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Abstract

Stem cells have self-renewal capacities and the ability to give rise to differentiated cells thereby sustaining
tissues during homeostasis and injury. This structural hierarchy extends to tumours which harbor stem-
like cells deemed cancer stem cells that propagate the tumour and drive metastasis and relapse. The
process of epithelial-to-mesenchymal transition (EMT), which plays an important role in development and
cancer cell migration, was shown to be correlated with stemness in both homeostasis and cancer
indicating that stemness can be acquired and is not necessarily an intrinsic trait. Nowadays it is
experimentally proven that the activation of an EMT program does not necessarily drive cells towards a
fully mesenchymal phenotype but rather to hybrid E/M states. This review offers the latest advances in
connecting the EMT status and stem-cell state of both non-transformed and cancer cells. Recent literature
clearly shows that hybrid EMT states have a higher probability of acquiring stem cell traits. The position
of a cell along the EMT-axis which coincides with a stem cell-like state is known as the stemness window.
We show how the original EMT-state of a cell dictates the EMT/MET inducing programmes required to
reach stemness. Lastly we present the mechanism of stemness regulation and the regulatory feedback

loops which position cells at a certain EMT state along the EMT axis.
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1. Introduction

Epithelial cells form the main lining between tissues and function as a protective barrier against
microorganisms, mechanical stress, ultraviolet radiation, among others. These protective functions
require tight layers of cells with little intracellular space which is mediated by several transmembrane cell-
adhesion complexes including tight junctions, adherens junctions and desmosomes. However, several
embryonic processes such as gastrulation, formation of the heart and neural crest delamination require
cell migration and consequently, the loss of these transmembrane cell-adhesion complexes [1]. It was
observed that the loss of cell-adhesion complexes and other epithelial hallmarks was coupled with the
upregulation of several genes facilitating migration commonly expressed by mesenchymal cell types. This
was deemed as an epithelial-to-mesenchymal transition (EMT) and has since been found to contribute to
several other processes including wound healing, fibrosis [2], and cancer [1,3,4]. Early studies on the
regulatory mechanism revealed that the transcription factor SNAI1 could directly bind to the E-cadherin
promoter to repress its transcription [5,6]. Since then, next to SNAI1, a set of core transcription factors
consisting of ZEB2 [7], ZEB1 [8], SNAI2 [9,10], TWIST1 [11] and E47 [12] have been identified as the main
drivers of transcriptional programming during EMT. While many EMT processes in both embryogenesis,
homeostasis and cancer employ these master regulators, several other EMT-inducing TFs have been
added to this list including KLF8 [13], FOXC2 [14,15], HMGA2 [16], PRRX1 [17], Goosecoid [18] and
brachyury [19]. EMT grants cells migratory capacities yet its reverse process, deemed mesenchymal-to-
epithelial transition (MET), is required for cell differentiation during embryology or metastatic
colonisation during cancer progression. Similar to EMT-inducing TFs, several epithelial gatekeepers have
also been identified such as OVOL1/2 [20] and GRHL2 [21-23] which directly target Vim, Snai2, Cdh1 and
Zebl and drive MET. Although a substantial portion of EMT-related literature focusses on these
transcriptional networks, EMT is also regulated by post-translational modifications [24], miRNAs [25], long
non-coding RNAs , post-transcriptional modifications [26], epigenetic regulators [27] and alternative
splicing [28]. These regulatory levels do not function as separate agents but form a highly interconnected

network to achieve these highly plastic cell states.

Up until recently, EMT was seen as an “all or nothing” process where cells either exist in an epithelial state
or a mesenchymal state. However novel insights have shown that EMT does not necessarily present as a
binary switch between two extremes yet can render cells a partial or hybrid phenotype that
simultaneously hold epithelial and mesenchymal characteristics. This new concept, recently defined as
epithelial-mesenchymal plasticity (EMP), grants cancer cells a higher adaptive potential depending on

microenvironmental cues [29,30]. The acquisition of this high adaptive potential is strongly intertwined



with stem cell and cancer stem cell characteristics. Cancer stem cells (CSC) are thought to be a rare
population of cells within the tumours that, just like normal stem cells, have self-renewal and
differentiation capacity. It has been shown that these cells, but not the bulk of the tumour, have the
capacity to regenerate the original tumour upon dissemination or transplantation [31,32]. Accumulating
evidence demonstrates that the property of stemness in CSC can be acquired via EMP programmes and is
thus not necessarily an intrinsic property [33]. The EMT-stemness interplay is not limited to cancer as

adult stem cells in several tissues also display activation of an EMT/EMP-like programme.

In this review, we discuss EMP programmes within embryonic stem cells, adult stem cells and cancer stem
cells. We will further discuss how stemness and EMP are regulated by separate modules that form a highly
intertwined network connecting both regulatory circuits. In this review, we will use the term EMT when
we discuss a progression towards a more mesenchymal state while the term MET will be used for the
opposite process. EMP will be used to refer to the combination of EMT and MET programmes where cells
can readily switch between cell states. The characteristic of stemness will be used in this review for both
cancer cells and their non-pathological counterparts to describe their cell state. It will be used as a relative
property to compare cell states with each other in which the degree of stemness is determined by their
tissue or tumour reconstitution capacities and spheroid/organoid/colony forming capacities.

2. Stem cells

2.1.Reprogramming to iPSCs requires MET

Stem cells are functionally defined by two key characteristics; the ability for self-renewal and the ability
to give rise to more differentiated progeny. In general, stem cells are subdivided in embryonic stem cells
(ES) and adult stem cells. Embryonic stem cells (ESC) are pluripotent cells that make up the inner cell mass
of blastocysts and have the potential to differentiate to the three primary germ layers: endoderm,
ectoderm, and mesoderm. Using the transcription factors Oct-4, KIf4, C-Myc and Sox2 (OKMS), normal
murine or human fibroblasts can be reprogrammed towards a pluripotent state called induced pluripotent
stem cells (iPSC) which hold the same differentiation potential as ESC [34]. Although in many cases, EMT
programmes drive stem cell properties as will be discussed later, the reprogramming of these
mesenchymal fibroblasts towards iPSCs requires MET [35]. The ESC factors Oct-4, Sox2 and C-Myc induce
MET through inhibition of the TGFB-Snail axis whereas KIf4 drives expression of epithelial markers (Fig. 1).
MET induction is required during the early phase of reprogramming and can be enhanced by BMP
signalling which was shown to attenuate Snail, Slug, Zeb1 and Zeb2 and conversely upregulate miR200a/b
and miR205 [36]. Interestingly, a follow-up study found that sequential activation of Oct4/KIf4, C-Myc and

