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SUMMARY

Epithelial-to-mesenchymal transition (EMT), an evolutionary conserved phenom-
enon, has been extensively studied to address the unresolved variable treatment
response across therapeutic regimes in cancer subtypes. EMT has long been
envisaged to regulate tumor invasion, migration, and therapeutic resistance dur-
ing tumorigenesis. However, recently it has been highlighted that EMT involves
an intermediate partial EMT (pEMT) phenotype, defined by incomplete loss of
epithelial markers and incomplete gain of mesenchymal markers. It has been
further emphasized that pEMT transition involves a spectrum of intermediate
hybrid states on either side of pEMT spectrum. Emerging evidence underlines
bi-directional crosstalk between tumor cells and surrounding microenvironment
in acquisition of pEMT phenotype. Although much work is still ongoing to gain
mechanistic insights into regulation of pEMT phenotype, it is evident that
pEMT plays a critical role in tumor aggressiveness, invasion, migration, and
metastasis along with therapeutic resistance. In this review, we focus on impor-
tant role of tumor-intrinsic factors and tumor microenvironment in driving
pEMT and emphasize that engineered controlled microenvironments are instru-
mental to provide mechanistic insights into pEMT biology. We also discuss the
significance of pEMT in regulating hallmarks of tumor progression i.e. cell cycle
regulation, collective migration, and therapeutic resistance. Although constantly
evolving, current progress andmomentum in the pEMT field holds promise to un-
ravel new therapeutic targets to halt tumor progression at early stages as well as
tackle the complex therapeutic resistance observed across many cancer types.

INTRODUCTION

Epithelial-to-mesenchymal transition (EMT), an evolutionary conserved mechanism, has long been known

to facilitate invasion and metastasis of malignant epithelial (E) cells through reduced cell-cell adhesion and

transition to mesenchymal (M) states (Kalluri and Weinberg, 2009; Ye and Weinberg, 2015) and chemore-

sistance during tumorigenesis (Shibue and Weinberg, 2017). Until now, EMT has been viewed as a binary

process; however, it is increasingly evident that EMT involves a gradual transformation from epithelial to a

partial EMT (pEMT) state without complete loss of epithelial and complete gain of mesenchymal pheno-

type (Dongre and Weinberg, 2019; Yang et al., 2020; Zhang and Weinberg, 2018). With presence of tumor

cells in epithelial, mesenchymal, and hybrid E/M phenotypes simultaneously, tumors with pEMT also

exhibit intra-tumoral heterogeneity and epithelial-mesenchymal plasticity (Figure 1). In addition to com-

plete EMT and partial EMT phenotypes, current scientific evidence also supports the presence of interme-

diate hybrid states on either side of pEMT spectrum (Pastushenko et al., 2018; Bhatia et al., 2020). For

example, early, intermediate, and late hybrid E/M states were identified by differential surface protein

expression of CD106, CD61, and CD51 in skin and mammary primary tumor cells (Pastushenko et al.,

2018). Although the proposed hybrid states affect tumor progression, metastasis, and drug resistance,

the precise mechanisms of how cells transition in vivo through these intermediate states, their stability,

and mechanistic regulation remain to be determined.

The tumor microenvironment (TME) surrounding the tumor cells can contribute to the emergence, stability,

and regulation of pEMT phenotype, consequently driving tumor progression (Bhatia et al., 2020). TME is
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Figure 1. Partial EMT (pEMT) phenotype involves a spectrum of changes between epithelial and mesenchymal

phenotypes

The tumor cells expressing pEMT phenotype interact with surrounding extracellular matrix, which induces tumor

heterogeneity. pEMT also regulates key processes in tumor progression: cell-cycle regulation, collective migration,

metastasis, and therapeutic resistance.

ll
OPEN ACCESS

iScience
Review
heterogeneous, spatially organized yet complex amalgamation of tumor cells, fibroblasts, endothelial

cells, immune cells, and other stromal cells recruited by tumor cells within the surrounding extracellular ma-

trix (ECM). The phenotypic plasticity of tumor cells is dynamic and orchestrated by various factors in the

stromal TME. The bilateral cross-talk between the pEMT+ tumor cells and TME leads to activation of para-

crine signaling, further promoting hallmarks of tumor progression (Bhatia et al., 2020).

The concept of pEMT is of high clinical significance as it is associated with higher tumor grade, tumor

relapse, and increased metastasis (Yagasaki et al., 1996; Haraguchi et al., 1999). The pEMT defined by

co-expression of epithelial and mesenchymal markers has been observed in a subset of pancreatic,

lung, colorectal, and breast cancers as well as non-small-cell lung carcinoma (NSCLC) and cutaneous car-

cinosarcoma (Bronsert et al., 2014; Kolijn et al., 2015; Zacharias et al., 2018; Paniz-Mondolfi et al., 2014). In

oral squamous cell carcinoma patients, co-expression of keratin-14 (K14) and vimentin (VIM) was associated

with poor prognosis (Dmello et al., 2017). Interestingly, in breast cancer cells concomitant expression of

both epithelial and mesenchymal transcripts was also detected in the circulating tumor cells (CTCs) (Yu

et al., 2013), metastatic pleural effusions (Donnenberg et al., 2018), and at the invading edges of primary

carcinomas (Donnenberg et al., 2010). Recently, single-cell RNA sequencing identified a pEMT gene signa-

ture that was able to independently predict high tumor grade and nodal metastasis in head and neck squa-

mous cell carcinoma (HNSCC) patients (Puram et al., 2017), further warranting mechanistic insights into

pEMT biology.

In this review, we highlight the important crosstalk between tumor cells and microenvironmental factors

that promote pEMT. We then summarize recent scientific knowledge on how pEMT regulates hallmarks

of tumor progression.We note that majority of studies utilize two-dimensional (2D) cell culture approaches,

which do not completely recapitulate the in vivo TME. Although tissue-engineered three-dimensional (3D)

models better recapitulate in vivomicroenvironment, the efforts in this area are lacking. Hence, we discuss

how tumor-intrinsic factors drive pEMT through interactions with ECM and other stromal-derived factors
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with the hope to generate interest among tissue engineers to build innovative 3D models for studying

pEMT phenotype.

