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Abstract

Our understanding of epithelial-to-mesenchymal transition (EMT) has slowly evolved from a
simple two state, binary model to a multi-step, dynamic continuum of epithelial-to-mesenchymal
plasticity, with metastable intermediate transition states that may drive cancer metastasis. Head
and neck cancer is no exception, and in this review, we use head and neck as a case study

for how partial-EMT (p-EMT) cell states may play an important role in cancer progression.

In particular, we summarize recent /n vitro and in vivo studies that uncover these intermediate
transition states, which exhibit both epithelial and mesenchymal properties and appear to have
distinct advantages in migration, survival in the bloodstream, and seeding and propagation within
secondary metastatic sites. We then summarize the common and distinct regulators of p-EMT as
well as methodologies for identifying this unique cellular subpopulation, with a specific emphasis
on the role of cutting-edge technologies, such as single cell approaches. Finally, we propose
strategies to target p-EMT cells, highlighting potential opportunities for therapeutic intervention
to specifically target the process of metastasis. Thus, although significant challenges remain,
including numerous gaps in current knowledge, a deeper understanding of EMT plasticity and

a genuine identification of EMT as spectrum rather than a switch will be critical for improving
patient diagnosis and treatment across oncology.

INTRODUCTION

Metastasis is a complex, multistep process whereby primary cancer cells disseminate to
regional or distant secondary sites, resulting in substantial patient morbidity and death across
numerous solid malignancies (1). Although the biological basis of metastasis has been
extensively investigated, the mechanisms that trigger metastasis remain poorly understood.
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Among carcinomas -- those tumors derived from the epithelium -- one compelling
mechanism that has garnered interest is epithelial-to-mesenchymal transition (EMT) (2).

In this conceptual framework of metastasis, malignant cells absolve their epithelial identity
and adopt a mesenchymal expression state, thereby becoming more motile as they are
imbued with the capacity to remodel the extracellular matrix (ECM) and invade local tissues,
ultimately entering and exiting the circulation to seed distant colonies. Early studies of EMT
and cancer suggested EMT was akin to a switch, with cells ostensibly in an epithelial or
mesenchymal state and mesenchymal cells representing the infiltrative subpopulation of a
tumor (3). By contrast, intermediary states adopted by cells as they underwent EMT were
considered to be incidental, inconsequential, and entirely transient.

However, it is now widely agreed that EMT is a complex and dynamic cell biologic process,
with cells existing in a number of meta-stable, intermediary states between the epithelial and
mesenchymal poles (so-called “hybrid-EMT” or “partial-EMT” states) (4). These partial-
EMT (p-EMT) cells may invade collectively via oligocellular clusters, maintaining some
cell-to-cell adhesive properties while escaping from the stromal scaffold and remodeling
the ECM (5). Indeed, p-EMT cells are now believed to play essential roles in local

tissue invasion (6), collective migration (7), circulating tumor cells (8), and, ultimately,

both locoregional (9) and distant metastases (10). Importantly, these aggressive biological
features have clinical implications including treatment resistance (10,11) and effects on
overall survival (9,12). The p-EMT cell state is driven both by intrinsic genetic, epigenetic,
and post-translational alterations among primary malignant cells as well as paracrine
signaling via supportive stromal cells in the tumor microenvironment (TME) (4,13,14).
Clearly, the identification of p-EMT represents an important aspect of EMT biology that
continues to mature within oncology, yet much remains unknown (15-17).

In this review, we discuss the importance of p-EMT in tumor progression and metastasis

and the evolving landscape regarding EMT plasticity, utilizing head and neck squamous

cell carcinoma (HNSCC) as a case study for this discussion. Identification of a hybrid p-
EMT state and its distinction from completely transformed mesenchymal or epithelial cells
represents the first and most important step in improving our understanding of these new cell
states. We then describe markers that help identify p-EMT cells, while also exploring the
important drivers and regulators of p-EMT and potential strategies to target this expression
state (Figure 1). Finally, we discuss the challenges that remain in studying p-EMT and the
opportunities for new therapeutics targeting this essential program.

Classical EMT: From Embryology to Oncology

EMT was first described within the context of developmental biology based on a series of
experiments by Greenburg and Hay in the 1980s (18). They noted that epithelial cells from
embryonic and adult anterior lenses that were subsequently cultured in three-dimensional
collagen matrices lost cell-to-cell attachments, migrated as individual cells, and appeared
morphologically similar to mesenchymal cells. Subsequent work demonstrated EMT to be
vital for tissue remodeling events, most notably mesoderm and neural crest development
(19,20). In addition, mesenchymal cells were demonstrated to undergo the reverse process,
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mesenchymal-to-epithelial transition (MET) and contribute to the formation of epithelial
organs (3).

Subsequently, many investigators suspected a similar EMT-like program may drive
invasion and metastasis in carcinomas. This hypothesis was supported by the experimental
observation that expression or suppression of the epithelial adherens junction protein E-
cadherin can impair or confer invasiveness, respectively (21-23). In this model of EMT,
epithelial cells at the invasive front of a primary tumor undergo a loss of epithelial

markers such as tight junction proteins (claudins and occludins), adherens junction proteins
(E-cadherin, alpha and beta catenin), and cytokeratins. Cells simultaneously acquire

a mesenchymal phenotype with the concomitant expression of Vimentin, N-cadherin,
Fibronectin, a-SMA, FSP1, Integrin a5/p1, and Desmin (2), allowing increased directional
invasion through the basement membrane and ECM followed by intravasation into the
circulation and locoregional or distant dissemination (24,25).

