity that exists in cancer. Rather than being wholly
comprised of cancer cells with either a mesenchymal or an epithelial phenotype, most
carcinomas are composites of the two phenotypes existing in equilibrium. In poorly-
differentiated tumors, this equilibrium is shifted to the mesenchymal state, while in well-
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differentiated tumors it is shifted to the epithelial state. Thus, it is the relative abundance of
cells in either state that indicates tumor grade. Although the determinants of “equilibrium
constants” governing epithelial-mesenchymal plasticity in tumors are unknown, it is likely
that genetic and epigenetic factors existing before or acquired during tumor progression are
responsible. As we have already seen, the normal “cell-of-origin” from which a tumor arises
plays an important role in shaping tumor histology, and it likely also influences the
epithelial-mesenchymal “setpoint” of a tumor [38].

Mechanisms of epithelial-mesenchymal plasticity

Cells may switch between epithelial and mesenchymal states several times during
development. One of the most striking examples of EMT is gastrulation, when the epithelial
cells of the epiblast lose their epithelial features (apical-basal polarity and cell-cell
junctions) and migrate through the primitive streak to form the three embryonic germ layers.
In addition, epithelial-mesenchymal plasticity plays a critical role in the development of the
neural crest (and its descendants in the thymus, heart, enteric nervous system, and
melanocytes), the liver, the kidney, and other tissues. EMT can be induced by any of several
pleiotropic and evolutionarily conserved signaling factors (e.g. TGFp, EGF, HGF, NOTCH,
FGF, and WNT ligands), which initiate a signaling cascade leading to the expression of one
or more so-called “EMT transcription factors” (EMT-TFs). These EMT-TFs — which include
SNAIL, TWIST, ZEB, and PRRX family members — function as transcriptional activators
and repressors whose principal function is the repression of genes whose products are
necessary for maintenance of the epithelial state (i.e. proteins comprising junctional
complexes and epithelial intermediate filaments). Loss of E-cadherin, a key component of
epithelial adherens junctions, is considered a hallmark of EMT. In parallel, EMT involves
the induction of genes associated with the mesenchymal state, including the mesenchymal
intermediate filament protein vimentin [47]. EMT is essential for normal development and
its disruption leads to dramatic developmental defects including problems with gastrulation,
neural crest migration, and other developmental abnormalities [37]. In other contexts,
including kidney development, reversion from a mesenchymal state to an epithelial state
(MET) is critical for proper organogenesis.

While most studies of EMT mechanisms have focused on transcriptional regulatory
programs, post-transcriptional programs also regulate the epithelial phenotype. During
development, the abundance or localization of E-cadherin — a critical component of
epithelial adherens junctions — can be lost through one of several post-transcriptional
mechanisms. These include p38-mediated regulation of E-cadherin protein levels during
mouse gastrulation [48-50], EGF-mediated endocytosis of E-cadherin during zebrafish
epiboly [51], and transcription-independent regulation of E-cadherin by the GATA factor
Serpent during Drosophila endoderm development [52]. Similarly, post-transcriptional
programs have recently been shown to mediate cancer-associated EMT, where a significant
percentage of carcinoma cells lose their epithelial phenotype through internalization of
epithelial proteins rather than transcriptional repression [53].

EMT is rarely observed in adult tissues under homeostatic conditions, but it can emerge
upon injury or stress and is a common feature of malignancy. Many of the factors shown to
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induce EMT during embryogenesis or under /n vitro settings are present in tumors, including
a variety of soluble growth factors and matrix components, hypoxia, inflammation, and
increased tissue stiffness [47]. The best studied of these inducers is TGF, which can induce
EMT in a wide assortment of cultured carcinoma cells. TGF signaling induces the
formation of an active SMAD complex, which partners with other DNA binding proteins to
induce the transcription of EMT-TFs such as SNAIL, TWIST, and ZEB [54].

