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An incomplete view of the mechanisms that drive metas-
tasis, the primary cause of cancer-related death, has been a
major barrier to development of effective therapeutics and
prognostic diagnostics. Increasing evidence indicates that
the interplay betweenmicroenvironment, genetic lesions,
and cellular plasticity drives the metastatic cascade and
resistance to therapies. Here, using melanoma as amodel,
we outline the diversity and trajectories of cell states dur-
ing metastatic dissemination and therapy exposure, and
highlight how understanding the magnitude and dynam-
ics of nongenetic reprogramming in space and time at sin-
gle-cell resolution can be exploited to develop therapeutic
strategies that capitalize on nongenetic tumor evolution.

Genetic vs. nongenetic intratumor heterogeneity

Themetastatic dissemination of cancer cells to secondary
sites and their growth in vital organs is a major determi-
nant of cancer patients’ morbidity and mortality. Al-
though improved surgery and radiotherapy coupled with
the advent of newer immunotherapeutic and molecularly
targeted agents have led to a substantial increase in meta-
static cancer patient survival (Nowell 1976; Scott et al.
2012; Sottoriva et al. 2013), treating metastatic disease re-
mains a key challenge for oncologists. The clinical benefit
associated with current therapies is limited by the almost
inevitable development of resistance and tumor recur-
rence. Although, the molecular events underpinning
metastatic dissemination and therapy resistance are com-
plex, recent findings have highlighted that two common
and interrelated mechanisms operate.
The first and most commonly accepted molecular ex-

planation for both metastatic dissemination and the al-

most inevitable emergence of therapy resistance and
tumor recurrence invokes genetic intratumor heterogene-
ity (ITH) (Nowell 1976; Yachida et al. 2010; Sottoriva et al.
2013; Jamal-Hanjani et al. 2015; Pogrebniak and Curtis
2018). Genetic ITHmay arise as a consequence of, among
others, replication errors, UV-induced mutagenesis, inef-
ficient DNA damage repair, telomere attrition, or chro-
mosome segregation defects (Jeggo et al. 2016). High ITH
is associated with poor prognosis in head and neck cancer
(Mroz and Rocco 2013), lung cancer (Zhang et al. 2014),
ovarian cancer (Schwarz et al. 2015), and in pan-cancer
analyses (Andor et al. 2016). High genetic ITH implies
that the tumor is more likely to harbor rare pre-existing
subclones, some of whichmay be endowedwith an ability
tometastasize or exhibit therapy resistance (Turajlic et al.
2019). For instance, therapies that target driver mutations
have been associated with resistance and recurrence in
chronic myeloid leukemia (Gerlinger and Swanton 2010)
and multiple myeloma (Lohr et al. 2014). Treatments tar-
geting subclonal copy number gains (vs. clonal high-level
gains) yielded suboptimal clinical benefit in gastric cancer
patients treated with a FGF receptor inhibitor (Pearson
et al. 2016). Note that while genetic diversity within a
population may confer some cells with a growth or sur-
vival advantage when exposed to a specific stress signal,
the same genetic variants may exhibit a selective disad-
vantage when faced with a different challenge (McGrana-
han and Swanton 2015). Increasing evidence suggests that,
while important, genetic ITH appears insufficient to ex-
plain the emergence of therapy resistance and the biology
of cancer progression, including the process of metastatic
dissemination (Pisco and Huang 2015; Pogrebniak and
Curtis 2018).
The second mechanism, which is gaining recognition,

relies on an intrinsic plasticity in the cancer genome
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that allows cells to engage adaptive responses to a chang-
ing intra-tumor microenvironment that leads to a funda-
mental change in the biological properties of the cell
(Brabletz et al. 2005; Gupta et al. 2009a, 2011; Hoek and
Goding 2010; Chaffer et al. 2011; Ocana et al. 2012; Tsai
et al. 2012; Huang et al. 2013; Quail and Joyce 2013; Chaf-
fer et al. 2016; Nieto et al. 2016; García-Jiménez and God-
ing 2019). In contrast to irreversible genetic variation,
phenotypic plasticity, in which the epigenetic landscape
of a cell has the potential to be remodeled, endows each
cell with the potential to adapt its gene expression reper-
toire in response to perceived changes in the microenvi-
ronment in a reversible fashion. Equally important is
that adaptation can be graded (Giorgetti et al. 2010). In re-
sponse to moderate stress exposure, short-term and rela-
tively subtle alterations in gene expression programs
driven by signaling-mediated alterations in transcription
factor activity may be directed toward maintaining a
specific phenotype, for example, by increasing import of
a specific nutrient that has become limiting. In contrast,
a sustained and/or acute stress situation may require a
more profound adaptation leading to widespread and radi-
cal alterations in gene expression and, ultimately, a switch
into a distinct cellular state thatmay become stabilized as
a consequence of positive feedback loops (Brandman and
Meyer 2008) and epigenetic remodeling (Flavahan et al.
2017). In this respect, the phenotypic plasticity encoded
by the cancer genome reflects that during development
where the specification ofmultiple cell typeswith special-
ized functions requires the epigenetic landscape to be
shaped by transcription factors and their associated chro-
matin remodeling factors (Reiter et al. 2017). Transcrip-
tion factor activity is regulated by specific signals that
may affect their mRNA expression and translation, their
subcellular localization and interaction with cofactors,
mRNA and protein stability, and target specificity (Calk-
hoven and Ab 1996; Westermarck 2010; Filtz et al. 2014;
Lu et al. 2016). Notably, many of the epigenetic regulators
that act as transcription cofactors use metabolic interme-
diates as cofactors (van der Knaap and Verrijzer 2016), and
the coordination of metabolism and gene expression is a
critical determinant of tumor behavior (Lehuédé et al.
2016; García-Jiménez and Goding 2019).

Althoughmost, if not all, cancer cells within a given tu-
mor will share the same driver mutations that provide a
selective growth advantage, the tumormicroenvironment
(TME) directs cells into a range of phenotypic states that
may coexist in varying proportions (Quail and Joyce
2013). Some cells may be differentiated and reflect the
specialized function of the cell of origin. A proportion of
cells will be actively cycling and thus fuel tumor growth.
A third class of cells will be invasive, some of which may
have the potential to seed new metastases. Finally, dor-
mant cells may lie quiescent for many years before their
reactivation when they may initiate a new tumor (i.e.,
metastatic lesion) or give rise to relapse after an apparent-
ly successful therapy (Giancotti 2013; Sosa et al. 2014).
Unlike physiological cells where the trajectory from a
stem cell to a differentiated cell tends to be unidirectional,
in cancer, transitions between different phenotypic states

appear to be more dynamic and are potentially reversible
(Joyce and Pollard 2009; Quail and Joyce 2013; Nieto et al.
2016; Dongre andWeinberg 2019). Although the probabil-
ity of a cell switching phenotype in response to external
cues is likely to be stochastic, to account for more dynam-
ic nature of cancer-associated phenotype switches it has
been proposed that the genetic lesions associated with
cancer increase the probability of a phenotype switch oc-
curring (García-Jiménez and Goding 2019; Bernards and
Weinberg 2002), a phenomenon known as phenotypic in-
stability (Hoek andGoding 2010). Indeed, dynamic and re-
versible stochastic phenotypic transitions have been
observed in breast cancer cell lines even in the absence
of an external trigger (Gupta et al. 2011). In other words,
and as suggested previously, oncogenic mutations may
promote cancer progression (Bernards and Weinberg
2002) by lowering the threshold abovewhich a phenotypic
transition may occur (Hoek and Goding 2010).