In head and neck squamous cell carcinoma (HNSCC), an EMT cell state has been
associated with cancer aggressiveness and poor prognosis (26,27). Jung et al. classified
three independent cohorts of HNSCC patients into epithelial or mesenchymal subgroups
according to an EMT gene signature comprised of 82 genes, with worse survival observed
among patients in the mesenchymal subgroup (26). Similarly, high expression of the
mesenchymal marker Vimentin and correspondingly low levels of E-cadherin have been
associated with increased rates of metastasis (28). From a cell biological perspective, a
mesenchymal, spindle shaped morphology and low E-cadherin expression has also been
observed in an invasive HNSCC cell line derived from a lymph node metastasis (29). Indeed,
spindle cell SCC of the head and neck, which is a pathologic variant, has shown increased
lymph node metastasis with a decrease in epithelial markers responsible for adhesion,

like E-cadherin, and components of desmosomes, such as desmogleins and desmocollins
(30). Recent global expression profiling studies have further extended on these findings,
identifying a distinct subgroup of more mesenchymal tumors among HNSCC patients that
is associated with more aggressive biology (31). Pooled meta-analyses of well-known EMT
transcription factors (TFs) in HNSCC, for example, show a strong correlation between the
expression of EMT TFs and poor overall survival (31). The overexpression of TFs TWIST1,
SNAI1, SNAI2 and ZEBL1, in particular, show a significant association with poor overall
survival among HNSCC patients (27).

While several of these studies demonstrate that the mesenchymal phenotype is associated
with increased cancer metastasis (28,29), analysis of human primary tumors and their
matched metastatic lesions in many carcinomas has surprisingly shown similar, or even
augmented, epithelial characteristics in secondary, metastatic tumors compared to primary
tumors (32). Indeed, the inability to observe a mesenchymal phenotype in metastatic lesions
fueled interest in MET, whereby metastatic mesenchymal cells might embrace an epithelial
program which enables post-seeding tumor growth at secondary sites (33,34). Interestingly,
pre-clinical models in which a mesenchymal state was stably induced preventedthe
formation of metastasis (35,36). While these observations were used to question the role

of EMT in metastasis, in the broader model of a dynamic continuum of epithelial and
mesenchymal phenotypes, such a finding is wholly consistent with this process: Cells
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stuck at one axis of the spectrum cannot undergo the required changes to support cancer
phenotypes such as metastasis that require transitions in cell state.

The Emerging Understanding of EMT as a Continuous Spectrum in Tumor

Development and Progression

The idea of EMT and its reverse process, MET, functioning as dynamic switches in cell
state has further evolved into considering epithelial and mesenchymal states as poles along
a broader, continuous spectrum. While such a continuum had long been suspected, /n

vivo evidence of intermediary cell states has only recently been reported, largely as the
result of technical innovations in cell sorting by surface markers, the advent of single cell
sequencing, and clever experimental design with in vivo models (13,14,37,38). Early EMT
investigations were performed using cancer cell lines /n vitro or through bulk assessment of
primary human tumor samples, and consequently, were unable to evaluate the plasticity and
functional states of EMT states /n vivo (14).

The combined use of genetically engineered mice and lineage tracing has allowed for the
study of dynamic p-EMT transition states. Rhim and colleagues used Pax1CRE/KRasG12D/
P53cKO/Rosa-YFP or Pax1CRE/KRasG12D/Ink4a+/-/Rosa-YFP mice to tag and track
pancreatic epithelial cells in an /n vivo model of pancreatic cancer (39). This strategy
allowed them to evaluate cell states of malignant cells at multiple time points between tumor
development, invasion, circulation, and distant seeding. While they found that the majority
of circulating pancreatic cells had mesenchymal features and expressed stem cell-associated
markers, a smaller group of circulating pancreatic cells (18%) exhibited co-expression of
E-cadherin and Zeb1, classical epithelial and mesenchymal markers, respectively. Similarly,
Ruscetti et al. utilized an autochthonous murine model of prostate cancer (CPKV) to
describe malignant cell states associated with metastasis (40). Using a Vimentin-GFP
reporter, they defined three classes of malignant cells: epithelial (EpCAM*/Vim-GFP™),
EMT (EpCAM*/Vim-GFP*), and mesenchymal-like (EpCAM~/Vim-GFP*). While both the
EMT and mesenchymal-like cells displayed increased stemness and invasiveness relative to
epithelial cells, only the EMT cells (i.e. cells with epithelial and mesenchymal features)
were able to reliably establish macrometastatic colonies, presumably due to their partially
retained epithelial identity and apparent plasticity. Thus, this study provided robust in vivo
evidence of a metastatic advantage for p-EMT cells.

It remained unclear, however, whether these intermediary EMT cells represented a
temporary transition state along the EMT continuum or whether they existed as a distinct
and stable entity. To address the nature of these intermediary states, Pastushenko and
colleagues screened a large panel of cell surface markers in skin and mammary cancer
models (13). They found that loss of EpCAM was universally linked to gain of Vimentin
expression, suggesting conversion to a mesenchymal state. However, strikingly a fraction
of Vimentin* cells also expressed Keratin 14 (KRT14), and they were able to consistently
identify six distinct cell signatures of the EMT continuum across skin, mammary, and
esophageal cancer models. Again, these hybrid cells were found to be more invasive and
better able to seed metastatic colonies, similar to prior studies (39,40). In these distant
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colonies, they found that all EpCAM™ negative cells were able to revert back to EpCAM
expression, suggesting that even the most phenotypically mesenchymal of cells can undergo
MET in the context of the lung microenvironment. In addition, they found that these
hybrid-type cells were able to manipulate the surrounding stroma, with more mesenchymal
cells preferentially co-localizing with inflammatory and endothelial cells, thereby conferring
increased invasive and metastatic potential. In a subsequent investigation, Kroger et al.
found that not only was this hybrid p-EMT an independent and stable phase, but it was

also essential for tumorigenesis in models of breast cancer (41). These p-EMT cells were
regulated by expression of Snail proteins and associated with expression of adult stem cell
programs, namely canonical Wnt signaling.

Based on this body of prior work, it appears that EMT states can be represented in a one-
dimensional three-well landscape (with the mesenchymal marker along the x-axis) (Figure
2). Cells that undergo EMT must sequentially overcome the activation energy required to
reach the next stable or metastable state, represented as one of three wells. In this model,
each well represents a steady state during EMT: 1) Fully epithelial, 2) a partial epithelial/
mesenchymal state, and 3) a complete mesenchymal state. While EMT can have multiple
transition states with the same energy barriers, certain cancer cells might meta-stabilize as
specific intermediate cells with the help (or under the direction) of distinct regulators. This
p-EMT intermediate cell state — or cell states — may therefore be more stable than the other
transition states with a higher energy barrier to the full mesenchymal phenotype.