Importantly, EMT does not represent a single program. Rather, it encompasses a phenotypic
spectrum characterized by different degrees of epithelial and mesenchymal features and
involving a range of mechanisms (Fig. 2). Hence, definitions of EMT have evolved over
time to accommodate a variety of phenotypic transitions that involve some measurable
changes in the epithelial or mesenchymal features of a cell [37, 55]. This conceptual
flexibility has also led to the recognition that cells having “intermediate™ epithelial-
mesenchymal phenotype — occupying a “partial EMT” (p-EMT) state — have properties
distinguishing them from cells with a purely epithelial or mesenchymal phenotype. Cells
residing in such p-EMT states may simultaneously express epithelial and mesenchymal
features or may have lost their epithelial characteristics without acquiring mesenchymal
traits. Still unresolved is whether these intermediate states are “metastable,” suggesting an
incomplete or intermediate step as cells transition, or whether p- EMT represents a stable
state of its own [56]. Such partial states may facilitate the collective cell migration of tumor
cells [53, 57, 58], leading to the formation of highly metastatic circulating tumor cell
clusters [59, 60]. For this reason, and the greater cellular plasticity possibly afforded by
partial EMT, p-EMT states are thought to confer carcinoma cells with a higher degree of
metastatic competence as compared to complete EMT programs [61].

Epithelial-mesenchymal plasticity in metastasis

Because most molecular studies of epithelial-mesenchymal plasticity in the last decade were
conducted using cultured carcinoma cells, the mechanisms underlying EMT in tumors, and
the functional role(s) of epithelial mesenchymal plasticity /n vivo, have been hard to pin
down. One challenge impeding /n vivo studies was the difficulty in distinguishing carcinoma
cells which have undergone an EMT (and hence exhibit a mesenchymal phenotype) from
fibroblasts or other mesenchymal cells that normally populate the tumor stroma. In addition,
most metastatic lesions were known to exhibit epithelial features, an observation that on face
value seemed at odds with a role for EMT in metastasis (discussed below). Thus, despite
longstanding evidence for epithelial-mesenchymal plasticity in tumors [62, 63], the
importance of EMT in cancer biology — and even its very existence — has long been
questioned [64]. With more recent advances in lineage tracing techniques and intravital
imaging, however, it has become widely accepted that cancer cells acquire a variety of EMT-
like phenotypes during tumor progression in both model systems and cancer patients [57,
65-67].

The debate over EMT /n vivo has been particularly contentious regarding metastasis. When
carcinomas spread, they lose contact with neighboring epithelial cells. The acquisition of
invasive behavior thus requires (by definition) that carcinoma cells remodel the tight
junctions, adherens junctions, and other complexes that mediate their intimate intercellular
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connections. Because EMT involves a loss of epithelial characteristics and/or an acquisition
of mesenchymal characteristics, it has emerged as the most straightforward mechanism to
account for cancer cell invasion. Indeed, gain-of-function approaches have clearly shown
that EMT is sufficient to enhance invasion and metastasis. For example, overexpression of
certain EMT-TFs (e.g. SNAIL1, TWIST1, ZEB1) in epithelial carcinoma cells promotes the
loss of E-cadherin, acquisition of a spindle-like mesenchymal morphology, and enhanced
migratory and invasive behavior /n vitro [68-70]. By contrast, loss-of-function studies have
been more difficult to interpret and suggest that tissue- and context-dependent differences
dictate the molecular mechanisms underlying EMT in a given tumor [71]. For example,
deleting either SNAIL1 or TWIST1 in a spontaneous mouse model of PDA had minimal
effect on metastasis [72], while ZEB1 ablation in a similar model drastically reduced
colonization, invasion, and metastasis [73]. Taken together, these results suggest that distinct
and overlapping EMT inducers — including both transcriptional and post-transcriptional
mechanisms — play distinct roles in metastatic spread.

When carcinomas metastasize, they commonly exhibit an epithelial appearance, which has
complicated models emphasizing the importance of EMT in metastasis. Specifically, if EMT
(and its associated loss of epithelial features) is important for invasion and metastasis, then
why don’t metastatic lesions exhibit a more mesenchymal histology? Again, the answer to
this apparent paradox appears to be plasticity — in this case involving the reversion to an
epithelial state mediated by a mesenchymal-to-epithelial transition (MET). In other words,
while the more motile phenotypes associated with EMT may facilitate spread, the greater
cellular cohesiveness associated with MET may facilitate growth at the distant site (i.e.
colonization).