Importantly, the adaptive responses that can occur upon
exposure to a stressful microenvironment are also ob-
served upon therapy and are associated with increased re-
sistance to treatment. For instance, whereas the vast
majority of a cultured nonsmall cell lung cancer popula-
tion was killed upon exposure to therapy, a rapid and tran-
sient accumulation of viable/residual “drug-tolerant”
cells was observed with a kinetic and frequency that can-
not be explained by mutational mechanisms (Sharma
et al. 2010; Gupta et al. 2011). Note that, as opposed to
drug resistance, drug-tolerance relates to a state in which
tumor cells can survive, but not proliferate during treat-
ment (Chisholm et al. 2015). Similar protective responses
to treatment were later reported in cultures originating
from other types of cancer and in response to a multitude
of therapeutic challenges (Pisco et al. 2013; Menon et al.
2015; Pisco and Huang 2015; Seguin et al. 2015). Chemo-
therapy induces a switch in various epithelial cancers (car-
cinomas) (Dallas et al. 2009; Polyak and Weinberg 2009;
Singh and Settleman 2010) such as colon (Dallas et al.
2009) and gastric (Xue et al. 2012), known as an epitheli-
al-to-mesenchymal transition (EMT), an event associated
with chemo-resistance as well as invasiveness (Nieto
et al. 2016; Dongre and Weinberg 2019). In nonsmall cell
lung cancer treated with anti-PD1 checkpoint inhibitors
upregulation of alternative immune checkpoint leads to
resistance (Koyama et al. 2016). Moreover, in a mouse
model, melanoma resistance to adoptive T-cell therapy
can be imposed as a consequence of TNFα derived from
infiltrating immune cells driving dedifferentiation (Lands-
berg et al. 2012). Consistent with this, a metastatic mela-
noma lesion from a patient undergoing adoptive T-cell
transfer therapy acquired resistance to the treatment by
undergoing dedifferentiation caused by a down-regulation
ofmelanocytic antigens and acquisition of the neural crest
stem cell (NCSC) marker nerve growth factor receptor
(NGFR) (Mehta et al. 2018). Collectively, these observa-
tions indicate that nongenetic adaptive responses occur
in response to most, if not all, therapeutic modalities.

Microenvironment-driven transitions between pheno-
types with substantially different sensitivities to targeted
or immunotherapies represent a moving target and
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consequently pose a major challenge to effective therapy
(Landsberg et al. 2012; Hugo et al. 2015; Emmons et al.
2016). However, the phenotypic plasticity of cancer cells
also offers an opportunity for pharmacologic intervention
aimed at diverting cells away froma drug-resistant state to
one that is drug sensitive (Sáez-Ayala et al. 2013) or by tar-
geting the events that lead to the generation or stabiliza-
tion of specific phenotypic states (Gupta et al. 2009b;
Rambowet al. 2018)However, to do so effectively requires
an in-depth understanding of the molecular mechanisms
underpinning cancer-associated phenotypic transitions,
and knowledge of the repertoire of phenotypes present
both prior to and as a consequence of therapy. Gene ex-
pression profiling of bulk tumors, exemplified by The
Cancer Genome Atlas (TCGA) RNA-seq data sets from
different tumor types, has revealed that individual tumors
with a similar genetic profile may exhibit fundamentally
different gene expression programs, reflecting different ra-
tios of phenotypic states present within the cancer cell
population as well as the contribution of noncancer cell
types such as infiltrating immune cells or cancer-associat-
ed fibroblasts (CAFs) (Li et al. 2017; Racle et al. 2017; Fino-
tello and Trajanoski 2018; Wang et al. 2018). Strikingly,
the advent of next-generation sequencing, and in parti-
cular of single-cell sequencing profiling techniques, has
revealed a high degree of genetic and transcriptomic com-
plexity within the intra-tumor cellular landscape and pro-
vided key insights into the ability of both stromal and
cancer cells to adapt to their changing microenvironment
and therapeutic challenge (Tirosh et al. 2016; Fan et al.
2018; Jerby-Arnon et al. 2018; Lambrechts et al. 2018;
Neftel et al. 2019). Nevertheless, despite the overwhelm-
ing body of evidence highlighting the cellular plasticity of
cancer cells, primarily at the population level, the extent
to which nongenetic reprogramming contributes to me-
tastasis, drug tolerance, and/or resistance remains largely
debated (Vanharanta andMassagué 2013; Vogelstein et al.
2013; Salgia and Kulkarni 2018). Below we use melanoma
as a model to present a series of theoretical arguments
coupled to recent experimental evidence highlighting
key roles for nongenetic state switching at various steps
of the evolution of disease progression and therapy re-
sistance.

Melanoma as a paradigm to study the contribution of
phenotypic plasticity tometastasis and therapy resistance

Cutaneous melanoma, a highly aggressive skin cancer
arising from pigment-producing cells in the epidermis, is
traditionally viewed as one of most metastatic malignan-
cies and, consequently, can be regarded as a good model
for examining the molecular mechanisms underpinning
metastatic dissemination (Shain and Bastian 2016). Mela-
noma most commonly arises through activating muta-
tions in BRAF or NRAS driving deregulated proliferation
when combined with (usually solar UV irradiation-in-
duced) genetic alterations and/or epigenetic events that
promote senescence bypass (Bennett 2008; Shain and Bas-
tian 2016). Notably, over the past 8 yr or so major advanc-

es in melanoma therapy, from targeting oncogenic BRAF
and MEK through to the breakthroughs in immunothera-
pies (Hodi et al. 2010; Chapman et al. 2011; Long et al.
2014; Robert et al. 2015a,b; Wolchok et al. 2017; Ascierto
et al. 2019; Ribas et al. 2019) have led to important lessons
for cancer therapy in general and highlighted the many
challenges to successful treatment strategies. Indeed, the
durable response rate to any approved therapy still re-
mains relatively low and the vast majority of patients
who initially respond to treatment later develop resis-
tance (Luke et al. 2017; Jenkins et al. 2018). These data in-
dicate that the success of future (immuno)therapeutic
regimens will also, at least partly, depend on our ability
to modulate nongenetic reprogramming events, such as
stress- or inflammation-induced dedifferentiation (Lands-
berg et al. 2012; Falletta et al. 2017).
Most important, unlike many other cancers, well-