While these well-designed studies convincingly established the existence of p-EMT
intermediate states in several /n vivo cancer models, establishing p-EMT in primary

human carcinomas has been largely limited by available bulk genomic sequencing

and immunohistochemical modalities. The advent of single cell genomics afforded an
unprecedented level of resolution in dissecting tumor heterogeneity and the cellular
components of the TME (15). To explore tumor heterogeneity in HNSCC, our group
recently utilized single cell RNA-sequencing (sScRNA-seq) to analyze 18 primary, treatment-
naive tumors and five matched lymph node metastases (6,16). We identified a p-EMT
program, which displayed features reminiscent of classical EMT yet also appeared distinct:
EMT markers Vimentin and Integrin a5 were identified and Transforming Growth Factor
B Induced (TGFBI) was one of the top scoring genes among these cells, suggesting
potential regulation by the classical EMT inducer TGFp. Other hallmark EMT markers,
however, were absent and p-EMT cells retained expression of epithelial markers, such as
various cytokeratins. For example, among the classical EMT TFs only Snail2 was detected,
which peaks relatively early in the EMT process (42). Interestingly, p-EMT cells were
exquisitely localized at the leading edge of tumors and had increased invasive potential

in vitro, suggesting a potential role for the p-EMT program in invasion and metastasis in
HNSCC. To explore this possibility further, we utilized our scRNA-seq data to deconvolve
bulk expression data from The Cancer Genome Atlas into inferred malignant profiles

(43). In tumors with enrichment of p-EMT among malignant cells, there was a strong
association with nodal metastasis, tumor grade, and adverse pathological features, including
extracapsular extension (ECS) and lymphovascular invasion. Indeed, the p-EMT program
was found to be a stronger predictor of nodal metastasis than a classical EMT signature.
While prior studies have associated EMT and increased matrix metalloproteinase-12
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expression with evidence of ECS on histology, a specific mechanistic role of the p-EMT
cell state in ECS has not been defined (44,45).

Subsequent studies have further validated our initial observations. Using some of the top
markers (PDPN, LAMB3, LAMC?2) of the p-EMT program, we computed a p-EMT score
based on immunohistochemical staining of these markers on a tissue microarray from 99
oral cavity squamous cell carcinoma patients. p-EMT was associated with higher tumor
grade and nodal metastasis as well as other adverse pathologic features, representing an
orthogonal validation of our initial findings. Importantly, we found that p-EMT had an
effect on overall survival, with worse survival among p-EMTN9M patients (9). Another
group recently focused on 15 representative p-EMT genes and 10 variable p-EMT genes
from our signature and re-analyzed the TCGA dataset (27). Genes including SERPINE1,
TGFBI, ITGA5, CDH13, PAHA2 and LAMC2 were found to have prognostic value in these
analyses, with p-EMT related genes demonstrating increase expression in HNSCC primary
tumor samples compared to normal tissue. Gene ontogeny enrichment analysis revealed that
these p-EMT genes correlated with processes of cell substrate adhesion and angiogenesis,
both of which are related to metastasis. Importantly, TGFBI, which was identified by our
group as one of the top scoring p-EMT related genes, was also among the list of genes

with significant prognostic value. A more recent study investigated the relationship between
p-EMT specifically in circulating tumor cells (CTCs) from HNSCC patients: Hybrid cells
co-expressing the epithelial marker Keratin 19 and mesenchymal marker Vimentin were
found to be the dominant CTC subpopulation among recurrent and metastatic HNSCC
patients (46). Together, these findings suggest that p-EMT expression has both biologic and
clinical significance, with tremendous potential to serve as a biomarker and/or therapeutic
target in HNSCC.

Outside of HNSCC, additional investigations have leveraged multi-omics strategies to
characterize intermediate EMT states in primary human malignancies. Examining cutaneous
SCC, Ji et al. used scRNA-seq, spatial transcriptomics, and multiplexed ion beam imaging
(MIBI) to identify a population of “tumor specific keratinocytes” (TSKs) that exhibited

both epithelial differentiation, yet had high expression of EMT markers including VIM

and ITGAS (47). Similar to p-EMT cells in HNSCC, these TSK cells localized to the
leading edge and co-localized with cancer-associated fibroblasts (CAFs) and endothelial
cells, highlighting the presence of a fibrovascular niche and suggesting invasive potential.

In breast cancer patients, a p-EMT phenotype was identified in a subset of patients that
correlated with expression of the TF NRF2 (48). NRF2 prevented completion of the EMT
cascade, stabilizing cells in a p-EMT state. Accordingly, this p-EMT group was associated
with a high NRF2 score and poor patient survival. Similarly, in a recent study of urothelial
carcinomas, a morphological approach based on sequential immunohistochemistry on the
same tissue section combined with slide digitization and image processing was adopted to
detect and quantify cancer cells with a p-EMT phenotype (49). These analyses demonstrated
a strong correlation between p-EMT at the time of diagnosis and eventual poor prognosis.
Likewise, in patients with pancreatic ductal adenocarcinoma, immunchistochemical analysis
was completed for EMT markers and tumor budding. Tumor budding is the phenomenon

of local dissemination of a single tumor cell or cluster of cells from the invasive front
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into the surrounding tissue. Tumor budding has been shown to have prognostic value

in colorectal adenocarcinoma and several other cancers (50-52). Detailed intra- and inter-
tumoral analysis of EMT and tumor budding markers revealed induction of p-EMT at the
tumor-stromal interface and in tumor buds (53). Thus, p-EMT appears to be represented
in invasive cells across a number of epithelial malignancies, highlighting its importance in
oncology as a bona fide intermediate state with relevance to human biology.