Sox2 (OK+M+S) yielded a 600% higher iPSC formation efficiency as opposed to simultaneous expression



(OKMS) [37]. Surprisingly, this was coupled with a transient increase in Slug expression and decrease of
Cdh1. These results showed that although MET is required for fibroblast reprogramming, a short EMT
pulse significantly enhanced this process. Similarly, reprogramming of male germ stem cells, neural
reprogramming of MEFs or C/EBPa mediated iPSC reprogramming from B-cells also required a sequential
EMT-MET [38-40]. Conversely, inducing EMT via c-Jun blocked reprogramming and differentiates ESC

towards the endoderm lineage [41].

As was mentioned earlier, ESC and iPSC can differentiate towards the three germ layers. Interestingly, ESC
cells differentiating towards definitive ectoderm were shown to re-activate EMT marked by
downregulation of CDH1 [42,43]. This was confirmed in a recent study where iPSCs were differentiated
towards hepatocytes. Cells will undergo an EMT programme to form definitive ectoderm followed by

hepatoblast differentiation upon which MET is required for terminal differentiation towards hepatocytes

(Fig. 1) [44].
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Fig. 1: Reprogramming of fibroblasts to iPSCs and differentiation towards hepatocytes requires alternating EMT-MET cycles.
Reprogramming of normal fibroblasts towards induced pluripotent stem cells (iPSC) requires an MET programme. This process
can be accelerated via a short EMT activation followed by MET. Differentiation of iPSCs towards hepatoblasts via definitive
ectoderm (DE) reactivates EMT programmes which are again inhibited upon differentiation from hepatoblasts towards
hepatocytes. This figure was created using Bio-render (https://biorender.com).

2.2. Mammary gland

In contrast to iPSC or ESC, adult stem cells only give rise to a small subset of differentiated cell types within
one organ. They are multipotent and maintain cell turnover in tissues during homeostasis or injury. As
they replenish tissues, they are identified based on tissue regeneration capacity after in vivo

transplantation inimmunocompromised mice or in vitro spheroid and organoid forming assays. Early stem
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cell research in epithelial tissues was mainly performed on mammary glands which comprises ducts and
alveoli and consist of a bilayered epithelium with a luminal inner layer and basal myoepithelial outer layer.
The gold standard for identification of mammary stem cells (MaSCs) is their ability to reconstitute the

mammary gland in cleared fat pads upon transplantation [45,46].

In the murine mammary gland, these MaSCs were identified as either Scal+ [47], Cd49f"&"Cd24™ed [48—
50], Cd29Me"Cd24+ [49,51] or Cd49f"e"Cd61+ [52]. All of these populations were shown to be enriched for
basal markers (Krt14, Krt5) whereas luminal markers (Krt8, Krt18) were absent indicating that basal cells
contain the bipotent cells responsible for mammary gland homeostasis and reside in a more
undifferentiated state than luminal cells. Similar observations were made for human mammary gland cells

where MaSCs were enriched via CD44+CD24- [53], CD49f"8"EPCAM- [54] or ALDH+ [55].

The first association between normal stem cells and EMT was in murine Cd49f"€"Cd24™¢ MaSCs which
were shown to be enriched for N-cadherin and vimentin and attenuated for E-cadherin expression. This
appeared to be mainly driven by Slug and to a lesser extent Twist1 [50,56]. Indeed, using a Slug promoter-
YFP reporter construct, it was shown that Cd49"&"Cd61+ MaSCs were Slug"®" and that transient Slug
expression in luminal progenitors but not differentiated luminal cells allowed organoid generation in vitro
[52]. The crucial role of Slug in mammary gland morphogenesis and maintenance of the basal cell
phenotype was underlined by several other studies [57,58]. Although Slug expression in differentiated
luminal cells could not induce organoid forming MaSCs, transient co-expression of Slug and Sox9 was
sufficient to reprogram differentiated luminal cells towards the MaSC phenotype which could reconstitute
cleared mammary fat pads [52]. Initially, it was observed that Snail could replace Slug to induce MaSCs
[52]. However, using Snail or Snai2-YFP knockin mice demonstrated that only Slug was expressed in
MaSCs and that Slug but not Snail was indispensable for in vitro organoid or in vivo gland forming
capacities of MaSCs [59]. Nevertheless, Snail does seems to play a role in MaSC self-renewal by favouring

symmetric cell division [60].

Despite initial reports showing that Zeb1 was either expressed by both luminal and basal MECs [57] or
only in stromal fibroblasts but not in MECs [59], a CD29"&"CD24+ subpopulation of Procr+ cells showed
significant enrichment for Zeb1 and other EMT-markers (Zeb2, Vim, Cdh2) [61]. Interestingly, in human
single cell RNA sequencing (scRNAseq) data, high ZEB1 levels were found in CD49f"8"EPCAM- cells which
showed strong overlap with the previously described Procr+ cluster [62] whereas murine scRNAseq data
showed that only 15% of Zeb1"&" basal MECS co-expressed Procr [63]. In basal MECs, Zeb1 functions as a

gatekeeper for basal cell identity by maintaining a quiescent GO state and steering self-renewal [63]. In



human MECs, ZEB1 also protects against oxidative stress via direct transcriptional activation of MSRB3 in

MaSCs [64].

Although basal cells are bipotent upon isolation, lineage tracing demonstrated that during physiological
conditions luminal and basal compartments are maintained by separate luminal and basal progenitors
[65]. In contrast to the above-mentioned studies, MECs with increased aldehyde dehydrogenase activity
(ALDH+), which were enriched in CD49f"8"EPCAM"e" |uminal progenitor cells, were also enriched for
MaSCs [55,66]. These cells show little overlap with the CD44+CD24- basal population, however, a
population of CD44+CD24-ALDH+, which shows an intermediate EMT phenotype, displayed higher
mammosphere forming capacity [67]. Adding to this, deletion of the epithelial gatekeeper Ovol2 in Krt14+
basal cells impaired mammary gland morphogenesis during puberty [68]. Since Ovol2 reciprocally
regulates Zeb1, a delicate balance between epithelial and mesenchymal programs seems to be necessary
for proper MaSC function and consequently proper mammary gland morphogenesis [69]. This balance
was further underlined by the observation that transient TWIST1 expression in CD24"&" mammary
epithelial cells markedly increased mammosphere capacity whereas constitutive TWIST1 expression did

not form spheres [70].