There is significant experimental support for this model, including the observation that
mesenchymal carcinoma cell lines efficiently escape from primary tumors but are poor
colonizers, while epithelial carcinoma lines have the opposite properties [74]. Similarly,
direct comparison of differently-sized lesions in a model of metastatic pancreas cancer
suggests that metastatic lesions become more epithelial as they grow [75]. Functional studies
confirm the importance of MET in metastatic colonization. In a spontaneous model of
squamous cell carcinoma, for example, ectopic expression of the TWIST1 EMT-TF
promoted EMT and invasion but inhibited colonization; only when TWIST1 was repressed
could metastatic outgrowth occur [76]. Likewise, knockdown of the PRRX1 EMT-TF in a
model of breast cancer metastasis resulted in MET and efficient lung colonization after tail
vein injection [77]. Taken together, these studies indicate that epithelial-mesenchymal
plasticity plays a central role in multiple phases of metastasis — at the primary site,
mesenchymal phenotypes foster invasive behavior, while at metastatic sites, epithelial
phenotypes foster outgrowth.

Epithelial-mesenchymal plasticity as a therapy resistance mechanism

Epithelial-mesenchymal plasticity also appears to influence sensitivity to various
chemotherapeutic drugs and targeted agents. In general, resistance to therapy is more
commonly associated with a mesenchymal state than an epithelial state. For example, the
expression of an EMT-related gene signature in tumors has been associated with resistance
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to neoadjuvant therapy in breast cancer and resistance to treatment with inhibitors of the
epidermal growth factor receptor (EGFR) and/or P13 kinase (P13K) in non-small cell lung
cancer (NSCLC) [78-81]. These clinical studies are in line with cell culture experiments
suggesting that well-differentiated tumor cell lines (exhibiting an epithelial phenotype) are
more sensitive to EGFR inhibitors than poorly differentiated tumors (exhibiting a
mesenchymal phenotype) [82]. Not surprisingly, EMT-TFs have been directly implicated as
mediators of EMT-associated resistance through a variety of postulated mechanisms,
including regulation of drug transporters [72, 83] or the activity of EMT-associated
intermediate filament protein vimentin [80].

Epithelial-mesenchymal plasticity has also been associated with resistance to
immunotherapy [84]. In murine melanoma cells, for example, SNAIL is necessary and
sufficient for resistance to dendritic cell and cytotoxic T cell-mediated Killing via induction
of regulatory T cells [85]. Likewise, melanomas that are innately resistant to anti-PD1
treatment display a transcriptional signature reminiscent of EMT-related processes,
including the downregulation of E-cadherin and the concomitant upregulation of
mesenchymal factors involved in extracellular matrix remodeling, angiogenesis, and wound
healing [86].

While these and other studies establish a clear link between therapeutic resistance and EMT,
several important caveats need to be made. First, the extent to which epithelial-mesenchymal
plasticity is associated with innate versus acquired resistance remains to be determined. In
clinical samples, resistance/relapse is often thought to be driven by the outgrowth of rare,
intrinsically-resistant clones (Fig. 3A). Alternatively, resistant clones may emerge de novo
through plasticity-associated programs as a result of therapy-induced selective pressures
(Fig. 3B). Although these two scenarios can be difficult to distinguish, emerging single cell
methodologies are likely to enable an interrogation of the genetic and epigenetic events
underlying resistance [87]. Second, the mechanisms underlying EMT-associated therapy
resistance are unclear. Is the epithelial-mesenchymal state of a cell itself responsible for
increased drug tolerance? Or do much narrower mechanisms (e.g. the expression of a drug
transporter) account for resistance, making any role for EMT more indirect? Finally, it is
important to remember that epithelial-mesenchymal plasticity involves considerable changes
in gene expression and protein composition. Thus, while much of the field has focused on
EMT-associated resistance, such global cellular changes are likely to give rise to new
vulnerabilities. In other words, as cells shift from an epithelial state to a mesenchymal state,
they are likely to become resistant to some drugs and sensitive to others. Indeed, cultured
carcinoma cells with a mesenchymal phenotype exhibit resistance to an EGFR inhibitor but
sensitivity to the genotoxic drug gemcitabine relative to cells with an epithelial phenotype
[82], a relationship that holds true /n vivo [75]. A comprehensive analysis of drug sensitivity
when cells reside in either an epithelial or a mesenchymal state will likely provide valuable
information about plasticity-associated vulnerabilities, knowledge that could be used to
guide therapy for well-differentiated versus poorly-differentiated tumors.