The Role of Partial-EMT in Collective Migration, Circulating Tumor Cells,

and Distant Metastases

In contrast to individual mesenchymal cells invading through the basement membrane, the
intra-tumoral localization of p-EMT cells at the leading edge of a tumor suggests that
p-EMT cells may invade through a collective migration model (6,16,47). Epithelial adhesion
molecules expressed by p-EMT cells may facilitate cell-cell adhesion, while mesenchymal
properties allow cell-ECM interactions that enable migration. In Drosophila intestinal
tumors, p-EMT cells were shown to invade the basal lamina of the midgut epithelium and
exhibit collective migration with subsequent polyclonal seeding in metastatic sites, an effect
seen most clearly with high levels of Sna expression (Drosophilahomolog of Snail) (54).
The Sna overexpressed cells demonstrated a characteristic p-EMT phenotype with loss of
epithelial traits, such as cell shape and polarity, and a gain of mesenchymal characteristics,
most notably formation of protrusive membranes and the ability to invade basal lamina
(54). Additionally, /n vitro p-EMT tumor spheres retain cell-cell contacts and invade as

a collective group compared to “complete” EMT (i.e. tumor spheres with transcriptional
repression of Ecad) (55).

The role of p-EMT in intravasation, clustering of CTCs, and dissemination appears to
represent an orthogonal, yet important, function of p-EMT in oncology. CTCs are often
detected as clusters of 2-50 cells, sometimes termed “circulating tumor microemboli”
(56,57). These CTC clusters are more robust and demonstrate increased metastatic potential
compared to singular CTCs due to increased resistance to apoptosis and stress and they
have a higher probability of being trapped in narrow blood vessels, likely facilitating
extravasation (56,58—-60). Interestingly, CTC clusters have been found to contribute to
50% of total metastases despite constituting only 3% of total CTC events (56). Hybrid
cells co-expressing epithelial and mesenchymal markers have been detected among CTC
clusters in the bloodstream of breast, lung, colon and prostate cancer patients (61-64).
CTC clusters containing both epithelial and mesenchymal markers are resistant to anoikis
(65), able to adapt to a foreign microenvironments to form macrometastatic colonies (7),
and demonstrate increased chemotherapeutic drug resistance (11,66). Thus, p-EMT may
augment the metastatic potential of CTC clusters (Figure 3).

However, many questions remain. For one, metastases histologically recapitulate findings of
the primary lesion across cancer types (1). While MET is a broadly accepted phenomenon,
the cell-intrinsic pathways and TME cues that drive this shift in cell state within a novel,
secondary microenvironment remain poorly understood. Furthermore, different primary
cancers have proclivities toward certain metastatic sites (e.g. bone in prostate cancer,
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regional lymphatics in HNSCC, etc.). While p-EMT has been associated with increased
invasiveness and metastatic potential across a number of carcinomas, including HNSCC,
prostate, skin, lung, and breast (11,13,66,67), it is not well understood what drives this
stereotyped behavior. Future studies must define subtypes of p-EMT cells and describe
epigenetic, transcriptional, and post-translational alterations that prime CTC clusters for
successful seeding of a given metastatic location.

Partial-EMT promotes malignant cell stemness

Besides having heightened invasive capacity to circulate to distant metastatic sites, p-EMT
cells may also be more likely to gain stemness properties (40,63,68,69). Cancer stem cells
are a subpopulation of cancer cells that are similar to their physiological counterparts, but
have the capacity to self-renew and differentiate, giving rise to heterogeneous, malignant
subclones (70). Upon metastatic seeding to secondary sites, these cells may retain their
ability to engage in tumor initiation, and they may also be more resistant to cell death

and cancer therapeutics (71). Indeed, induction of classical EMT has been associated with
the acquisition of stem cell properties in several carcinomas (72). It was first shown in
immortalized human mammary epithelial cells (HMEC), where ectopic expression of the
EMT TFs Snail/Twistl triggered alterations in cell surface markers resembling a stem
phenotype (CD44M9h/CD24!°W) along with enhanced ability to form mammospheres and
tumors when transplanted into mice (73). These studies provided a preliminary explanation
for how metastatic cells might maintain self-renewal capacity: EMT appeared to confer both
invasiveness and stemness.

However, the stemness of fully mesenchymal EMT cells has been challenged by research
showing that classical EMT prevents the tumor initiating capacity of cells in secondary
locations (35,74,75). Subsequent studies have attempted to resolve this controversy by
investigating stemness among cells with a more intermediate p-EMT phenotype. Indeed in
breast cancer, hybrid EMT cells displayed several stem cell properties including increased
plasticity, enhanced self-renewal, increased mammosphere formation and production of
ALDH-+ progenitors (76). Another orthogonal study provided corollary evidence of a
p-EMT cell state with increased stemness including self-renewal and tumor-initiating
capacity in ovarian cancer (68). However, direct /n vivo evidence of p-EMT features being
associated with cancer stemness has remained sparse. Detection of a p-EMT phenotype

was observed for the first time /7 vivo in an autochthonous murine model of prostate

cancer, in which isolated cells expressing both epithelial and mesenchymal markers showed
enhanced stemness, plasticity, and tumor-initiating capacity (40). Interestingly, a recent
study suggests that p-EMT and stemness may also be uniquely relevant among CTCs. In
particular, Papadaki et al. found that among metastatic breast cancer patients, CSC*/p-EMT™
CTCs correlated with lung metastasis and poor survival, with an increase in these CTCs
upon chemotherapeutic interference (10). Thus, there is likely to be complex interplay
between the influence of p-EMT on stemness, collective migration, and CTCs, which will be
an important area for further research.
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Common and Distinct Regulators of Partial-EMT

There are a multitude of genes that converge to regulate EMT-related states, including
epigenetic modulators (77), EMT TFs (6), and microRNAs (78). While these regulators

are all critical to EMT initiation and plasticity, EMT TFs comprise the most well-defined
group in the published literature. The canonical EMT TFs can be divided into three gene
families: Snail, Zeb, and Twist (79). Evidence indicates that the expression of these EMT
TFs is both context and tissue dependent (4). Historically, prior work has emphasized the
role of Snail1/2, Zeb1/2, and Twist1/2 in EMT within HNSCC cell lines and tissue samples
(79-81). However, many of these studies were published prior to single cell approaches

and the identification of p-EMT among malignant cells. The premise that all six EMT

TFs are all required for HNSCC metastasis has been challenged by our subsequent work
(6). Among the 18 tumor samples we analyzed, none of the canonical EMT TFs were
expressed at high levels except for Snail2 (also known as Slug) (6). Moreover, one of the
genes most upregulated among p-EMT cells was TGFBI, consistent with studies showing
that expression of Snail family members can be stimulated by TGFp during EMT (82-85).
Using immunohistochemical staining, we found that p-EMT cells at the leading edge were
in close proximity to CAFs. Indeed, ligand-receptor analysis suggested that TGFf may be
secreted by CAFs and induce p-EMT among malignant cells, an observation which was then
validated /in vitro. Together, these data suggest that signals from CAFs in the stroma may
play a role in inducing p-EMT at the leading edge of HNSCC tumors, potentially promoting
invasive properties of this subpopulation by stimulating Snail2 expression (6).