2.3.5kin

Apart from its role in mammary gland stemness, Slug is also expressed by basal (Krt14+) cells from the
interfollicular epidermis (IFE) and the hair placode during hair follicle development [71]. Similarly, in the
human epidermis, SLUG was confined to the basal layer of the IFE and represses differentiation [72].
Although Snail has not been shown to be expressed by IFE or HF SCs, Krt14-driven Snail expression in the
skin resulted in a higher number of Cd34+ keratinocytes reflected with a higher colony forming capacity
than the Cd34+ cells from wild-type mice [73]. Also Twist1l seems to play a role in stem cell maintenance
within the mouse epidermis since deletion of Twist1 caused a decrease in Cd49f+Cd34+ hair follicle stem
cells [74]. Moreover, these HF SCs expressed the early EMT marker tenascin C (TNC) [75] suggesting a
partial EMT within these HF SCs [76]. Conversely, an Ovol1/2 double knockout in Krt14+ IFE cells showed

an expansion of the stem cell compartment which was accompanied by the induction of EMT [20].

2.4.Prostate

The prostate is a pseudostratified epithelium comprising secretory luminal, basal, and neuroendocrine
cells. Originally, prostate stem cells were identified at the proximal region within the p63+ basal layer and
marked as Scal+Cd49f+Trop2+ or Scal+Cd133+Cd44+Cd117+ [77,78]. Both of these separate stem cell

populations were bipotent and gave rise to all three prostate epithelial lineages upon transplantation to



immunocompromised mice. Early studies showed enrichment of miR-200 [79] and E-cadherin [80] in the
luminal cell layer. It should be noted that later studies demonstrated that whereas basal prostate cells
had bipotent capacity in transplantation assays, they only contributed to the luminal lineage during
development and a short postnatal period. Similar to the mammary gland, the luminal lineage is

maintained by their own stem cell compartment in adult mice [81].

Using a Slug promoter — YFP construct, the previously identified Scal+Cd49f+Trop2+ population was
shown to be enriched for Slug activity. These cells also displayed higher organoid forming capacities yet
the role for Slug in stem cell maintenance remains to be elucidated [82]. A second study identified a
Zeb1"&" basal cell population which showed resistance to castration-mediated androgen deprivation.
Similarly to Slug™e" cells, Scal+Cd49f"e"Zeb1+ displayed higher organoid forming capacity compared to
Scal+Cd49f"e"Zeb1- cells and could give rise to all three prostate lineages [83]. Interestingly, the knockout
of ZEB1 caused a rapid decrease of p63 expressing basal cells indicating that Zeb1 is required for stem cell

maintenance.

2.5.Lungs and other epithelia

Lungs consist of a pseudostratified epithelium in the upper airways and simple epithelia in the alveolar
ducts and alveoli in which basal cells [84,85] and alveolar type 2 cells [86] act as stem cells, respectively.
Early studies showed that basal cells express the EMT-TF Slug [84,85,87] whereas its expression is absent
in alveolar type 2 cells [88]. A recent single cell RNA sequencing study confirmed these findings [89].
Moreover, Slug expression was accompanied by higher vimentin expression indicating the activation of a
Slug-mediated EMT programme [87]. Furthermore, loss of Slug in bronchospheres caused a loss of
stemness markers such as OCT3/4 and CD133 and abolished sphere propagating potential [87]. Other
EMT-associated TFs are not expressed in basal bronchial cells with the exception of low TWIST1 levels but

no functional role for TWIST1 has been described yet [90].

Similarly to the distal lung, Slug expression was not detected in other simple epithelia such as the gut and
liver [88]. In the murine colon however, Snail is expressed in the nuclei of crypt base columnar cells [91]
where it contributes to stem cell maintenance [92]. Furthermore, loss of Snail in the intestinal epithelial
cells abolishes successful establishment of organoids further underlining its role in self-renewal [92].

Moreover, a recent study showed that miR200a/b/c were enriched at the top of the crypt [93].

The expression of EMT-TFs and activation of their respective downstream programme thus plays a role in
adult stem cell maintenance. Most of the EMT-stemness interplay has been described in the mammary

gland which suggests that predominantly cells residing in a hybrid E/M state hold stem cell capacity. In



adult stem cells of other tissues, an unambiguous role for EMT activation has been shown although the
position of these cells along the EMT-axis is yet to be defined. Despite this, in the skin, lungs and prostate,
Slug plays a vital role in stem cell maintenance. A recent study showed that Slug promotes a hybrid EMT-
state as it acts as a weaker EMT-inducer compared to other EMT-TFs [94]. These findings demonstrate
that adult stem cells reside in hybrid states yet the influence of perturbing this hybrid state on adult stem

cell function remains to be elucidated.

3. Cancer stem cells

The concept that a small population of stem cells can repopulate tissues has been extended to cancer
biology. Comparable to tissue homeostasis, cancers are thought to be propagated by only a small subset
of cells deemed cancer stem cells (CSC). Analogous to normal stem cells, CSCs have the ability to self-
renew and differentiate to various lineages and are thought to be responsible for relapse post-treatment
and metastatic colonization. CSCs can, comparable to normal stem cells, be multipotent, where they give
rise to cells within the same lineage or pluripotent able to differentiate into cell types of the three germ
layers. The latter has been recently described where breast cancer cells endowed by EMT driven plasticity
can be trans-differentiated towards adipocytes [95]. Within the context of cancer cell biology, the
parameters, and assays to quantify stemness are less defined compared to normal stem cells. Often, the
tumour initiation capacity based on limiting dilution assays and the in vitro colony/sphere formation
assays [96] were extensively used to identify CSCs. This way, CD34+CD28- acute myeloid leukemia [97],
CD133+ brain [98], CD133+ pancreatic [99], CD44+CD133+ colon [100,101] and CD44+CD24- breast [102]

cancer cells were identified as tumour initiation cells (TICs).