defined biomarkers of distinct melanoma cellular pheno-
typic states have been identified and have provided key
insights into the molecular mechanisms driving micro-
environment-driven phenotype switching and their
relationship to metastatic dissemination and therapy re-
sistance. Note that although sometimes used, the term
EMT is inappropriate for melanoma because melanocytes
are not epithelial and their dedifferentiated invasive phe-
notype(s) may not be mesenchymal. Instead, the term
phenotype switching, which was first introduced by
Hoek (Fig. 1; Hoek et al. 2008), is becoming increasingly
used to describe transitions between phenotypic states
(Hoek and Goding 2010; Kemper et al. 2014). Rather
than implying a directional switch between two prede-
fined states (for example, epithelial to mesenchymal),
phenotype switching is a neutral term that can be used
to describe transitions between any phenotypic state
without any preconception as to the nature of the changes
in biological properties of the cells. Although phenotypic
diversity and plasticity in melanoma cell lines has been
described >30 yr ago (Fidler et al. 1981; Bennett 1983),
the molecular characterization of specific phenotypic
states was first refined with the cloning of the gene encod-
ing the microphthalmia-associated transcription factor,
MITF (Hodgkinson et al. 1993; Hughes et al. 1994), which
has proved useful in defining specific phenotypic states
imposed by microenvironmental signals.

MITF and phenotype switching in melanoma

Although the MITF gene was first isolated on the basis
that its inactivation led to loss of all pigment cells in de-
velopment (Hodgkinson et al. 1993; Hughes et al. 1994),
it was rapidly recognized as a key regulator of genes impli-
cated in melanogenesis (Goding 2000; Cheli et al. 2010),
the primary differentiation-associated function of mela-
nocytes. Moreover, early evidence also indicated that
deregulation of MITF expression or activity by oncogenes
such as adenovirus E1A could lead to dedifferentiation
(Dooley et al. 1988; Wilson et al. 1989; Yavuzer et al.
1995). However, the role of MITF in melanoma and mela-
nocytes has since been extended and now includes the
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regulation of genes implicated in several biological pro-
cesses beyond differentiation such as survival (McGill
et al. 2002), cell cycle control (Widlund et al. 2002; Car-
reira et al. 2005, 2006; Garraway et al. 2005), invasion
(Carreira et al. 2006; Cheli et al. 2011, 2012), lysosome bio-
genesis (Ploper et al. 2015; Zhang et al. 2015b) and autoph-
agy (Möller et al. 2019), senescence bypass (Giuliano et al.
2010), and DNA damage repair and chromosome stability
(Giuliano et al. 2010; Strub et al. 2011). Since the role and
regulation of MITF has recently been reviewed in depth
(Goding and Arnheiter 2019), we only cover here the fea-
tures ofMITF expression and activity relevant for its asso-
ciation with specific melanoma phenotypic states.

MITF’s role in regulating proliferationwas initially con-
fusing. Some groups provided evidence that it exerted a
proproliferative role leading to MITF being termed a line-
age addiction oncogene (Widlund et al. 2002; Garraway
et al. 2005). In contrast, equally compelling evidence
suggested that it could inhibit cell cycle progression and
promote a differentiation-associated cell cycle arrest (Car-
reira et al. 2005; Loercher et al. 2005). These apparently
conflicting observations were largely reconciled when
Carreira et al (2006) proposed their rheostat model ex-
plaining the positive and negative role for MITF in mela-
noma proliferation (Carreira et al. 2006). In this model,
low levels of MITF were associated with a G1 arrested or
slow-cycling state characterized by high levels of the
p27 cyclin-dependent kinase inhibitor and invasiveness.
In contrast, expression of MITF promoted proliferation
and suppressed invasiveness, whereas if MITF activity
were further increased, a differentiation-associated G1 ar-
rest would ensue. The rheostat model for MITF function
was able to account for both the observed proproliferative
role of MITF in driving an invasive to proliferative transi-
tion, but also for its anti-proliferative function in promot-
ing a proliferative to differentiation switch. Moreover, the
model explained the surprising observation that invasive
MITF-depleted cells were G1 arrested or at least slow cy-
cling (Carreira et al 2006; Cheli et al. 2011) and implied
that for metastases to form, cells would need to transition
from a proliferating state in the primary tumor to an inva-
sive G1-arrested or slow-cycling state while invasive and
then re-enter the cell cycle to fuel the growth of metasta-
ses. Since the initial observations showed G1 arrest and
invasion could be triggered by using siRNA to deplete
MITF in proliferating melanoma cells, it was proposed

that regulating MITF expression and activity via the mi-
croenvironmentwould be a key driver of what has nowbe-
come known as phenotype switching (Carreira et al.
2006). This prediction was nicely confirmed in a physio-
logical setting using a temperature-sensitive MITF allele
in zebrafish to control MITF activity (Lister et al. 2014).
It was shown that a temperature shift leading to a reduc-
tion in MITF activity led to differentiated melanocytes
re-entering the cell cycle. Similarly, differentiated, pig-
ment-producing melanocytes in which a BRAF-driven
melanomagenic program is introduced resume cell prolif-
eration and, ultimately, promote the formation of aggres-
sive and invasive melanoma in mice (Köhler et al. 2017).

In discussing the role of MITF in melanoma and mela-
nocytes, and in particular the usefulness of MITF as a
marker for specific phenotypic states, it is important to
note that MITF activity will be determined by many fac-
tors, including its expression at the mRNA level, which
is driven by a range of transcriptional activators and re-
pressors and the signals that regulate them as well as
microRNAs (Goding and Arnheiter 2019); its expression
at the protein level, which is dictated by its translational
control (Falletta et al. 2017; Phung et al. 2019) and protein
stability (Wu et al. 2000; Xu et al. 2000; Ploper et al. 2015);
the activity of the protein, which will be affected by post-
translational modifications that determine its nuclear–
cytoplasmic shuttling (Ngeow et al. 2018), interaction
with cofactors (Sato et al. 1997; Price et al. 1998), or ge-
nome-wide distribution (Bertolotto et al. 2011); and the
availability of DNA-binding partners and cofactors such
as β-catenin (Schepsky et al. 2006) or the SWI/SNF com-
plex (de la Serna et al. 2006). Although we can infer that
cells lacking significant MITF mRNA expression will
likely exhibit very low MITF protein expression, the ex-
pression of MITF mRNA does not necessarily imply ei-
ther that the protein is expressed or that it is active.
Nevertheless, mRNA or protein levels may represent a
useful surrogatemeasure of activity, butwe should always
keep in mind that in an individual cell at any one time,
mRNA and protein levels in an MITF-positive cell may
not accurately reflect MITF function. Equally important,
MITF may be active on some genes but not on others; it
seems likely that posttranslational modifications that
have yet to be defined may play a key role in directing
MITF toward genes promoting proliferation versus those
associated with differentiation, most notably those

