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Epithelial-mesenchymal transition (EMT) is a reversible plethora of molecular events where epithelial cells gain the
phenotype of mesenchymal cells to invade the surrounding tissues. EMT is a physiological event during embryogenesis
(type 1) but also happens during fibrosis (type 1) and cancer metastasis (type lll). It is a multifaceted phenomenon
governed by the activation of genes associated with cell migration, extracellular matrix degradation, DNA repair, and
angiogenesis. The cancer cells employ EMT to acquire the ability to migrate, resist therapeutic agents and escape
immunity. One of the key biomarkers of EMT is vimentin, a type Il intermediate filament that is normally expressed in
mesenchymal cells but is upregulated during cancer metastasis.
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| 1. Introduction

Epithelial to mesenchymal transition (EMT) is a reversible biological process in which epithelial cells lose their unique
features of apicobasal polarity, epithelial markers, intercellular junctions, reorganization of the cytoskeletal architecture,
immobility and differentiation and redirect to mesenchymal phenotype with the ability to migrate and invade . EMT can
be of three different types based on pathophysiological tissue context: type-1 EMT is an important physiological event
during organogenesis and embryonic development, such as gastrulation or the outmigration of various cell types from the
neural crest; type-2 EMT happens during wound healing for the induction of cell migration, growth and organ fibrosis &
and type-3 EMT is described in the initiation and progression of multiple pathologies, including cancer and metastasis. In
different carcinomas, EMT is characterized by the migration of epithelial cancer cells to invade the distant body sites by
transforming into cells with the mesenchymal phenotype . Cells previously activated by the EMT programme often revert
to the epithelial state; this mechanism is called mesenchymal—epithelial transition (MET) . In addition to the classical
concept of EMT/MET in cancer cells, a recent concept of partial EMT (EM) was introduced, in which cells simultaneously
express both epithelial and mesenchymal hybrid features B8l This hybrid state makes them metastable, which is a
dynamic state enabling cancer cells to induce or revert to EMT. Cancer cells may stably acquire one or more hybrid EM
phenotypes expressing mixture of epithelial and mesenchymal traits. This multishaded EMT concept is known as
epithelial-mesenchymal plasticity 2. Researchers have categorized the hybrid EM into early and late types. The cells in
early hybrid EM express both epithelial (cytokeratins) and mesenchymal (vimentin) markers but are less adhesive and
rounded in shape. In the late hybrid stage, the mesenchymal markers become more pronounced and the epithelial
phenotype is suppressed. Their shape becomes elongated, and adhesion is completely lost. Late hybrid EM stage can
lead into a stable mesenchymal state [,

The phenomenon of EMT is an intricate process with a timely interplay of a variety of complex network comprising
inducers, core regulators and effectors . EMT inducers include transforming growth factor-beta (TGF-B), bone
morphogenetic protein (BMP), receptor tyrosine kinase (RTK), Wnt/B-catenin, NOTCH, hedgehog, signal transducer and
activator of transcription 3 (STAT3), extracellular matrix (ECM)-mediated, and hypoxia signalling pathways (Figure 1) 1%
[L012] These EMT inducers lead to expression and functional activation of EMT core regulators, which among others
include three major groups of EMT-activating transcription factors (EMT-TFs): the Snail family of the zinc-finger
transcription factors Snail/Slug, the zinc-finger E-box binding homeobox (ZEB) family of transcription factors ZEB1/ZEB2,
and the Twist family of basic helix-loop-helix (bHLH) transcription factors TWIST1/TWIST2 13l. Other EMT-TFs are c-Myc,
FOXC2 and HIF1. The activation of EMT-TFs is further fine-tuned by epigenetic modification leading to the induction of
the expression of several EMT effectors that define the identity of the cell 24, The epithelial biomarkers, such as E-
cadherin, EpCAM, claudins, occludins and cytokeratins are downregulated, whereas the mesenchymal markers such as
fibronectin, vimentin, integrin B6, N-cadherin and a-SMA are upregulated 2. The key events during EMT are summarized
in Figure 1.
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Figure 1. Key events in EMT. Multiple growth factors, microenvironmental factors and other EMT inducers activate the
transcription factors related to EMT. As a result, there is downregulation of the genes related to cell junctions and
differentiation. Moreover, the genes specific to mesenchymal phenotype such as vimentin are upregulated, resulting in
loss of intercellular junctions, apicobasal polarity, differentiation and increased cell motility, ultimately leading to cancer
invasion. ncRNA = non-coding RNA.

