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Cancer is a systemic heterogeneous disease that can undergo several rounds of

latency and activation. Tumor progression evolves by increasing diversity,

adaptation to signals from the microenvironment and escape mechanisms

from therapy. These dynamic processes indicate necessity for cell plasticity.

Epithelial-mesenchymal transition (EMT) plays a major role in facilitating cell

plasticity in solid tumors by inducing dedifferentiation and cell type transitions.

These two practices, plasticity and dedifferentiation enhance tumor

heterogeneity creating a key challenge in cancer treatment. In this review

we will explore cancer cell plasticity and elaborate treatment modalities that

aspire to overcome such dynamic processes in solid tumors. We will further

discuss the therapeutic potential of utilizing enhanced cell plasticity for

differentiation therapy.
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1 Introduction

Plasticity in biology is viewed as the capacity to adapt and survive under changes.

Plasticity in a cell serves as an escape mechanism enabling the cell to adapt to fluctuating

conditions. Escape requires the involvement of many cellular components: cytoskeleton

rearrangements, transcriptional and post-transcriptional changes, and even of altered

cellular function. These global changes take place under differentiation, being one domain

in which plasticity is demonstrated. A stem cell can always differentiate, which means that

it always has a powerful escape mechanism at hand. Another important example of cell

plasticity in development and pathologic responses is the process of EMT. During EMT

epithelial cells undergo a dedifferentiation process and progressively lose epithelial

phenotype and function (Tiwari et al., 2012; Nieto, 2013; Lamouille et al., 2014). In

cancer, EMT and cancer cell plasticity contribute to malignant progression and the

development of drug resistance (Berx et al., 2007; Puisieux et al., 2014; Brabletz et al., 2018;

Boumahdi and de Sauvage, 2020). An additional substantial characteristic of cancer cells is

their differentiation potential which was introduced by G.B. Pierce (PIERCE and DIXON,

1959; Arechaga, 2003) and fueled the quest for cancer differentiation treatment. The

steering of cancer cells into a benign direction was successfully achieved in the revolution

of acute promyelocytic leukemia (APL) treatment (Wang and Chen, 2008; Coombs et al.,
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2015). In the case of solid tumors, the application of

differentiation-based therapy is rather obscure (Vogelstein

et al., 2013; de Thé, 2018). The different approaches to

overcome cancer plasticity and the complexity confronting

tumor survival dynamics will be described in this review. The

perception of differentiation therapy as reversing of cell plasticity

will be discussed as well.

2 Cancer plasticity

Analogously to animal and plant life, the survival of a cell

population, is achieved through its inherent variations (epigenetic

modifications, mutations, epistasis), and its capacity to undergo

adaptation induced by dynamic changes. In cancer, specific

mutations can induce cell type transitions and enhance cell

plasticity contributing to cancer heterogeneity (Koren et al.,

2015; Van Keymeulen et al., 2015). Cancer cell plasticity is

exhibited in the varying responses of cells depending on cell

state and location, thus creating a variety of phenotypic

changes (Figure 1). In this section we focus on cancer cell

plasticity and its impact on cancer progression and drug resistance.

2.1 Epithelial-mesenchymal transition in
cancer

Epithelial-mesenchymal transition (EMT) is a biological

program during which differentiated epithelial cells lose their

epithelial characteristics such as cell-cell adhesions and apical-

basal polarity and gain migratory properties (Box 1—Hallmarks

of EMT). EMT is considered a process of dedifferentiation, rather

than a process of trans-differentiation of epithelial into a

mesenchymal cell or a fibroblast (Berx et al., 2007). The full

process of EMT is complex and prolonged in time. At any point

during the process, if the signal is removed, the cells will revert to

the epithelial state through a mesenchymal-to-epithelial-

transition (MET) (Lamouille et al., 2014). However, the

plasticity acquired during this process seems to be reduced if

the signal remains consistent, bringing about a stabilization of

mesenchymal state (Zhang et al., 2014). When stabilized in the

mesenchymal state it is hard to distinguish between EMT-derived

cells and a fibroblast. Yet, a fibroblast is less likely to undergoMET

or any other cell type transition. Partial EMT refers to any state

observed between EMT induction and full mesenchymal state,

and can include markers of both epithelial and mesenchymal cells

at varying levels (Nieto, 2013). These cells are unstable and will

quickly revert to the epithelial state once the external stimulus is

removed (Figure 2). EMT and MET are of central importance

during embryogenesis and organ development, facilitating cell

migration and cell type transitions to allow crucial for normal

development (Nieto, 2013). Cancer cells may adapt by hijacking

developmental programs such as EMT to enhance cell plasticity

(Puisieux et al., 2014; Brabletz et al., 2018). Thus, EMT contributes

to cancer heterogeneity, dissemination and the development of

drug resistance. In fact, EMT facilitates cancer cells’ escape both

literally, with the transfer from stationary to motile cells, and also

figuratively, with the acquisition of dynamic response capabilities.

In recent years, our perception of EMT in cancer progression has

evolved from a simple binary model into a multi-step model with

intermediate transition states on the spectrum between epithelial

to mesenchymal, characterized by high plasticity (Polyak and

Weinberg, 2009; Tsai and Yang, 2013; Nieto et al., 2016; Aiello

et al., 2018; Pastushenko et al., 2018; Yang et al., 2020). The in vivo

identification of partial EMT in cancer has been technically

challenging (Trimboli et al., 2008; Fischer et al., 2015; Zhao

et al., 2016; Bornes et al., 2019). In a breast cancer lineage

tracing model recently published by Lüönd et al. (2021) the

authors demonstrated that partial EMT cells, but not full

EMT cells, are required for lung metastasis, while both

FIGURE 1
Plasticity and diversity in a cell population. This figure
symbolizes the inherent plasticity of every differentiated state and
of every cell type on the vertical axis. Plasticity, induced by
dynamic changes, is represented on the horizontal axis.
Differentiated states are on the left where different colors are
marked, and dedifferentiated and stem cell-like states are on the
right where colors are light. Cell diversity includes cell identity,
mutations and epigenetic landscape of cells creating cellular
heterogeneity. Plasticity is triggered by external signals from the
tumor microenvironment and is exhibited in the varying response
of cells depending on cell state and location, thus creating a variety
of phenotypic changes.
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contribute to the development of chemo-resistance. Interestingly,

the hybrid epithelial/mesenchymal phenotype was also found to

exhibit an immune-suppressive capacity in breast carcinoma

models, as demonstrated byDongre et al. (2021); Sahoo et al. (2021).

2.2 Cancer stem cells

Although broadly studied, cancer stem cells (CSCs) are ill

defined. This has to do with the elusive definition of stemness

BOX 1 Hallmarks of EMT
EMT can be induced by various extracellular stimuli such as cytokines belonging to transformation growth factor β (TGF-β) family, hypoxic

conditions or matrix stiffness. These activate signaling cascades that regulate structural and functional changes in epithelial cells (Nieto, 2013;
Lamouille et al., 2014). Epithelial cells are constituted of sheets of cells that are tightly packed via specialized cell-cell junctions. One of which are the
cell-cell adhesion junctions that require epithelial cadherin (E-cadherin). Upon EMT cells undergo a “Cadherin-switch,” whereby E-cadherin is
downregulated and replaced by neural-cadherin (N-cadherin) (Christofori, 2006). This switch is directly linked to the loss of cell-cell adhesions,
activation of EMT regulatory pathways (e.g., Wnt signaling) and rearrangement of the cytoskeleton. The cortical actin is typical to epithelial cells and is
reorganized to form stress fibers. The epithelial apical-basal polarity is essential to their function, and is lost during EMT, resulting in front-rear
polarity and fibroblast-like morphology (Yilmaz and Christofori, 2009). These major morphological changes are the result but also the cause of
transcription factor activation and EMT-associated signaling regulation. Transcription factors regulating EMT, such as ZEB, Snail and Twist, are tightly
controlled at the post-transcriptional level by various micro-RNAs (miRNAs) (Lamouille et al., 2014). Members of the miR-200 family are associated
with epithelial cell morphology and their expression is decreased upon the induction of an EMT. ZEB1 and ZEB2 directly bind to miR-200 promoters
and repress their expression, in turn miR-200 repress ZEB1/2. A number of such double negative feedback loops between miRNAs and key EMT TFs
have been described. These negative feedback loops function as molecular switches and are important mechanisms underpinning the fine-tuning
and reversibility of EMT and, thus, epithelial/mesenchymal cell plasticity (Brabletz, 2012; Diepenbruck and Christofori, 2016).

FIGURE 2
Representation of structural and cellular changes during EMT/MET. Epithelial cells (blue) exhibit apical-basal polarity and cortical actin
organization. Epithelium comprises tightly packed and functionally synchronized epithelial cells connected to each other via cell-cell junctions and
are anchored to the basement membrane via integrins. Upon EMT, cells lose epithelial characteristics and become dedifferentiated single cells
(partial EMT—green). The full conversion gives rise to mesenchymal-like cells (purple) with front-rear polarity and actin stress fibers formation.
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and possibly the transient dynamic nature of these cells

(Clevers, 2011; Pattabiraman and Weinberg, 2014; Koren

and Bentires-Alj, 2015; Laplane, 2017). A key question in the

CSC field refers to the cell-of-origin of a tumor (Beck and

Blanpain, 2013); is cancer a disease originating from a

transformed stem cell (hierarchical model) (Pardal et al.,

2003) or do CSCs originate from non-stem cancer cells

(Koren and Bentires-Alj, 2015)? A further plausible variation

is that oncogene activation can directly induce stemness in non-

stem cells (Koren et al., 2015). Cancer types, like teratomas or

APL, seem to fit the hierarchical model (Clevers, 2011).

However, tumors originating from epithelium (carcinomas)

are able to undergo dedifferentiation processes like EMT,

resulting in enhanced tumorigenesis potential, demonstrating

that CSCs could originate from non-stem cells (Lamouille et al.,

2014). A book by Lucie Laplane, entitled “cancer stem cells:

philosophy and therapy” represents a deconvolution of the

concept of CSC (Laplane, 2017); Laplane suggests a new

definition to the concept of stemness divided into four

versions: Categorical: stemness is an intrinsic property of a

stem cell, independent of its environment; Dispositional:

stemness is essential to stem cells but the expression of

stemness depends on extrinsic factors; Relational: stemness is

an extrinsic property induced in a cell that would otherwise be a

non-stem cell; and Systemic: stemness is an extrinsic property

of a system such as tissue. Taken together the complexity and

dynamics of CSCs, with cellular plasticity contemporaneous to

differentiation state, it is possible that targeting CSCs alone will

not inhibit cancer plasticity.

2.3 Metastatic dissemination

During the journey of metastatic dissemination, cancer cells

face a frequently changing microenvironment. Disseminating

cancer cells are required for constant adaptation in order to

survive blood circulation, seeding and eventually proliferating at

distant organ sites (Brabletz, 2012; Diepenbruck and Christofori,

2016; Massagué and Obenauf, 2016). The recruitment of stromal

and immune cells to the tumor cells changing microenvironment

induces EMT and MET (Labelle et al., 2011; Gao et al., 2012a).

EMT and dormancy-induced growth arrest imposes further

challenge on the cancer cells during colonization. Thus, re-

proliferation at metastasis site requires re-differentiation via

MET (Gao et al., 2012b; Ocaña et al., 2012; Tsai and Yang,

2013). Interestingly, single cell analysis of a metastatic signature

in triple-negative (ER−/PR−/HER2−), basal-like patient-derived

xenograft (PDX) models revealed that early-stage metastatic cells

expressed a distinct basal/stem-cell signature with upregulation of

pluripotency genes as well as EMT markers (Lawson et al., 2015).

Thus, raising the possibility that dedifferentiation induced by

EMT/MET is a mechanism exploited also by aggressive

mesenchymal-like cancer subtypes.

2.4 Treatment evasion

Cancer evasion from therapy represents a major hurdle on

treatment success, frequently resulting in cancer progression and

relapse. One of the main strategies applied by both resistant and

tolerant cancer cells is the exploitation of the EMT process

(Boumahdi and de Sauvage, 2020). EMT contributes to drug

resistance in two ways; a priori, when cancer cells undergoing

EMT evade therapeutic strategies, and a posteriori when cancer

cells adapt to therapy by undergoing EMT. For example, TGF-β-
responding cancer cells can undergo partial or full EMT leading to

the development of drug-resistance (Oshimori et al., 2015; Katsuno

et al., 2019). Furthermore, in response to therapy, cancer cells can

undergo EMT like changes resulting in enhanced DNA-damage

repair, resistance to apoptosis, altered drug metabolism and secrete

cytokines leading to immunosuppressive microenvironment

(Holohan et al., 2013; Aiello and Kang, 2019). As mentioned

above, the contribution of both partial and full EMT to the

development of chemoresistance in breast cancer has been

recently demonstrated (Lüönd et al., 2021). The importance of

cell plasticity as a mechanism of treatment tolerance was

highlighted in clinical cases of non-small cell lung cancer

(NSCLC) treated with epidermal growth factor receptor (EGFR)

TKIs, transformed into small-cell lung cancer (SCLC). Intriguingly,

a potential reversibility of the process was demonstrated when

some of these patients regained sensitivity to the treatment

following a drug holiday (Sequist et al., 2011). This reversibility

was attributed to non-mutational mechanisms of treatment escape,

also referred to as drug tolerance and persistence. It has also been

shown that drug tolerant persister cells constitute a quiescent

reservoir that can eventually give rise to a heterogeneous

resistant population (Ramirez et al., 2016; Boumahdi and de

Sauvage, 2020). Considering the reversibility, dynamicity and

the non-genetic nature of both EMT and drug-tolerance

processes, the role of EMT as one of the strategies taken by

tolerant cancer cells becomes apparent (Shen et al., 2020).