Figure 1. Likely relationships between the
phenotypic states of melanoma cells identi-
fied in different studies. Note that both the
SMC and intermediate states appear to be
related to the Tsoi et al. (2018) transitory
state, but this remains to be formally es-
tablished.
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implicated in pigmentation. Although it has been pro-
posed that expression of targets downstream from tran-
scription factors may be viewed as a good surrogate
readout of transcription factor activity (Schacht et al.
2014), for MITF this is more difficult given its ability to
regulate both differentiation and proliferation, two biolog-
ical states that may at times be mutually exclusive. Nev-
ertheless, examination of the TCGA melanoma cohort
tends to show that expression of pigmentation genes
that are MITF targets appears by and large to mirror
MITF mRNA expression.
Around the same time as the rheostat model for MITF

function was proposed, a key study revealed that cell lines
in culture reflected specific phenotypic states that could
be defined by their gene expression profile (Hoek et al.
2006). Three cohorts of melanoma cell lines were identi-
fied. Cohort A expressed moderate to high levels of
MITF, proliferated rapidly but were poorly invasive,
whereas cohort C were characterized by low MITF, grew
more slowly, and were more invasive (Fig. 1). Note that a
high level ofMITF in a cell linemay, like lowMITF levels,
reduce the doubling time to some extent, but in order for
the cell line to be established and be maintained the cells
must tolerate high MITF without undergoing a differenti-
ation-associated cell cycle arrest. Cohort B exhibited a
mixed gene expression signature and over subsequent
years has been largely ignored, although, as highlighted be-
low, its significance may only now be emerging. Impor-
tantly, subsequent analysis revealed that in xenograft
models, cell lines with gene expression patterns belonging
to cohorts A andC could switch phenotypes in vivo (Hoek
et al. 2008). Examination of MITF expression in melano-
mas also confirmed that its expression was low in tumors
expressing a predominantly invasive gene expression sig-
nature andwas high in tumorswith amarked proliferative
expression profile. Collectively, these data pointed toward
the expression ofMITF as a hallmark of specific phenotyp-
ic states andareconsistentwithobservations that rare, sto-
chastically generated, slow-cycling, and MITF-low cells
within cultured melanoma cell lines are enriched in tu-
mor-initiating capacity (Cheli et al. 2011). They also sug-
gested that cell lines established originally from tumors
exhibited invasive or proliferative phenotypes that had
largely become fixed in culture, whereas they were more
dynamic in vivo.
The notion that different melanoma phenotypes coex-

isted within melanoma in vivo was reinforced by the
observation thatMITFwas expressed in amutually exclu-
sive fashion in tumors with the transcription factor BRN2
(POU3F2) (Goodall et al. 2008). Intravital imaging con-
firmed that individual cells with high activity of a BRN2-
GFP reporter were invasive, consistent with BRN2-posi-
tive cells being MITF-negative (Pinner et al. 2009). These
observations led to a model in which BRN2 could directly
repress MITF (Goodall et al. 2008), and MITF indirectly
repressedBRN2viamiR-211 (Boyle et al. 2011). Suchapos-
itive feedback loopwould impose a bi-stable state inwhich
either, but not both, BRN2 orMITFwould be expressed in
individual cells. Thus, although BRN2 andMITF are coex-
pressed in many melanoma cell lines (Fane et al. 2019),

growing these cell lines in 3D or in xenografts revealed
that cells would segregate into the MITFHigh/BRN2Low

and MITFLow/BRN2High phenotypes in vivo (Thurber
et al. 2011). These data indicate that the microenviron-
ment in vivo or in 3Dhas a dramatic effect on the behavior
of MITF and BRN2 expression, leading to the establish-
ment of distinct phenotypic states with different biologi-
cal properties that is not apparent in cultured cells. An
overwhelming body of data therefore indicates that at
the population level melanoma cells can switch back and
forth between a “proliferative” and an “invasive” cell
state. Significantly, more recent evidence indicated that
the dedifferentiated, invasive (MITFLow) phenotype is in-
trinsically resistant to MAPK pathway inhibitors and im-
munotherapies (Roesch et al. 2010; Kemper et al. 2014;
Hugo et al. 2015, 2016; Verfaillie et al. 2015; Titz et al.
2016; Shaffer et al. 2017). Notably, several studies identi-
fiedMITFLow cells as expressing the AXL and EGFR recep-
tor tyrosine kinases that are widely implicated in
conferring resistance to MAPK pathway inhibition
(Konieczkowski et al. 2014; Müller et al. 2014; Dugo et
al. 2015).
Not surprisingly, a wide range of cellular stresses to

which tumor cells are exposed are now known to down-
regulate MITF and at the same time promote invasive-
ness. These include hypoxia (Feige et al. 2011; Cheli
et al. 2012; Louphrasitthiphol et al. 2019), low glucose
(Ferguson et al. 2017) and amino acid limitation (Falletta
et al. 2017), and inflammatory signaling, including trans-
forming growth factor β (TGFβ) (Javelaud et al. 2011) and
tumor necrosis factor α (TNFα) (Landsberg et al. 2012; Rie-
senberg et al. 2015; Falletta et al. 2017). Remarkably, all of
these microenvironmental triggers of invasion converge
on eIF2α (Falletta et al. 2017; García-Jiménez and Goding
2019), a translation initiation factor that when phosphor-
ylated on Serine 51 inhibits global translation initiation to
suppress translation ofMITF and increase invasion. At the
same time p-eIF2α also increases translation of ATF4 (Har-
ding et al. 2000), a stress-responsive transcription factor
that can repress MITF transcription (Falletta et al. 2017;
Ferguson et al. 2017). Although depletion of MITF using
siRNA can trigger invasion (Carreira et al. 2006), efficient
suppression of MITF expression by ATF4 under nonstress
conditions did not (Falletta et al. 2017). One interpretation
of these experiments is that although lowMITF activity is
required for invasion, it is in itself insufficient. Indeed, in-
vasion does not proceed unless the switch in translation
mediated by p-eIF2α also occurs. The role of translation re-
programming in cancer cell invasion and dedifferentiation
is likely to be common as it has also been also associated
with EMT in breast cancer (Nagelkerke et al. 2013; Feng
et al. 2014).
We also note that whereas increased invasiveness arises

within 24 h following siRNA-mediated MITF silencing
(Carreira et al. 2006), longer-term depletion ofMITF using
siRNA can induce senescence (Giuliano et al. 2010). How-
ever, cell cycle arrest, but not senescence, is observed
when MITF expression is silenced by ectopically express-
ing ATF4 or starving cells of glutamine (Falletta et al.
2017). It remains therefore unclear whether low MITF
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may be associated with senescence in the in vivo context
or whether adaptive responses thatwould not be activated
using MITF-targeting siRNAs prevent the occurrence of
senescence.

The increasing diversity of melanoma cell states

The MITF rheostat and ‘intermediate’ melanoma cells

The MITF rheostat model has proven useful in describing
how cells may reversibly switch phenotypes in vivo be-
tween differentiated, proliferative, and invasive states in
response to microenvironmental cues that impose dif-
ferential MITF activity. However, there is increasing
evidence from real-time imaging and single-cell gene ex-
pression analyses that additional melanoma cell states ex-
ist and the current model to account for melanoma
phenotypic heterogeneity needs to be revised. The effect
of the intra-tumor microenvironment acting on intrinsi-
cally plastic cells has so far primarily been regarded as
effecting reversible transitions between two distinct phe-
notypes, namely anMITF-positive and drug-sensitive pro-
liferative state versus an MITF-low and drug-resilient
invasive phenotype. However, while a useful approxima-
tion, increasing evidence indicates that this model is
oversimplistic.