Many research papers questioned the ontogeny of these CSCs as to whether they are derived from stem
cells undergoing mutations or whether more differentiated cells that underwent transformation can
regain stemness and repopulate the whole tumour. Here we discuss that activation of EMP can yield
cancer cells higher stemness. This indicates that the property of stemness is not necessarily an intrinsic

characteristic but acquirable [103].

3.1.EMT and cancer stem cells: a perfect correlation?

As EMP orchestrates phenotypic plasticity in normal and cancer cells, a growing body of evidence
identified it as a potential driver for cancer stemness. The first associations between EMP and cancer
stemness showed that the activation of an EMP programme driven by SNAI1, TWIST1 or TGF-B1 could
induce the CD44+CD24- CSC state in breast cancer [50,56] whereas inhibition of an EMT-programme by
miR-200c suppressed stemness [104-106]. [107][108]. Interestingly, a strong enrichment for CD44+CD24-



breast cancer cells was observed in residual disease from patients after treatment with letrozole or
docetaxel [109]. EMT and cancer stemness have been implicated as a major driver in therapy resistance
[110] which makes this axis an attractive target for therapeutic interventions [111,112]. Indeed, two
studies performed drug screenings to selectively target the CSC breast cancer phenotype which identified
salinomycin [113] and ML239 [114] respectively. In a similar fashion, anti-EMT drug or drug target screens

aim to tackle the EMT-stemness interplay [115-117].

Apart from CD44+CD24- cells showing an enrichment in EMT phenotype, TICs in the MMTV-PyMT mouse
model displayed a Snail"®" phenotype. Interestingly, the authors compared Snail and Slug in the mammary
gland and breast cancer and found that whereas cancer stemness was mainly dependant on Snail, MaSC
identity was driven by Slug. In both cases, an EMT programme drives stemness yet the upstream driver

can differ between normal stem cells and their neoplastic counterparts [59].

In prostate cancer, Sca-1+CD49f"&" CSC displayed a basal Krt5+Trp63+ phenotype [107] and enrichment
for EMT markers [108]. In pancreatic cancer, expression of Prrx1 [118] or intrinsic EMT [119] was also
positively correlated with CSC behaviour and the expression of well-known stemness markers such as
ALDH1A1 or NANOG. Unsurprisingly, the loss of ZEB1 [120] or Slug [121] impaired sphere or TIC
frequencies in PDAC. In the non-small cell lung cancer (NSCLC) cell lines A549 and LC31, TGF-B1 treatment

also induced EMT, higher sphere forming capacities and higher TIC frequencies [122].

Although these studies laid a promising foundation that targeting EMT could hold the key in tackling the
cancer stem cells, a more nuanced view of the EMT-stemness correlation seemed appropriate. Indeed,
several studies showed that the activation of an MET programme as opposed to EMT could inflect
stemness in cancer cells. In the claudin-low BT-549 cell line, silencing the EMT-inducing transcription
factor PRRX1 was required for tumour initiation, sphere formation and metastatic colonisation [17].
Moreover, in several mouse models for breast and pancreatic cancer, EMT seemingly had no effect on the
metastatic burden or CTC number [123-125]. In early passage NSCLC cell cultures, cells with a more
epithelial phenotype developed larger tumours upon transplantation in NOD/SCID mice [126] and
similarly, epithelial prostate cancer Pc3 cells had higher spheroid forming capacity than the more

mesenchymal Pc3 variant cells [127].



3.2. Partial EMT as a driver for stemness
Two conflicting lines of evidence either attribute stemness and metastasis as being unapologetically
driven by EMT or show an opposite correlation between the activation of EMT and stemness. Recent

advancements show that both might hold a partial truth.

First, the generation of mammospheres from sorted epithelial (CD44-CD24+) and mesenchymal
(CD44+CD24-) fractions of HMLER cells and demonstrated that epithelial cells activate an EMT programme
whereas mesenchymal cells inhibit an EMT programme to achieve a stem-like state [128]. Since
mammosphere generation enriches for stem cells, this implies that both E and M cells shift towards a
hybrid state to allow stemness. Similarly, using the epithelial marker ITGB4, ITGB4"°" MDA-MB-231 cells
and ITGB4"&" SUM159 cells were enriched for CSCs [129]. Indeed, ITGB4"°" MDA-MB-231 and ITGB4"e"
SUM159 cells reside in a similar EMT state and express similar ITGB4 levels. These results show that
inhibition of EMT in more mesenchymal breast cancer subtypes but activation of EMT in epithelial
subtypes is required to induce a CSC phenotype. Intermediate EMP phenotypes thus take the lead in
tumour initiation over the extreme phenotypes along the EMP axis. This was also confirmed by stabilizing

the intermediate states through the combined SNAI1 expression and ZEB1 knockout [130].

Moreover, a separate ALDH+ CSC population, which were spatially distinct from CD44+CD24-, was shown
to have higher TIC frequency than ALDH- BC cells [55,66]. Gene expression analyses found that ALDH+
exhibited a more epithelial phenotype compared to CD44+CD24- cells but interestingly, a small subset of
CD44+CD24-ALDH+ cells, displaying a hybrid EMT phenotype, was capable of initiating tumours with
transplantation of as little as 20 cells once again strengthening the hybrid EMT-CSC axis [66]. In
nasopharyngeal carcinoma ZEB1MOVOL2"" cells displayed higher stemness properties then either

ZEB1'°“OVOL2"e" or ZEB1"E"OVOL2"¥ cells [131].

Together, abovementioned results show that intermediate EMP states display higher intrinsic TIC
frequency. Within NSCLC, intermediate EMP states do not display this intrinsic TIC frequency yet upon
TGFB-mediated EMT they have the highest phenotypic plasticity to convert towards CD133+ CSC
[132,133].