INTERPLAY BETWEEN TUMOR MICROENVIRONMENT AND PEMT

The TME consists of tumor cells, stromal cells along with their secreted factors, and surrounding ECM. TME

is highly dynamic and both the tumor cells and TME co-evolve during tumor progression (Bussard et al.,

2016). Here, we examine how TME contributes to pEMT. We further discern different dimensions of TME

ranging from tumor-intrinsic factors, ECM-related factors, and stromal-related factors and their role in

regulating pEMT phenotype (Figure 1, Table 1).

Tumor-intrinsic factors

Tumor-intrinsic factors such as hypoxia may contribute to stabilization of cells in pEMT state (Figure 1).

(Chen et al., 2018a; Singh et al., 2016, 2018a, 2019; Saxena et al., 2020) This is supported by data generated

with commonly used breast and pancreatic cell lines (MCF-7, T47D, MDA-MB-231, MDA-MB-468, BxPc-3,

and Panc-1) cultured under hypoxia, which resulted in expression of both epithelial (E-cadherin, ECAD) and

mesenchymal markers (VIM) along with increased migration (Chen et al., 2018a; Lundgren et al., 2009).

Mechanistically, it was shown that hypoxic esophageal squamous cell carcinoma (ESCC) cells expressed

high levels of HIF1A and EIFA2 and exhibited pEMT phenotype with co-expression of ECAD and VIM.

Together with high expression of VEGF in the TME, these cells generated highly invasive and vascularized

aggressive tumor environment (Li et al., 2014). In a recent review (Saxena et al., 2020), it is proposed that

cyclic or intermittent hypoxia observed in TME may play role in stabilization of pEMT phenotype through

HIF1A stabilization and/or crosstalk between HIF1A and NRF2.

Unlike these initial studies in 2D cell monolayers exposed to hypoxic chambers, we have generated a

unique 3D size-controlled microtumor model (Figures 2A and 2B) to recapitulate and study tumor-intrinsic

hypoxia without any genetic manipulation or any artificial culture conditions (Aggarwal et al., 2020; Singh

et al., 2015, 2016, 2018a, 2018b, 2019; Patel and Sant, 2016). Our 3D platform generates uniform microtu-

mors, which recapitulate the tumor-intrinsic hypoxic environment in vitro (Singh et al., 2019). These micro-

tumor models include (1) non-hypoxic, non-migratory small microtumors (%150 mm) and (2) hypoxic, migra-

tory large microtumors (R500 mm) that migrate starting from day 3 to day 6 in culture (Figure 2D). (Singh

et al., 2016) Interestingly, the microtumors generated from the same parent T47D cells showed tumor het-

erogeneity, with heterogeneous cell population expressing E, M, and E/M (pEMT) markers in large micro-

tumors. Gene expression analysis of large migratory versus small non-migratory microtumors highlighted

cell cycle as one of the biological functions of the differentially regulated genes enriched in the large hyp-

oxic microtumors (unpublished data) (Figure 2C). The signaling pathways and genes associated with the

progression of cell cycle such as cyclin A, B, D, and E,CDK1, andCDK2were downregulated in large migra-

tory microtumors while upregulating the cell cycle inhibitor p27. Cell cycle analysis demonstrated that 70%

of the cells are in G0/G1 and G1/G2 on day 6 in the large hypoxic microtumors (Figure 2E). No changes

were observed from day 1 to day 6 in the percentage of cells in S or G2/M suggestive of cell-cycle arrest

(Singh et al., 2018a). The large hypoxic microtumors expressedHIF1A, SNAI1, SNAI2, VIM, and FN1without

loss of ECAD, which supports emergence of pEMT phenotype (Singh et al., 2018a, 2019). We also observed

collective migration in these large hypoxic microtumors. Interestingly, the cells expressing pEMT were

localized at the leading edge of the migrating tumors, which supports the notion that pEMT plays a role

in collective migration (Figure 2F). Together, our unique 3D microtumor model recapitulates features of

pEMT described in this review and is a unique tool to study the mechanistic link between hypoxia and

pEMT and its association with tumor heterogeneity, cell-cycle arrest, and collective migration, which is

currently under investigation.

The acidic TME has also been shown to drive the pEMT phenotype. It was shown that acidic microenviron-

ments can cause a phenotypic switch leading to pEMT, providing evidence of tumor cell plasticity and the

resulting heterogeneity among cancer cell populations undergoing acidic adaptation (Sadeghi et al.,

2020). MCF-7 cells undergoing acid adaptation showed a phenotypic switch with high co-expression of

mesenchymal and epithelial markers such as SNAI1, VIM, b-catenin, and ECAD and ZO-1. Integrative anal-

ysis of transcriptomics, proteomics, and spatial immunofluorescence of MCF-7 cells indicated that S100

proteins play a role in the acid-induced pEMT (Sadeghi et al., 2020). Survival analysis in ductal carcinoma

in situ (DCIS) patients showed that higher expression of S100A6 correlated with worse survival, supporting

the role of pEMT and acidic TME.
iScience 24, 102113, February 19, 2021 3



Table 1. Summary of pEMT markers

E/M Markers used

to characterize

pEMT phenotypea
Proposed pEMT

Markers Cancer Cell Lines

Microenvironmental

Factor

Tumor

Model

(in vitro/

in vivo) Significance Ref.

Tumor-intrinsic factors

ECAD, ZO1/SNAI1,

VIM, b-catenin

S100A6 Breast cancer MCF-7 Acidic microenvironment

(pH 6.5 � 2 months)

In vitro Acidic-adaptation-induced pEMT phenotype

with MCF-7 cells expressing high VIM and loss

of b-catenin, ZO-1, SNAI1 while maintaining

expression of ECAD. S100A6 proteins induced

pEMT phenotype in acid-adapted MCF-7 cells.