Although the term EMT implies transitions between
two states, the related phenotypic changes appear to arise
frommore than a simple on–off switch. Several intermedi-
ate states, harboring distinct phenotypic features, can be
identified between the extreme epithelial and mesenchy-
mal states (Nieto et al. 2016; Pastushenko et al. 2018).
Paralleling these observations, there is evidence that an
intermediate melanoma state may exist in which cells
exhibit a gene expression profile that lies between the
“extreme” invasive and proliferative states. Such inter-
mediate states may either reflect cells that are transiting
from one state to another or represent a stable phenotypic
checkpoint in which cells may reside before making the
decision to either enter one state or another depending,
for instance, on the pressure imposed by the microenvi-
ronment. Several lines of evidence point to the existence
of such an intermediate phenotype(s).

First, the original Hoek et al. (2006) gene expression pro-
filing of a large number ofmelanoma cell lines established
that, in addition to the proliferative and invasive cohorts
A and C, respectively, a few, termed cohort B, fell into nei-
ther the proliferative nor the invasive category (Fig. 1).
The Hoek classification was later refined using gene ex-
pression analysis of a panel of 53 melanoma cell lines
(Tsoi et al. 2018). In this study four classes of melanoma
cells were identified, C1–C4. Class C1 and C2, both ex-
pressing the drug resistance marker AXL, corresponded
to the MITFLow and invasive Hoek cohort C (Fig. 1), but
were distinguished by the expression of the transcription
factors SOX9 in class C1 and SOX10 in class C2. Class
C4 was the most differentiated, expressing MITF and a
repertoire of differentiation-associated MITF targets and
was related to Hoek’s cohort A. Class C3 was related to
Hoek’s cohort B, expressing MITF, but also features of

neural crest-like cells. The authors suggested the melano-
ma cell profiles corresponded to a four-stage differentia-
tion model based on a comparison of the expression
profiles of the C1–C4 classes and the repertoires of genes
expressed as cells progress in an in vitro differentiation
model from embryonic stem cells to differentiated mela-
nocytes via a neural crest and melanoblast intermediates
(Fig. 1). Importantly, the melanoma phenotypic subpopu-
lation identified in cell lines by the Tsoi et al. (2018) and
Hoek et al. (2006) studies reflected cell states detected in
RNA-seq analysis of human tumors. The presence of cells
with an intermediate phenotype between differentiation
and invasion (cohort B/class C3) could arise either because
each individual cell within the population examined ex-
pressed a gene expression profile that was truly intermedi-
ate between proliferative and invasive, because the cell
lines contained mixed but stable subpopulations each re-
flecting the two different phenotypic states, or because
cells were unstably flipping between one state and anoth-
er with a specific frequency.

Second, using imaging of 3D melanoma spheres tagged
with fluorescent reporters that permitted real-time inte-
gration of cell cycle, proliferation and invasion/migration
revealed that some cells, especially those at the core of the
sphere where hypoxia and nutrient limitation would
occur, entered a reversible yet stable G1-arrested state
(Haass et al. 2014). While, as expected, the G1-arrested
cells were invasive, some of the proliferating cells also ac-
quired invasive properties. The authors concluded that
migration could occur independently of the proliferative
status of the cells. They also noted that G1-arrested cells
from the interior of the spheroid migrated more slowly
than those from the periphery. Two distinct populations
of invasive cells were thus identified: a G1-arrested and
moderately invasive state, and one that is simultaneously
proliferative and highly invasive and that arises when nu-
trients and oxygen are sufficient to support proliferation.

Third, conditional inactivation of the TGFβ inhibitory
signaling factor Smad7 in a spontaneous mouse model of
melanoma generated cells that were both highly pro-
liferative and invasive. As a result, these compound
mice develop fast growing primary melanomas and, at
the same time, numerous and large metastatic lesions
(Tuncer et al. 2019).

Fourth, under conditions of glutamine limitationmulti-
ple melanoma cell lines either became invasive or, for
those with an already MITFLow invasive phenotype, in-
creased their invasive capacity (Falletta et al. 2017). Gluta-
mine limitation also induced a G1 arrest. The transition
to a G1-arrested invasive state was underpinned by trans-
lation reprogramming. Nutrient limitation led to phos-
phorylation of the translation initiation factor eIF2α that
then inhibits the translation initiation factor eIF2B. As a
consequence, phospho-eIF2α reduces nutrient demand
by down-regulating the translation of most transcripts
while increasing translation of proteins that increase
nutrient import and autophagy to restore nutrient supply.
It was proposed that this translation switch was an evolu-
tionarily conserved response to starvation that drives
invasion in yeast as well as in other single cell organisms
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as ameans to seek new nutrient supplies when experienc-
ing resource limitation (Falletta et al. 2017; García-
Jiménez and Goding 2019). Significantly, inducing the
translation switch in nutrient rich conditions, using an in-
hibitor of the eIF2α phosphatase, salubrinal, led to cells
becoming invasive but maintaining proliferation (Falletta
et al. 2017). These data essentially extend the observa-
tions from the 3D melanoma spheres (Haass et al. 2014)
and reinforce the notion that melanoma cells can adopt
a state that is simultaneously proliferative and invasive.
Significantly, cells can reprogram translation in response
to microenvironmental signals, including inflammatory
cytokines, that can impose a pseudo-starvation state in
which eIF2α is phosphorylated in the presence of ample
nutrients (García-Jiménez andGoding 2019).We therefore
propose that pseudostarvation or a moderately reduced
nutrient supply may permit invasion and proliferation to
coexist as long as sufficient nutrients are available to
support cell division. This is reminiscent of melanoblasts
in development that migrate out of the neural crest to
populate the skin and hair follicles but which also pro-
liferate during their migration (Luciani et al. 2011). Nota-
bly, migrating MITF-positive melanoblasts express ATF4
(Suzuki et al. 2010) and their migration can be impaired
by using the integrated stress response inhibitor ISRIB
that prevents p-eIF2α-mediated inhibition of eIF2B (Fall-
etta et al. 2017). Thus, at least somemelanoblasts may re-
flect the proposed “intermediate” melanoma state in
which cells can both proliferate and migrate.
Fifth, single-cell gene expression profiling also points

toward an intermediate or poised state in which prolifera-
tive and invasive gene expression signatures are present.
RT-qPCR profiling of single cells from a series of melano-
ma biopsies revealed the existence of cells simultaneously
expressing genes that belong to both the MITFHigh and
MITFLow gene-expression signatures (Ennen et al. 2015,
2017). Although these studies only examined a limited
repertoire of genes, they did highlight substantial hetero-
geneity in gene expression at the single-cell level; some-
thing that may have been missed when analyzing
mRNA expression levels from bulk tumor samples or
from cell lines.
Finally, by combining extensive profiling of single-cell