Vimentin is an important type lll intermediate filament (IF) protein alongside other cytoskeletal components, such as
microfilaments and microtubules. Its dynamic role in different fundamental cellular processes such as structural support,
attachment, migration and signalling is widely accepted 2&. Vimentin is consistently observed to be overexpressed during
cancer metastasis and is therefore generally acknowledged as a canonical biomarker of type-3 EMT LA18l Several
studies have highlighted its central role in the regulation of this complex process 229 vimentin filaments protect the
cancer cells from mechanical stresses during the migration or squeezing through narrow spaces by providing a
viscoelastic framework and support the positioning and integrity of organelles, especially the nucleus, during EMT and
cancer progression 2. In addition, it is reported that vimentin protects the cancer cells from the internal stress of
misfolded proteins by directly binding to stress granules and aggresomes, supporting their subsequent destruction 22,
However, the exact mechanism used by vimentin to perform these functions is not known and requires further
investigation.

In this review, we discuss various aspects of the pathophysiological mechanisms and regulation of type-3 EMT, and the
driving role of vimentin as an upstream and/or downstream effector in signalling feedback loops in regulating and
sustaining EMT, cancer invasion and metastasis.

| 2. EMT May Produce Cancer Stem Cells (CSCs) Expressing Vimentin

Cancer stem cells (CSC) are a small population of cells capable of self-renewal, which are known to resist therapeutic
interventions and immune responses. Being pluripotent, these cells can provide cellular seeds to initiate new tumours at
distant sites (23], |t was proposed that EMT can transform non-CSCs into cancer stem cells, which are invariably vimentin-
positive (241, |n addition, it is believed that CSCs are generated as a result of adaptations and crosstalks with a tumour
microenvironment, as well as in therapeutic interventions resulting in the generation of a heterogeneous subpopulation.
Hypoxic conditions particularly contribute to the development of CSC characteristics including self-renewal, EMT, and
drug resistance [23. Hypoxia-inducible factors (HIFs) are the primary mediators of cellular responses, such as
proliferation, EMT and metastasis, to hypoxic conditions 28, Several other pathways implicated in the regulation of
stemness phenotypes via HIFs include the TGF-B &, Wnt/B-catenin 28], TNFa and NF-kB signalling 2. These signalling
cascades are also implicated in the induction of EMT via the transcriptional control of EMT-associated transcription
factors, such as SNAI1, TWIST, ZEB1, SLUG and TCF3 leading to vimentin expression, as described above (Figure 2).



Figure 2. Important signalling pathways, such as Smad, PI3K/mTORC2/AKT/GSK3p, RAS/RAF/MEK1/2/ERK1,
PI3K/AKT/NF-kB, ILK/AKT, Src/P38/MAPK, NOTCH, GLI1/SNAI2, JACK/STAT3 and HIF-1 are activated during EMT via
growth factors, hypoxia and other microenvironmental factors. These signalling pathways ultimately upregulate the
transcription factors related to EMT such as Snail, Slug, Twist, ZEB1 and ZEB2.

Cancer stem cells can exist in epithelial, mesenchymal or hybrid (mixed) states. They have the ability to switch between
these different cellular states to maintain their survival, escape the immunity and grow at secondary sites. This switching
is conducted by the complex interactions of various transcription factors, signalling pathways and microenvironmental
factors B9, The epithelial-like state of CSCs is characterized by the downregulation of mesenchymal markers, such as
vimentin, and the upregulation of epithelial markers, such as CDH1. The expression of these markers is reversed in the
mesenchymal state of CSCs. Both epithelial and mesenchymal markers are expressed in hybrid state 21, CSCs express
different cell surface proteins, such as CD34, CD44, CD24 and CD133, transcriptional factors, such as SOX2, NANOG,
OCT 3%, SALL4 and other proteins that are not characterised as cell surface proteins, or transcription factors such as,
ALDH, BMI1, Nestin and CXCR. These diverse markers are used to distinguish CSCs from the rest of the tumour
population in different cancers 2. These markers are expressed in a tissue-specific manner e.g., CD44, CD24 and ALDH
are specific to breast cancer, CD34, CD8 to leukaemia, CD133 to colon cancer, CD44 to head neck cancer and CD90 to
liver cancer 23, These markers can be variably expressed according to the state of the CSCs. For example, in breast
cancer stem cells, the CD24-CD44+ signature is related to a mesenchymal state with higher vimentin expression while the
ALDH+ signature corresponds to an epithelial state of the cancer stem cells B, In normal cells, CD44 is a glycoprotein
receptor for hyaluronic acid that is involved in cell adhesion, proliferation, differentiation, migration, angiogenesis and cell
survival B4 It is overexpressed in a variety of cancers, such as breast, colon, bladder, gastric, glioma, head and neck,
prostate and leukaemia 2. A soluble form of CD44 exists and is also overexpressed in certain cancers B2, This soluble
CD44 can bind to the vimentin head domain on the surface of endothelial cells, which is consistent with the fact that both
CD44 and vimentin are overexpressed in oral squamous cell carcinoma (OSCC) and prostate cancer; however, the
molecular basis of this association has not been fully elucidated B2, CD24 is a cell adhesion sialoglycoprotein identified
as a differentiation marker for hematopoietic and neuronal cells 281, A higher CD44/CD24 ratio is positively correlated with
vimentin in the breast CSC population B4, ALDH1 (specifically isoform ALDH1A1) is another recently identified CSC
marker in different tumours B8IB4A and regulates the oxidation of retinal substrates into retinoic acid #9. The increased
expression of ALDH1 is related to the MET state of CSCS expressing lower levels of vimentin in breast cancer 4. The
sex-determining region Y-box 2 (SOX2) is an important transcription factor essential for the potential of stem cell multi-
lineage. It can reprogram primary cells into stem cells ¥4, its levels are frequently upregulated in carcinomas such as
HNSCC 48] with an inverse correlation between SOX2 and vimentin expression 4, and with a loss of SOX2 inducing
tumour invasion through the upregulation of vimentin expression “2. The possible role of miR-378 in the SOX2/Vim
inverse functional relationship was also reported [21146],