Aldonza and colleagues observed the upregulation of EMT

markers in persistent human epithelial lung cancer cells to both

Paclitaxel and EGFR tyrosine kinase inhibition treatment (Aldonza

et al., 2020). In breast cancer, it has been shown that MEK and

PI3K/mTOR inhibitor-driven basal-like persistent cells in humans

develops through EMT-related cell state transitions (Risom et al.,

2018). Additionally, an acquisition of mesenchymal identity in

HER2-amplified breast cancer cells upon treatment with Lapatinib

was demonstrated (Hangauer et al., 2017). Following these

discoveries, efforts were made to detect and target the

vulnerabilities of drug-tolerant cells, in various cancers and

treatments (Hangauer et al., 2017; Chauvistré et al., 2022). A

recently published work identified a unique sub-population of

cycling persister cells that can potentially be targeted

therapeutically (Oren et al., 2021). Intriguingly, the EMT

signature was identified in both cycling and non-cycling

persister populations.
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2.5 Targeting cancer cell plasticity

Plasticity provides cancer cells with increased heterogeneity,

treatment escape and metastatic formation, often resulting in

treatment failure and cancer relapse (Koren and Bentires-Alj,

2015; Van Keymeulen et al., 2015; Massagué and Obenauf, 2016).

Therapeutic approaches to overcome cancer cell plasticity can be

broadly divided to three categories; preventing cell plasticity

(Gupta et al., 2009; Al-Lazikani et al., 2012; Pecot et al., 2013;

Proffitt et al., 2013; Cortez et al., 2014; Smith et al., 2014; Wilson

et al., 2014; Meidhof et al., 2015; Zhang et al., 2019; Dudás et al.,

2020; Jonckheere et al., 2021), eliminating cells with enhanced

plasticity (Gupta et al., 2009; Wilson et al., 2014; Hangauer et al.,

2017) and reversing plasticity via differentiation of cancer cells

into well-differentiated entities (Pattabiraman et al., 2016;

Italiano et al., 2018). Detailed discussion of the first two

approaches is beyond the scope of this review and is

thoroughly discussed by Boumahdi and de Sauvage (2020).

Here, we will focus on the concept and strategies of inducing

cancer cell differentiation.

3 Differentiation therapy

3.1 Concept

The notion that cancer stem cells can be induced to undergo

differentiation has been suggested by G.B. Pierce in his study of

teratomas in 1959 (PIERCE and DIXON, 1959). Pierce

established the concept of CSCs and differentiation potential,

establishing a crucial milestone in the field of cancer stem cell

biology (Arechaga, 2003). His results demonstrate as he describes

“cancer cells as a caricature of the normal process of tissue

renewal” (Pierce et al., 1977; Arechaga, 2003). This notion

implies that all tumors originate from tissue stem cells and

that tumors differ only in the potential for differentiation of

their stem cells: embryonal carcinomas form the three germ

layers, breast cancer stem cells form only glandular epithelium,

and stem cells of squamous cell carcinoma of the skin

differentiate into well-differentiated squamous cells (PIERCE

and DIXON, 1959; Pierce et al., 1977; Coombs et al., 2015).

Indeed, in this latter report, Wallace and Pierce demonstrate that

the progeny of malignant squamous cells can differentiate into

non-proliferating squamous cells incapable of forming a tumor

(Pierce and Wallace, 1971).

The application of differentiation therapy on Acute

promyelocytic leukemia (APL) has been a tremendous success.

APL is a distinct highly malignant subtype of acute myeloid

leukemia. It is characterized by a chromosomal translocation,

which results in the fusion between the promyelocytic leukemia

(PML) gene and the retinoic acid receptor (RAR) gene. Early

treatment with chemotherapy was the front-line treatment of

APL with limited remission success and low long-term survival

rate (Wang and Chen, 2008). A new era in the treatment of this

disease began with a differentiation therapy approach initially

developed in China. As the authors describe, this new direction in

cancer treatment has its origins in disease control models

employed in China that had been influenced by the Chinese

ancient philosophy on the management of society. These are best

illustrated by Confucius’ famous saying: “If you use laws to direct

the people, and punishments to control them, they will merely try

to evade the laws, and will have no sense of shame. But if by virtue

you guide them, and by the rites you control them, there will be a

sense of shame and of right.” The translation of this philosophy

into cancer therapy in their research was described as “educating”

cancer cells rather than killing them (Wang and Chen, 2008).

This philosophy led to the introduction of all-trans retinoic acid

(ATRA) in APL patients to induce terminal differentiation of the

leukemic promyelocytes into mature granulocyte. Further

development in this therapeutic strategy by applying arsenic

trioxide (ATO) improved the clinical outcome of refractory or

relapsed as well as newly diagnosed APL patients. The

combination of ATRA and ATO demonstrated synergism in

inducing differentiation and apoptosis turning this disease from

highly fatal to highly curable (Wang and Chen, 2008; Coombs

et al., 2015).

Applying this concept to solid tumors, implies that

differentiation therapy will force the cell back to the cell of

origin, a well-differentiated ancestor. In carcinomas,

dedifferentiated cancer cells (e.g., EMT-derived cells) can

revert back to an epithelial state by undergoing MET. In the

next section we will discuss breakthroughs and challenges in the

development of differentiation therapy for solid tumors.

3.2 The challenge

Pierce, Wang, and Chen demonstrated that the application of

differentiation-based therapy usually requires an established

model of cancer progression, that parallels to the normal

development course (Cruz and Matushansky, 2012). This

parallelism is evident in APL, as it follows the hierarchical

model discussed in the CSC section. In solid tumors, the

correlation is less clear as the tumorigenesis process usually

involves mutation-driven gradual transformation of benign

cells to cancer cells. Furthermore, most of solid tumorigenesis

involves multiple oncogenic pathways, in contrast to the single

main tumor genetic abnormality in APL, making the diversion to

normal much more complex (Vogelstein et al., 2013). The

challenge of applying differentiation therapies on solid tumors

is further expressed in the fact that many of the tumorigenic

differentiation pathways, such as Wnt and TGFβ signaling, are

also involved in adult tissue hemostasis, making drug safety a

significant limitation on treatment efficacy (Kahn, 2014).

The notion that cancer cell plasticity is an inherent feature of

many of the solid tumors impedes on the stability of the
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outcomes and therefore constitute another hurdle on the success

of differentiation therapy. Forcing MET is challenging as there is

growing evidence that MET may enhance metastatic outgrowth

(Brabletz, 2012; Pattabiraman and Weinberg, 2014). Cancer cells

forced to re-differentiate can potentially regain cellular plasticity

by undergoing another round of EMT. Moreover, in contrast to

broadly accessible blood samples in the case of hematologic

malignancies, solid tumor biopsies are harder to acquire to

enable in-depth differentiation therapy research (de Thé, 2018).

3.3 Affecting cell signaling

3.3.1 Retinoic acid signaling
Prior to the success of ATRA, scientists explored retinoic acid

(RA) as propagator of differentiation in solid tumors. RARα is an
essential RAR, which upon binding to RA, regulates cell

proliferation and differentiation (Garattini and Terao, 2007).

In 1982, RA-treated osteosarcoma and chondrosarcoma cells,

exhibited reversible growth inhibition and reduced colonization

(Thein and Lotan, 1982; Ng et al., 1985). More recent studies

showed ATRA induced osteogenic differentiation in

osteosarcoma, both in vitro and in vivo (Luo et al., 2010;

Dingwall et al., 2011; Hisada et al., 2013). Additional ATRA

mechanisms have been discovered. For instance, the link to key

signaling pathways, such as TGF-β, NF-κB, mitogen-activated

protein kinase (MAPK) and Notch signaling pathways (Dingwall

et al., 2011; Yang et al., 2012). Additionally, inhibition of

M2 polarization of tumor-associated macrophages (TAMs),

that was found to prevent metastasis (Zhou et al., 2017).

Rhabdomyosarcoma in vitro studies demonstrated a decreased

proliferation and increased differentiation upon ARTA

treatment (Garvin et al., 1986; Crouch and Helman, 1991;

Brodowicz et al., 1999; Barlow et al., 2006). In neuroblastoma,

a solid pediatric tumor arising from dedifferentiated neuronal

cells, which constitute a window of opportunities for pro-

differentiating and anti-proliferative therapy, RA is employed

in clinical practice as 13-cis RA, also known as Isotretinoin, as

part of the treatment for high-risk neuroblastoma. However,

many patients do not respond to the treatment, and further

research effort, including of combinational therapy, that will be

reviewed next, is required (Matthay et al., 1999; Reynolds et al.,

2003; Masetti et al., 2012). A synergistic effect on osteosarcoma

was observed with ATRA and methotrexate co-treatment

(Sramek et al., 2016) and by the combination of ATRA and

peroxisome proliferator-activated receptor-γ (PPARγ) agonists
(He et al., 2010), another key player that will be discussed in the

coming section. In neuroblastoma, synergistic effect between RA

and other drugs, such as cellular processes mediators, epigenetic

modifiers, and immune modulators (MAP/PI3K/TGF-β agonists
and CYP26/PKC/tyrosine kinase/proteosome inhibitors) has

been shown to be advantageous (Rössler et al., 2006; Chevrier

et al., 2008; Clark et al., 2013; Duffy et al., 2017; Bayeva et al.,

2021). Following the emergence of immunotherapy, a

combination with anti-GD2 antibodies and IL-2 was

introduced, with promising outcomes improving overall

survival (Gilman et al., 2009; Yu et al., 2010; Cheung et al.,

2012; Siebert et al., 2016; Mueller et al., 2018; Park and Cheung,

2020). Furthermore, there is strong evidence of the synergy

between RA and epigenetic modulators, predominantly

Histone Deacetylase inhibitors (HDACi), which were shown

to induce neuroblastoma differentiation both in vitro and in

vivo (Coffey et al., 2001; De los Santos et al., 2007; Frumm et al.,

2013; Almeida et al., 2017; Westerlund et al., 2017; Kolbinger

et al., 2018; Lochmann et al., 2018). We will further discuss the

usage of HDAC inhibitors in differentiation induction in the

following section.

3.3.2 Peroxisome proliferator-activated
receptor-γ signaling

PPARγ is a ligand-activated transcription factor that plays an

important role in a variety of physiological processes. PPARγwas
initially characterized as the master regulator for adipogenesis

but PPARγ signaling has also been implicated in the control of

cell proliferation and metabolism. Ligands for PPARγ include

naturally occurring fatty acids and a class of anti-diabetic drugs,

the thiazolidinediones (TZD). Spiegelman and colleagues

demonstrated exciting results in various cancer types by

manipulating PPARγ (Tontonoz and Spiegelman, 2008).

PPARγ is extensively present in malignancies of adipose

tissue, liposarcoma, as being a crucial transcription factor in

adipocytes (Tontonoz et al., 1997). This observation led the

authors to the hypothesis that treating transformed

dedifferentiated liposarcomas with TZD would induce a

terminal differentiation into benign adipocytes and inhibit

tumor progression. Preclinical and clinical experiments

demonstrated upregulation of adipocyte markers, reduced

proliferation and typical adipocyte morphology in treated

liposarcoma tumors (Tontonoz et al., 1997; Demetri et al.,

1999; Debrock et al., 2003). Surprisingly, Sarraf and colleagues

also observed high PPARγ levels in colon tumors, a cancer type

originating from transformed epithelial cells. Thus, they tested

the effect of TZD in colon cancer cells demonstrating here as well

reduced cancer cell proliferation and increased differentiation.

The effect of TZD on colon cancer cells resulted in re-

differentiation into colonic epithelial cells with decreased

tumorigenic characteristics (Sarraf et al., 1998). Relatively high

levels of PPARγ were also found in metastatic breast cancer cells.

Here the combination of PPARγ agonists with a MEK inhibitor

resulted in decreased proliferation and upregulation of epithelial

markers in in vitro experiments (Mueller et al., 1998). Additional

pre-clinical study showed that TZD induced cell cycle arrest and

apoptosis in bladder cancer cells, leading to inhibition of cell

proliferation in vitro and suppression of tumor growth in vivo (Lv

et al., 2019). Since this pioneer work on the effects of PPARγ
ligands in cancer, multiple clinical studies in various cancer types
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were conducted. The majority of these studies were done in

advanced stage disease and mostly as monotherapy using TZD.

Yet, most of these studies did not show a significant clinical

benefit (Hatton and Yee, 2008).