gene expression and chromatin accessibility applied to
more than 39,000 cells from a cohort of patient-derived
melanomacultures,Wouters et al. (2019) identified shared
gene regulatory networks that underlie the extrememela-
nocytic and mesenchymal cell states as well as one stable
intermediate state. The intermediate state was corro-
borated by a distinct open chromatin landscape and gov-
erned by the transcription factors EGR3, NFATC2, and
RXRG, and exhibited intermediate MITF activity. Sin-
gle-cellmigration assays established that this “transition”
state exhibits an intermediate migratory phenotype. This
study also unraveled the sequential and recurrent arrange-
ment of transcriptional programs at play during pheno-
type-switching that ultimately lead to the mesenchymal
cell state.
The intermediate state therefore represents a cellular

state that is distinct from the classical invasive and prolif-

erative phenotypes. Instead “intermediate” cells express
genes from both of these states and thereby are endowed
with both invasive and proliferative properties. Note
that this particular gene signature appears to be under
the control of a unique gene regulatory network governed
by a specific set of transcription factors. Thus, rather than
simply exhibiting a transcription program that is an aver-
age of both end-states, “intermediate” cells may also har-
bor one that is discrete and confers specific phenotypic
properties. It seems likely that by regulating translation
of the expressed mRNAs, moderate levels of eIF2α phos-
phorylation will be a major determinant of the intermedi-
ate phenotype. In this respect, although intermediate cells
express MITF, it seems plausible that MITF activity (a
combination of expression and function) will be lower
than in a cell exhibiting a uniquely proliferative or mela-
nocytic gene expression program.

Phenotypic heterogeneity revealed by single-cell RNA
sequencing

While the contribution of translation reprogramming to
cell phenotype at the single-cell level is as yet difficult to
assess, the application of single cell RNA-seq (scRNA-
seq) is beginning to reveal the transcriptional programsun-
derlying melanoma phenotypic heterogeneity. In the first
study of its type, single-cell profiling of both malignant
and stromal cells derived from tumors originating from
19 patients confirmed that MITF was a key biomarker
for distinct phenotypic states (Tirosh et al. 2016). The re-
sults provided an important insight into the degree of phe-
notypic heterogeneity present within melanoma tumors.
The analysis of genes associated with proliferating cells
suggested that different tumors had significantly different
proportions of cells in cycle ranging from1%up to 30%de-
spite the presence of similar oncogenic drivers. Moreover,
isolation of cells from different parts of one tumor indicat-
ed regional differences in gene expression,with some areas
exhibiting an inflammation-associated gene expression
profile with features associated with drug-resistance. As
expected, MITF was correlated with a differentiation
gene-expression program and anti-correlated with AXL,
associated with the invasive, dedifferentiated drug-resis-
tance phenotype.Notably, treatment-naive tumors classi-
fied as MITFHigh contained some cells with the AXLHigh/
MITFLow expression program, and treatment with BRAF
inhibitor (BRAFi) or BRAFi plus MEKi led to an increased
proportionof theAXLHigh/MITFLowpopulation,with a dis-
tinct resistant population of MET-high cells also being se-
lected for. Additional information also was obtained
regarding the contribution of nonmalignant cells. For ex-
ample, the AXLHigh/MITFLow population was associated
with increased numbers of CAFs, whereas the MITFHigh

tumors exhibited reduced CAF infiltration. Taken togeth-
er this single cell analysis, by and large, confirmed the
coexistence of the MITFHigh and MITFLow phenotypic
states, and also revealed that rare drug-resistant cells
were found in treatment naïve tumors that would other-
wise be classified as MITFHigh and, therefore, drug-sensi-
tive. However, evidence for any intermediate state, as
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indicated by the Ennen et al. analyses (Ennen et al. 2015,
2017), was not readily apparent.Thismaybe due to the rel-
atively low number of cancer cells analyzed (i.e., only two
tumors out of the 20 analyzed exhibited >150 malignant
cells) and/or limited number of genes detected per cell
due to inherent limitations of the scRNA-seq technique
used for this analysis. Indeed, stable “states”within a giv-
en cell lineage are defined by the expression and activity of
a discrete set of transcription factors that through bidirec-
tional interactions with the chromatin landscape can give
rise to specific gene-expression programs and, consequent-
ly, functional phenotypic states. Inferring cell states from
single cell RNAseq data has become a powerful tool, yet is
limited by a tradeoff between transcriptomic coverage per
single cell and number of marker genes per cell state. For
example, a cell state defined by 20 genes requires the ex-
pression information from >2500 genes/cell for reliable
detection (Torre et al. 2018). Only scRNA-seq data of
high quality, including a stringent downstream analysis,
will be instrumental in extrapolating different states of
melanoma cells.

This initial scRNA-seq analysis was highly informative
with respect to the identification of distinct melanoma
subpopulations at the single cell level, and the results
were largely recapitulated in subsequent scRNA-seq anal-
ysis of short-term melanoma cultures with different
driver mutations, most notably the bipolar expression of
the MITF and AXL associated gene expression programs
(Gerber et al. 2017; Loeffler-Wirth et al. 2018). Neverthe-
less, several questions remained unanswered. In particu-
lar, while tumors were examined pre- and posttherapy,
the repertoire of drug-resistant cells in the minimal resid-
ual disease (MRD) state was not examined. Moreover, the
phenotypic trajectory taken over time in response to mi-
croenvironmental stresses or therapy and how different
phenotypic states might be established could not be read-
ily inferred. Nor were any therapeutic vulnerabilities as-
sociated with specific phenotypic states identified.

A more recent single-cell analysis was performed on
human melanoma cells isolated from patient-derived
xenograft (PDX) mouse models exposed to MAPK thera-
peutics (Rambow et al. 2018). This study revealed an
even greater complexity of melanoma state heterogeneity
with respect to MITF expression (RNA and protein) in
BRAFV600E treatment-naïve tumors. Importantly, this
phenotypic heterogeneity was exacerbated upon BRAF
and MEK inhibition indicating that drug treatment can
either impose phenotypic transitions or select for spe-
cific pre-existing phenotypic states. Significantly, differ-
ent drug tolerant cell states coexisting within the same
lesion exhibited distinct transcriptional MITF-(rheostat)
activities (Rambow et al. 2018). scRNA-seq profiling of
the PDX tumors before, during, and after BRAFi/MEKi
combination therapy identified four distinct melanoma
cell states associatedwithMRD, and the presence of these
various melanoma subpopulations in clinical specimens
was confirmed by in situ multiplexed immunohisto-
chemistry. Note, however, that it cannot be ruled out
that additional phenotypic states may exist in such clini-
cal samples; for instance, arising as a result of inflamma-

tory signaling from infiltrating immune cells. Such
states are indeed likely to be missed in PDX lesions as
these models lack key components of the adaptive im-
mune system.