Beyond EMT TFs, preliminary data suggests that p-EMT may also be regulated by long
noncoding RNAs, such as MYOSLID, which has an effect on invasion and migration (86).
Other non-cell intrinsic, tumor microenvironment factors that might influence the tumor p-
EMT state, include hypoxia. Under oxygen-deprived hypoxic conditions, hypoxia inducible
factors proteins (HIF1a and HIF1B) bind to hypoxia responsive element (HRE) on target
gene promoters and serve as the major mediators of hypoxia regulated gene expression
alterations (87). HIF1a has been shown to induce the p-EMT phenotype in pancreatic
cancer cells when grown under hypoxic condition (88). HIF1a has also been shown to
mediate several factors which have relevance in p-EMT, including coactivation with TGFp
(89,90), and induction of EMT-TFs like SNAIL (91), SLUG (92), ZEB1/2 (93,94). As stated
before, our study has shown that paracrine interactions between cancer associated fibroblasts
(CAFs) and malignant cells at the leading edge in HNSCC tumors may induce the p-EMT
program (6). Evidence of activation of CAFs by HIF1a suggests another possible route for
hypoxia mediated p-EMT induction.

These observations create meaningful opportunities to explore mechanisms of p-EMT
regulation besides transcriptional regulators. Regardless, specific signaling pathways that
contribute to the induction and maintenance of p-EMT in HNSCC and across oncology
certainly warrant further study. These future studies must critically address how p-EMT may
vary between /n vitro and in vivo studies, while also clarifying the extent to which p-EMT
versus classical EMT is present in a cancer and how each may (or may not) contribute to
tumorigenesis and metastasis. Undoubtedly, greater reliance on in vivo models of cancer
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and patient-derived xenografts will help to address these challenges and more rigorously
understand the regulation of p-EMT.

Techniques for Identifying Partial-EMT Markers

Given the poor clinical outcomes associated with p-EMT expressing tumors, the
identification of reliable biomarkers to detect the p-EMT phenotype in patients has the
potential to improve prognostication, guide primary or adjuvant treatment planning, and
inform longitudinal surveillance. Due to the inherent plasticity of p-EMT cells, developing
a broadly applicable and valid approach has proven challenging. However, a strategy

that allows for the identification of simultaneously expressed epithelial and mesenchymal
markers represents a logical strategy to identify p-EMT cell states from patient samples.
Here, we discuss several emerging and theoretical strategies for translating p-EMT
biomarkers into clinical application (Table 1).

Early studies of EMT in human tumor samples focused on a small number of markers,
typically E-cadherin and Vimentin, to define an epithelial or mesenchymal phenotype,
respectively (3). As described, ScRNA-seq now allows for the expression profiling of

hybrid EMT cells in primary human tumor specimens, thereby expanding this limited set

of markers to potentially dozens of genes that comprise a p-EMT “meta-signature” that may
be partially or completely recapitulated across tumors of a given type, or even across cancer
types (15). These meta-signatures provide multiple potential biomarkers, which can be used
to generate a quantifiable score when probed in aggregate.

Such scoring can be derived from clinically feasible assays, such as traditional histologic
techniques. For example, in the p-EMT cells identified in our sScRNA-seq analysis of
HNSCC tumors, we identified several p-EMT specific cell surface markers, including
Podoplanin (PDPN), Transforming Growth Factor Receptor 1 (TGFpR1), Laminin Subunit
Gamma 2 (LAMC?2), and Laminin Subunit Beta 3 (LAMB3) (6). We recently validated the
use of PDPN, LAMB3, and LAMC?2 as predictive of prognosis in an independent cohort
of HNSCC patients via traditional immunohistochemistry (IHC) techniques (9), and other
groups have found associations between these specific p-EMT markers with poor prognosis
(95). However, much additional work is needed to either validate these particular genes

as representative of a p-EMT state across other primary epithelial malignancies or define
similar sets of sensitive and specific p-EMT surface markers to characterize tumors on a
site-by-site basis.

Given the high dimensional nature of p-EMT gene expression data, machine learning
approaches represent another attractive option to quantify p-EMT status of clinical samples.
To this end, George et al. developed a machine learning model trained on gene expression
profiles from cell lines in the NCI-60 cohort — which are annotated as epithelial,
mesenchymal, or hybrid — and then subsequently used their scoring model to predict survival
in existing clinical datasets (5). Interestingly, while they found that a higher hybrid EMT
score was predictive of worse disease-free survival and overall survival in lung cancer,

this was not true for breast cancer and ovarian cancer patients, suggesting either that the
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prognostic implications of p-EMT states may be heterogeneous across tissue types or that
the authors’ model insufficiently captures p-EMT in human subjects across cancer types.

Another computational approach to score the p-EMT phenotype in clinical samples is
deconvolution of bulk expression data with annotated single-cell gene expression matrices
(also known as “digital cytometry™) (96). Such methods can leverage single-cell level data
without the associated costs and technical expertise required of single-cell experiments.
However, even bulk RNA-sequencing is not routinely performed in clinical practice and the
clinical adoption of deconvolution methods will depend on reductions in cost, labor, and
time required of RNA sequencing.