These results explain a clear link between partial EMT and tumour- or sphere- initiation capacity in
isolation/transplantation studies, yet they offer no answers to the requirement for EMT during metastatic
seeding. Spontaneous activation of EMT was recently demonstrated in a study where a Tenascin-C (Tnc)

or Cdh2-driven inducible lineage tracing system was used within MMTV-PyMT mice [134]. The Tnc lineage



tracing system marks cells which have passed through a hybrid E/M state whereas Cdh2 marks cells which
have undergone full EMT at a certain point. In spontaneous lung metastases from MMTV-PyMT mice, the
majority of cells pass through a Tnc+ state yet almost never reach a Cdh2+ during the metastatic cascade
[134]. This indicates that activation of a partial, but not full EMT programme is required at some point
during metastatic dissemination. Similarly, in the KPC PDAC mouse model, the loss of Zeb1 strongly

decreased the metastatic burden as well as TIC frequency and stemness [135].

Although it was shown that non-CSCs can adopt a state of stemness upon reaching a hybrid E/M
phenotype, the potential of cells to undergo EMT can already be imprinted in the cell of origin. Indeed,
using two mouse models for cutaneous squamous cell carcinoma; Krt14creER/Kras®*?®/Trp531/f (K14 mice)
and Lgr5creER/Kras®*2®/Trp537/f (Lgr5 mice), it was established that tumours originating from the
interfollicular epidermis (K14 mice) were strongly differentiated whereas hair follicle-originating tumours
(Lgr5 mice) were highly heterogeneous displaying both epithelial and mesenchymal compartments. Since
enrichment of Sox2 was seen in the Epcam+ epithelial population of these Lgr5 mice-derived tumours,
this CSC population might be restricted to only papillomas or well differentiated SCC of the skin.
Interestingly, Epcam- epithelial cells from Lgr5 mice displayed higher tumour propagating and colony
forming potential than Epcam+ mesenchymal cells [136]. In a subsequent study where 6 EMP transition
states within the Lgr5 model were uncovered, partial EMP states displayed higher metastatic capacity but
the activation of an EMP programme is sufficient to unlock their stemness properties as all Epcam- states
displayed the same tumour initiation capacity (Fig. 3) [137]. Recently it was also shown that stable hybrid
EMT states can persist as a consequence of deletion of the protocadherin Fatl. This was associated with
a 10-fold higher tumour propagation potential [138]. Loss of FAT1 promotes the simultaneous activation
of an epithelial programme through upregulation of SOX2 via inhibition of EZH2 mediated H3K27me3
histone modifications and a mesenchymal programme via the CAMK2-CD44-SRC axis to sustain a hybrid

phenotype [138].

Another study using the DMBA/TPA driven skin cancer mouse model showed that transient, but not
constitutive Twistl expression strongly enhanced the number of lung metastasis [139]. Altogether these
studies provide evidence that the activation of an EMT programme is required for stemness but that,
contrary to breast cancer, both hybrid and fully mesenchymal exhibit similar tumour propagating

capacities whereas partial EMT phenotypes pioneer during metastatic seeding.

Conversely, in a Pb-Cre+/-;PtenL/L;KrasG12D/+ prostate cancer mouse model equipped with a Vimentin-

GFP sensor system, three EMT states were uncovered: GFP+EPCAM-, GFP+EPCAM+ and GFP-EPCAM+.



Although intermediate cells displayed higher sphere forming capacity and showed enrichment for the Sca-
1+CDA49f"&" CSC phenotype, mesenchymal cells showed higher in vivo tumour initiating capacity and

epithelial cells resulted in the largest metastatic burden [140].

Recent literature questioned whether the property type of stemness is intrinsic or acquirable [103]. These
studies showed that modulation of EMT programmes can yield a stemness gain but also that the initial
cell state can hold stemness properties. Moreover, these studies showed that cells residing in hybrid E/M
phenotypes have higher stemness capacities than their epithelial and mesenchymal counterparts and
offer explanations as to why both activation and inhibition of EMT can offer normal and cancer cells
stemness properties. This aligns with the recently introduced “stemness window” (Fig. 2) [141]. The
stemness window does not exclude the possibility that epithelial or mesenchymal cells have stem cell
properties. However, the probability for cells acquiring stemness characteristics is higher upon residing in
a hybrid E/M state. This explains why most adult stem cells have a more mesenchymal phenotype
compared to their fully differentiated progeny but also why the reprogramming of highly mesenchymal
fibroblasts to iPSC requires activation of a MET programme. Similarly, in the context of cancer, more
mesenchymal-like cancers such as claudin-low type BC inhibit EMT programmes to unlock their stemness

potential while differentiated luminal activate this.
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Fig. 2: A cells position along the EMT axis dictates its stemness potential

The balance between EMT- and MET-inducing programmes dictates the cells EMT phenotype. In agreement with experimental
evidence which demonstrate that hybrid E/M cells display stronger stemness features, a stemness window was defined. Stemness
characteristics follow a gaussian distribution along the EMP axis. While cells residing in either epithelial or mesenchymal cell
states can exhibit stemness characteristics, the probability for hybrid cells to behave stem-like is the highest. The EMT window in
which stemness probability is the highest is defined as the stemness window.

3.3. Collective strand migration



While single cancer stem cells were thought to disseminate through the blood and seed new tumours in
distant locations, the observation that circulating tumour cells can present as clusters pressed researchers
to revaluate this. Although single cell dissemination is one route via which cells can metastasize, collective
dissemination might even be more potent for establishing metastases. Indeed, upon co-injecting MDA-
MB 231 LM2 cells equipped with GFP or mcherry reporters in the fat-pad of mice, spontaneous lung
metastases arose. Interestingly, only 2.6% of CTCs presented as clusters indicating that single cells are
more potent to intravasate. However, 53% of lung nodules contained both GFP and mcherry positive cells
suggesting a multiclonality and a higher potency of CTC clusters to establish metastatic outgrowths [142].
Similarly, injection of aggregates of breast cancer cells as opposed to single cells resulted in a higher
metastatic burden (Fig. 3) [134,142,143]. Interestingly, intravenous injection of a mixture of TNC+ hybrid
EMT cells and TNC- epithelial cells derived from MMTV-PyMT mice resulted in the highest tumour burden
compared to combinations of fully epithelial, fully mesenchymal, and intermediate cells [134]. This role
for cells in a hybrid EMT state during collective migration has been shown in the KPC PDAC mouse model
where intermediate EMT (Cdh1+) cells preferably migrated as collective strands as opposed to fully
mesenchymal cells (Cdh1-) which migrated as single cells [144]. Equivalent results were reported for the
hybrid DFCI032, H1650, H1693 and HCC827 NSCLC cell lines which preferably migrated as collective
clusters compared to single cell migration seen in mesenchymal NSCLC cells [145]. Although these studies
do not fully support the CSC theory, a recent study showed that MCF7 cells in 3D cultures could also invade
collectively. Interestingly leader cells co-expressed CDH1 and CDH2 as well as the stem-cell marker
NANOG which is highly upregulated in CD44+CD24- CSC [146]. Maintenance of a partial EMT phenotype
during collective migration is also important during development as Ovol2 is required for collective
migration of terminal end buds during mammary ductal morphogenesis in mice [68]. A recent study
revealed that in CTC clusters isolated from either breast cancer patients or xenografts, TF binding sites for