Sadeghi et al., 2020

ECAD/VIM - Breast cancer MCF-7, T47D,

MDA-MB-231,

MDA-MB-468

Hypoxia (5% O2) In vitro pEMT cells had increased migration potential Chen et al., 2018a

ECAD/VIM - Breast cancer T47D Hypoxia (Tumor—intrinsic) In vitro pEMT cells localized to leading edge of

migratory tumors linking role of pEMT to

collective migration

Singh et al., 2018a

ECAD/VIM VEGF Esophageal

squamous

cell carcinoma

KYSE140,

KYSE180,

KYSE510,

KYSE520

Hypoxia (1% O2) In vitro pEMT cells along with elevated VEGF

generated invasive TME

Li et al., 2014

ECAD/VIM - Pancreatic

cancer

BxPc-3, Panc-1 Hypoxia (0.1%

O2 � 2 to 96 h)

In vitro pEMT cells had increased migration potential Lundgren et al., 2009

ECAD/ZEB1 NRF2 Non-small-cell

lung carcinoma,

Bladder cancer

H1975

RT4

Tumor intrinsic

metabolism

In vitro NRF2 activated and stabilized pEMT

phenotype

Bocci et al., 2019

Extracellular matrix (ECM)-related factors

ECAD/VIM - Pancreatic

cancer

BxPc-3 Collagen and fibronectin

matrix

In vitro pEMT cells migrated with amoeboid mode or

filopodium-like protrusions by ECM

remodeling (collagen degradation and re-

orientation of fibronectin matrix)

Kim et al., 2020

ECAD/ FN1, MMP1 L1CAM Colorectal

cancer

Caco-2 L1CAM, a-2, a-5, and

b-1 integrins, FN1

In vitro Loss of NEO1 induced pEMT through ECM

remodeling i.e. upregulation of L1CAM, a-2,

a-5, b-1 integrins, and FN1

Chaturvedi et al.,

2019

ECAD/ VIM Cathepsin B Salivary adenoid

cystic carcinoma

SACC-83 Cathepsin B In vitro Leader cells expressed pEMT markers and

cathepsin B, which facilitated ECM remodeling

and tumor invasion

Wu et al., 2019

ECAD/VIM, ZEB2 COL2A1, FN1 Hepatocellular

carcinoma

Huh7 FN1, COL2A1 In vitro pEMT cells in exosomal secretion expressed

COL2A1 and FN1

Karaosmanoglu et al., 2018

(Continued on next page)
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Table 1. Continued

E/M Markers used

to characterize

pEMT phenotypea
Proposed pEMT

Markers Cancer Cell Lines

Microenvironmental

Factor

Tumor

Model

(in vitro/

in vivo) Significance Ref.

ECAD/NCAD, ZEB2 - Breast cancer EpH4 Alginate matrix In vitro pEMT cells showed front-back polarity and

aggressive phenotype

Bidarra et al., 2016

ECAD/SNAI1, SNAI2 Laminin 5 Hepatocellular

carcinoma

Hep3B Laminin 5 In vitro Laminin 5 induced pEMT phenotype Giannelli et al., 2005

Stromal-cell-related factors

� Cancer-associated fibroblasts

ECAD/ZEB1 - Breast cancer MCF-7, NOG

mice

Stromal fibroblasts In vitro/

in vivo

CAFs secreted SDF1 drive collective migration

of pEMT cells

Matsumura et al., 2019

ECAD/VIM - Pancreatic cancer BxPc-3, Panc-1 CAFs In vitro CAFs stabilized pEMT state and increased

migration and invasion

Shan et al., 2017

100 pEMT gene

signature

- Head and neck

cancer

SCC9 CAFs In vitro and

patient

samples

Paracrine interactions of CAFs and tumor cells

promoted pEMT phenotype vai TGFB/TGFBI

axis

Puram et al., 2017

ECAD/ VIM CD44 NSCLC

adenocarcinoma

HCC827,

H3255,

A549

Stromal fibroblasts In vitro Fibroblasts in TME drive pEMT phenotype Karacosta et al., 2019

�Adipocyte tissue derived stromal cells

ECAD/CLDN7 - Breast cancer MDA-MB-231,

Hs578t

Adipocyte In vitro Mature adipocytes induced pEMT phenotype Pallegar et al., 2019

ECAD/VIM - Breast cancer MCF-10A Leptin (adipocyte-

secreted hormone)

In vitro Leptin induced pEMT at leading edge and

induced collective migration

Villanueva-Duque et al.,

2017

�Tumor associated macrophages (TAMs)

ECAD/VIM, SNAI2 - Breast cancer MCF-7, T47D M1 TAMs In vitro M1 TAMs secretome derived pEMT

phenotype, increased migration and invasion

Bednarczyk et al., 2018

Cadherin 2 (NCAD), claudin 7 (CLDN7), collagen type II alpha 1 (COL2A1), E-cadherin (ECAD), extracellular matrix (ECM), fibronectin 1 (FN1), L1 cell adhesion molecule (L1CAM), matrix metalloproteinase-1

(MMP1), partial EMT (pEMT), neogenin 1 (NEO1), NOD/Shi-scid IL2 g null (NOG), non-small-cell lung carcinoma (NSCLC), snail family transcription repressor 1 (SNAI1), snail transcription repressor 2 (SNAI2),

vascular endothelial growth factor (VEGF), transforming growth factor beta (TGFB), transforming growth factor beta induced (TGFBI), tumor microenvironment (TME), vimentin (VIM), zinc finfer E-box-binding

homeobox 1 (ZEB1), zinc finger E-box-binding homeobox 2 (ZEB2), zonula occludens 1 (ZO1).
aFew studies used multiple epithelial and mesenchymal markers to characterize pEMT phenotype, which are being listed using ‘‘/’’ between epithelial and mesenchymal markers.
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Figure 2. Three-dimensional (3D) microtumor models to study tumor-intrinsic hypoxia-driven migration

(A–F) (A) Size-controlled hydrogel microwell arrays (150 and 600 mm) used to generate the microtumors. (B) Photomicrographs show size-controlled 150 mm

microtumors and 600 mmmicrotumors on day 1. (C) Hypoxia signature in large hypoxic 600 mm microtumors. (D) Hypoxia is absent in non-migrating 150 mm

microtumors from day 1 to day 6. In large 600 mmmicrotumors, hypoxia is observed from day 1 to day 6 in the migrating 600 mmmicrotumors. Scale bars: 300

mm (top panel) and 250 mm (bottom panel). (E) Large microtumors show significant increase in sub G0/G1 phase and decrease in G0/G1 phase with no

differences in S and G2/M phase compared with 2D and small microtumors (reproduced from Singh et al., 2018a). (F) Immunofluorescence images of

microtumors showed uniform E-cad (green) staining in large microtumors, whereas VIM (red) was expressed only at the periphery in large microtumors.
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Tumor cells can also exhibit metabolic reprogramming/metabolic plasticity to survive under different mi-

croenvironments and in turn, can undergo transition from epithelial cells to pEMT state (Jia et al., 2018;

Thomson et al., 2019). NRF2, a cellular metabolic reprogrammer, has been reported to activate and stabi-

lize pEMT phenotype characterized by co-expression of ECAD and ZEB1 in both NSCLC and bladder can-

cer (Bocci et al., 2019). However, additional experimental evidence is needed to establish a causal associ-

ation between metabolism and pEMT, which can further justify the use of metabolic inhibitors in pEMT

targeting (Ramesh et al., 2020).
Extracellular matrix-related factors

The crosstalk between tumor cells and ECM in regulating complete EMT is well established (Bussard et al.,

2016). EMT has traditionally been known to be activated through collagen-dependent activation of EMT-

transcription factors and through mechanotransduction by matrix stiffness, osmotic pressure, fluid flow, or

tissue tension (Aiello and Kang, 2019). The pEMT is also modulated via ECM-mediated factors such as

collagen, fibronectin, laminins, etc. (Table 1).