Other potential methods may translate multi-omics characterization of p-EMT cell states
into routinely used clinical assays. Spatial transcriptomic (ST) methods can simultaneously
show a p-EMT expression signature that localizes to the histologic leading tumor edge (47).
Increased resolution of ST platforms along with advances in and integration with computer
vision techniques may allow for p-EMT predictions based solely on histologic sections.
Additionally, further characterization of the secretome of p-EMT cells may one day allow
for p-EMT classification based on peripheral blood assays (97). Clearly, the spectrum of
EMT plasticity has implications for patient outcomes, though defining these intermediary
p-EMT states and reliable markers that define them are important steps that will necessarily
precede the clinical application of p-EMT markers to guide treatment or predict outcomes.

Targeting Partial-EMT and its Therapeutic Potential

Classical EMT has been shown to be induced by different exogenous stimuli which induce
the stepwise transition from epithelial to mesenchymal phenotype through paracrine and
autocrine signaling (98). These includes growth factors like TGFB (98), EGF (99), FGF
(100), PDGF (101), HGF (102), IGF (103), interleukins like interleukin-6, and BMP

(104). Downstream to these exogenous ligands, numerous signaling pathways are involved,
which include Wnt, Notch, Hippo, JAK-STAT, AP-1, NF-xB and PI3K/AKT (105-107).
While inhibitors are available against several of these factors owing to their involvement

in many other common oncogenic pathways (108-111), we will focus our discussion on
TGFp inhibitors considering their specific relevance in p-EMT (6,112). At the outset, it

is worth noting that TGFpI has been shown by our group to be among the top scoring
p-EMT genes in HNSCC (6). In line with this finding, TGFp induced a p-EMT program

in HNSCC cell lines and triggered invasion, which was reversed upon treatment with TGF/
SMAD inhibitors. More broadly, inhibitors have been designed against various components
of TGFp signaling — TGFp ligands, receptors, and their downstream signaling effectors

— including small-molecule inhibitors, antisense oligonucleotides, monoclonal blocking
antibodies, and receptor tyrosine kinase inhibitors (Tables 2 and 3). The oncogenic functions
of TGFB have long been established in different cancers with TGFp expression being
associated with cancer aggressiveness, metastasis and poor survival (113,114). However,
the relation between p-EMT and TGF is relatively new (38). The secretory nature of
TGFp enables an easy detection of TGFp expression through measuring TGFp blood
concentration, suggesting its potential as a clinically relevant biomarker (115). TGFp
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inhibitors can be a proposed therapeutic intervention in cancer patients exhibiting p-EMT
features with a high TGFP expression.

A number of factors — including GRHL2, OVOL1/2, ANP63a, NRF2(14) and NFATc (116)
— have been shown to stabilize the p-EMT state in cell models, effectively augmenting the
mean residence time cells exist between epithelial and mesenchymal states (116). Oxygen
availability, or lack thereof, may also drive plastic EMT cells from one pole to the other. As
discussed in our previous section on p-EMT regulators, hypoxia seems to be an important
cell-extrinsic, microenvironmental factor that plays an important role in induction of p-EMT.
Thus pharmacological targeting of hypoxia might provide another strategy to destabilize the
hybrid E/M state in tumors.

Unfortunately, most of these current inhibitors of EMT plasticity are relatively imprecise,
either inhibiting EMT or MET, but not both. Therefore, they pose a potential risk: Inhibiting
only EMT might promote MET, resulting in increased colonization at secondary sites,
while only targeting MET might increase metastatic proliferation (117). This unidirectional
approach also poses the risk of incomplete inhibition of the transition process and arrest

of cells in a more metastatic, but hybrid or intermediate p-EMT state (118). Accordingly,
there is growing interest in targeting both forward and reverse regulatory networks of EMT.
In theory, targeting tumor-specific EMT-inducing stimuli will limit the induction of p-EMT
phenotype in the primary tumor and limit their invasion and extravasation in the blood
stream, while inhibition of the MET inducing factors in the secondary site might curtail

the seeding and propagating capacity of the metastatic cells (119). These strategies might
be most effective if they are adopted at different time points in the patients depending on
tumor stage. Ultimately, however, many gaps in our collective understanding of the biology
underlying EMT plasticity remain and precisely targeting this pathway in patients remains a
distant goal.

Challenges and Future Directions in EMT Plasticity

EMT and MET has been long studied in the context of invasion, metastasis, and cancer
progression across oncology. However, identification of a metastable p-EMT state exhibiting
concurrent epithelial and mesenchymal phenotypes represents a relatively new and emerging
principle. This hybrid cell state that resembles an intermediate step in the dynamic process
of EMT represents a missing link in our understanding of this important cellular process

— with reasonable confidence, we can now say that this process is a spectrum rather

than a switch. While the impact of a fully mesenchymal state on cancer phenotypes such

as metastasis, treatment resistance, and recurrence remain controversial (120), expanding
evidence has confirmed the presence of p-EMT cells and identified a clinically relevant
association with metastasis, chemo-resistance, cancer stem cell characteristics and poor
patient outcomes (5,14). While the vast majority of research, including our own, has
emphasized an interest in p-EMT and metastasis, an improved understanding of p-EMT

and its relationship with these latter characteristics of stemness and treatment resistance
represent an important line of further investigation.
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Research into identification of p-EMT in human tumors has rapidly progressed with the
introduction of single cell technologies (Table 4). Single cell profiling of cells in HNSCC,
skin cancer models, as well as lung cancer and high grade serous ovarian cancer have all
uncovered the presence of intermediate, p-EMT cell states (6,13,47,121,122). While these
single cell techniques are a powerful tool to profile large numbers of individual cells in

a relatively unbiased manner, the impact of sample processing and tissue dissociation on
expression profiles is poorly understood (123). These limitations become even more critical
for p-EMT cells that exist in a metastable, intermediate state primed for further cell state
transitions. Certainly, further validation and downstream analysis of hypotheses based on
single cell data will be critical, and an essential component of such work will be the
confirmation of findings in large bulk datasets through the use of deconvolution and other
computational algorithms (124).

Computational and mathematical modeling is being increasingly utilized to understand the
complex regulatory network of EMT plasticity and how it affects tumor progression (125-
127). These models help bridge gaps in existing experimental data and developing testable
hypotheses. Different models have helped predict the steps involved in EMT, including
mechanisms underlying the transition from one cell state to another and the relative stability
of different cell states. Given the complexity of the EMT plasticity, a more in-depth
understanding of the molecular players of importance and the interactions among them may
expedite the development of models that can trace these changes during EMT and MET,
potentially highlighting novel avenues for targeted therapy (127,128).