the stemness factors OCT4, NANOG, SOX2 and SIN3A were hypomethylated [147].

One major question remains whether the interaction between cells promotes metastases or whether
different cell types within the CTC clusters excel during the metastatic cascade. One recent study has
shown that coculturing epithelial (CD44-CD24+) and mesenchymal (CD44+CD24-) HMLER cells results in
higher mammosphere formation in vitro [148]. Moreover, whereas subcutaneous injections of epithelial
or mesenchymal HCPC-1 cells did not result in spontaneous metastases, co-injection of these populations
did [149]. The cooperation between E and M cells does require the potential for EMP since it was shown

that mixing HMLER cells trapped in an E and M state did not yield enhanced tumorigenicity [130]. These



results underline that the crosstalk between cancer cell subsets is crucial in mediating tumorigenicity but

do not exclude the different contribution of different cell types during metastasis.

Normal epithelium
Carcinoma
Single cell invasion
Full EMT
Metastatic colonisation
CTC clusters
Single cell CTCs
Single cell dissemination Collective dissemination
E E/ i M E L EM E+E/M | E+M

Stemness
Intravasation
Metastatic potential

Fig. 3: The role of EMT during collective strand and single cell CTC formation, stemness and metastasis

(A) Activation of EMT in epithelial carcinoma cells pushes them towards mesenchymal or hybrid E/M phenotypes. Whereas
mesenchymal phenotypes are more likely to disseminate as single cells, hybrid E/M cells retain some cell adhesion properties
which promote collective migration and dissemination as CTC clusters in the bloodstream. (B) Tumour initiation studies
performed on single cells showed a higher TIC frequency and consequently stemness of hybrid E/M cells. These studies have not
been performed on aggregates. Nonetheless, mesenchymal cells are more invasive and have higher intravasation potency than
other EMT phenotypes and cells migrating collectively. Despite this, cluster CTCs is much more potent at establishing
macrometastases compared to single CTCs. This figure was created using Bio-render (https://biorender.com).

4. Feedback loops stabilize a hybrid EMT state and define the stemness window


https://biorender.com/

In both adult stem cells and cancer stem cells, hybrid E/M states hold higher stem-like capacities. We
previously discussed the “stemness window” [141] which entails that all cells along the EMP axis have the
capacity to behave as CSCs yet the probability for CSC identity is the highest when cells reside in a hybrid
E/M state. This implies that reaching this state of stemness requires stabilization of this intermediate
phenotype. Interestingly, many new mathematical modeling studies uncouple EMT regulation from
stemness regulation and postulate that this is regulated by two separate “circuits”. These circuits are
regulated by multiple feedback loops which form a highly interconnected network of transcription factors,
miRNAs, long non-coding RNAs and epigenetic regulators. Interestingly, epithelial and mesenchymal
inducers can operate as separate teams which results in a bimodal phenotype stability distribution [150].
This is in line with experimental evidence showing that hybrid states are often metastable [137] and

explains why stemness in tumours is rare despite being acquirable.

4.1. EMT-TF-miRNA loops govern the EMT state

The best studied EMT-regulating feedback loops are the miR-200-ZEB1/2 and miR-34-SNAIL circuits. The
miR-200 and miR-34 family members target the 3’UTR of ZEB1/2 (Fig. 4) [120,151-154] and SNAI1 [155—
157] respectively. Both miRNA families contain E-boxes in their promoter regions which are directly
targeted by both SNAIL and ZEB1/2 [155,157]. The mutational background of tumours also impacts the
EMT state as both miRNA families are directly activated by P53 [158-163]. Hence loss of P53 enables cell
plasticity and priming towards hybrid or full EMT phenotypes. These miRNA-TF feedback loops are
widespread across cell types and cancers yet others exist as well. AmiR-1199-5p-Zeb1 [164] and a miR145-
ZEB2 [165] double negative feedback loop regulates EMT in both murine mammary gland cells and human

prostate cancer cell lines.

4.2.A let-7-LIN28 feedback loop controls pluripotency genes and stemness

Members of the let-7 miRNA family directly target the 3'UTR of several genes important for self-renewal
such as HRAS, HMGA?2 [166] and OCT-4 [167] thereby reducing tumour initiation capacity in several
epithelial cancers [168]. LIN28 on the other hand, enhances stemness and can drive reprogramming of
somatic cells along with OCT4, SOX2 and NANOG [169] by antagonizing the let-7 miR family via direct
inhibition of the precursor miRs [169]. Consequently, somatic reprogramming could also be achieved via
OCT4, SOX2, NANOG and a let-7 miR sponge construct [170]. Similarly, in the human ovarian cancer cell
line A2780 and breast cancer cell lines T47D and MCF7, LIN28 is directly responsible for the ALDH1+ CSC
phenotype and induces a higher sphere formation through inhibition of the let-7 miRNA precursor [171].