Fibrinogen gamma chain (FGG) along with post-transcriptionally modified collagen type II alpha 1

(COL2A1) and fibronectin 1 (FN1) were identified as biomarkers of pEMT (ECADhi/VIMlo/ZEB2lo) in exoso-

mal secretion of SNAI2 overexpressing hepatocellular carcinoma (Huh7) cells (Karaosmanoglu et al., 2018).

Interestingly, when stratified squamous epithelial cell sheets were grafted onto a hydrated type I collagen

gel, the epithelial cells underwent transformation to transient pEMT and exhibited collective migration (Ka-

sai et al., 2017). When co-cultured with pancreatic stellate cells in a collagen matrix, human BxPc-3 pancre-

atic cancer cells exhibited pEMT phenotype (ECAD+/VIM+) and migrated through filopodium-like protru-

sions or ameboid mode by activating focal adhesion kinase (FAK), elevated expression of integrin b1

(ITGB1), and ECM remodeling by collagen degradation, re-orientation of collagen fibers, and deposition

of fibronectin matrix (Kim et al., 2020). In human colorectal carcinoma cells, loss of neogenin 1 (NEO1), a

tumor suppressor gene, shifted their transcriptional profile to pEMT and contributed to increased motility
6 iScience 24, 102113, February 19, 2021



Figure 3. Three-dimensional (3D) bioengineering platforms used to study partial EMT phenotype

(A) 96-well low attachment plate.

(B) Hanging drop spheroid culture method, adapted with permission Kuo et al. (2017).

(C) Soft-agar-coated spheroid model, adapted with permission from Chaicharoenaudomrung et al. (2019).

(D) Collagen matrix for studying microenvironment interactions with tumor cells, adapted with permission from Kasai et al., (2017).

(E) Microfluidic platform, reproduced from Kuo et al. (2014) with permission from The Royal Society of Chemistry.

(F) Breast tumor cells-adipocytes co-culture model, adapted with permission from cross-reference to Debnath et al. (2003).
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through L1CAM upregulation, decreased F-actin stress fibers, and ECM remodeling (a-2, a-5, and b-1 in-

tegrins and FN1). NEO1 is known to localize to the adherence junctions in ECAD-dependent pathway,

wherein it recruits ARP2/3 and WRC and promotes F-actin formation (Chaturvedi et al., 2019). Role of lam-

inin 5 (LN5) has also been investigated in induction of pEMT where LN5 individually induced pEMT pheno-

type (ECADlo/Snailhi/Slughi) in hepatocellular carcinoma; however, together with TGFB1, LN5 synergisti-

cally drove complete EMT (Giannelli et al., 2005). Taken together, these studies highlight the role of

ECM components in affecting pEMT and emphasize the importance of investigating how ECM compo-

nents interact with tumor-specific signaling molecules to drive pEMT, tumor invasion, and metastasis.

Apart from 2D studies, role of ECM remodeling was shown in collective leader cell migration in 3D salivary

adenoid cystic carcinoma-83 spheroids grown using three different methods, namely hanging drop tech-

nique, 96-well ultra-low attachment plates, and soft agar coated 96-well plates (Figures 3A and 3B). In this

study, the leader cells expressing pEMT (ECAD+/VIM+) expressed cathepsin B (CTSB), which facilitated tu-

mor invasion via ECM remodeling and upregulation of RhoA, ROCK1, ROCK2, FAK, and MMP9 (Wu et al.,

2019). When EpH4 mouse mammary epithelial cells were cultured in 3D alginate matrices (Figure 3C) acti-

vated with RGD peptides, TGFB1 induced complete EMT generating mesenchymal-like cells. TGFb1

removal resulted in phenotypic switching to an intermediate state, with cells expressing both epithelial

and mesenchymal markers at gene/protein levels. These pEMT cells were able to form colonies with

front-back polarity and aggressive phenotype (Bidarra et al., 2016). In an evaporation-based 3D paper

pump model, type I collagen gel (Figures 3D and 3E) was used to generate epidermal growth factor

(EGF) gradient, which induced pEMT and collective cell migration in MCF-7 spheroids demonstrating

pseudopodia protrusions from the migratory cells (Kuo et al., 2014). The initial results from 3Dmodels (Fig-

ure 3) elicit convincing analogy between the pEMT and collective migration and can potentially be prom-

ising tools to gain mechanistic insights on pEMT driving collective migration.
iScience 24, 102113, February 19, 2021 7
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Stromal cell-related factors

Tumor cells have also been reported to co-opt surrounding stromal cells to transition into tumor-associ-

ated stromal cells (TASCs). These TASCs express fibroblast-activating protein, alpha-smooth muscle actin,

and MMPs and secrete pro-tumorigenic cytokines and chemokines such as SDF1A, MMPs, IL-6, IL-8, VEGF,

and tenascin-C, which further modulate tumor progression (Bussard et al., 2016). The major stromal cells

include cancer-associated fibroblasts (CAFs), cancer-associated adipocytes (CAAs), adipose-tissue-

derived stromal cells (ASCs), and tumor-associated macrophages (TAMs) (Table 1). In addition to stromal

cells, stromal cell-derived cytokines or chemokines also contribute to pEMT regulation; however, experi-

mental evidence is needed.

Cancer-associated fibroblasts

Fibroblasts are one of the most abundant cell type within the TME. The bi-directional crosstalk mediated

through paracrine factors secreted from tumor cells and the microenvironment differentiate normal fibro-

blasts into CAFs, which further drive tumor progression via pEMT (Yoshida et al., 2019). Activation of CAFs

is further linked to collective migration and stabilization of cells in the pEMT state (Table 1) (Yoshida, 2020).