In parallel, we must improve our understanding of the role of EMT plasticity in tumor
progression through more sensitive lineage tracing techniques and animal models. While /n
vitro cell lines and patient tumor samples provide us with important insights into EMT,

the dynamic nature of EMT plasticity and the effect of its cross-talk with the tumor
microenvironment cannot be adequately captured by /n vitro studies or perturbed in human
samples. In HNSCC, for example, while patient SCRNA-seq data suggested CAFs may
release ligands that interact with p-EMT cells at the leading edge, such ligands were all lost
in vitro upon culture of patient-derived CAFs isolated from primary tumors (6). We believe
that patient-derived xenografts grown as adherent cultures or organoids may represent the
“sweet spot” where human patient biology is recapitulated, yet the tissue/cells may still be
expanded, grown, perturbed, and then studied.

Lastly, to target a metastable, dynamic p-EMT state, detailed analysis of the bidirectional
regulatory networks that direct cells towards or away from this hybrid state is essential.
Indeed, as noted, bidirectional inhibition that targets both EMT and MET might be an
effective strategy to destabilize transient hybrid states, while avoiding an escape route to a
different resistant state. While there has been significant progress, we anticipate the next
few decades will represent a major acceleration in our knowledge of EMT and its entire
spectrum of states. A deeper understanding of this fundamental biology is likely to present
new opportunities for stratification of patients into low and high-risk cohorts, while opening
up entirely new avenues in the treatment of epithelial tumors.
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Figure 1:
Understanding partial EMT cells in cancer progression.
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Table 1:

Techniques and markers for identification of p-EMT.
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Technique

Rationale

Supporting Evidence

Limitations

References

Histologic M ethods

may connect spatial expression
matrices with clinically routine
histologic images.

of cutaneous SCC.

Novel IHC scRNA-seq has captured a p-EMT specific surface Specific markers only Puram et al., 2017,
Markers wide swath of surface markers markers identified with validated in HNSCC. Parikh et al., 2019
specific to p-EMT cells. Use scRNA-seq (PDPN, LAMB3, May not be relevant to p-

of multiple markers through LAMC?2) predictive of EMT programs in other
traditional IHC methods survival outcomes and adverse | primary cancer sites.
may capture patients along pathologic features in cohort
the spectrum of p-EMT of oral cavity HNSCC
phenotypes. patients.
Spatial ST can capture expression TSK cells that express Adoption of Al Jietal., 2020
transcriptomics signatures /n situ overlain on epithelial and mesenchymal techniques will require
and artificial traditional H&E sections. Al markers localize to leading higher resolution of ST
intelligence methods like computer vision edge on ST analysis in study and large number of ST

samples.

Computational Met

hods

Scoring with p-

Machine learning methods

Computed scoring system able

EMT scoring model

George et al., 2017

Deconvolution

of bulk RNA-seq data can
leverage power of SCRNA-seq
in scalable manner without
cost/expertise required for
SCRNA-seq.

proportions in bulk RNA-seq
samples from HNSCC TCGA
through deconvolution with
scRNA-seq cell signatures.

EMT gene sets have potential to take high to accurately predict epithelial, | trained on cell lines
dimension expression data from | mesenchymal or hybrid EMT included in NCI-60.
annotated cell lines as input phenotype in annotated cell Survival predictions
and output optimized scoring lines. across cancer tissue of
tool based on small number of origin inconsistent and
markers. cannot be generalised.
Digital Single-cell signature scoring Imputation of cell-type Requires available, Qietal, 2021

confidently annotated
single-cell reference
dataset.

Serum-Based Methods

Peripheral blood
sampling

A p-EMT cell-specific
secretome may release factors
detectable on peripheral blood
samples.

Secreted factors Fibronectin
1 (FN1), Collagen Type

11 (COL2A1), and Native
Fibrinogen Gamma Chain
(FGG) were upregulated in p-
EMT HCC cells.

Secreted factors
Fibronectin 1 (FN1),
Collagen Type Il
(COL2A1), and Native
Fibrinogen Gamma Chain
(FGG) were upregulated
in p-EMT HCC cells.

Karaosmanoglu et
al., 2018

Abbreviations: Al = artificial intelligence, EMT = epithelial-mesenchymal transition, HCC = hepatocellular carcinoma, HNSCC = head and neck
squamous cell carcinoma, IHC = immunohistochemistry, H&E = hematoxylin and eosin, p-EMT = partial epithelial-mesenchymal transition,
scRNA-seq = single-cell RNA sequencing, ST = spatial transcriptomics, TCGA = The Cancer Genome Atlas, TSK = tumor specific keratinocytes
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Table 2:

Inhibitors of TGFp signaling in various cancers that are in clinical trial.
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Target Drug Name Clinical trial phase Cancer Type Result
molecule
TGF-B1, 2 Fresolimum ab Phase | Advanced malignant melanoma or Well tolerated. Preliminary
ligands (GC-1008) (Human NCT00356460 renal cell carcinoma (metastatic or antitumor activity needing
monoclonal-antibody) non-resectable with at least one further studies.
previous therapy)
Phase I, 11 Non-small cell lung carcinoma (Stage With stereotactic ablative
NCT02581787 1A, IB, non-operable, high surgical radiotherapy. Result not yet
risk or patient refuses surgery) posted.
Phase I1 Metastatic breast cancer (persistent With local radiation
NCT01401062 or recurrent with at least one failed therapy. Well tolerated.
therapy (endocrine or chemotherapy) Showed higher systemic
immune response and OS.
Phase I1 Relapsed malignant pleural Result not yet posted.
NCT0112293 mesothelioma (1-2 previous systemic
therapies, at least one therapy with
pemetrexed)
ALK1 (type 1 PF-03446962 (Human Phase 11 Advanced malignant pleural Well tolerated but failed to
subclass of monoclonal-antibody) NCT01486368 mesothelioma (disease progression show efficacy.
TGF-B after treatment with one line of
receptor) platinum-based doublet chemotherapy)
Phase | Advanced hepatocellular carcinoma Well tolerated with modest
NCT01911273 (disease progression or intolerance single agent antitumor
after treatment with VEGFR-TKIs) activity, support further
evaluation.
Phase | Advanced solid tumors (treatment Well tolerated. Single agent
NCT00557856 refractory or no available treatment) antitumor activity.
TGFBRI Galunisertib Phase 11 Recurrent intracranial glioblastoma With lomustine.
(LY-2157299) (Small NCT01582269 (Grade 1V) Combination failed to show
molecule inhibitor) improved OS.
Phase I, 11 Metastatic colorectal cancer With capecitabine. Result
NCT03470350 (chemotherapy resistant activated not yet verified.
TGF-B signature like)
Phase | Advanced or metastatic pancreatic With gemcitabine. Well
NCT02154646 cancer (tumors not manageable by tolerated. Combination
resection) showed efficacy. Further
investigation needed.
Phase | Recurrent metastatic pancreatic With durvalumab. Result
NCT02734160 adenocarcinoma (disease progression, not yet posted.
refractory or intolerant to <2 systemic
regimens)
Phase | Unresectable hepatocellular carcinoma | With Sorafenib. Well
NCT02240433 tolerated, Promising
antitumor activity
Phase | Advanced hepatocellular carcinoma With stereotactic body
NCT02906397 (inoperable, not eligible, failed or radiotherapy. Result not yet

discontinued sorafenib therapy)

posted

Abbreviations: OS= Overall survival
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Table 3:

Inhibitors of TGFp signaling tested in various preclinical cancer models.
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Chul-Yong 2014, Chul-Yong et al., 2011

4T1 orthotopic-grafted mice

Target Drug Name Preclinical Model Cancer Type Result

molecule

TGFBRI EW-7203 (Small molecule inhibitor) Chul- 4T1 orthotopic-grafted mice Mammary Inhibited lung
Yong et al., 2011 cancer metastasis.

TGFBRI EW-7197, IN-1130, EW-7195 (Small (MMTV)/c-Neu mouse Breast cancer Inhibited lung
molecule inhibitor) Ji-Yeon et al., 2014, mammary tumor virus mice and metastasis.
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Single cell technologies used to study partial EMT in cancer progression.

Table 4:
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ovarian cancer

distinct EMT time-course
experiments of cancer cells
treated with different EMT
inducers.

involved combinations of
discrete transcriptional events
indicating hybrid intermediate
states.

Tumor type and samples Method Partial EMT (p-EMT) Major finding References
characterization
Single cell RNA sequencing
Using single cell RNA sequencing (sScRNA-seq) data to analyze bulk RNA sequencing (bulk RNA-seq) data.
Head and neck squamous Expression programs p-EMT cells expressed EMT Explores HNSCC Puram et al.,
cell carcinoma identified from scRNA-seq TF SNAIL2 but lacked other heterogeneity with the 2017
18 treatment naive patients | data of patient tumors EMT TFs ZEB1/2, TWIST1/2 | identification of cell
and 5 matched LN used to de-convolute bulk and SNAIL1, localized to type specific expression
metastasis. expression data. leading edge of tumor and are programs and infers
highly metastatic. a strategy to extract
information from bulk
expression data.

HMLE breast cancer cell scRNA-seq of cell lines Most of the identified breast Signature genes detected, Xiaomei et al.,
lines used to generate breast cancer signature genes peak at | link EMT with clinical 2020

cancer prognosis method, hybrid E/M stage. outcomes of breast

scPrognosis, validated in cancer.

bulk breast cancer RNA

sequencing data sets.
Single cell RNA sequencing on time course experiments
4 different cancer cell lines | Multiplexed scRNA-seq EMT transition was not Provides a thorough Cook et al.,
lung, prostate, breast and (MULTI-seq) of 12 a linear process but comparison of context 2020

dependent variabilities in
the EMT program.

Single cell DNA methylation

Progressive breast cancer
Matched single and
clustered CTCs from 4
patients and 3 mouse-
xenografts.

Combination of single-
cell resolution DNA
methylation and RNA
expression analysis with
a drug screen with 2,486

FDA-approved compounds.

Binding sites for stemness
and proliferation associated
transcription factors were
hypomethylated compared to
the single CTCs.

Demonstrate a connection
between phenotypic
features such as CTC
clustering and DNA
methylome landscape
alterations.

Gkountela et
al., 2019

Single cell mass
cytometry

Non-small cell

lung carcinoma
(adenocarcinoma)

3 NSCLC adenocarcinoma
cell lines and 5 fresh
NSCLC adenocarcinoma
patient samples.

Single cell mass cytometry
time-course experiment on
NSCLC cells undergoing
EMT and MET was

done to construct EMT-
MET PHENOSTAMP for
evaluating EMT and MET
states of clinical samples.

Was able to identify
heterogeneity within p-
EMT states (co-expressed E-
cadherin and Vimentin) p-
EMT 1, 2, 3 with p-EMT 2
and 3 having a subgroup of
Twist+ cells.

This integrated approach
provides in vitro insights
on EMT-MET biology
and establishes a
framework to translate
in vitro observations to
clinical samples.

Karacosta et al.,
2019

High grade serous ovarian
cancer

Single cells from 17 newly
diagnosed patient tumors.

Multiparametric single-cell
mass cytometry, CyTOF.

Seven cell clusters co-
expressed epithelial marker
E-cadherin and mesenchymal
marker Vimentin with protein
deregulations in stem cell, cell
cycle and metastasis.

CyTOF enabled detailed
characterization of subtly
differing cell populations.

Gonzalez et al.,
2018

Abbreviations: LN = lymph node, sc-RNA-seq = single-cell RNA sequencing, p-EMT = partial epithelial-mesenchymal transition, EMT =

epithelial-mesenchymal transition, TF = transcription factors, HNSCC = head and neck squamous cell carcinoma, HMLE = immortalized human
mammary epithelial cells, CTC = circulating tumor cell, FDA = food and drug administration, NSCLC = non-small cell lung carcinoma, MET =
mesenchymal to epithelial transition.
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