In keeping with a role for nutrient limitation in promot-
ing generation of anMITF-intermediate state, one of the 4
cell states present at the MRD stage exhibited a dramatic
down-regulation of an overall cancer cell metabolic signa-
ture (ccmGDB) (Kim et al. 2016) and shared transcrip-
tomic features of nutrient-deprived cells (Kondo et al.
2017) including an elevated expression of the fatty acid
translocase CD36. Termed the starved melanoma cell
(SMC), (Fig. 1), bioinformatics analysis indicated that
SMCs exhibited hallmarks of an MITF intermediate state
characterized by features associated with both prolifera-
tion and invasion (Fig. 2). The expression of CD36 may
confer a selective advantage to these cells by enabling
more efficient uptake of fatty acids, thereby facilitating
proliferation associated with metastasis formation. This
has indeed been observed in dedifferentiated oral carcino-
ma cells (Pascual et al. 2017). The SMC state was under-
pinned, at least in part, by a transcriptional program
dependent on PAX3, a transcription factor associated
with development of the melanocyte lineage largely
through its ability to promote MITF expression in mela-
noblasts (Bondurand et al. 2000; Potterf et al. 2000; Kubic
et al. 2008). Notably, spatial analysis of drug-exposed le-
sions by multiplexed immunohistochemistry of human
tumors demonstrated a nonrandom geographical organi-
zation of cells exhibiting a CD36-high starvation gene-ex-
pression profile as they were preferentially located within
regions of tumors distant from blood vessels (Rambow

Figure 2. Revised rheostat model incorporating the six different
phenotypic states found in melanoma to date. The states are
ranked in relation their perceived MITF activity. Note that it is
yet unclear whether the intermediate and starved (SMC) states
are distinct. The hyper-differentiated, starved, NCSC and undif-
ferentiated states are drug tolerant, and can also be enriched or in-
duced by targeted therapy. It is also unclear whether the different
states are related in a hierarchical fashion, though evidence sug-
gests that the starved (SMC) statemay be a precursor to the other
drug-tolerant states, and whether proliferation is common to all
cells of the melanocytic or intermediate states in vivo.
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et al. 2018), consistent with the possibility that a restrict-
ed nutrient or oxygen supply would contribute to the
generation of the SMC phenotype in vivo.
In addition, two MITF-low/negative states were identi-

fied. One of these was reminiscent of a neural crest stem-
like cell (NCSC) state that also exhibit features of the glial
lineage as they express genes such as GFRA1–3, SOX10,
and GDNF in addition to markers of quiescent neural
stem cells and glioblastoma proneural genes. The NCSC
state was dramatically enriched upon MAPK inhibition.
The other MITF-negative state was reminiscent of the
invasive/mesenchymal-like state. Importantly, although
the NCSC and classical invasive/mesenchymal-like
states are both characterized by loss of MITF, these tran-
scriptional states appear to represent two overlapping
yet distinct subpopulations of melanoma cells. Onemajor
difference between the two undifferentiated MITFLow

states is the expression of SOX10, a key transcription fac-
tor usually thought to be associated with melanocyte
identity through its capacity to promoteMITF expression
(Bondurand et al. 2000; Lee et al. 2000; Potterf et al. 2000;
Verastegui et al. 2000) and cooperate with MITF in regu-
lating a downstream gene-expression program (Fufa et al.
2015; Laurette et al. 2015). Importantly, whereas the clas-
sical invasive/mesenchymal-like state is devoid of SOX10
transcriptional activity, the NCSC state harbors a quies-
cent/dormant transcriptional program driven, at least in
part, by SOX10/SOX2, NFAP2B, and RXRG. These obser-
vations are in good agreement with the Tsoi et al. (2018)
study that transcriptionally profiled a large collection of
melanoma cell lines and tumors to identify a four-stage
differentiation model for melanoma; the invasive/mesen-
chymal and NCSC states identified through the single
cell profiling of Rambow et al. (2018) appear to correspond
to the undifferentiated C1 stage and neural crest C2 stage,
respectively, characterized by Tsoi et al. (2018), while the
SMC state, like the intermediate state, aligns with the
Tsoi et al. (2018) C3 “transitory” phenotype (Fig. 1).
The NCSC state is also clearly distinct from the tran-

sient (pre-)resistant state recently derived from in vitro
culturedmelanoma cells exposed to BRAF inhibitor alone
(Shaffer et al. 2017). In fact, this is only partly surprising as
the gene expression signature of these so-called “jackpot”
cells significantly overlaps with that described for the
classical “invasive” cells. In contrast, the transcriptome
of NCSCs presents some degree of similarity with the
gene expression signatures obtained from bulk RNA-seq
of drug-exposed melanoma cultures enriched for induced
drug-tolerant cells (IDTCs) (Menon et al. 2015) and slow
cycling NGFR-high cells (Fallahi-Sichani et al. 2017). In-
triguingly, the drug-induced NCSC state is reminiscent
of a developmentally plastic state induced during jaw re-
generation (Ransom et al. 2018). This parallel indicates
that tumor lesions exploit existing mechanisms at play
in normal damaged tissues—such as induction of a stem
cell-like state—to resist and recover from therapeutic in-
sults. Collectively, these data indicate that there exists,
at least, two distinct MITF-negative “dedifferentiated”
states as well as intermediate and SMC states exhibiting
both proliferative and invasive features. Together, these

data prompted us to revisit the MITF-rheostat model so
as to incorporate the newly identified phenotypic cell
states (Fig. 2).
One hypothesis to explain the existence of these dis-

tinct states is that cells, depending on the growth condi-
tions and stress level, may initiate various adaptive
responses and behaviors (García-Jiménez and Goding
2019). An initial response to a stress situation leading
to translation reprogramming may be to opt for an inva-
sive/migratory behavior in quest of a more favorable envi-
ronment and only subsequently adopt a more dormant or
NCSC like dedifferentiated state if the stress is not re-
solved. This is similar to the phenotypic switch in bacte-
ria from proliferation to invasion under stress conditions
and subsequent sporulation or adoption of a drug-resistant
persister cell state if the stress is not resolved (Vlamakis
et al. 2008, 2013). By invoking different phenotypic re-
sponses depending on the severity and duration of the
stress cells are exposed to, this model may help explain
the origins of the different states identified in the studies
outlined above.Note that composition of culturemedium
and concentrations of drugs used for these experiments
may influence the outcome. Exposure of in vitro cultured
melanoma cells, which are often grown in nutrient-rich
medium supplemented with growth factors in excess, to
a BRAF inhibitor alone may favor the transition into a
dual invasive/proliferative “intermediate” cell state. In
contrast, exposure ofmelanoma cells growing in a harsher
in vivo microenvironment to the more clinically relevant
BRAF/MEK inhibitor combination may instead favor en-
try into the dormant NCSC state.
In addition to the classical invasive, NCSC and SMC