The pEMT tumor cells then interact with surrounding TME to evade therapy, promote chemoresistance

(Yoshida et al., 2019), and enhance cell migration (Li et al., 2019a). In an indirect co-culture model of inter-

stitial TME, paracrine activation of hedgehog signaling in CAFs stabilized pancreatic cancer cells (BxPc-3,

Panc-1) in pEMT state, further promoting their migration and invasion potential (Shan et al., 2017).

Matsumura et al. used a co-implantation tumor xenograft model to determine the interactions between

green fluorescent protein (GFP)-labeled tumor cells and human stromal fibroblasts, directly demonstrating

that CAFs drive the tumor cell cluster formation and collectivemigration of both epithelial and pEMT cancer

population (Matsumura et al., 2019). Further, CAFs secreted SDF1 and induced Src activation in tumor cells

leading to collective migration, further contributing to increased invasion, metastasis, and presence of

pEMT clusters in the circulation. Puram et al. (Puramet al., 2017) showed that paracrine interactions between

tumor cells at the leading edge and surroundingCAFs promote a pEMTprogram via TGFB/TGFBI axes. The

CAF-leading edge tumor interactions included secreted ligands fromCAFs with expression of correspond-

ing receptors on the tumor cells such as TGFB3-TGFBR2, FGF7-FGFR2, and CXCL12-CXCR7, all contrib-

uting to pEMT. Targeting these CAF-tumor cell interactions may represent a potential therapeutic

approach.

Adipocyte tissue-derived stromal cells

Adipocytes are known to infiltrate the TME, and the ratio of ECM to adipocytes impacts tumor progression

and metastases (Seo et al., 2015). In a novel 3D co-culture model recapitulating tumor cells, ECM, and

adipocyte interactions (Figure 3F) in vivo, the pre-adipocytes were differentiated into mature adipocytes

on chamber slides for 5 days, which were then overlaid on laminin-rich matrigel. These mature adipocytes

elicited transition of mesenchymal MDA-MB-231 and Hs578t breast cancer cells to epithelial-like structure.

Adipocytes induced significant expression of both ECAD and CLDN7 (pEMT) in MDA-MB-231 and Hs578

cells (Pallegar et al., 2019). Besides adipocytes, adipocyte-secreted hormone such as leptin was also re-

ported to induce pEMT in MCF10A non-tumorigenic mammary cells via FAK-ERK dependent pathway (Vil-

lanueva-Duque et al., 2017). Leptin treatment induced change in sub-cellular localization of ECAD from

plasma membrane to cytoplasm along with increased perinuclear VIM expression via elevated phosphor-

ylation of FAK and ERK. This, in turn induced collective cell migration with fibroblast-like morphology for

the cells at leading edge (Villanueva-Duque et al., 2017).

Tumor-associated macrophages

Tumor-associated macrophages (TAMs) are another major component of TME, and increased tumor infil-

tration of TAMs has been widely associated with poor prognosis. TAMs create an immunosuppressive TME,

which facilitate metastatic cascade via secretion of chemokines, cytokines, and growth factors (Lin et al.,

2019). The secretome of M1 TAMs has been shown to drive pEMT phenotype in MCF-7 and T47D cells,

which was further correlated to increased tumor migration and invasion (Bednarczyk et al., 2018). Although

TAMs and polarized phenotypes M1 andM2 have been extensively studied with respect to cancer progres-

sion, the experimental evidence of the role of TAMs in inducing pEMT remains to be explored. This asso-

ciation has been explored using in silico computational models, wherein polarized M1/M2 macrophages
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were shown to interact with tumor cells expressing pEMT phenotype (Li et al., 2019b) through interaction

networks but remains to be validated using experimental models.

We note that the current understanding of pEMT phenotype is mainly driven by experimental approaches

based on 2D culture studies, which are limited in their physiological relevance. Given the importance of

TME in the pEMT phenotype, tissue engineering approaches offer timely opportunity to engineer

controlled yet complex TME and tease out microenvironmental influence on pEMT driving aggressive tu-

mor behaviors.
SIGNIFICANCE/ROLE OF PEMT IN TUMOR PROGRESSION

Presence of pEMT phenotype entails presence of E, M, and E/M phenotype enhancing tumor heterogene-

ity and thus, variable treatment response to the established therapeutic treatments across cancer types

(Donnenberg and Donnenberg, 2015). The following section highlights the role of pEMT in regulating

key hallmarks of tumor progression.
Tumor heterogeneity

After malignant transformation, cancer cells remain dynamic and continue to respond to the intrinsic and

extrinsic signals in the TME (Teeuwssen and Fodde, 2019). This constant change and evolution drives tumor

heterogeneity with cell sub-populations exhibiting diverse molecular signatures as a consequence of ge-

netic, transcriptomic, epigenetic, and phenotypic changes (Teeuwssen and Fodde, 2019; Tripathi et al.,

2020). Such heterogeneity directly affects overall tumor progression and therapeutic response (Fischer

et al., 2015; Donnenberg and Donnenberg, 2015; Donnenberg et al., 2007), allowing cells to respond

and adapt quickly to diverse conditions including therapeutic treatments (Tripathi et al., 2020). Tumor het-

erogeneity can be influenced by various factors such as inflammation, anatomical location, presence of

secreted factors, cell-cell communication, and ECM density and the pH of TME. Further, intrinsic factors

such as the morphological and epigenetic changes also influence temporal heterogeneity (Teeuwssen

and Fodde, 2019).

Through integrated computational-experimental framework (Bocci et al., 2019a), it was suggested that

phenotypic heterogeneity arises from a gradient of EMT-inducing signals such as TGFB via Notch-Jagged

pathway. The TGFB diffusion gradient generated heterogeneity by spatial segregation of mesenchymal-

like cancer stem cells with complete EMT at the invasive front of the tumor, whereas cancer stem cells

with pEMT were localized in the interior of the tumor. This model further revealed that Notch-Jagged

signaling generated distinct pattern of pEMT states within the tumor interior surrounded by other tumor

cells in different pEMT states, generating heterogeneous clusters (Bocci et al., 2019a). Similarly, it was pre-

dicted from in silico models that miR-200/ZEB1 behaves as a three-way decision-making switch enabling

epithelial (E) to hybrid (E/M) to mesenchymal (M) transition in response to exogenous TGFB stimulation

(Jia et al., 2017).