3.3.3 Wnt signaling
Wnt signaling has long been implicated in carcinogenesis,

metastatic dissemination, and cancer stemness (Malladi et al.,

2016; Nguyen et al., 2009; Yu et al., 2012; Tammela et al., 2017).

Wnt is also a known EMT transcription factor as previously

stated. With the aim of differentiation of solid tumor cancer cells,

vantictumab (OMP-18R5), a monoclonal antibody against

Frizzled (FZD) receptors 1, 2, 5, 7, and 8 and inhibits

canonical WNT signaling, was developed (Gurney et al.,

2012). In a human cancer cell line and patient-derived

xenograft models of breast cancer, vantictumab treatment

resulted in tumor growth inhibition (Gurney et al., 2012;

Fischer et al., 2017). A down regulation of gene expression

programs associated with EMT was also observed (Gurney

et al., 2012; Fischer et al., 2017). In a following phase Ib

clinical trial, vantictumab in combination with paclitaxel in

patients with locally advanced or metastatic HER2-negative

breast cancer had shown decent tolerance and promising

efficacy (Diamond et al., 2020). A phase 1b study of the

combination of vantictumab with nab-paclitaxel and

gemcitabine in patients with previously untreated metastatic

pancreatic cancer was limited by bone-related toxicities, which

requires further inquiries (Davis et al., 2020). Additional

targeting of Wnt signaling is applied in the case of inhibition

of a single tumorigenic driver, a rare therapeutic opportunity in

solid tumors, as previously mentioned; Storm and colleagues

targeted a Wnt pathway component, RSPO3, in PTPRK-RSPO3-

fusion positive colon tumors xenografts, which resulted in the

initiation of differentiation, loss of stem cell function and

inhibition of tumor growth (Storm et al., 2016).

3.4 Metabolic reprogramming

Glioblastoma metabolic research have shown that cyclic

adenosine monophosphate (cAMP) can induce an anti-

Warburg effect, a metabolic shift from aerobic glycolysis to

oxidative phosphorylation, that promotes the differentiation of

glioblastoma into benign astrocytes (Xing et al., 2017).

Pattabiraman et al. (2016), aimed to induce MET in breast

cancer cells, found that cAMP activation induced

CDH1 upregulation (the gene encoding for E-cadherin) and

hence the acquirement of epithelial characteristics. The study

further demonstrated a role for the cAMP-downstream effector

protein kinase A (PKA) in inducing MET and maintaining an

epithelial state (Pattabiraman et al., 2016). The modulation of

cAMP signaling pathway, as a key regulator of metabolism, cell

proliferation, and differentiation, is being further investigated.

An additional metabolic aspect that has been related to

differentiation is cholesterol metabolism. While a complex

balance between cancer promotion and suppression has been

attributed to cholesterol (Silvente-Poirot and Poirot, 2014), it has

been shown that dendrogenin A, a selective inhibitor of

cholesterol epoxide hydrolase induced tumor re-differentiation

and growth control in animal models (De Medina et al., 2013).

Interestingly, accumulating data demonstrate an interdependent

relationship between metabolic reprogramming and epigenetic

mechanisms in cancer cells, among which, metabolism-reaction

intermediates are required for the activity of chromatin-

modifying enzymes (Kinnaird et al., 2016).

3.5 Affecting epigenetic mechanisms

3.5.1 Chromatin modifications
Histone deacetylation, mediated by histone deacetylases

(HDACs) is part of epigenetic control of the transcription

process. HDAC induces chromatin modifications that

modulate transcriptionally repressive “closed” heterochromatin

(Siddiqi et al., 2010). Chromatin modifications are essential for

development and differentiation. In fact, the association between

histones and differentiation is known for several decades, even

prior to chromatin modifications recognition (Ru-chih and

Bonner, 1962). These modifications can induce malignant

transformation by transcriptional repression of tumor

suppressors involved in cell growth regulation and

differentiation (Mai et al., 2005; Cress and Seto, 2000).

HDACi are chromatin-modifying agents known as inducers of

cellular differentiation since 1979 (Ebert and Malinin, 1979).

Treatment with HDACi successfully produced differentiation in

preclinical models of sarcoma, lung and prostate tumors

(Supplementary Table S1) (Marks et al., 2001; Wang et al.,

2001; Hrzenjak et al., 2006; Platta et al., 2007; Rephaeli et al.,

2005; Belinsky et al., 2003). In some carcinomas such as breast

and pancreas malignancies, some HDACi were able to induce

MET. Mesenchymal invasive cells from mammary gland

carcinomas were induced to differentiate into epithelial cells

by treatment with SAHA, a specific HDACi. Treatment with

SAHA reduced proliferation and induced differentiation in these

cells (Supplementary Table S1) (Munster et al., 2001; Kumagai

et al., 2007). Mocetinostat, a different HDACi was shown to

induce differentiation and to increase sensitivity to

chemotherapy in EMT-derived pancreatic cancer cells

(Meidhof et al., 2015). Indeed, numerous clinical trials with

HDACi have been performed for the treatment of different

cancer types. However, HDACi seemed to have conflicting

effects on regulating cell-state transitions, and clinical results

did not meet the expectations from this class of drugs

(Supplementary Table S1) (Tam and Weinberg, 2013).

Furthermore, an important point to consider when applying

HDACi to the clinic, is the adverse events potential, due to their
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pleiotropic cell functions. Another chromatin modification

leading to differentiation is the inhibition of EZH2, a histone

methyltransferase. Histone methyltransferase regulates gene

transcription by controlling the access of transcription factors

to DNA. EZH2 is frequently overexpressed in both hematological

malignancies and solid tumors. Its abnormal activity facilitates

modification in cell fate decisions, proliferation, differentiation,

and cell migration, including regulation of CDH1 expression.

EZH2 was shown to be required for MET during human induced

pluripotent stem cells generation (Supplementary Table S1) (Rao

et al., 2015; Barsotti et al., 2015). Pre-clinical data in multiple

solid tumors suggest a therapeutic role for EZH2 inhibitors (Wee

et al., 2014; Keilhack and Smith, 2015), whereas in clinical trials,

including patients with non-Hodgkin’s lymphoma (NHL) and

solid tumors, only NHL patients responded clinically to the

treatment (Ribrag et al., 2015).

3.5.2 Inhibition of DNA methylation
5-Aza-2′-Deoxycytidine (Decitabine) is a specific inhibitor

of DNA methylation. DNA demethylation results in

differentiation, growth inhibition, and loss of clonogenicity.

Decitabine is an approved treatment for myelodysplastic

syndrome (MDS) and for acute myeloid leukemia (AML).

It’s potency was also shown in animal models and in

preliminary clinical trials of NSCLC patients (Momparler,

2005). Later on, an inhibition of tumor growth and induction

of melanocyte differentiation of murine melanoma models in

vivo was demonstrated (Alcazar et al., 2012). In the past few

years, decitabine has been developed as an anti-osteosarcoma.

Treatment of osteosarcoma cells with decitabine was found to

induce ERα expression, decrease proliferation and metastasis-

associated markers, and cause osteoblast differentiation

(Supplementary Table S1) (Osuna et al., 2019). Ruh et al.

(2021) recently demonstrated that Decitabine can induce the

demethylation of imprinted DLK-DIO3 locus resulting in the

downregulation of ZEB1 via microRNAs (miRNAs)

expression in osteosarcoma cells. The reduction of

ZEB1 expression levels induced an adipogenic and

osteogenic differentiation in the cells, as well as improved

the response to doxorubicin. Among other EMT transcription

factors, ZEB1 has been targeted via miRNA at the post-

transcriptional level, with the aim of targeting cell

plasticity, as mentioned in the plasticity section.

3.6 Targeting epithelial-mesenchymal
transition feedback loops

Computational and experimental analysis have examined the

dynamics of the regulatory networks involved in EMT and discovered

the importance of feedback loops (Brabletz and Brabletz, 2010;

Siemens et al., 2011; Craene and Berx, 2013; Lu et al., 2013; Tian

et al., 2013; Shi et al., 2014; Jolly et al., 2015a; Jolly et al., 2015b; Kundu

et al., 2016; Jia et al., 2017; Mooney et al., 2017; Celià-Terrassa et al.,

2018; Jolly et al., 2018; Hari et al., 2020; Silveira andMombach, 2020).

Such feedback loops usually consist of both epithelial and

mesenchymal players, each regulating the expression of the other.

The balance between the two dictates the cell state (Gregory et al.,

2011; Jolly et al., 2015a; Diepenbruck et al., 2017). Understanding

feedback loops in EMT regulation and the acknowledgment of the

hazardous potential in cancer plasticity, allowed the development of a

new therapeutic approach also targeting phenotypic plasticity

(Brabletz and Brabletz, 2010; Lu et al., 2013; Tian et al., 2013;

Diepenbruck et al., 2017; Jia et al., 2017; Mooney et al., 2017;

Celià-Terrassa et al., 2018; Jolly et al., 2018; Hari et al., 2020;

Silveira and Mombach, 2020). Computational analysis of EMT

feedback loops found that some can cause the persistence of

cancer cell plasticity after stimulation withdrawal, and that

the reduction of positive feedback loops in the EMT plasticity

network can restrict it (Hari et al., 2020). This idea was

preliminary implemented by Celià-Terrassa et al. (2018),

who showed a reduction in metastatic dissemination by

breaking the miR-200/ZEB loop. Yet, manipulating the

inherent switch in feedback loops can be counterproductive

in the context of carcinomas; restricting EMT can enhance

colonization via MET and MET inhibition may propagate

dissemination and stabilization of hybrid Epithelial/

Mesenchymal state can potentially encourage cancer cell

dissemination and treatment escape. The cell plasticity

maintained in cancer cells via EMT and MET is inherent to

various solid cancers, possibly the main hindrance of re-

differentiation therapies. This notion gave rise to the need

to exit the plasticity loop, resulting in the development of a

trans-differentiation approach.

3.7 Trans-differentiation therapy—making
the problem an opportunity

A possible explanation for the limited clinical gain from

reversion of cancer cells back into their original differentiated cell

type is the inherent plasticity of the epithelial cancer cells. To

overcome the plasticity challenge in cancer treatment, we have

recently demonstrated that enhanced cancer cell plasticity can be

therapeutically exploited by inducing trans-differentiation into

different cell types. EMT-derived breast cancer cells were induced

to undergo terminal trans-differentiation into mature non-

proliferating adipocytes (Ishay-Ronen et al., 2019). Trans-

differentiation is possible in cancer cells since the process of

EMT seems to induce multi-potency in cancer cells, enabling cell

fate shift. Our results suggest that the differentiation potential is

impeded by the activation of MEK-ERK signaling. Thus, the

combination of MEK inhibitors to enable differentiation with

PPARγ agonist, to induce adipogenesis can result in cancer trans-
differentiation into bona fide adipocytes (Tontonoz et al., 1997;

Demetri et al., 1999; Debrock et al., 2003; Ishay-Ronen and
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Christofori, 2019; Ishay-Ronen et al., 2019). The breast cancer-

derived adipocytes exhibit inherent terminal differentiation and

growth arrest, thus lacking cellular plasticity, which practically

resulted in the prevention of invasion andmetastasis in various in

vivomodels (Ishay-Ronen et al., 2019). These results indicate the

potential of utilizing the increased cell plasticity inherent to

invasive cancer cells for trans-differentiation therapy.

4 Discussion

Plasticity is a quality of the cell that crafts its capacity to adapt to

the changing environment. Cellular plasticity can be enhanced

during cancer progression, by hijacking EMT and MET

programs to promote tumor growth, survival and metastatic

dissemination which eventually aggravate patient outcomes

(Nieto, 2013). Cancer differentiation state is essential for the

histopathological classification of solid malignancies and is

strongly associated with tumor behavior and aggressiveness. The

great impact of cancer plasticity, and the effect of differentiation

state of solid tumors, motivated the quest for pharmacological

discoveries to overcome cancer plasticity, raising the possibility

to force re-differentiation and trans-differentiation in solid tumors.

In our view, plasticity, EMT and MET are processes

contemporaneous to the cell differentiation state, which means

that the window of plasticity should be exploited in the quest for

a proper solution (Figure 3). A trans-differentiation therapeutic

approach resulted in irreversible cell state with impeded cell

plasticity. The review highlights the therapeutic potential in

differentiation approaches to overcome the cellular plasticity

inherent to cancer cells. In fact, accumulating data suggests that

cell plasticity can be utilized therapeutically with differentiation

approaches. Differentiation treatment strategies are unique in their

potential to target slow-cycling, dormant, dedifferentiated cancer

cells with stem cell—like characteristics. Yet, complex signaling

activation and differentiation inhibition induced by cancer

progression require further research to uncover mechanisms

regulating cancer differentiation. Furthermore, a positive clinical

outcome in the context of differentiation treatment is rather obscure

since treatment response might not correlate with tumor

eradication. It is plausible that differentiation treatment,

targeting resistant disseminating cancer cells, can become

clinically beneficial only in combination with conventional

treatment modalities. Alternatively, in the context of metastatic

disease, differentiation treatment can result in minimal residual

disease (MRD), impeding cancer progression. Differentiation

therapy in solid tumors was initially suggested more than half a

century ago. Yet, our understanding today of cellular mechanisms

driving cancer progression can be translated into optimization and

further development of this fascinating research field.