Inflammatory signaling mediated by oncostatin M or proinflammatory macrophages also induces the



CD44+CD24- CSC phenotype in MCF-7 breast cancer cells via STAT3 signaling which is partially reversed
through expression of let-7 [172,173]. Let-7, in turn reciprocally inhibits LIN28 expression via binding its
3’UTR region (Fig. 4) [171]. LIN28 can directly activate OCT4 or via downstream regulation through HMGA?2
and ARID3B which directly upregulate the pluripotency genes SOX2 and OCT4 [170,174]. This regulatory
loop is tightly intertwined with EMT-regulation as several let-7 members were downregulated in
mesenchymal gemcitabine resistant pancreatic cancer cells [175] whereas LIN28 showed upregulation in
mesenchymal breast cancer cell lines MDA-MB-231 and SK3RD cell lines [176]. Let-7i is directly regulated
by both TWIST1 and BMI1 in HNSCC cells [177] and SNAI1 in several epithelial cancer cell lines (PANC-1,
MCF7 and OVCARS) [178]. Expression of miR-200b/c can also inhibit LIN28 in prostate cancer and NSCLC
although a direct interaction remains to be demonstrated [179,180]. Moreover, HMGA2 acts as an EMT
inducer as it directly targets the SNA/1 promoter in TGFf—mediated EMT [181]. Long non-coding RNAs
(IncRNAs), and the H19 IncRNA in particular, can antagonize the let-7 family by acting as a miRNA sponge
[182-185]. Interestingly, H19 overexpression has been linked to poor prognosis, invasion, and metastasis
in several cancers [184,186]. Mechanistically, H19 can induce EMT by acting as a decoy for miR-200a/b/c
and miR-138 in both breast cancer xenografts [182] and human colorectal cancer cell (CRC) lines [187].
Moreover, SOX2 or OCT-4 upregulate H19 IncRNA levels which in turn enhances stemness creating a

feedforward mechanism [188].

Despite that several of these EMT inducers activate pluripotency genes via the let-7 pathway, these can
in turn reactivate epithelial markers. KIf4 for example is a potent inducer of Cdh1 during MEF to iPSC
reprogramming [35] which is further enhanced by OVOL2 [189].

4.3. Negative feedback loops between EMT-inducing and MET-inducing transcription factors dictate the

hybrid state

Several transcription factors activating epithelial gene expression patterns are also integrated in this
network governing plasticity and stemness. Grainyhead-like 2 (GRHL2) inhibits EMT and induces MET
during both development [21,190] and cancer [191-193] where it directly activates epithelial markers
such as Cdh1, Cldn4 and Rab25 [21,194]. GRHL2 forms a reciprocal feedback loop with ZEB1 in breast
cancer where it competes with the ZEB1 activating TFs LBX1 and SIX1 (Fig. 4) [22,23]. In ovarian cancer
GRHL2 does not bind directly to the ZEB1 promoter but directly activates the miR-200 family [195].
Similarly, Ovol2 which also activates an epithelial programme [189,196] is reciprocally regulated by Zeb1
as well [68,69,197]. Its paralog OVOL1 also directly binds the ZEB1 promoter to induce MET but no direct

reciprocal relationship has been shown [198]. Although the induction of EMT often drives stemness,



GRHL2 can directly bind the OCT-4 promoter and activate its expression [199] and regulates self-renewal

in PDAC by maintenance of the CD133+ CSC population [193].

4.4. Alternative splicing controls hybrid EMT and the stem-cell factor CD44

CD44 is a cell-surface glycoprotein and is a widespread marker for normal and cancer stem cells [200] and
can exist in multiple isoforms among which are CD44v which contains the variable exons 8-10 and the
standard isoform CD44s. The balance between these isoforms is regulated by epithelial splicing regulatory
proteins 1 and 2 (ESRP1/2) [201] which are negatively regulated by ZEB1 and SNAIL through direct
promoter interactions [202—-204]. Following EMT, the CD44s isoform prevails over CD44v which in turn
further enhances EMT through the interaction with hyaluronic acid encoded by HAS2 [202,205]. HAS2 is
positively regulated by ZEB1 via a direct promoter interaction [205]. Using these studies in combination
with mathematical modeling, the ZEB1-ESRP1-CD44-HAS2 axis was shown to promote a hybrid EMP state
[206]. Moreover, deletion of Fatl in an SCC mouse model was shown to promote the hybrid EMT state

via the Camk2—Cd44-Src axis and the activation of the pluripotency marker Sox2 [138].

4.5.NOTCH and oxidative stress regulate the “stemness window”

These EMP and stemness regulating feedback loops have been subjected to mathematical modeling which
defined the miR-200-ZEB and miR-34-SNAIL interactions as the main drivers for positioning of cells along
the EMT axis [207]. GRHL2 and OVOL1/2 act as phenotypic stability factors (PSF) in this network to stabilize
the hybrid E/M cell state [69]. Importantly, these studies uncouple EMT from stemness and identify the
let-7-LIN28 loop as the main driver of stemness. As we have discussed before the “EMP circuit” and
“stemness circuit” are highly interconnected for the concept of a “stemness window” was introduced
[141]. This implies that all cells along the EMP axis have the capacity to behave as CSC yet the probability
for CSC identity is the highest when cells reside in a hybrid E/M state.

One major signaling pathway that was reported to control this balance was notch-jagged signaling. During
Notch signaling, Notch binds to the transmembrane ligand Jagged or Delta of the neighboring cell. The
former interaction stimulates lateral induction whereas the latter stimulates lateral inhibition. During
lateral inhibition both neighboring cells will undergo different cell fates whereas they will activate the
same pathways during lateral stimulation. Upon interaction, Notch is cleaved and the Notch intracellular
domain (NICD) translocates to the nucleus and modulates the transcription of target genes via interaction
with its cofactor CSL [208]. A recent study proposed that the Notch-Jagl interaction drives the generation
of cell clusters residing in the hybrid E/M state [209,210]. This was partly shown in MMTV-PyMT mice as

Jagl was one of the highest upregulated genes in hybrid E/M CTC clusters compared to mesenchymal



single CTCs [143]. Similarly, Notch signatures were shown to be upregulated in CSC populations across
cancers [207]. Moreover, in CD133+CD44+ CSC from CRC patients, the balance between notch signalling
and miR-34a regulates self-renewal. Indeed, miR-34a directly binds to the 3'UTR of NOTCH and minimizes
the NICD levels in the daughter cells giving rise to KRT20+ differentiated progeny. Conversely, elevated
levels of NOTCH, and consequently NICD stimulate symmetric division with two CSCs as daughter cells
[211]. Regulation of NOTCH1 by miRNAs is not limited to CRC as both miR-141 and miR-200c, which are
members of the miR-200 family, directly target JAG1 in the Pancl cell line [212] whereas miR-200b/c
directly target NOTCH1 in PC3 cells [179]. Unsurprisingly, the knockdown of ZEB1 decreased NOTCH1,
JAG1 and MALM2/3 (notch coactivators) levels [212]. Importantly, although Notch signalling can promote
EMT, Notch inhibitors, Numb and Numbl play a crucial role in maintaining a hybrid phenotype. In H1975
NSCLC cells which reside in a hybrid E/M state, knockdown of either Notch inhibitor pushes these cells
towards a fully mesenchymal phenotype [213]. Similarly, in MCF10A cells the knockdown of NUMB
initiated EMT although this was met with an increase in the pluripotency factors OCT4 and SOX2
expression and the shift towards a CD44"&"CD24'" CSC state indicating a context dependent relationship

with stemness [214].