Metabolic states and epigenetic modifications also promote plasticity and heterogeneity. Chromatin re-

modeling complexes such as polycomb and NuRD lead to post-translational histone modifications and

EMT-related transcription factors that epigenetically drive cells from epithelial to mesenchymal pheno-

types (Teeuwssen and Fodde, 2019). EMT-related transcription factors such as NUMB, GRHL2, and

OVOL act as phenotypic stability factors to stabilize pEMT (Teeuwssen and Fodde, 2019).

The stability of pEMT and tumor heterogeneity for extended periods also enables the acquisition of ther-

apeutic resistance. Tripathi et al. (Tripathi et al., 2020) developed a computational model that predicted

that heterogeneity arises from cell division-associated stochastic changes due to intrinsic noise, which is

maintained over multiple cell passages and contributes to non-genetic heterogeneity. This behavior can

contribute to metastatic aggressiveness and potential re-development of phenotypic complexity at distant

organ sites (Tripathi et al., 2020; Donnenberg et al., 2013). Cells in pEMT state have superior survival stra-

tegies and can either be immune-resistant or chemo-tolerant, further promoting tumor heterogeneity (Tri-

pathi et al., 2020).
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pEMT and cell cycle regulation

The regulators of pEMT are also associated with cell-cycle regulation (Goetz et al., 2020; Denisov and Per-

elmuter, 2018). For instance, hypoxia can elevate TGFB1 levels (Topalovski et al., 2016), a transcription fac-

tor known to induce complete EMT in epithelial cells (Hao et al., 2019). The initiation of EMT caused by

TGFB1 signaling pathway activates SNAI1 (Tran et al., 2011), which simultaneously upregulates the levels

of the cyclin-dependent kinase inhibitor p21 causing cell-cycle arrest (Vega et al., 2004; Xing and Tian,

2019). The ERK is another regulator of EMT plasticity associated with the dysregulation of cell cycle during

transient EMT states (Shin et al., 2019). Sustained ERK activation can suppress cell cycle via FOXO1 (Shin

et al., 2019), enhancing expression of the cell cycle inhibitors p21 and p27 repressing cell proliferation

(Diep et al., 2013; Schmidt et al., 2002). A number of studies in different cancer types such as melanoma

(Carreira et al., 2006), epithelial adenocarcinoma (Svensson et al., 2003), colorectal (Rubio, 2008), pancre-

atic (Qian et al., 2002), gastric (Yano et al., 2014), hepatocellular (Iwasaki et al., 1995), and breast cancers

(Wang et al., 2004; Goswami et al., 2004) have reported that invading cancer cells are predominantly in

G0/G1 phase with repression of proliferation-related molecules such as cyclin D, cyclin E, and the overex-

pression of cell-cycle inhibitors p21 and p27 (Kohrman and Matus, 2017). The nascent evidence suggesting

that pEMT is characterized by the overexpression of cell-cycle inhibitors and that invasive cancers are in

cell-cycle arrest implies a link between pEMT, cell-cycle arrest, and invasiveness that needs to be further

investigated.
pEMT and collective migration

Collective migration is observed in many aggressive cancers in which a group of cells maintain a coordi-

nated movement guided by the cues from the microenvironment (Yang et al., 2019b). Contrary to the

migratory single cells that exhibit complete loss of cell-cell adhesion, migratory cell clusters preserve

cell-cell junctions principally through ECAD (Singh et al., 2016, 2019), gap junctions (Citi et al., 2014; Kuznik

et al., 2016; Park et al., 2016; Leech et al., 2018; Upadhaya et al., 2019; Zhang et al., 2020), and surface

adherent proteins from the immunoglobulin family (Friedl et al., 2012; Aiello et al., 2018).

Collective migratory clusters have different movement dynamics and morphologies ranging from cell

strands, broad clusters that migrate together, and cell groups that form luminal structures (Friedl et al.,

2012). These morphological arrangements depend on the adhesion system and cell-ECM relationships

and the status of pEMT program in cell populations (Friedl et al., 2012). A recent study by Aiello et al. (Aiello

et al., 2018) analyzed the migration pattern of pancreatic cancer cell spheroids with complete EMT or

pEMT. The pEMT was defined in cluster of tumors that co-express epithelial markers (ECAD and

CLDN7) and the mesenchymal markers (ETV1, PRRX1, ZEB1, TWIST1, SNAI1, SNAI2, and ZEB2). Authors

observed that tumor spheres of pEMT cells retained cell-cell junctions and moved as a collective cluster.

This is also supported by work from Friedl et al. and our group who reported that carcinomas expressing

pEMT phenotype are present at the leading edge and promote collectivemigration while retaining cell-cell

junctions (Friedl and Mayor, 2017; Donnenberg et al., 2010). In contrast, tumor spheres from cells repre-

senting complete EMT showed a spindle morphology and migrated as single cells (Aiello et al., 2018), sup-

porting the notion that pEMT subtype impacts the migration pattern.

Gao et al. (Gao et al., 2014) observed that TGFB promoted collective motility of NIH-OVCAR3 cells without

changes in the expression of ECAD and the increase in CLDN1 and N-cadherin (CDH2), a pattern charac-

teristic of pEMT. Increased CLDN1 is further linked to collectivemigration in cells undergoing pEMT (Giam-

pieri et al., 2009). Analogous results were obtained by Rypens et al. (Rypens et al., 2020) who studied the

metastatic potential of invasive breast carcinoma (IBC) clusters migrating through the draining lymphatics

(Rypens et al., 2020). Authors observed the presence of ECAD in collectively invading IBC, which is a char-

acteristic of pEMT. Moreover, the study demonstrated that TGFB induced collective movement of IBC clus-

ters through reduced SMAD3 expression and activation of MYC response program (Rypens et al., 2020;

Kohn et al., 2012).