FIGURE 3
Differentiation treatment potential facilitated by cancer plasticity. This figure schematically illustrates the concurrency of cell plasticity and
cancer survival during malignant progression with the differentiation potential. When cancer cells are responding to stress induced by the changing
microenvironment during dissemination or in response to treatment application, cell plasticity and adaptability are enhanced, correlating with cell
survival. The increased cell plasticity is linked to the multi-differentiation potential of the cells, proposing a therapeutic window. Figure created
with BioRender.com.

Frontiers in Pharmacology frontiersin.org09

Bar-Hai and Ishay-Ronen 10.3389/fphar.2022.944773

http://www.biorender.com/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.944773


Author contributions

NB-H and DI-R researched data for the article, provided

substantial contribution to discussions of the content, wrote the

article, and reviewed and edited the manuscript before

submission.

Funding

This Research was funded by the Israel Cancer Association,

Grant number 20211190.

Acknowledgments

We thank Rakefet Ben Yishay and Elizabeth Stoops for their

important input and contribution to this review. We apologize to

investigators whose work we were not able to discuss in this

focused review.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may bemade by its

manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fphar.

2022.944773/full#supplementary-material

References

Aiello, N. M., and Kang, Y. (2019). Context-dependent EMT programs in cancer
metastasis. J. Exp. Med. 216 (5), 1016–1026. doi:10.1084/jem.20181827

Aiello, N. M., Maddipati, R., Norgard, R. J., Balli, D., Li, J., Yuan, S., et al. (2018).
EMT subtype influences epithelial plasticity andmode of cell migration.Dev. Cell 45
(6), 681–695.e4. doi:10.1016/j.devcel.2018.05.027

Al-Lazikani, B., Banerji, U., and Workman, P. (2012). Combinatorial drug
therapy for cancer in the post-genomic era. Nat. Biotechnol. 30 (7), 679–692.
doi:10.1038/nbt.2284

Alcazar, O., Achberger, S., Aldrich, W., Hu, Z., Negrotto, S., Saunthararajah, Y.,
et al. (2012). Epigenetic regulation by decitabine of melanoma differentiation
in vitro and in vivo. Int. J. Cancer 131 (1), 18–29. doi:10.1002/ijc.26320

Aldonza, M. B. D., Ku, J., Hong, J-Y., Kim, D., Yu, S. J., Lee, M-S., et al.
(2020). Prior acquired resistance to paclitaxel relays diverse EGFR-targeted
therapy persistence mechanisms. Sci. Adv. 6 (6), eaav7416. doi:10.1126/sciadv.
aav7416

Almeida, V. R., Vieira, I. A., Buendia, M., Brunetto, A. T., Gregianin, L. J.,
Brunetto, A. L., et al. (2017). Combined treatments with a retinoid receptor agonist
and epigenetic modulators in human neuroblastoma cells. Mol. Neurobiol. 54 (10),
7610–7619. doi:10.1007/s12035-016-0250-3

Arechaga, J. (2003). On the boundary between development and neoplasia. An
interview with Professor G. Barry Pierce. Int. J. Dev. Biol. 37 (1), 5–16.

Barlow, J. W., Wiley, J. C., Mous, M., Narendran, A., Gee, M. F., Goldberg, M.,
et al. (2006). Differentiation of rhabdomyosarcoma cell lines using retinoic acid.
Pediatr. Blood Cancer 47 (6), 773–784. doi:10.1002/pbc.20650

Barsotti, A. M., Ryskin, M., Kung, P-P., Verhelle, D., and Rollins, R. A. (2015).
EZH2 as a therapeutic target in solid tumors. Cancer Cell &Microenviron. 2. doi:10.
14800/ccm.1024

Bayeva, N., Coll, E., and Piskareva, O. (2021). Differentiating neuroblastoma: A
systematic review of the retinoic acid, its derivatives, and synergistic interactions.
J. Pers. Med. 11 (3), 211. doi:10.3390/jpm11030211

Beck, B., and Blanpain, C. (2013). Unravelling cancer stem cell potential.Nat. Rev.
Cancer 13 (10), 727–738. doi:10.1038/nrc3597

Belinsky, S. A., Klinge, D. M., Stidley, C. A., Issa, J-P., Herman, J. G., March, T. H.,
et al. (2003). Inhibition of DNA methylation and histone deacetylation prevents
murine lung cancer. Cancer Res. 63 (21), 7089–7093.

Berx, G., Raspé, E., Christofori, G., Thiery, J. P., and Sleeman, J. P. (2007). Pre-
EMTing metastasis? Recapitulation of morphogenetic processes in cancer. Clin.
Exp. Metastasis 24 (8), 587–597. doi:10.1007/s10585-007-9114-6

Bornes, L., van Scheppingen, R. H., Beerling, E., Schelfhorst, T., Ellenbroek, S. I. J.,
Seinstra, D., et al. (2019). Fsp1-mediated lineage tracing fails to detect the majority
of disseminating cells undergoing EMT. Cell Rep. 29 (9), 2565–2569.e3. doi:10.1016/
j.celrep.2019.10.107

Boumahdi, S., and de Sauvage, F. J. (2020). The great escape: Tumour cell
plasticity in resistance to targeted therapy. Nat. Rev. Drug Discov. 19 (1), 39–56.
doi:10.1038/s41573-019-0044-1

Brabletz, S., and Brabletz, T. (2010). The ZEB/miR-200 feedback loop—A motor
of cellular plasticity in development and cancer? EMBO Rep. 11 (9), 670–677. %@
1469-221X. doi:10.1038/embor.2010.117

Brabletz, T., Kalluri, R., Nieto, M. A., andWeinberg, R. A. (2018). EMT in cancer.
Nat. Rev. Cancer 18 (2), 128–134. doi:10.1038/nrc.2017.118

Brabletz, T. (2012). To differentiate or not—Routes towards metastasis. Nat. Rev.
Cancer 12 (6), 425–436. doi:10.1038/nrc3265

Brodowicz, T., Wiltschke, C., Kandioler-Eckersberger, D., Grunt, T., Rudas, M.,
Schneider, S., et al. (1999). Inhibition of proliferation and induction of apoptosis in
soft tissue sarcoma cells by interferon-α and retinoids. Br. J. Cancer 80 (9),
1350–1358. doi:10.1038/sj.bjc.6690528

Celià-Terrassa, T., Bastian, C., Liu, D. D., Ell, B., Aiello, N. M., Wei, Y., et al.
(2018). Hysteresis control of epithelial-mesenchymal transition dynamics conveys a
distinct program with enhanced metastatic ability. Nat. Commun. 9 (1), 5005. %@
2041-1723. doi:10.1038/s41467-018-07538-7

Chauvistré, H., Shannan, B., Daignault-Mill, S. M., Ju, R. J., Picard, D., Egetemaier, S.,
et al. (2022). Persister state-directed transitioning and vulnerability in melanoma. Nat.
Commun. 13 (1), 3055. %@ 2041-1723. doi:10.1038/s41467-022-30641-9

Cheung, N-K. V., Cheung, I. Y., Kushner, B. H., Ostrovnaya, I., Chamberlain, E.,
Kramer, K., et al. (2012). Murine anti-GD2 monoclonal antibody 3F8 combined
with granulocyte-macrophage colony-stimulating factor and 13-cis-retinoic acid in
high-risk patients with stage 4 neuroblastoma in first remission. J. Clin. Oncol. 30
(26), 3264–3270. doi:10.1200/JCO.2011.41.3807

Chevrier, L., Meunier, A-C., Cochaud, S., Muller, J-M., and Chadéneau, C. (2008).
Vasoactive intestinal peptide decreases MYCN expression and synergizes with
retinoic acid in a human MYCN-amplified neuroblastoma cell line. Int. J. Oncol. 33
(5), 1081–1089. doi:10.3892/ijo_00000097

Christofori, G. (2006). New signals from the invasive front. Nature 441 (7092),
444–450. doi:10.1038/nature04872

Clark, O., Daga, S., and Stoker, A. W. (2013). Tyrosine phosphatase inhibitors
combined with retinoic acid can enhance differentiation of neuroblastoma cells and

Frontiers in Pharmacology frontiersin.org10

Bar-Hai and Ishay-Ronen 10.3389/fphar.2022.944773

https://www.frontiersin.org/articles/10.3389/fphar.2022.944773/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.944773/full#supplementary-material
https://doi.org/10.1084/jem.20181827
https://doi.org/10.1016/j.devcel.2018.05.027
https://doi.org/10.1038/nbt.2284
https://doi.org/10.1002/ijc.26320
https://doi.org/10.1126/sciadv.aav7416
https://doi.org/10.1126/sciadv.aav7416
https://doi.org/10.1007/s12035-016-0250-3
https://doi.org/10.1002/pbc.20650
https://doi.org/10.14800/ccm.1024
https://doi.org/10.14800/ccm.1024
https://doi.org/10.3390/jpm11030211
https://doi.org/10.1038/nrc3597
https://doi.org/10.1007/s10585-007-9114-6
https://doi.org/10.1016/j.celrep.2019.10.107
https://doi.org/10.1016/j.celrep.2019.10.107
https://doi.org/10.1038/s41573-019-0044-1
https://doi.org/10.1038/embor.2010.117
https://doi.org/10.1038/nrc.2017.118
https://doi.org/10.1038/nrc3265
https://doi.org/10.1038/sj.bjc.6690528
https://doi.org/10.1038/s41467-018-07538-7
https://doi.org/10.1038/s41467-022-30641-9
https://doi.org/10.1200/JCO.2011.41.3807
https://doi.org/10.3892/ijo_00000097
https://doi.org/10.1038/nature04872
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.944773


trigger ERK-and AKT-dependent, p53-independent senescence. Cancer Lett. 328
(1), 44–54. doi:10.1016/j.canlet.2012.09.014

Clevers, H. (2011). The cancer stem cell: Premises, promises and challenges. Nat.
Med. 17 (3), 313–319. doi:10.1038/nm.2304

Coffey, D. C., Kutko, M. C., Glick, R. D., Butler, L. M., Heller, G., Rifkind, R. A.,
et al. (2001). The histone deacetylase inhibitor, CBHA, inhibits growth of human
neuroblastoma xenografts in vivo, alone and synergistically with all-trans retinoic
acid. Cancer Res. 61 (9), 3591–3594.

Coombs, C., Tavakkoli, M., and Tallman, M. (2015). Acute promyelocytic
leukemia: Where did we start, where are we now, and the future. Blood Cancer
J. 5 (4), e304. doi:10.1038/bcj.2015.25

Cortez, M. A., Valdecanas, D., Zhang, X., Zhan, Y., Bhardwaj, V., Calin, G. A.,
et al. (2014). Therapeutic delivery of miR-200c enhances radiosensitivity in lung
cancer. Mol. Ther. 22 (8), 1494–1503. doi:10.1038/mt.2014.79

Craene, B. D., and Berx, G. (2013). Regulatory networks defining EMT during
cancer initiation and progression. Nat. Rev. Cancer 13 (2), 97–110. %@ 1474-768.
doi:10.1038/nrc3447

Cress, W. D., and Seto, E. (2000). Histone deacetylases, transcriptional control,
and cancer. J. Cell. Physiol. 184 (1), 1–16. doi:10.1002/(SICI)1097-4652(200007)
184:1<1::AID-JCP1>3.0.CO;2-7
Crouch, G. D., and Helman, L. J. (1991). All-trans-retinoic acid inhibits the

growth of human rhabdomyosarcoma cell lines. Cancer Res. 51 (18), 4882–4887.