Cancer Discov. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuan et al. Page 11

OTHER PLASTICITY MECHANISMS CONFERRING THERAPY RESISTANCE

While many of the relationships between EMT and chemosensitivity remain to be worked
out, it is clear that epithelial-mesenchymal plasticity influences therapy response. Resistance
may also arise from other plasticity mechanisms, with an important example coming from
studies of NSCLC. Most lung cancer patients with EGFR-activating mutations exhibit good
initial responses to EGFR inhibitors, but these are typically followed by relapses mediated
by mutations in downstream targets, secondary mutations in EGFR itself, or epithelial-
mesenchymal plasticity (as discussed above). In some cases, however, tumors undergo a
dramatic change in lineage identity resulting in the conversion from an epithelial phenotype
to a neuroendocrine-like phenotype reminiscent of small-cell lung cancer (SCLC) [79, 88].
Such tumors typically harbor the same £GFR mutation as the original (pre-treatment) tumor,
indicating an evolutionary process rather than the existence of a secondary tumor or a
traditional (mutation-driven) means of resistance (Fig. 3).

The mechanisms driving neuroendocrine plasticity and therapy resistance are not known. It
is likely that EGFR inhibition suppresses lineage-directing or lineage-maintaining pathways,
creating a degree of plasticity that allows for trans-differentiation into a cellular state that no
longer depends on EGFR signaling for survival. This notion is consistent with the
observation that SCLCs do not normally express EGFR or rely on its activity for growth and
survival [89]. Instead, SCLCs utilize mutations in the Retinoblastoma (RB) tumor
suppressor gene for survival [90, 91], as loss of RB occurs in virtually 100% of SCLC
primary tumor samples and cell lines derived from TKI-resistant EGFR-patients that have
adopted a SCLC phenotype [92]. Although these results suggest that B loss is necessary
for lineage plasticity and TKI-resistance, depletion of RB is not sufficient on its own to
induce these phenotypes. This implies that either: (i) RB loss simply renders the cells
permissive to other lineage programs, and a genomic or epigenomic “second hit” is required
for cell state switching; or (ii) in this setting, RB loss is merely a marker, and not a regulator
of SCLC identity.

Similarly, prostate cancers resistant to androgen receptor (AR) inhibition also adopt
neuroendocrine features [93]. As in lung cancer, lineage plasticity in prostate carcinoma is
mediated by loss of RB (and TRP53) function through repressive transcriptional and/or
epigenetic activity of SOX2 or EZH2 [93-95]. Thus, in addition to their growth-inhibitory
properties, tumor suppressor genes function to maintain lineage fidelity in some cancers.
Accordingly, losing such genes — particularly RB — initiates a cellular plasticity program
whose end-state (a neuroendocrine phenotype) enables tumor cells to escape the toxic effects
of chemotherapy.

Finally, another feature of plasticity with therapeutic implications concerns the acquisition
of a “cancer stem cell” (CSC)-like state. CSC’s, also referred to as tumor-initiating cells
(TICs), are hypothesized to comprise a stable tumor subpopulation with enhanced self-
renewal properties [96]. Although there has been disagreement over the generalizability of
the CSC model, researchers have aggressively pursued drugs with the potential to
specifically target CSCs with the hope that such agents might target the cells most crucial for
tumor growth. Regrettably, emerging data suggest that the CSC state is not as stable as once
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thought, as several recent studies have demonstrated that CSCs can emerge from non-CSCs
(reviewed in [97, 98]), thus dampening the prospects for CSC-directed therapy. In some
cases, this plasticity may involve the engagement of EMT programs, which are associated
with the acquisition of CSC-like states [99]. Regardless of the precise mechanism (EMT-
dependent or -independent), cellular plasticity seems to provide a renewable source of tumor
cells with tumor-initiation and self-renewal properties, imposing a further challenge to
therapeutic approaches that seek to target specific tumor subpopulations [100].

NON-CELL AUTONOMOUS CONSEQUENCES OF CELLULAR PLASTICITY

Cancer cells exist within a complex tumor microenvironment (TME) comprised of
fibroblasts, endothelial cells, leukocytes, and extracellular matrix. While these TME
components are known to exert a powerful influence on the phenotype and function of
cancer cells, reciprocal signaling from the cancer cells can also have potent effects on the
TME. Consequently, a change in cancer cell phenotypes (as a result of cellular plasticity)
can have a marked influence on surrounding non-cancer cells (Fig. 4).