This Notch-EMT network is strongly intertwined with metabolic switching during EMP. Several studies
demonstrate a clear positive correlation between the activation of an EMT programme and glycolysis
[216,217], however TGF-b mediated EMT resulted in inhibition of pyruvate dehydrogenase kinase 4
(PDK4) and pyruvate kinase M2 in lung [218] and colon cancer respectively [219]. Since high glycolytic
activity is also associated with pluripotency and a metabolic switch towards glycolysis takes place upon
iPSC reprogramming, this might indicate that a hybrid E/M state favours glycolytic metabolism. This is
partly supported by a recent EMT-glucose metabolism correlation study [220] and the observation of
glycolysis being favoured during collective strand migration [221,222]. Metabolic reprogramming is
directly correlated with Notch signaling as HIF-1a, which is a mediator of glycolysis and oxidative stress,
can activate N1ICD which directly binds the SNAI1 promoter via CSL [215]. Similarly, Tgf31 mediated EMT
was mediated via N2ICD and N4ICD binding to the SNAIL1 promoter via CSL in A549 lung carcinoma cells
[223]. Novel studies however, have demonstrated a leading role for the ROS induced nuclear factor E2-
related factor 2 (Nrf2). Under basal conditions, Nrf2 is suppressed through retention in the cytoplasm by
Keapl. This interaction is disrupted by oxidative stress which causes Nrf2 to translocate to the nucleus
and binds antioxidant-response elements (ARE) in the promoter region of target genes. In A549, TGFf1
mediated EMT was fully dependent on ROS production and activation of NRF2. In this context, NRF2
activates the NOTCH4 promoter through ARE binding [224]. Similarly, IL6 mediated EMT occurred through



NRF2 in PDAC cell lines AsPC-1, BxPC-3, and Panc-1 [225]. However, several studies revealed an anti-EMT
function for Nrf2 as it could indirectly downregulate Snail during pulmonary fibrosis [226]. Moreover,
miR-200a targets the Keapl 3’UTR to activate Nrf2 and prevent EMT [227]. Recent mathematical
modelling studies confirmed that NRF2 can act as an EMT inhibitor or inducer depending on the cellular
context as they predicted that NRF2 behaves as a hybrid stability factor which can dictate collective strand
migration [228,229]. This role has been experimentally demonstrated in wounding where Nrf2 drives

collective strand migration via EMT inhibition but further experimental evidence is required [230].

Recent studies have shown that Nrf2 can promote metastasis in lung adenocarcinoma mouse models via
the indirect stabilization of the Bachl transcription factor [231,232]. Interestingly, BACH1 has been
identified as a novel EMT-inducing TF as BACH1 and HMGAZ2 co-occupied promoters of EMT related genes
VIM, SNAI2, SNAI1 and TWIST1 to activate their transcription in the ovarian cancer cell line A2780, [233].
Comparable results were shown in PDAC cell lines where BACH1 bound to SNAI2, FOXA1 and CLDN3/4
[234]. Apart from its recent role as an EMT-inducer, BACH1 is also tightly connected to stemness
regulation as let-7a/g can directly target the BACH1 3’UTR [235]. Moreover, BACH1 governs stemness in
hESCs cells through directly interacting with NANOG, SOX2 and OCT-4 and stabilizing them through

recruiting the deubiquitinating enzyme USP7 [236].

EMT circuit Stemness circuit

MET-TF/EMT-TF loop ~ miR/EMT-TF loop Let7/LIN28 loop

Fig. 4: EMT and stemness regulation form a highly interconnected network

The position of cells along the EMT axis dictates their probability for stemness with hybrid cells having the highest probability.
Stabilization of a hybrid state requires the simultaneous activation of EMT- and MET- inducing programmes which are tightly
regulated by several feedback loops. The ZEB1-miR200 and SNAI1-miR34 negative feedback loops form the central dogma for the
determination of the EMT phenotype. The stemness balance is mainly regulated by a Let7-LIN28 negative feedback loop. These
modules are highly interconnected and regulated by several other (post-) transcriptional, (post-) translational and epigenetic
mechanisms. Solid and dashed lines depict direct and indirect regulation respectively.



5. Concluding remarks

While initial studies proposed a direct interaction between the activation of an EMT programme and the
acquisition of stemness traits, novel findings have reevaluated this notion. In non-transformed stem cells
and cancer stem cells, the activation of an EMT programme can certainly contribute to stemness traits yet
a delicate balance between activation and inhibition of this process is required for stem cell capacity.
Indeed, cells residing in hybrid EMT states, which co-exhibit epithelial and mesenchymal markers, have a
higher probability of exhibiting stem cell traits compared to their fully epithelial and fully mesenchymal
counterparts. This implies that to reach a “stem-like” state, cells will either activate an EMT or an MET
programme which is dependent on their current position on the EMT-axis. In most epithelial tissues,
achieving a stem cell state will require EMT activation, hence early reports showing a clear connection
between these two phenomena. However, during reprogramming of highly mesenchymal fibroblasts or
in mesenchymal-like cancer cells, MET allows these cells to re-enter a stem cell state. To reach- and
maintain a hybrid state, both EMT and MET inducing programmes need to reach an equilibrium which is
maintained by multiple feedback loops at the transcriptional, translational and epigenetic level.
Altogether, a continuous EMP dynamic with stabilization of a hybrid E/M phenotype strongly enriches

stem cells in normal and cancerous cell populations.
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