Cruz, F. D., and Matushansky, I. (2012). Solid tumor differentiation therapy–is it
possible? Oncotarget 3 (5), 559–567. doi:10.18632/oncotarget.512

Davis, S. L., Cardin, D. B., Shahda, S., Lenz, H-J., Dotan, E., O’Neil, B. H., et al.
(2020). A phase 1b dose escalation study of Wnt pathway inhibitor vantictumab in
combination with nab-paclitaxel and gemcitabine in patients with previously
untreated metastatic pancreatic cancer. Invest. New Drugs 38 (3), 821–830.
doi:10.1007/s10637-019-00824-1

De los Santos, M., Zambrano, A., and Aranda, A. (2007). Combined effects of
retinoic acid and histone deacetylase inhibitors on human neuroblastoma SH-SY5Y
cells. Mol. Cancer Ther. 6 (4), 1425–1432. doi:10.1158/1535-7163.MCT-06-0623

De Medina, P., Paillasse, M. R., Segala, G., Voisin, M., Mhamdi, L., Dalenc, F.,
et al. (2013). Dendrogenin A arises from cholesterol and histamine metabolism and
shows cell differentiation and anti-tumour properties. Nat. Commun. 4 (1), 1840.
doi:10.1038/ncomms2835

de Thé, H. (2018). Differentiation therapy revisited. Nat. Rev. Cancer 18 (2),
117–127. doi:10.1038/nrc.2017.103

Debrock, G., Vanhentenrijk, V., Sciot, R., Debiec-Rychter, M., Oyen, R., Van
Oosterom, A., et al. (2003). A phase II trial with rosiglitazone in liposarcoma
patients. Br. J. Cancer 89 (8), 1409–1412. doi:10.1038/sj.bjc.6601306

Demetri, G. D., Fletcher, C. D., Mueller, E., Sarraf, P., Naujoks, R., Campbell, N., et al.
(1999). Induction of solid tumor differentiation by the peroxisome proliferator-activated
receptor-γ ligand troglitazone in patients with liposarcoma. Proc. Natl. Acad. Sci. U. S. A.
96 (7), 3951–3956. doi:10.1073/pnas.96.7.3951

Diamond, J. R., Becerra, C., Richards, D., Mita, A., Osborne, C., O’Shaughnessy, J.,
et al. (2020). Phase Ib clinical trial of the anti-frizzled antibody vantictumab (OMP-
18R5) plus paclitaxel in patients with locally advanced or metastatic HER2-negative
breast cancer. Breast Cancer Res. Treat. 184 (1), 53–62. doi:10.1007/s10549-020-
05817-w

Diepenbruck, M., and Christofori, G. (2016). Epithelial–mesenchymal transition
(EMT) and metastasis: Yes, no, maybe? Curr. Opin. Cell Biol. 43, 7–13. doi:10.1016/
j.ceb.2016.06.002

Diepenbruck, M., Tiede, S., Saxena, M., Ivanek, R., Kalathur, R. K. R., Lüönd, F.,
et al. (2017). miR-1199-5p and Zeb1 function in a double-negative feedback loop
potentially coordinating EMT and tumour metastasis. Nat. Commun. 8 (1), 1168. %
@ 2041-1723. doi:10.1038/s41467-017-01197-w

Dingwall, M., Marchildon, F., Gunanayagam, A., Louis, C. S., and Wiper-
Bergeron, N. (2011). Retinoic acid-induced Smad3 expression is required for the
induction of osteoblastogenesis of mesenchymal stem cells. Differentiation. 82 (2),
57–65. doi:10.1016/j.diff.2011.05.003

Dongre, A., Rashidian, M., Eaton, E. N., Reinhardt, F., Thiru, P., Zagorulya, M.,
et al. (2021). Direct and indirect regulators of epithelial–mesenchymal
transition–mediated immunosuppression in breast carcinomas. Cancer Discov.
11 (5), 1286–1305. %@ 2159-8274. doi:10.1158/2159-8290.CD-20-0603

Dudás, J., Ladányi, A., Ingruber, J., Steinbichler, T. B., and Riechelmann, H.
(2020). Epithelial to mesenchymal transition: A mechanism that fuels cancer radio/
chemoresistance. Cells 9 (2), 428. doi:10.3390/cells9020428

Duffy, D. J., Krstic, A., Halasz, M., Schwarzl, T., Konietzny, A., Iljin, K., et al.
(2017). Retinoic acid and TGF-β signalling cooperate to overcome MYCN-induced
retinoid resistance. Genome Med. 9 (1), 15. doi:10.1186/s13073-017-0407-3

Ebert, P. S., and Malinin, G. I. (1979). Induction of erythroid differentiation in
Friend murine erythroleukemic cells by inorganic selenium compounds. Biochem.
Biophys. Res. Commun. 86 (2), 340–349. doi:10.1016/0006-291x(79)90871-4

Siebert, N., Eger, C., Seidel, D., Jüttner, M., Zumpe, M., Wegner, D., et al. (2016).
Pharmacokinetics and pharmacodynamics of ch14. 18/CHO in relapsed/refractory
high-risk neuroblastoma patients treated by long-term infusion in combination with
IL-2 (Oxfordshire, United Kingdom: Taylor & Francis).

Mueller, I., Ehlert, K., Endres, S., Pill, L., Siebert, N., Kietz, S., et al. (2018).
Tolerability, response and outcome of high-risk neuroblastoma patients treated with
long-term infusion of anti-GD2 antibody ch14. 18/CHO (Oxfordshire,
United Kingdom: Taylor & Francis).

Fischer, K. R., Durrans, A., Lee, S., Sheng, J., Li, F., Wong, S. T., et al. (2015).
Epithelial-to-mesenchymal transition is not required for lung metastasis but
contributes to chemoresistance. Nature 527 (7579), 472–476. doi:10.1038/
nature15748

Fischer, M. M., Cancilla, B., Yeung, V. P., Cattaruzza, F., Chartier, C., Murriel, C.
L., et al. (2017). WNT antagonists exhibit unique combinatorial antitumor activity
with taxanes by potentiating mitotic cell death. Sci. Adv. 3 (6), e1700090. doi:10.
1126/sciadv.1700090

Frumm, S. M., Fan, Z. P., Ross, K. N., Duvall, J. R., Gupta, S., VerPlank, L., et al.
(2013). Selective HDAC1/HDAC2 inhibitors induce neuroblastoma differentiation.
Chem. Biol. 20 (5), 713–725. doi:10.1016/j.chembiol.2013.03.020

Gao, D., Joshi, N., Choi, H., Ryu, S., Hahn, M., Catena, R., et al. (2012). Myeloid
progenitor cells in the premetastatic lung promote metastases by inducing
mesenchymal to epithelial transition. Cancer Res. 72 (6), 1384–1394. doi:10.
1158/0008-5472.CAN-11-2905

Gao, H., Chakraborty, G., Lee-Lim, A. P., Mo, Q., Decker, M., Vonica, A., et al.
(2012). The BMP inhibitor Coco reactivates breast cancer cells at lung metastatic
sites. Cell 150 (4), 764–779. doi:10.1016/j.cell.2012.06.035

Garattini, E., and Terao, M. (2007). Cytodifferentiation by retinoids, a novel
therapeutic option in oncology: Rational combinations with other therapeutic
agents. Vitam. Horm. 75, 301–354. doi:10.1016/S0083-6729(06)75012-9

Garvin, A., Stanley, W., Bennett, D., and Sullivan, J. (1986). The in vitro growth,
heterotransplantation, and differentiation of a human rhabdomyosarcoma cell line.
Am. J. Pathol. 125 (1), 208–217.

Gilman, A. L., Ozkaynak, M. F., Matthay, K. K., Krailo, M., Yu, A. L., Gan, J.,
et al. (2009). Phase I study of ch14. 18 with granulocyte-macrophage colony-
stimulating factor and interleukin-2 in children with neuroblastoma after
autologous bone marrow transplantation or stem-cell rescue: A report from
the children’s oncology group. J. Clin. Oncol. 27 (1), 85–91. doi:10.1200/JCO.
2006.10.3564

Gregory, P. A., Bracken, C. P., Smith, E., Bert, A. G., Wright, J. A., Roslan, S.,
et al. (2011). An autocrine TGF-beta/ZEB/miR-200 signaling network
regulates establishment and maintenance of epithelial-mesenchymal
transition. Mol. Biol. Cell 22 (10), 1686–1698. %@ 059-524. doi:10.1091/
mbc.E11-02-0103

Gupta, P. B., Onder, T. T., Jiang, G., Tao, K., Kuperwasser, C., Weinberg, R. A.,
et al. (2009). Identification of selective inhibitors of cancer stem cells by high-
throughput screening. Cell 138 (4), 645–659. doi:10.1016/j.cell.2009.06.034

Gurney, A., Axelrod, F., Bond, C. J., Cain, J., Chartier, C., Donigan, L., et al.
(2012). Wnt pathway inhibition via the targeting of Frizzled receptors results in
decreased growth and tumorigenicity of human tumors. Proc. Natl. Acad. Sci. U. S.
A. 109 (29), 11717–11722. doi:10.1073/pnas.1120068109

Hangauer, M. J., Viswanathan, V. S., Ryan, M. J., Bole, D., Eaton, J. K., Matov, A.,
et al. (2017). Drug-tolerant persister cancer cells are vulnerable to GPX4 inhibition.
Nature 551 (7679), 247–250. doi:10.1038/nature24297

Hari, K., Sabuwala, B., Subramani, B. V., La Porta, C. A. M., Zapperi, S., Font-
Clos, F., et al. (2020). Author Correction: Identifying inhibitors of epithelial-
mesenchymal plasticity using a network topology-based approach. NPJ Syst.
Biol. Appl. 6 (1), 19. %@ 2056-7189. doi:10.1038/s41540-020-0139-7

Hatton, J. L., and Yee, L. D. (2008). Clinical use of PPARgamma ligands in cancer.
PPAR Res. 2008, 159415. doi:10.1155/2008/159415

He, B-C., Chen, L., Zuo, G-W., Zhang, W., Bi, Y., Huang, J., et al. (2010).
Synergistic antitumor effect of the activated PPARgamma and retinoid receptors on
human osteosarcoma. Clin. Cancer Res. 16 (8), 2235–2245. doi:10.1158/1078-0432.
CCR-09-2499

Hisada, K., Hata, K., Ichida, F., Matsubara, T., Orimo, H., Nakano, T., et al.
(2013). Retinoic acid regulates commitment of undifferentiated mesenchymal stem
cells into osteoblasts and adipocytes. J. BoneMin. Metab. 31 (1), 53–63. doi:10.1007/
s00774-012-0385-x

Holohan, C., Van Schaeybroeck, S., Longley, D. B., and Johnston, P. G. (2013).
Cancer drug resistance: An evolving paradigm. Nat. Rev. Cancer 13 (10), 714–726.
doi:10.1038/nrc3599

Frontiers in Pharmacology frontiersin.org11

Bar-Hai and Ishay-Ronen 10.3389/fphar.2022.944773

https://doi.org/10.1016/j.canlet.2012.09.014
https://doi.org/10.1038/nm.2304
https://doi.org/10.1038/bcj.2015.25
https://doi.org/10.1038/mt.2014.79
https://doi.org/10.1038/nrc3447
https://doi.org/10.1002/(SICI)1097-4652(200007)184:1<1::AID-JCP1>3.0.CO;2-7
https://doi.org/10.1002/(SICI)1097-4652(200007)184:1<1::AID-JCP1>3.0.CO;2-7
https://doi.org/10.18632/oncotarget.512
https://doi.org/10.1007/s10637-019-00824-1
https://doi.org/10.1158/1535-7163.MCT-06-0623
https://doi.org/10.1038/ncomms2835
https://doi.org/10.1038/nrc.2017.103
https://doi.org/10.1038/sj.bjc.6601306
https://doi.org/10.1073/pnas.96.7.3951
https://doi.org/10.1007/s10549-020-05817-w
https://doi.org/10.1007/s10549-020-05817-w
https://doi.org/10.1016/j.ceb.2016.06.002
https://doi.org/10.1016/j.ceb.2016.06.002
https://doi.org/10.1038/s41467-017-01197-w
https://doi.org/10.1016/j.diff.2011.05.003
https://doi.org/10.1158/2159-8290.CD-20-0603
https://doi.org/10.3390/cells9020428
https://doi.org/10.1186/s13073-017-0407-3
https://doi.org/10.1016/0006-291x(79)90871-4
https://doi.org/10.1038/nature15748
https://doi.org/10.1038/nature15748
https://doi.org/10.1126/sciadv.1700090
https://doi.org/10.1126/sciadv.1700090
https://doi.org/10.1016/j.chembiol.2013.03.020
https://doi.org/10.1158/0008-5472.CAN-11-2905
https://doi.org/10.1158/0008-5472.CAN-11-2905
https://doi.org/10.1016/j.cell.2012.06.035
https://doi.org/10.1016/S0083-6729(06)75012-9
https://doi.org/10.1200/JCO.2006.10.3564
https://doi.org/10.1200/JCO.2006.10.3564
https://doi.org/10.1091/mbc.E11-02-0103
https://doi.org/10.1091/mbc.E11-02-0103
https://doi.org/10.1016/j.cell.2009.06.034
https://doi.org/10.1073/pnas.1120068109
https://doi.org/10.1038/nature24297
https://doi.org/10.1038/s41540-020-0139-7
https://doi.org/10.1155/2008/159415
https://doi.org/10.1158/1078-0432.CCR-09-2499
https://doi.org/10.1158/1078-0432.CCR-09-2499
https://doi.org/10.1007/s00774-012-0385-x
https://doi.org/10.1007/s00774-012-0385-x
https://doi.org/10.1038/nrc3599
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.944773


Hrzenjak, A., Moinfar, F., Kremser, M-L., Strohmeier, B., Staber, P. B., Zatloukal,
K., et al. (2006). Valproate inhibition of histone deacetylase 2 affects differentiation
and decreases proliferation of endometrial stromal sarcoma cells.Mol. Cancer Ther.
5 (9), 2203–2210. doi:10.1158/1535-7163.MCT-05-0480

Ishay-Ronen, D., and Christofori, G. (2019). Targeting cancer cell metastasis by
converting cancer cells into fat. Cancer Res. 79 (21), 5471–5475. %@ 0008-5472.
doi:10.1158/0008-5472.CAN-19-1242