These non-cell autonomous consequences of cellular plasticity have been best-studied in the
context of EMT, where the mesenchymal state is associated with an altered “secretome”
compared to the epithelial state. For example, EMT in MDCK cells results in enhanced
secretion of extracellular proteases including matrix metalloproteinases (MMPs) and
kallikreins, as well as extracellular matrix (ECM) constituents including collagens, fibulins,
and SPARC [101]. Such secreted factors, in turn, have effects on stromal cells in the TME,
affecting the migration of fibroblasts and the branching of blood vessels. Likewise, the
secretomes of head and neck squamous cell carcinoma (HNSCC) cells are markedly
different when cells with high E-cadherin expression (epithelial) are compared to those with
low E-cadherin expression (mesenchymal); many of these secreted factors are enriched in
fibroblast-conditioned medium [102]. Cancer cells that have undergone EMT may also
package secreted factors into exosomes — extracellular vesicles containing a diverse
assortment of protein and nucleic acid cargo — enabling long-distance modification of the
TME or other tumor cells.

A growing body of literature suggests that the cancer cell secretome following EMT is
associated with significant changes in the immune microenvironment. Specifically, poorly-
differentiated carcinomas whose cancer cells have a predominantly mesenchymal histology
tend to be associated with increased vascularity and a pro-inflammatory/immunosuppressive
immune infiltrate [103, 104]. This, in turn, may enable tumor cells to evade immune attack,
rendering them resistant to the effects of immune checkpoint blockade, as discussed above
[84]. Many of these secreted factors released by cancer cells upon EMT are themselves
targets of the EMT-TFs SNAIL, SLUG, TWIST1/2, and ZEB1/2. In ovarian cancer cells, for
example, TWIST1 drives the expression of discoidin domain receptor 2 (DDR2), which
promotes mesothelial cell clearance and paves the way for increased tumor cell invasion
[105]. In breast cancer cells, SNAIL-induced EMT promotes a pro-tumor inflammatory
microenvironment by upregulating the production of cytokines including GM-CSF, IL1a.,
IL-6, and TNFa [106]. Likewise, ZEB1-mediated EMT in NSCLC cells results in increased
tumor programmed cell death 1 ligand 1 (PD-L1) expression, thus reducing the total number
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and activity of tumor-infiltrating CD8+ lymphocytes [107]. Thus, while epithelial-
mesenchymal plasticity is most often associated with pro-invasive, pro-migratory
phenotypes, the associated effects on the TME add another dimension to EMT-mediated
disease progression. The precise mechanisms by which EMT mediates such processes —
most importantly innate or acquired resistance to immunotherapy [86] — represents an area
ripe for future investigation.

THERAPY: HARNESSING CELLULAR PLASTICITY FOR TREATMENT

A promising avenue for anti-cancer therapy involves targeting cell plasticity itself —
harnessing the molecular programs that prompt cells to adopt a new identity, one that is not
associated with malignant properties. The most dramatic example of such “differentiation
therapy” is acute promyelocytic leukemia (APL), in which all tumor cells carry a
translocation involving the retinoic acid receptor a (RARa), resulting in an RARa fusion
gene. Administration of all-trans retinoic acid (ATRA) — which binds to and activates the
product of this fusion gene — prompts terminal granulocytic differentiation of the leukemia
cells and is associated with high response rates and cures [108].

While this approach has had less success in solid tumors, there have been some promising
developments. One area of focus is tumors with mutations in isocitrate dehydrogenase 1 and
2 (IDH1and /DH2), which are found in subsets of patients with glioblastoma,
cholangiocarcinoma, and AML. /DH mutations lead to the formation of an oncometabolite
(2-hydroxyglutarate; 2HG), which in turn results in DNA hypermethylation through the
inhibition of a-ketoglutarate (a KG)-dependent dioxygenases. Encouragingly, treatment of
/DH1 mutant glioma cells with either an inhibitor of IDH1 or an inhibitor of DNA
methyltransferase (DNMT) reversed DNA hypermethylation and induced the re-expression
of genes associated with gliogenic differentiation [109, 110].