One of many different mechanisms of collective migration/invasion suggests role of leader and follower

cells (Yang et al., 2019a, 2019b; Friedl and Gilmour, 2009; Zoeller et al., 2019). The leader cells locate to

the invading front of the tumor, interact with the surrounding non-malignant cells, and facilitate the inva-

sion of the migratory cluster, whereas the follower cells remain at the back of the cluster. Cells at the lead-

ing edge havemoremesenchymal characteristics (Donnenberg et al., 2010) as compared with more epithe-

lial, follower cells (Yang et al., 2019b). However, both leaders and followers show high expression of tight
10 iScience 24, 102113, February 19, 2021
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junction molecules, indicating that leader cells showing mesenchymal-like phenotype undergo pEMT

(Yang et al., 2019a). Studies in basal-like breast cancer have shown that DNp63a stimulates collective inva-

sion by initiating pEMT through expression of SNAI2 and Axl receptor tyrosine kinase (AXL) while silencing

ZEB1 and ZEB2 to maintain ECAD adherence junctions (Chen et al., 2019). In luminal carcinomas, pEMT

leader cells show high expression of CD44, whereas followers exhibit epithelial characteristics with no or

low levels of CD44 expression; however, both cells can switch from high to low CD44 expression when

MET occurs indicating phenotypic plasticity during seeding of collectively migrating cells (Yang et al.,

2019a). The genetic heterogeneity of the collectively invading clusters was also shown in NSCLC where

14 mutations were selectively enriched in either leaders or follower cells. Specifically, ACTR3 found in

the leader cells and KDM5B (Zoeller et al., 2019) in the follower cells were compared with a pEMT plasticity

(da Silva-Diz et al., 2018; Cheung et al., 2013), supporting a direct relationship between collective migra-

tion, pEMT, and genetic as well as phenotypic differences in the leader/follower cells.

The ‘‘rear-wheel drive’’ collective migration mechanism emphasizes the contribution of the rear end of

moving clusters to the directionality of collective migration (Shellard and Mayor, 2019; Shellard et al.,

2018; Yamada and Sixt, 2019). In this mechanism, a supracellular contractile actomyosin belt that stretches

across the cells at the back of the cluster pushes the cohort from behind resulting in a synchronized move

(Shellard et al., 2018). The moving cluster acquires supracellular polarity in which the group, but not indi-

vidual cells, acquires front-rear polarity (Shellard and Mayor, 2019; Shellard et al., 2018). The front of the

cluster develops protrusions, whereas the back exhibits actomyosin contractility (Shellard and Mayor,

2019; Shellard et al., 2018). To acquire supracellular polarity, it is necessary that the cluster retain the

cell-cell adhesions (Shellard and Mayor, 2019; Shellard et al., 2018; Venhuizen and Zegers, 2017; Yamada

and Sixt, 2019). Although this collective migration mechanism has been described in clusters of migrating

neural crest cells in Xenopus (Shellard et al., 2018), in border cells of Drosophila melanogaster (Combeda-

zou et al., 2017), and in invading cancer cells (Hidalgo-Carcedo et al., 2011), the role of pEMT in supracel-

lular polarity/"rear-wheel drive’’ migration remains to be determined.

The prevalence of collective migration has been identified in invasive cancers and has been associated with

poor clinical outcomes (Chung et al., 2016; Wang et al., 2020). The correlation between collective migration

and pEMT and their contribution to distant metastasis was described in both invasive ductal carcinoma

(IDC) and invasive lobular carcinoma (ILC) (Khalil et al., 2017). However, collective migration in IDC retained

ECAD adherence junctions, whereas ILC, despite of the absence of ECAD, expressed CD44 at the cell-cell

junction. Histological analysis of IDC and ILC indicated that both migratory groups retained epithelial char-

acteristics and lacked complete EMT. Further, in both breast carcinoma types, the extent of collective in-

vasion into the adjacent adipose tissue was positively correlated with metastasis (Khalil et al., 2017). Anal-

ogous results were found in 176 collectively invading breast cancer samples, where tumors at the primary

and the metastatic sites exhibited pEMT (co-expression of ECAD and VIM) and had the worst disease-free

survival (Yamashita et al., 2018; Donnenberg and Donnenberg, 2015). It is further shown pEMT cells form

heterogeneous clusters and enter blood vessels as CTC clusters (Lecharpentier et al., 2011; Bocci et al.,

2019b; Jia et al., 2019). The recent experimental models of collective migration and clinical evidence sup-

port a link between pEMT, emergence of leader and follower cells, collective migration, and metastasis.

The identification of pEMT in early disease stages can be a possible diagnostic target of cancer

aggressiveness.
Metastasis

Multiple pEMT states and phenotypes have been identified in various cell lines, and during metastasis

in vivo and pEMT cancer cells are more prone to metastatic outgrowths (Donnenberg et al., 2018;

Goetz et al., 2020; Karacosta et al., 2019; Pastushenko et al., 2018; Schliekelman et al., 2015; Stylianou

et al., 2019). In a systematic mathematical analysis, Goetz et al. (Goetz et al., 2020) concluded that more

the number of intermediate states, the more chances to metastasize. The simulations showed that by

stabilizing one intermediate state, cells can be trapped for a much longer slowing down complete

EMT.

Chen et al. (Chen et al., 2018b) used lineage tracing to monitor pEMT in genetically engineered mice that

spontaneously develop pancreatic ductal carcinoma and identified that a-SMA and FSP-1 mediated pEMT

in the primary tumor. In metastasis, only disseminated tumor clusters containing 3–5 cells (micrometastasis)

presented a pEMT phenotype and expressed both a-SMA and FSP-1. However, in the same model, the
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established lung and liver metastases were predominantly composed of cancer cells that maintained

epithelial phenotype without a-SMA and FSP-1 expression. One possible explanation is the emergence

of larger metastatic nodules from small tumor clusters with pEMT, which may undergo MET leading to

increased proliferation and formation of metastatic colonies.
Therapeutic resistance

Cellular reprogramming is essential to induce pEMT as cells reorganize cytoskeletal actin and alter their

signaling and gene expression (Kalluri and Weinberg, 2009). This confers pEMT cells the phenotypic plas-

ticity that is associated with stemness (Jia et al., 2019) and resistance to therapy (Gupta et al., 2019; Don-

nenberg and Donnenberg, 2005).

The study by Papadaki et al. (Papadaki et al., 2019) provides a link between pEMT, stemness, and therapeu-

tic resistance. The CTCs expressing pEMT also exhibit cancer stem cell (CSC) markers (Donnenberg et al.,

2010). These CSC+/pEMT+ CTC clusters co-expressing cytokeratin, nuclear TWIST1, and ALDH1 were iden-

tified in 27.7% of metastatic breast cancer patients (Papadaki et al., 2019). Post-chemotherapy, these CSC+/

pEMT+ CTCs were identified as chemoresistant subpopulation and were increased in HER2-patients and

non-responders following treatment (Papadaki et al., 2019). Similarly, pEMT+/programmed cell death

ligand-1 (PD-L1)+ CTCs were resistant to anti-PD-1 treatment in patients with metastatic NSCLC (Raimondi

et al., 2017).