Ishay-Ronen, D., Diepenbruck, M., Kalathur, R. K. R., Sugiyama, N., Tiede, S.,
Ivanek, R., et al. (2019). Gain fat—Lose metastasis: Converting invasive breast
cancer cells into adipocytes inhibits cancer metastasis. Cancer Cell 35 (1), 17–32.
doi:10.1016/j.ccell.2018.12.002

Italiano, A., Soria, J-C., Toulmonde, M., Michot, J-M., Lucchesi, C., Varga, A.,
et al. (2018). Tazemetostat, an EZH2 inhibitor, in relapsed or refractory B-cell non-
hodgkin lymphoma and advanced solid tumours: A first-in-human, open-label,
phase 1 study. Lancet. Oncol. 19 (5), 649–659. doi:10.1016/S1470-2045(18)30145-1

Jia, D., Jolly, M. K., Tripathi, S. C., Den Hollander, P., Huang, B., Lu, M., et al.
(2017). Distinguishing mechanisms underlying EMT tristability. Cancer Converg. 1
(1), 2. %@ 2366-6196. doi:10.1186/s41236-017-0005-8

Jolly, M. K., Boareto, M., Huang, B., Jia, D., Lu, M., Ben-Jacob, E., et al. (2015).
Implications of the hybrid epithelial/mesenchymal phenotype in metastasis. Front.
Oncol. 5, 155. %@ 2234-943X. doi:10.3389/fonc.2015.00155

Jolly, M. K., Jia, D., Boareto, M., Mani, S. A., Pienta, K. J., Ben-Jacob, E., et al.
(2015). Coupling the modules of EMT and stemness: A tunable ‘stemness
window’model. Oncotarget 6 (28), 25161–25174. doi:10.18632/oncotarget.4629

Jolly, M. K., Preca, B-T., Tripathi, S. C., Jia, D., George, J. T., Hanash, S. M., et al.
(2018). Interconnected feedback loops among ESRP1, HAS2, and CD44 regulate
epithelial-mesenchymal plasticity in cancer. Apl. Bioeng. 2 (3), 031908. %@ 2473-
2877. doi:10.1063/1.5024874

Jonckheere, S., Adams, J., De Groote, D., Campbell, K., Berx, G., Goossens, S.,
et al. (2021). Epithelial-mesenchymal transition (EMT) as a therapeutic target. Cells
Tissues Organs 211, 157–182. doi:10.1159/000512218

Kahn, M. (2014). Can we safely target the WNT pathway? Nat. Rev. Drug Discov.
13 (7), 513–532. doi:10.1038/nrd4233

Katsuno, Y., Meyer, D. S., Zhang, Z., Shokat, K. M., Akhurst, R. J., Miyazono, K.,
et al. (2019). Chronic TGF-β exposure drives stabilized EMT, tumor stemness, and
cancer drug resistance with vulnerability to bitopic mTOR inhibition. Sci. Signal. 12
(570), eaau8544. doi:10.1126/scisignal.aau8544

Keilhack, H., and Smith, J. J. (2015). Small molecule inhibitors of EZH2: The emerging
translational landscape. Epigenomics 7 (3), 337–341. doi:10.2217/epi.15.14

Kinnaird, A., Zhao, S., Wellen, K. E., and Michelakis, E. D. (2016). Metabolic
control of epigenetics in cancer. Nat. Rev. Cancer 16 (11), 694–707. %@ 1474-768.
doi:10.1038/nrc.2016.82

Kolbinger, F. R., Koeneke, E., Ridinger, J., Heimburg, T., Müller, M., Bayer, T.,
et al. (2018). The HDAC6/8/10 inhibitor TH34 induces DNA damage-mediated cell
death in human high-grade neuroblastoma cell lines. Arch. Toxicol. 92 (8),
2649–2664. doi:10.1007/s00204-018-2234-8

Koren, S., and Bentires-Alj, M. (2015). Breast tumor heterogeneity: Source of
fitness, hurdle for therapy. Mol. Cell 60 (4), 537–546. doi:10.1016/j.molcel.2015.
10.031

Koren, S., Reavie, L., Couto, J. P., De Silva, D., Stadler, M. B., Roloff, T., et al.
(2015). PIK3CAH1047R induces multipotency and multi-lineage mammary
tumours. Nature 525 (7567), 114–118. doi:10.1038/nature14669

Kumagai, T., Wakimoto, N., Yin, D., Gery, S., Kawamata, N., Takai, N., et al.
(2007). Histone deacetylase inhibitor, suberoylanilide hydroxamic acid (Vorinostat,
SAHA) profoundly inhibits the growth of human pancreatic cancer cells. Int.
J. Cancer 121 (3), 656–665. doi:10.1002/ijc.22558

Kundu, S. T., Byers, L. A., Peng, D. H., Roybal, J. D., Diao, L., Wang, J., et al.
(2016). The miR-200 family and the miR-183~ 96~ 182 cluster target Foxf2 to
inhibit invasion and metastasis in lung cancers. Oncogene 35 (2), 173–186. %@
1476-5594. doi:10.1038/onc.2015.71

Labelle, M., Begum, S., and Hynes, R. O. (2011). Direct signaling between platelets
and cancer cells induces an epithelial-mesenchymal-like transition and promotes
metastasis. Cancer Cell 20 (5), 576–590. doi:10.1016/j.ccr.2011.09.009

Lamouille, S., Xu, J., and Derynck, R. (2014). Molecular mechanisms of
epithelial–mesenchymal transition. Nat. Rev. Mol. Cell Biol. 15 (3), 178–196.
doi:10.1038/nrm3758

Laplane, L. (2017). Cancer stem cells. Cambridge: Harvard University Press.

Lawson, D. A., Bhakta, N. R., Kessenbrock, K., Prummel, K. D., Yu, Y., Takai,
K., et al. (2015). Single-cell analysis reveals a stem-cell program in human
metastatic breast cancer cells. Nature 526 (7571), 131–135. doi:10.1038/
nature15260

Lochmann, T. L., Powell, K. M., Ham, J., Floros, K. V., Heisey, D. A., Kurupi, R. I.,
et al. (2018). Targeted inhibition of histone H3K27 demethylation is effective in
high-risk neuroblastoma. Sci. Transl. Med. 10 (441), eaao4680. doi:10.1126/
scitranslmed.aao4680

Lu, M., Jolly, M. K., Levine, H., Onuchic, J. N., and Ben-Jacob, E. (2013).
MicroRNA-based regulation of epithelial–hybrid–mesenchymal fate
determination. Proc. Natl. Acad. Sci. U. S. A. 110 (45), 18144–18149. %@ 0027-
8424. doi:10.1073/pnas.1318192110

Luo, P., Yang, X., Ying, M., Chaudhry, P., Wang, A., Shimada, H., et al. (2010).
Retinoid-suppressed phosphorylation of RARalpha mediates the differentiation
pathway of osteosarcoma cells. Oncogene 29 (19), 2772–2783. doi:10.1038/onc.
2010.50

Lüönd, F., Sugiyama, N., Bill, R., Bornes, L., Hager, C., Tang, F., et al. (2021).
Distinct contributions of partial and full EMT to breast cancer malignancy.Dev. Cell
56 (23), 3203–3221.e11. doi:10.1016/j.devcel.2021.11.006

Lv, S., Wang, W., Wang, H., Zhu, Y., and Lei, C. (2019). PPARγ activation
serves as therapeutic strategy against bladder cancer via inhibiting PI3K-
Akt signaling pathway. BMC cancer 19 (1), 204. doi:10.1186/s12885-019-
5426-6

Mai, A., Massa, S., Rotili, D., Cerbara, I., Valente, S., Pezzi, R., et al. (2005).
Histone deacetylation in epigenetics: An attractive target for anticancer therapy.
Med. Res. Rev. 25 (3), 261–309. doi:10.1002/med.20024

Malladi, S., Macalinao, D. G., Jin, X., He, L., Basnet, H., Zou, Y., et al. (2016).
Metastatic latency and immune evasion through autocrine inhibition of WNT. Cell
165 (1), 45–60. doi:10.1016/j.cell.2016.02.025

Marks, P. A., Rifkind, R. A., Richon, V. M., Breslow, R., Miller, T., Kelly, W. K.,
et al. (2001). Histone deacetylases and cancer: Causes and therapies. Nat. Rev.
Cancer 1 (3), 194–202. doi:10.1038/35106079

Masetti, R., Biagi, C., Zama, D., Vendemini, F., Martoni, A., Morello, W., et al.
(2012). Retinoids in pediatric onco-hematology: The model of acute promyelocytic
leukemia and neuroblastoma. Adv. Ther. 29 (9), 747–762. doi:10.1007/s12325-012-
0047-3

Massagué, J., and Obenauf, A. C. (2016). Metastatic colonization by circulating
tumour cells. Nature 529 (7586), 298–306. doi:10.1038/nature17038

Matthay, K. K., Villablanca, J. G., Seeger, R. C., Stram, D. O., Harris, R. E.,
Ramsay, N. K., et al. (1999). Treatment of high-risk neuroblastoma with intensive
chemotherapy, radiotherapy, autologous bone marrow transplantation, and 13-cis-
retinoic acid. Children’s Cancer Group. N. Engl. J. Med. 341 (16), 1165–1173.
doi:10.1056/NEJM199910143411601

Meidhof, S., Brabletz, S., Lehmann, W., Preca, B. T., Mock, K., Ruh, M., et al.
(2015). ZEB 1-associated drug resistance in cancer cells is reversed by the class I
HDAC inhibitor mocetinostat. EMBO Mol. Med. 7 (6), 831–847. doi:10.15252/
emmm.201404396

Momparler, R. L. (Editor) (2005). “Epigenetic therapy of cancer with 5-aza-2′-
deoxycytidine (decitabine),” Seminars in oncology (Amsterdam: Elsevier).

Mooney, S. M., Talebian, V., Jolly, M. K., Jia, D., Gromala, M., Levine, H., et al.
(2017). The GRHL2/ZEB feedback loop—A key axis in the regulation of EMT in
breast cancer. J. Cell. Biochem. 118 (9), 2559–2570. %@ 0730-2312. doi:10.1002/jcb.
25974

Mueller, E., Sarraf, P., Tontonoz, P., Evans, R. M., Martin, K. J., Zhang, M., et al.
(1998). Terminal differentiation of human breast cancer through PPAR gamma.
Mol. Cell 1 (3), 465–470. doi:10.1016/s1097-2765(00)80047-7

Munster, P. N., Troso-Sandoval, T., Rosen, N., Rifkind, R., Marks, P. A., Richon,
V. M., et al. (2001). The histone deacetylase inhibitor suberoylanilide hydroxamic
acid induces differentiation of human breast cancer cells. Cancer Res. 61 (23),
8492–8497.

Ng, K. W., Livesey, S. A., Collier, F., Gummer, P. R., and Martin, T. J. (1985).
Effect of retinoids on the growth, ultrastructure, and cytoskeletal structures of
malignant rat osteoblasts. Cancer Res. 45 (10), 5106–5113.

Nguyen, D. X., Chiang, A. C., Zhang, X. H-F., Kim, J. Y., Kris, M. G.,
Ladanyi, M., et al. (2009). WNT/TCF signaling through LEF1 and
HOXB9 mediates lung adenocarcinoma metastasis. Cell 138 (1), 51–62.
doi:10.1016/j.cell.2009.04.030

Nieto, M. A. (2013). Epithelial plasticity: A common theme in embryonic and
cancer cells. Science 342 (6159), 1234850. doi:10.1126/science.1234850

Nieto, M. A., Huang, R. Y-J., Jackson, R. A., and Thiery, J. P. (2016). Emt: 2016.
Cell 166 (1), 21–45. doi:10.1016/j.cell.2016.06.028

Ocaña, O. H., Córcoles, R., Á, Fabra, Moreno-Bueno, G., Acloque, H., Vega, S.,
et al. (2012). Metastatic colonization requires the repression of the epithelial-
mesenchymal transition inducer Prrx1. Cancer Cell 22 (6), 709–724. doi:10.1016/j.
ccr.2012.10.012