Although tumors with RARa fusion genes or /DH1/2 mutations are rare, emerging studies
suggest that differentiation therapy could have much broader applications, including tumors
that lack an obvious genetic target. For example, in non-APL tumors (which lack the RARa
fusion gene), inhibition of the histone demethylase LSD1 re-activates the ATRA
differentiation pathway through a process of epigenetic reprogramming, making the cells
vulnerable to ATRA treatment [111]. Likewise, alternative methods to promote melanocyte
differentiation in melanoma [112], or to leverage cellular plasticity programs to expose new
vulnerabilities in pancreatic cancer [113, 114] have shown promise in preclinical models. An
intriguing recent development involves the use of cellular plasticity to engineer new cell
states that are intrinsically anti-proliferative/anti-metastatic [115]. Thus, while translating
these recent advances to the clinic would involve complex therapeutic regimens, there are
already examples of promising treatment paradigms based on strategically maintaining cells
in a particular state [116, 117]. Collectively, these studies provide a framework for
considering that pathways that maintain cancer cells in an undifferentiated state as future
targets for cancer therapy.
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CONCLUDING REMARKS

The phenotypic adaptability embodied by cellular plasticity underlies normal development
and tissue regeneration, but in tumors, cancer cells exploit this malleability to achieve a
selective advantage. Cancers may use cellular plasticity programs to adjust to an unfavorable
metabolic environment, evade immune attack, spread from a primary to metastatic site, and
escape the toxic effects of anti-cancer drugs. Thus, plasticity programs embody many of the
barriers hindering advances in cancer treatment.

Plasticity occurs in diverse contexts and rarely involves stable genetic alterations, which has
made it difficult to understand the process in molecular terms. Consequently, mechanistic
studies of cellular plasticity have focused on /n vitro approaches, making their applicability
to tumor cell plasticity /n vivo uncertain. In addition, plasticity typically involves a
continuum of cellular phenotypes, which has led to confusion over definitions of cellular
state. Nevertheless, the last few years have seen a greater emphasis on /7 vivo studies of
cellular plasticity, fueled in part by results from the clinic — including the observation that
tumor initiation is often associated with plasticity (metaplasia) and that therapeutic
resistance can emerge through plasticity. It is also now clear that more than one type of cell
in a normal tissue is competent to give rise to carcinoma, suggesting that the programs
giving rise to cellular plasticity are themselves plastic, allowing for multiple types of cellular
conversions in the setting of injury or genetic perturbation.

These insights provide a rationale for further probing the mechanisms underlying cellular
plasticity, which may include genetic, epigenetic, transcriptional, and post-transcriptional
programs (Box 2). The timing is good, as emerging technologies in epigenetics and cell
biology can yield molecular insights that would have been unimaginable a few years ago.
Once we have a better understanding of how cancer cells accomplish such global changes in
cellular phenotype, we will be able to consider ways to target plasticity in a rational manner,
opening new therapeutic approaches to what are likely to be the most recalcitrant features of
human tumors.
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SIGNIFICANCE

Changes in cell identity, or cellular plasticity, are common at different stages of tumor
progression, and it has become clear that cellular plasticity can be a potent mediator of
tumor progression and chemoresistance. Understanding the mechanisms underlying the
various forms of cell plasticity may deliver new strategies for targeting the most lethal
aspects of cancer: metastasis and resistance to therapy.
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Box 1:

Other shades of epithelial/mesenchymal plasticity

Epithelial-to-endothelial transition (EET): Vasculogenic mimicry (VM),
involving the EET, involves aggressive tumor cells acquiring the morphology,
phenotypic markers, and function of endothelial cells. These EET-derived
cells have been shown to integrate with true endothelium-lined vasculature,
helping to form a fluid-conducting meshwork that forms independently of, or
simultaneously with, angiogenesis. First described in melanoma, EET has
since been observed in many other carcinomas, as well as during normal
embryonic development, where fetal cytotrophoblasts undergo an EET as they
invade into the maternal tissue to establish the placenta and its
microcirculation (reviewed in [39] and [40]). Still, the true functional
significance of EET, the molecular mechanisms driving this process, and its
therapeutic implications, particularly with respect to angiogenesis inhibitors,
remain unclear.

Endothelial-to-hematopoietic transition (EHT): In the developing embryo,
hemogenic endothelial cells residing in the large arteries give rise to multi-
lineage hematopoietic stem and progenitor cells (HSPCs) through a process
referred to as EHT. During this process, key transcription factors, such as
Runx1 and Ets and GATA factors drive the transition from an endothelial to
hematopoietic fate. This transition involves phenotypic changes reminiscent
of an EMT, whereby flat endothelial cells round up, lose cell-cell interactions,
and undergo extensive cell shape rearrangements (reviewed in [41]).