3. Vimentin Expression during Mesenchymal-Amoeboid Transition (MAT)
of CSC

The concept of amoeboid movement was taken from amoeba Dictyostelium discoideum that rapidly move via contraction
and expansion of the cell body without integrin interactions with the substrate. The belief that the amoeboid movement of



cancer cells is linked to their invasive potential was first proposed in 1867 41849 Different patterns of cell motility in
cancer cells have been proposed by researchers and activated on an ad hoc basis during cancer invasion, which may
also coexist within a population. This “switching of migration modes” is termed as “plasticity of cell motility”, which is
considered imperative for cancer invasion B, One of the most familiar classifications of cell motility is individual versus
combined cell migration that is further segregated based on mesenchymal or amoeboid phenotype. The single-cell
motility-based “plasticity of migration” involves mesenchymal-to-amoeboid (MAT) and amoeboid-to-mesenchymal
transitions (AMT) (Figure 1) 211, A similar pattern could be observed in multicellular combined motility as the “plasticity of
migration”, and involves collective-mesenchymal transition (CMT) and collective-amoeboid transition (CAT). As both CMT
and CAT are reversible, therefore the terms, mesenchymal-collective transition (MCT) and amoeboid-collective transition
(ACT), were also proposed 2. During collective cell migration, a heterogeneous population of cells move together; the
leader cells move by amoeboid movement while other members express mesenchymal phenotype and have intercellular
connections 22,

Amoeboid cancer cells, unlike mesenchymal ones, migrate through the ECM barrier without proteolytic degradation of
ECM and integrin clustering. As the amoeboid cells are rounded or ellipsoid, highly deformable, lacking focal adhesions
and exhibit minimal cell-matrix contact, they move much faster than the mesenchymal cells 3134l Their nuclei are highly
deformed, compressed and shifted towards the leading edge to allow movement through narrow spaces in ECM B3I, An
amoeboid pattern of motility is reported when the cancer cells migrate through a soft medium such as blood or the
lymphatic system (3. Amoeboid movement is generally defined as a ‘path finding’ rather than the ‘path generating’
movement of mesenchymal cancer cells 22581 The detailed molecular basis of mobility shift from mesenchymal to
amoeboid movement is not clear. Most studies are unable to describe the true molecular signature and transcriptional
regulation of MAT in relation to tumour microenvironment and host immune response BUBY. However, cellular stiffness,
density, and other ECM factors along with the presence of chemotactic agents may be the determining factors in switching
between mesenchymal and amoeboid states of cell motility 4. A flexible vimentin network is reported to support the
amoeboid mode of cell motility by conferring viscoelastic properties to the cell, protecting the nucleus and DNA from
damage during propulsive squeezing movements 28], Breast carcinoma cells devoid of vimentin are reported to be less
contractile and less effective in migration 52, In 3D cell cultures, vimentin is a prerequisite to the generation of propulsive

pressure necessary to drive cell migration through confined spaces and vimentin knockdown leads to defective migration
[59]

During metastasis, cancer cells transition from epithelial to mesenchymal phenotype or vice versa until they find suitable
secondary host sites. Earlier reports suggested that stem cell-like features in cancer cells were induced by EMT; however,
the latest research has linked the gain of stemness to cellular plasticity 2469, There are published reports proclaiming
that EMT alone is not a prerequisite for cancer metastasis 81 and targeting EMT alone may lead to chemoresistance
relapse, therefore both EMT and MET should be therapeutically targeted. Whether metastasis requires EMT or not is
debatable; however, it is certain that EMT and metastasis both lead to the expression of vimentin [241561(62],
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