Frontiers in Pharmacology frontiersin.org12

Bar-Hai and Ishay-Ronen 10.3389/fphar.2022.944773

https://doi.org/10.1158/1535-7163.MCT-05-0480
https://doi.org/10.1158/0008-5472.CAN-19-1242
https://doi.org/10.1016/j.ccell.2018.12.002
https://doi.org/10.1016/S1470-2045(18)30145-1
https://doi.org/10.1186/s41236-017-0005-8
https://doi.org/10.3389/fonc.2015.00155
https://doi.org/10.18632/oncotarget.4629
https://doi.org/10.1063/1.5024874
https://doi.org/10.1159/000512218
https://doi.org/10.1038/nrd4233
https://doi.org/10.1126/scisignal.aau8544
https://doi.org/10.2217/epi.15.14
https://doi.org/10.1038/nrc.2016.82
https://doi.org/10.1007/s00204-018-2234-8
https://doi.org/10.1016/j.molcel.2015.10.031
https://doi.org/10.1016/j.molcel.2015.10.031
https://doi.org/10.1038/nature14669
https://doi.org/10.1002/ijc.22558
https://doi.org/10.1038/onc.2015.71
https://doi.org/10.1016/j.ccr.2011.09.009
https://doi.org/10.1038/nrm3758
https://doi.org/10.1038/nature15260
https://doi.org/10.1038/nature15260
https://doi.org/10.1126/scitranslmed.aao4680
https://doi.org/10.1126/scitranslmed.aao4680
https://doi.org/10.1073/pnas.1318192110
https://doi.org/10.1038/onc.2010.50
https://doi.org/10.1038/onc.2010.50
https://doi.org/10.1016/j.devcel.2021.11.006
https://doi.org/10.1186/s12885-019-5426-6
https://doi.org/10.1186/s12885-019-5426-6
https://doi.org/10.1002/med.20024
https://doi.org/10.1016/j.cell.2016.02.025
https://doi.org/10.1038/35106079
https://doi.org/10.1007/s12325-012-0047-3
https://doi.org/10.1007/s12325-012-0047-3
https://doi.org/10.1038/nature17038
https://doi.org/10.1056/NEJM199910143411601
https://doi.org/10.15252/emmm.201404396
https://doi.org/10.15252/emmm.201404396
https://doi.org/10.1002/jcb.25974
https://doi.org/10.1002/jcb.25974
https://doi.org/10.1016/s1097-2765(00)80047-7
https://doi.org/10.1016/j.cell.2009.04.030
https://doi.org/10.1126/science.1234850
https://doi.org/10.1016/j.cell.2016.06.028
https://doi.org/10.1016/j.ccr.2012.10.012
https://doi.org/10.1016/j.ccr.2012.10.012
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.944773


Oren, Y., Tsabar, M., Cuoco, M. S., Amir-Zilberstein, L., Cabanos, H. F., Hütter,
J-C., et al. (2021). Cycling cancer persister cells arise from lineages with distinct
programs. Nature 596 (7873), 576–582. %@ 1476-4687. doi:10.1038/s41586-021-
03796-6

Oshimori, N., Oristian, D., and Fuchs, E. (2015). TGF-β promotes heterogeneity
and drug resistance in squamous cell carcinoma. Cell 160 (5), 963–976. doi:10.1016/
j.cell.2015.01.043

Osuna, M. A. L., Garcia-Lopez, J., El Ayachi, I., Fatima, I., Khalid, A. B., Kumpati,
J., et al. (2019). Activation of estrogen receptor alpha by decitabine inhibits
osteosarcoma growth and metastasis. Cancer Res. 79 (6), 1054–1068. doi:10.
1158/0008-5472.CAN-18-1255

Pardal, R., Clarke, M. F., and Morrison, S. J. (2003). Applying the principles of
stem-cell biology to cancer. Nat. Rev. Cancer 3 (12), 895–902. doi:10.1038/nrc1232

Park, J. A., and Cheung, N-K. V. (2020). Targets and antibody formats for
immunotherapy of neuroblastoma. J. Clin. Oncol. 38 (16), 1836–1848. doi:10.1200/
JCO.19.01410

Pastushenko, I., Brisebarre, A., Sifrim, A., Fioramonti, M., Revenco, T.,
Boumahdi, S., et al. (2018). Identification of the tumour transition states
occurring during EMT. Nature 556 (7702), 463–468. doi:10.1038/s41586-018-
0040-3

Pattabiraman, D. R., Bierie, B., Kober, K. I., Thiru, P., Krall, J. A., Zill, C., et al.
(2016). Activation of PKA leads to mesenchymal-to-epithelial transition and loss of
tumor-initiating ability. Science 351 (6277), aad3680. doi:10.1126/science.aad3680

Pattabiraman, D. R., and Weinberg, R. A. (2014). Tackling the cancer stem
cells—What challenges do they pose?Nat. Rev. Drug Discov. 13 (7), 497–512. doi:10.
1038/nrd4253

Pecot, C. V., Rupaimoole, R., Yang, D., Akbani, R., Ivan, C., Lu, C., et al. (2013).
Tumour angiogenesis regulation by the miR-200 family. Nat. Commun. 4 (1), 2427.
doi:10.1038/ncomms3427

Pierce, G., Nakane, P., Martinez-Hernandez, A., and Ward, J. (1977).
Ultrastructural comparison of differentiation of stem cells of murine
adenocarcinomas of colon and breast with their normal counterparts. J. Natl.
Cancer Inst. 58 (5), 1329–1345. doi:10.1093/jnci/58.5.1329

Pierce, G. B., and Dixon, F. J. (1959). Testicular teratomas. I. Demonstration
of teratogenesis by metamorphosis of multipotential cells. Cancer 12 (3),
573–583. doi:10.1002/1097-0142(195905/06)12:3<573::aid-
cncr2820120316>3.0.co;2-m
Pierce, G. B., and Wallace, C. (1971). Differentiation of malignant to benign cells.

Cancer Res. 31 (2), 127–134.

Platta, C. S., Greenblatt, D. Y., Kunnimalaiyaan, M., and Chen, H. (2007). The
HDAC inhibitor trichostatin A inhibits growth of small cell lung cancer cells.
J. Surg. Res. 142 (2), 219–226. doi:10.1016/j.jss.2006.12.555

Polyak, K., and Weinberg, R. A. (2009). Transitions between epithelial and
mesenchymal states: Acquisition of malignant and stem cell traits. Nat. Rev.
Cancer 9 (4), 265–273. doi:10.1038/nrc2620

Proffitt, K. D., Madan, B., Ke, Z., Pendharkar, V., Ding, L., Lee, M. A., et al. (2013).
Pharmacological inhibition of the Wnt acyltransferase PORCN prevents growth of
WNT-driven mammary cancer. Cancer Res. 73 (2), 502–507. doi:10.1158/0008-
5472.CAN-12-2258

Puisieux, A., Brabletz, T., and Caramel, J. (2014). Oncogenic roles of EMT-
inducing transcription factors. Nat. Cell Biol. 16 (6), 488–494. doi:10.1038/ncb2976

Ramirez, M., Rajaram, S., Steininger, R. J., Osipchuk, D., Roth, M. A., Morinishi,
L. S., et al. (2016). Diverse drug-resistance mechanisms can emerge from drug-
tolerant cancer persister cells. Nat. Commun. 7 (1), 10690. %@ 2041-1723. doi:10.
1038/ncomms10690

Rao, R. A., Dhele, N., Cheemadan, S., Ketkar, A., Jayandharan, G. R., Palakodeti, D.,
et al. (2015). Ezh2 mediated H3K27me3 activity facilitates somatic transition during
human pluripotent reprogramming. Sci. Rep. 5 (1), 8229. doi:10.1038/srep08229

Rephaeli, A., Blank-Porat, D., Tarasenko, N., Entin-Meer, M., Levovich, I., Cutts,
S. M., et al. (2005). In vivo and in vitro antitumor activity of butyroyloxymethyl-
diethyl phosphate (AN-7), a histone deacetylase inhibitor, in human prostate
cancer. Int. J. Cancer 116 (2), 226–235. doi:10.1002/ijc.21030

Reynolds, C. P., Matthay, K. K., Villablanca, J. G., and Maurer, B. J. (2003).
Retinoid therapy of high-risk neuroblastoma. Cancer Lett. 197 (1-2), 185–192.
doi:10.1016/s0304-3835(03)00108-3

Ribrag, V., Soria, J-C., Reyderman, L., Chen, R., Salazar, P., Kumar, N., et al.
(2015). Phase 1 first-in-human study of the enhancer of zeste-homolog 2 (EZH2)
histone methyl transferase inhibitor E7438. Ann. Oncol. 26, ii10. doi:10.1093/
annonc/mdv085.2

Risom, T., Langer, E. M., Chapman, M. P., Rantala, J., Fields, A. J., Boniface, C.,
et al. (2018). Differentiation-state plasticity is a targetable resistance mechanism in

basal-like breast cancer. Nat. Commun. 9 (1), 3815. doi:10.1038/s41467-018-
05729-w

Rössler, J., Zambrzycka, I., Lagodny, J., Kontny, U., and Niemeyer, C. M. (2006).
Effect of STI-571 (imatinib mesylate) in combination with retinoic acid and γ-
irradiation on viability of neuroblastoma cells. Biochem. Biophys. Res. Commun. 342
(4), 1405–1412. doi:10.1016/j.bbrc.2006.02.059

Ru-chih, C. H., and Bonner, J. (1962). Histone, a suppressor of chromosomal
RNA synthesis. Proc. Natl. Acad. Sci. U. S. A. 48 (7), 1216–1222. doi:10.1073/pnas.
48.7.1216

Ruh, M., Stemmler, M. P., Frisch, I., Fuchs, K., van Roey, R., Kleemann, J., et al.
(2021). The EMT transcription factor ZEB1 blocks osteoblastic differentiation in
bone development and osteosarcoma. J. Pathol. 254 (2), 199–211. doi:10.1002/path.
5659

Sahoo, S., Nayak, S. P., Hari, K., Purkait, P., Mandal, S., Kishore, A., et al. (2021).
Immunosuppressive traits of the hybrid epithelial/mesenchymal phenotype. Front.
Immunol. 12, 797261. doi:10.3389/fimmu.2021.797261

Sarraf, P., Mueller, E., Jones, D., King, F. J., DeAngelo, D. J., Partridge, J. B., et al.
(1998). Differentiation and reversal of malignant changes in colon cancer through
PPARgamma. Nat. Med. 4 (9), 1046–1052. doi:10.1038/2030

Sequist, L. V., Waltman, B. A., Dias-Santagata, D., Digumarthy, S., Turke, A. B.,
Fidias, P., et al. (2011). Genotypic and histological evolution of lung cancers
acquiring resistance to EGFR inhibitors. Sci. Transl. Med. 3 (75), 75ra26.
75ra26-75ra26. doi:10.1126/scitranslmed.3002003

Shen, S., Vagner, S., and Robert, C. (2020). Persistent cancer cells: The deadly
survivors. Cell 183 (4), 860–874. doi:10.1016/j.cell.2020.10.027

Shi, L., Jackstadt, R., Siemens, H., Li, H., Kirchner, T., Hermeking, H., et al. (2014). p53-
induced miR-15a/16-1 and AP4 form a double-negative feedback loop to regulate
epithelial–mesenchymal transition andmetastasis in colorectal cancer.Cancer Res. 74 (2),
532–542. %@ 0008-5472. doi:10.1158/0008-5472.CAN-13-2203

Siddiqi, S., Mills, J., and Matushansky, I. (2010). Epigenetic remodeling of
chromatin architecture: Exploring tumor differentiation therapies in
mesenchymal stem cells and sarcomas. Curr. Stem Cell Res. Ther. 5 (1), 63–73.
doi:10.2174/157488810790442859

Siemens, H., Jackstadt, R., Hünten, S., Kaller, M., Menssen, A., Götz, U., et al.
(2011). miR-34 and SNAIL form a double-negative feedback loop to regulate
epithelial-mesenchymal transitions. Cell cycle 10 (24), 4256–4271. %@ 1538-4101.
doi:10.4161/cc.10.24.18552

Silveira, D. A., and Mombach, J. C. M. (2020). Dynamics of the feedback loops
required for the phenotypic stabilization in the epithelial-mesenchymal transition.
FEBS J. 287 (3), 578–588. %@ 1742-464X. doi:10.1111/febs.15062

Silvente-Poirot, S., and Poirot, M. (2014). Cancer. Cholesterol and cancer, in the
balance. Science 343 (6178), 1445–1446. doi:10.1126/science.1252787

Smith, M. P., Sanchez-Laorden, B., O’Brien, K., Brunton, H., Ferguson, J., Young,
H., et al. (2014). The immune microenvironment confers resistance to MAPK
pathway inhibitors through macrophage-derived TNFα. Cancer Discov. 4 (10),
1214–1229. doi:10.1158/2159-8290.CD-13-1007

Sramek,M.,Neradil, J., Sterba, J., andVeselska, R. (2016). Non-DHFR-mediated effects
of methotrexate in osteosarcoma cell lines: Epigenetic alterations and enhanced cell
differentiation. Cancer Cell Int. 16 (1), 14. doi:10.1186/s12935-016-0289-2

Storm, E. E., Durinck, S., de Sousa E Melo, F., Tremayne, J., Kljavin, N., Tan, C.,
et al. (2016). Targeting PTPRK-RSPO3 colon tumours promotes differentiation and
loss of stem-cell function. Nature 529 (7584), 97–100. doi:10.1038/nature16466

Tam, W. L., and Weinberg, R. A. (2013). The epigenetics of epithelial-
mesenchymal plasticity in cancer. Nat. Med. 19 (11), 1438–1449. doi:10.1038/
nm.3336

Tammela, T., Sanchez-Rivera, F. J., Cetinbas, N. M., Wu, K., Joshi, N. S., Helenius,
K., et al. (2017). A Wnt-producing niche drives proliferative potential and
progression in lung adenocarcinoma. Nature 545 (7654), 355–359. doi:10.1038/
nature22334

Thein, R., and Lotan, R. (1982). Sensitivity of cultured human osteosarcoma and
chondrosarcoma cells to retinoic acid. Cancer Res. 42 (11), 4771–4775.