Endothelial-to-mesenchymal transition (EndoMT): During embryonic cardiac
development, a subset of endothelial cells acquires a mesenchymal identity to
help form the valves and septa of the heart. Since endothelial cells are
characterized by their barrier-forming adherens and tight junctions, this
process is often thought to be analogous to EMT. Lineage tracing studies have
also found that EndoMT contributes to the development of various
cardiovascular diseases, including myocardial infarction, cardiac fibrosis,
valve calcification, and atherosclerosis (reviewed in [42] and [43]). In tumors,
EndoMT has been found to be a source of cancer-associated fibroblasts
(CAFs) [44] and was recently shown to promote lung fibrosis and
tumorigenesis [45], as well as pro-tumorigenic macrophage polarization [46].
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Box 2:

Key Concepts and Outstanding Questions

Cellular plasticity has a protective effect in normal tissues exposed to chronic
injury, but chronic injury resulting in metaplasia can predispose to cancer. In
what cellular/molecular settings does metaplasia also facilitate tumor
initiation? In the context of cancers associated with metaplasia, what is the
cell of origin and how does a change in cellular identity facilitate malignant
transformation?

Epithelial-mesenchymal plasticity is bi-directional manner, leading cells to
either adopt a more mesenchymal state (via EMT) or a more epithelial state
(via MET). What determines the “equilibrium constants” governing
transitions between these states, thereby giving rise to poorly-differentiated or
well-differentiated tumors?

Epithelial-mesenchymal plasticity involves a diverse set of molecular
programs. How should we define “partial EMT” versus “complete EMT”? Is
co-expression or epithelial and mesenchymal qualities a key feature, or does
the definition also include cells that have lost epithelial features but not yet
gained mesenchymal features? Can these classifications be based solely on
the expression of markers, or should a functional definition be applied? Are
partial EMT states intermediates along a (linear) path of epithelial-
mesenchymal plasticity, or do they represent distinct end-states of their own?
How many partial EMT states are there, by what mechanism does each arise,
and are they associated with distinct functional contributions?

Epithelial-mesenchymal plasticity is associated with a shift in the sensitivity
of carcinoma cells to various therapies (including immunotherapy). By what
molecular mechanisms does epithelial-mesenchymal plasticity shift the
sensitivity profile? What underlies the variation in EMT-TF activity in
different contexts? Do different mechanisms of plasticity confer different
sensitivity/resistance profiles?

Differentiation therapy is highly effective for certain leukemias. Do similar
opportunities exist for carcinomas, whereby targeting tumor drivers can
promote differentiation and slow malignant growth? Alternatively, can
cellular plasticity be exploited to drive cells to state that renders them more
sensitive to certain agents? What are the therapeutic combinations that would
lead to such synthetic lethality?
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Figure 1. The contribution of lineage plasticity to tumor initiation.
Solid tumors are classified based on the organ in which they arise and their histological,

molecular, and/or transcriptomic profiles. For example, primary tumors in the liver can be
histologically classified as hepatocellular carcinoma (HCC) or cholangiocarcinoma (CC).
While the cellular origins of divergent tumor types remain unclear, there are two general
prevailing hypotheses. (A) One hypothesis proposes that different tumor types arise from
different cells of origin. With respect to liver cancer, this would imply that HCC arises from
hepatocytes, while CC’s are derived from cholangiocytes. (B) Alternatively, different tumor
types may arise in a single organ through lineage plasticity, wherein distinct genetic or
epigenetic events may induce a common cell-of-origin to acquire divergent malignant
phenotypes. There is evidence for lineage plasticity in cancers of the esophagus (intestinal
metaplasia), pancreas (acinar-to-ductal metaplasia), liver (biliary trans-differentiation), and
lung and cervix (squamous metaplasia). See text for details.
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Figure 2. Epithelial-mesenchymal plasticity.