The androgen receptor negative, docetaxel resistant PC-3, and DU145 cell lines were used to determine

the effect of EMT drivers (Hanrahan et al., 2017). The PC-3 model exhibited a transition from epithelial col-

onies to a scattered cell phenotype similar to mesenchymal cells and corresponding to a complete EMT

pattern. However, the DU145 model displayed a combination of compact epithelial and loose aggregates

of quasi-mesenchymal cells exhibiting migration. These cells maintained higher ECAD expression despite

upregulation of ZEB1 and ZEB2, suggesting pEMT. When treated with the CSC inhibitor salinomycin, PC-3

cells with complete EMT showed apoptotic death, whereas DU145 cells with pEMT were less sensitive to

salinomycin despite the increased expression of CD44 (Hanrahan et al., 2017). This implies an additional

level of therapeutic resistance conferred by pEMT alone, highlighting the complexity and challenges of

treating cancer cells with phenotypic plasticity.

It has been observed that breast cancer patients with HER2 overexpression do not respond to chemo-

therapy with trastuzumab (Wu et al., 2012; Vogel et al., 2002). These patients have increased AKT expres-

sion and loss of phosphatase and tensin homolog (PTEN), resulting in accumulation of CTNNB1. It was

shown that development of trastuzumab resistance in HER2 overexpressing breast cancer cells was accom-

panied by pEMT-like transition, activation of the WNT/CTNNB1 signaling pathway with overexpression of

WNT3, and transactivation of EGFR (Wu et al., 2012).

Chemoresistance can also be dependent on the phenotypic state of cancer cells. Huang et al. (Huang et al.,

2013) utilized a library of 43 ovarian cancer cell lines to explore relationship between EMT heterogeneity

and sensitivity to the Src inhibitor, Saracatinib. The ovarian cancer cell library was characterized by four

different EMT phenotypes where 20.9% of the cell lines were epithelial, 41.9% were intermediate epithelial,

18.6% intermediate mesenchymal, and 18.6% mesenchymal (Huang et al., 2013). When treated with Sara-

catinib, only cells presenting an intermediate mesenchymal phenotype underwent EMT reversal after treat-

ment. Cell-based EMT functional studies revealed that intermediate mesenchymal cells are characterized

by high CDH2 and ZEB1 expression and low ECAD and Erb-B2 receptor tyrosine kinase 3 (Erb-B3/HER3).

Treatment with Saracatinib showed a dose-dependent effect on upregulation of ECAD and downregula-

tion of SNAI1 and SNAI2, but no change in ZEB1, ZEB2, and TWIST. However, cells in the other three

phenotypical EMT states were unaffected by the treatment with Saracatinib. This demonstrated that inter-

mediate EMT states and phenotypic plasticity are major causes of therapeutic resistance (Huang et al.,

2013).

Although the above discussion points to the role of pEMT in development of chemoresistant tumor sub-

population, there is still need for strong experimental evidence for establishing mechanistic patterns be-

tween pEMT and chemoresistance. Such knowledge will be instrumental for better management of pa-

tients with refractory and relapse profile and specifically, the cancer patients who do not respond to

established chemotherapy/immunotherapy protocols.
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CHALLENGES AND FUTURE PROSPECTS: PEMT AS THE DRIVER OF FUNCTIONAL

PLASTICITY, THERAPY RESISTANCE, AND METASTASIS

Epithelial to mesenchymal transition has been a well-established phenomenon, wherein the inherent plas-

ticity of epithelial cells to undergo a mesenchymal transition explains several key features of the invasive

and metastatic phenotypes in epithelial cancers. By activating this pathway, epithelial cells in the early

phases of neoplastic transformation can detach, gain motility, and change their transcriptome in ways

that favor invasion and spread through the lymphatic and circulatory systems. Upon reaching a hospitable

niche, such cells could revert, wholly or in part, to an epithelial tumor phenotype through MET. Currently,

this interpretation has been refined to include pEMT, as functional plasticity does not have to be inevitably

tied to a particular differentiation pathway and may not be mutually exclusive (Donnenberg and Donnen-

berg, 2015) or required for tumor invasion and migration. With time, pEMT+ cells capable of functional

plasticity may emerge, driven by intrinsic and extrinsic factors such as selection resulting from exposure

to therapeutic agents. It is precisely the pEMT state that may mark the emergence of invasive and meta-

static capacity.

One of the major challenges in the field is to standardize the characterization of pEMT based on co-expres-

sion of defined epithelial andmesenchymal markers. Presently, pEMT is defined based on co-expression of

many different epithelial and mesenchymal markers without a clear consensus (Table 1). Further, emerging

scientific evidence have highlighted presence of early, intermediate, and late pEMT states that cover the

spectrum from pure epithelial to completely mesenchymal phenotypes. Emphasis should be placed on

identifying molecular patterns and/or environmental factors that are capable of stabilizing cells in different

stages of pEMT and consequence of such stabilization on tumor progression, therapeutic resistance, and

halting tumor progression. Single-cell techniques should be exploited to determine how pEMT is regu-

lated within heterogeneous tumors unlike the bulk tumor samples containing heterogeneous mixture of

E, E/M, and M phenotypes (Chakraborty et al., 2020). Also, with the emerging evidence of the TME’s

role in activating and sustaining pEMT, it will be important to understand the cellular and molecular inter-

actions of the tumor within its environment and the consequences on tumor progression and therapeutic

resistance. Given their physiological relevance, tissue-engineered models will have a major impact into

mechanistic insights of TME-pEMT pathobiology.

pEMT state provides an additional rationale for early intervention: (1) successful anti-pEMT therapies will

need to simultaneously engage multiple targets including identifying and co-targeting environmental fac-

tors that are capable of stabilizing cells in different stages of pEMT; (2) the therapeutic benefit such as the

prevention of metastasis, may not be immediate, and the therapeutic effects may not bemeasurable within

a study time frame; (3) therapeutic trials of new approaches are typically carried out on end-stage heavily

pre-treated patients who might not respond to pEMT-targeted treatment. Acknowledging the functional

plasticity and the bi-directional nature of pEMT demand that therapy simultaneously target pEMT states,

the permissive tumor microenvironment, and the processes by which pEMT occurs.
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