Tian, X-J., Zhang, H., and Xing, J. (2013). Coupled reversible and irreversible
bistable switches underlying TGFβ-induced epithelial to mesenchymal
transition. Biophys. J. 105 (4), 1079–1089. %@ 0006-3495. doi:10.1016/j.bpj.
2013.07.011

Tiwari, N., Gheldof, A., Tatari, M., and Christofori, G. (Editors) (2012). “EMT as
the ultimate survival mechanism of cancer cells,” Seminars in cancer biology
(Amsterdam, Netherlands: Elsevier).

Tontonoz, P., Singer, S., Forman, B. M., Sarraf, P., Fletcher, J. A., Fletcher, C.
D., et al. (1997). Terminal differentiation of human liposarcoma cells induced
by ligands for peroxisome proliferator-activated receptor γ and the retinoid X

Frontiers in Pharmacology frontiersin.org13

Bar-Hai and Ishay-Ronen 10.3389/fphar.2022.944773

https://doi.org/10.1038/s41586-021-03796-6
https://doi.org/10.1038/s41586-021-03796-6
https://doi.org/10.1016/j.cell.2015.01.043
https://doi.org/10.1016/j.cell.2015.01.043
https://doi.org/10.1158/0008-5472.CAN-18-1255
https://doi.org/10.1158/0008-5472.CAN-18-1255
https://doi.org/10.1038/nrc1232
https://doi.org/10.1200/JCO.19.01410
https://doi.org/10.1200/JCO.19.01410
https://doi.org/10.1038/s41586-018-0040-3
https://doi.org/10.1038/s41586-018-0040-3
https://doi.org/10.1126/science.aad3680
https://doi.org/10.1038/nrd4253
https://doi.org/10.1038/nrd4253
https://doi.org/10.1038/ncomms3427
https://doi.org/10.1093/jnci/58.5.1329
https://doi.org/10.1002/1097-0142(195905/06)12:3<573::aid-cncr2820120316>3.0.co;2-m
https://doi.org/10.1002/1097-0142(195905/06)12:3<573::aid-cncr2820120316>3.0.co;2-m
https://doi.org/10.1016/j.jss.2006.12.555
https://doi.org/10.1038/nrc2620
https://doi.org/10.1158/0008-5472.CAN-12-2258
https://doi.org/10.1158/0008-5472.CAN-12-2258
https://doi.org/10.1038/ncb2976
https://doi.org/10.1038/ncomms10690
https://doi.org/10.1038/ncomms10690
https://doi.org/10.1038/srep08229
https://doi.org/10.1002/ijc.21030
https://doi.org/10.1016/s0304-3835(03)00108-3
https://doi.org/10.1093/annonc/mdv085.2
https://doi.org/10.1093/annonc/mdv085.2
https://doi.org/10.1038/s41467-018-05729-w
https://doi.org/10.1038/s41467-018-05729-w
https://doi.org/10.1016/j.bbrc.2006.02.059
https://doi.org/10.1073/pnas.48.7.1216
https://doi.org/10.1073/pnas.48.7.1216
https://doi.org/10.1002/path.5659
https://doi.org/10.1002/path.5659
https://doi.org/10.3389/fimmu.2021.797261
https://doi.org/10.1038/2030
https://doi.org/10.1126/scitranslmed.3002003
https://doi.org/10.1016/j.cell.2020.10.027
https://doi.org/10.1158/0008-5472.CAN-13-2203
https://doi.org/10.2174/157488810790442859
https://doi.org/10.4161/cc.10.24.18552
https://doi.org/10.1111/febs.15062
https://doi.org/10.1126/science.1252787
https://doi.org/10.1158/2159-8290.CD-13-1007
https://doi.org/10.1186/s12935-016-0289-2
https://doi.org/10.1038/nature16466
https://doi.org/10.1038/nm.3336
https://doi.org/10.1038/nm.3336
https://doi.org/10.1038/nature22334
https://doi.org/10.1038/nature22334
https://doi.org/10.1016/j.bpj.2013.07.011
https://doi.org/10.1016/j.bpj.2013.07.011
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.944773


receptor. Proc. Natl. Acad. Sci. U. S. A. 94 (1), 237–241. doi:10.1073/pnas.94.
1.237

Tontonoz, P., and Spiegelman, B. M. (2008). Fat and beyond: The diverse biology
of PPARgamma.. Annu. Rev. Biochem. 77, 289–312. doi:10.1146/annurev.biochem.
77.061307.091829

Trimboli, A. J., Fukino, K., de Bruin, A., Wei, G., Shen, L., Tanner, S. M., et al.
(2008). Direct evidence for epithelial-mesenchymal transitions in breast cancer.
Cancer Res. 68 (3), 937–945. doi:10.1158/0008-5472.CAN-07-2148

Tsai, J. H., and Yang, J. (2013). Epithelial–mesenchymal plasticity in
carcinoma metastasis. Genes Dev. 27 (20), 2192–2206. doi:10.1101/gad.
225334.113

Van Keymeulen, A., Lee, M. Y., Ousset, M., Brohée, S., Rorive, S., Giraddi, R.
R., et al. (2015). Reactivation of multipotency by oncogenic PIK3CA induces
breast tumour heterogeneity. Nature 525 (7567), 119–123. doi:10.1038/
nature14665

Vogelstein, B., Papadopoulos, N., Velculescu, V. E., Zhou, S., Diaz, L. A., Jr,
Kinzler, K. W., et al. (2013). Cancer genome landscapes. science 339 (6127),
1546–1558. doi:10.1126/science.1235122

Wang, C., Fu, M., Mani, S., Wadler, S., Senderowicz, A. M., Pestell, R. G., et al.
(2001). Histone acetylation and the cell-cycle in cancer. Front. Biosci. 6 (1),
610–629. doi:10.2741/1wang1

Wang, Z-Y., and Chen, Z. (2008). Acute promyelocytic leukemia: From highly
fatal to highly curable. Blood 111 (5), 2505–2515. doi:10.1182/blood-2007-07-
102798

Wee, Z. N., Li, Z., Lee, P. L., Lee, S. T., Lim, Y. P., Yu, Q., et al. (2014). EZH2-
mediated inactivation of IFN-γ-JAK-STAT1 signaling is an effective therapeutic
target in MYC-driven prostate cancer. Cell Rep. 8 (1), 204–216. doi:10.1016/j.celrep.
2014.05.045

Westerlund, I., Shi, Y., Toskas, K., Fell, S. M., Li, S., Surova, O., et al. (2017).
Combined epigenetic and differentiation-based treatment inhibits neuroblastoma
tumor growth and links HIF2α to tumor suppression. Proc. Natl. Acad. Sci. U. S. A.
114 (30), E6137–E6146. doi:10.1073/pnas.1700655114

Wilson, C., Ye, X., Pham, T., Lin, E., Chan, S., McNamara, E., et al. (2014). AXL
inhibition sensitizes mesenchymal cancer cells to antimitotic drugs. Cancer Res. 74
(20), 5878–5890. doi:10.1158/0008-5472.CAN-14-1009

Xing, F., Luan, Y., Cai, J., Wu, S., Mai, J., Gu, J., et al. (2017). The anti-Warburg
effect elicited by the cAMP-PGC1α pathway drives differentiation of glioblastoma
cells into astrocytes. Cell Rep. 18 (2), 468–481. doi:10.1016/j.celrep.2016.12.037

Yang, J., Antin, P., Berx, G., Blanpain, C., Brabletz, T., Bronner, M., et al. (2020).
Guidelines and definitions for research on epithelial–mesenchymal transition. Nat.
Rev. Mol. Cell Biol. 21 (6), 341–352. doi:10.1038/s41580-020-0237-9

Yang, Q-J., Zhou, L-Y., Mu, Y-Q., Zhou, Q-X., Luo, J-Y., Cheng, L., et al. (2012).
All-trans retinoic acid inhibits tumor growth of human osteosarcoma by activating
Smad signaling-induced osteogenic differentiation. Int. J. Oncol. 41 (1), 153–160.
doi:10.3892/ijo.2012.1426

Yilmaz, M., and Christofori, G. (2009). EMT, the cytoskeleton, and cancer cell
invasion. Cancer Metastasis Rev. 28 (1), 15–33. doi:10.1007/s10555-008-9169-0

Yu, A. L., Gilman, A. L., Ozkaynak, M. F., London, W. B., Kreissman, S. G., Chen,
H. X., et al. (2010). Anti-GD2 antibody with GM-CSF, interleukin-2, and
isotretinoin for neuroblastoma. N. Engl. J. Med. 363 (14), 1324–1334. doi:10.
1056/NEJMoa0911123

Yu, M., Ting, D. T., Stott, S. L., Wittner, B. S., Ozsolak, F., Paul, S., et al.
(2012). RNA sequencing of pancreatic circulating tumour cells implicates
WNT signalling in metastasis. Nature 487 (7408), 510–513. doi:10.1038/
nature11217

Zhang, J., Tian, X-J., Zhang, H., Teng, Y., Li, R., Bai, F., et al. (2014). TGF-
β–induced epithelial-to-mesenchymal transition proceeds through stepwise
activation of multiple feedback loops. Sci. Signal. 7 (345), ra91. doi:10.1126/
scisignal.2005304

Zhang, L., Liao, Y., and Tang, L. (2019). MicroRNA-34 family: A potential tumor
suppressor and therapeutic candidate in cancer. J. Exp. Clin. Cancer Res. 38 (1), 53.
doi:10.1186/s13046-019-1059-5

Zhao, N., Sun, H., Sun, B., Zhu, D., Zhao, X., Wang, Y., et al. (2016). miR-27a-3p
suppresses tumor metastasis and VM by down-regulating VE-cadherin expression
and inhibiting EMT: An essential role for Twist-1 in HCC. Sci. Rep. 6 (1), 23091.
doi:10.1038/srep23091

Zhou, Q., Xian, M., Xiang, S., Xiang, D., Shao, X., Wang, J., et al. (2017). All-trans
retinoic acid prevents osteosarcoma metastasis by inhibiting M2 polarization of
tumor-associated macrophages. Cancer Immunol. Res. 5 (7), 547–559. doi:10.1158/
2326-6066.CIR-16-0259

Frontiers in Pharmacology frontiersin.org14

Bar-Hai and Ishay-Ronen 10.3389/fphar.2022.944773

https://doi.org/10.1073/pnas.94.1.237
https://doi.org/10.1073/pnas.94.1.237
https://doi.org/10.1146/annurev.biochem.77.061307.091829
https://doi.org/10.1146/annurev.biochem.77.061307.091829
https://doi.org/10.1158/0008-5472.CAN-07-2148
https://doi.org/10.1101/gad.225334.113
https://doi.org/10.1101/gad.225334.113
https://doi.org/10.1038/nature14665
https://doi.org/10.1038/nature14665
https://doi.org/10.1126/science.1235122
https://doi.org/10.2741/1wang1
https://doi.org/10.1182/blood-2007-07-102798
https://doi.org/10.1182/blood-2007-07-102798
https://doi.org/10.1016/j.celrep.2014.05.045
https://doi.org/10.1016/j.celrep.2014.05.045
https://doi.org/10.1073/pnas.1700655114
https://doi.org/10.1158/0008-5472.CAN-14-1009
https://doi.org/10.1016/j.celrep.2016.12.037
https://doi.org/10.1038/s41580-020-0237-9
https://doi.org/10.3892/ijo.2012.1426
https://doi.org/10.1007/s10555-008-9169-0
https://doi.org/10.1056/NEJMoa0911123
https://doi.org/10.1056/NEJMoa0911123
https://doi.org/10.1038/nature11217
https://doi.org/10.1038/nature11217
https://doi.org/10.1126/scisignal.2005304
https://doi.org/10.1126/scisignal.2005304
https://doi.org/10.1186/s13046-019-1059-5
https://doi.org/10.1038/srep23091
https://doi.org/10.1158/2326-6066.CIR-16-0259
https://doi.org/10.1158/2326-6066.CIR-16-0259
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.944773

	Engaging plasticity: Differentiation therapy in solid tumors
	1 Introduction
	2 Cancer plasticity
	2.1 Epithelial-mesenchymal transition in cancer
	2.2 Cancer stem cells
	2.3 Metastatic dissemination
	2.4 Treatment evasion
	2.5 Targeting cancer cell plasticity

	3 Differentiation therapy
	3.1 Concept
	3.2 The challenge
	3.3 Affecting cell signaling
	3.3.1 Retinoic acid signaling
	3.3.2 Peroxisome proliferator-activated receptor-γ signaling
	3.3.3 Wnt signaling

	3.4 Metabolic reprogramming
	3.5 Affecting epigenetic mechanisms
	3.5.1 Chromatin modifications
	3.5.2 Inhibition of DNA methylation

	3.6 Targeting epithelial-mesenchymal transition feedback loops
	3.7 Trans-differentiation therapy—making the problem an opportunity

	4 Discussion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