Epithelial cells are characterized by intercellular connections comprised of junctional
proteins such as E-cadherin. Over the course of EMT, these cells lose these junctions and
instead acquire the functional and morphologic phenotypes reminiscent of fibroblasts. These
changes are orchestrated by a transcriptional rewiring that results in the silencing or
repression of epithelial genes and a concomitant upregulation of mesenchymal genes. While
this process classically represents a “complete EMT,” there is increasing evidence of partial
EMT states, which are frequently defined by dual expression of epithelial and mesenchymal
genes at both the transcriptional and protein levels. It is unclear whether these observed
partial EMT states represent stable states or are transient intermediates along an EMT
spectrum. While the mechanisms underlying partial EMT are still mostly unknown, there is
evidence that relocalization of the junctional proteins plays a role during this process.
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Figure 3. Cellular plasticity and therapy resistance.
Acquired resistance to therapy is associated with a variety of histologic, molecular, and/or

transcriptomic changes. (A) In some cases, resistance is mediated by a pre-existing
subpopulation of tumor cells that are already intrinsically (and stably) resistant at the onset
of therapy. Under these circumstances, therapy induces an initial response, but survival and
eventual outgrowth of the resistant subpopulation results in tumor recurrence. Such
resistance can occur through genetic or epigenetic means (i.e. mutations or epigenetic
silencing of the target of therapy). (B) Alternatively, cancer cells may switch back and forth
between drug-sensitive and drug-resistant state as a result of cellular plasticity programs.
Under these circumstances, treatment would result in killing of cells in the sensitive state.
Resistant cells returning to the sensitive state would also be killed, but any cells capable of
stabilizing or “locking-in” the resistant state would have a selective advantage leading to
recurrence. These two paradigms are exemplified by NSCLC’s that are driven by mutations
in EGFR. In tumors with a pre-existing subpopulation of resistant cells (e.g. cells with a
secondary EGFR mutation), initial response to EGFR inhibition (EGFRI) is followed by
relapse, driven by the resistant subpopulation. In tumors where cancer cells cycle between a
sensitive state and a resistant state, therapy will result in the outgrowth of tumor cells that
manage to stably adapt the resistant state. As shown in the figure, this includes NSCLC’s
that acquire a SCLC-like identity with neuroendocrine features after treatment. While such
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resistant tumors typically harbor the same EGFR mutation as the original (pre-treatment)
tumor, they no longer depend on it for survival. This paradigm also likely applies to tumors
that utilize epithelial-mesenchymal plasticity as a treatment escape mechanism.
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As cells undergo EMT, their secretory patterns change, resulting in differences in
components of the extracellular matrix (ECM) and ECM-modifying factors such as matrix
metalloproteinases (MMPs). Cells that have undergone EMT also secrete higher levels of
pro-angiogenic and pro-inflammatory cytokines like GM-CSF, IL6, and TNFa.. These
factors recruit immunosuppressive leukocyte populations into the tumor, which results in the
exclusion of CD8+ T cells. Collectively, these TME-remodeling factors facilitate tumor cell
invasion, metastasis, and immune evasion.
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Table 1.
Examples of metaplasia in cancer

Tissue Affected | Associated States/Conditions | Cell of Origin Cellular Conversion Resultant Cancer Type References

Unknown
Squamous esophageal
Gastroesophageal reflux (squamous cells, - .

Esophagus disease (GERD), acid/bile gastric stem cells, imegglnuarlnnar Esophageal adenocarcinoma [14-16]
basal cells)
Unknown (chief .

. . . - Squamous gastric —
Stomach ;—Ilggﬁgf’ ﬁmﬁgﬁtyﬁt;g’kmg‘ gg:i é:}rsmgs t SPEM/columnar Gastric adenocarcinoma [21, 22, 118]
- hig stem cellsy vp intestinal

Pancreas Inflammation (pancreatitis) Acinar cells Acinar — ductal Pancreatic ductal adenocarcinoma | [34-36, 38, 119]

Liver ﬁ\r/]er?n\;icré?wgga(t?tlics())hOI’ fatty Hepatocytes Hepatocyte — biliary | Intrahepatic cholangiocarcinoma [27-30]
Unknown

: (neuroendocrine Cuboidal — Non-small-cell lung cancer

Lung Cigarette smoke cells, club cells, stratified squamous (squamous cell carcinoma) [39]

type 1l cells)
. Columnar endocervix | Squamous cell carcinoma of the
Cervix Low vaginal pH, human Endocervical cells | — sauamous cervix [41, 120-122]

papilloma virus (HPV)

Cervical — gastric

Gastric type adenocarcinoma
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