states,MAPK-inhibition canalso induceahighly pigment-
ed/hyperdifferentiated state (Figs. 1, 2) characterized by
very high levels of MITF and expression of a large number
of MITF-regulated genes, including those implicated in
pigmentation. This MITFHigh pigmented state can be uni-
formly induced in in vitro cultured melanoma cells ex-
posed to a BRAFV600E inhibitor (Smith et al. 2016),
consistent with previous work that also identified both
MITFHigh and MITFLow cells as being drug resistant
(Müller et al. 2014). Single-cell RNA-seq and immuno-
histochemistry analyses later established that this subpo-
pulation does emerge in vivo but not uniformly, as seen in
vitro (Rambow et al. 2018). Rambow et al. (2018) indeed
showed that whereas total MITF levels and activity are
increased during treatment at the bulk level, single-cell
analyses (both immunohistochemistry and scRNA-seq)
showed that this overall increase can only be attributed
to a fraction of cells. In vivo, theMITFHigh cells are indeed
surrounded by MITFLow cells. Thus, melanomas can es-
cape the deleterious effects of anti-cancer drugs by activat-
ing drug-resilient transcriptional programs that underpin
multiple melanoma cell states, beyond the two well-
known “proliferative” and “invasive” phenotypes. Some
of these cell states were identified in drug-naïve lesions
(proliferative, invasive, and NCSCs) and were either
enriched (invasive and NCSCs) or only emerging (SMCs
and MITFHigh pigmented cells) following exposure to
MAPK therapeutics (Fig. 2).

Melanoma phenotypic plasticity

GENES & DEVELOPMENT 1303



As highlighted above, although distinct, the two
MITFLow/Negative states share a large part of their specific
gene expression signatures and are, thereby, likely to ex-
hibit common phenotypic properties. Both states express
a mesenchymal-like signature including genes regulated
by TGFβ signaling, known to suppress MITF (Javelaud
et al. 2011), promote invasion (likely linked to its capacity
to promote translation reprogramming) (Feng et al. 2014)
and extracellular matrix remodeling. This observation in-
dicates that both statesmaybe endowedwith increased in-
vasive properties, a prediction that has recently been
validated experimentally (J-C Marine, unpubl.). The term
“invasive” is therefore confusing as it no longer only ap-
plies to the classical invasive state, but also to the NCSC
and to some of the above-described “intermediate state
(s)”, including the SMCs. We therefore propose to revisit
the nomenclature of the melanoma cell states and, as sug-
gested by Tsoi et al. (2018), refer to the former “invasive”
mesenchymal-like cells as the “undifferentiated”melano-
ma cells as they are indeed the most undifferentiatedmel-
anoma cells having lost expression of both melanocytic
transcription factors SOX10 and MITF. We also propose to
refer to the “proliferative” state as the melanocytic state,
as other melanoma states (i.e., some intermediate state[s])
also exhibit proliferative capacity. Finally,we propose to re-
fer to the remaining states asNCSC, starvedmelanomacell
(SMC) and hyper-differentiated states (Figs. 1, 2).

Note that while it is relatively simple to arrange the six
different melanoma states identified to date in order of
MITF expression or differentiation (Fig. 2), this does not
necessarily reflect the potential of any one plastic state
to generate another. Indeed, bioinformatic evidence (Ram-
bow et al. 2018) indicates that it may be possible for the
SMC state to act as a precursor to the differentiated,
NCSC, and undifferentiated phenotypes, all of which are
drug-tolerant states (Figs. 2, 3).

Melanoma stem cells

Multicolor lineage tracing approaches have revealed that,
at least in some cancers, tumor growth is fueled by a lim-
ited population of cancer stem cells (CSCs) (Nassar and

Blanpain 2016; Batlle and Clevers 2017). A CSC has
been defined as “a cell within a tumor that possesses the
capacity to self-renew and to cause the heterogeneous lin-
eages of cancer cells that comprise the tumor” (Clarke
et al. 2006). In melanoma the existence of a stem cell pop-
ulation has been a matter of considerable debate. At-
tempts to search for such a cell population were made
through transplantation experiments of a limited number
of dissociated tumor cells into immunocompromised
mice. This led to the identification of several markers of
cells with enhanced tumor-initiating capacity, including
the ABCB5 (Schatton et al. 2008), NGFR/CD271 (Boiko
et al. 2010), CD34 (Held et al. 2010), and JARID1B (Roesch
et al. 2010). Intriguingly, while the above-studies showed
that only a small population ofmelanoma cells had tumor
initiating capacity, others indicated that up to 25% of
melanoma cells from dissociated tumors exhibited tu-
mor-initiating capacity in NOD/SCID immunocompro-
mised mice (Quintana et al. 2008). Subsequent work
indicated that instead of a hierarchical organization,
which would be compatible with the presence of CSCs,
melanoma cells are capable of reversible state changes
(Quintana et al. 2010), an observation that fits best with
the phenotype switching model (Carreira et al. 2006;
Hoek et al. 2008; Hoek and Goding 2010). Note, however,
that the studies outlined above use transplantation into
immunocompromised mice as a means to identification
and characterization of CSCs or tumor-initiating cells.
While this may be a useful tool (Beck and Blanpain
2013), this does not necessarily recapitulate the condi-
tions melanoma cells are exposed to within established
tumors. Our view is that while it is well established that
melanoma cells can undergo dynamic and reversible phe-
notypic transitions, whether melanoma growth or relapse
is fueled by a limited number of stem-like cells remains
unclear and further careful in vivomulticolor lineage trac-
ing analysis will be required to address this key issue.

Exiting the lineage through transdifferentiation

Given that cancer cells need to overcomemany barriers to
engender successful metastases, such as moving through

Figure 3. Potential hierarchical arrangement of
the six different melanoma phenotypic states
and their relative expression of MITF and
SOX10. Also indicated are CAFs and endothelial
cells that are presumed to be generated by trans-
differentiation from the undifferentiated state.
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the walls of nearby lymph nodes and blood vessels and re-
sisting anoikis and oxidative stress to survive in the blood-
stream or in a foreign tumor microenvironment (TME) at
secondary sites, it may be that yet additional melanoma
cell states emerge during (and contribute to) metastatic
dissemination. There is increasing evidence that melano-
ma cells can disseminate and colonize distant organs even
before the manifestation of metastasis (Eyles et al. 2010;
Sosa et al. 2014). It has been proposed that some melano-
ma cells may actually reside in the vasculature of
the lungs (Ghajar et al. 2013), and be maintained in a dor-
mant state for a prolonged period of time. Intriguingly, it
has been reported that these cells may undergo transdif-
ferentiation into an endothelial-like state (Fig. 3;Maniotis
et al. 1999; Seftor et al. 2012). This “phenotype switch”
would be accompanied by a decreased/loss of expression
of melanoma markers and up-regulation of genes ex-
pressed specifically expressed in endothelial cells (i.e.,
CD31, VE-cadherin). In vivo evidence supporting “vascu-
larmimicry” is so far limited and its clinical and therapeu-
tic relevance remain questionable. For example, it is not
known whether such transdifferentiated cells are termi-
nally differentiated or whether they might re-enter the
cell cycle and thereby act as a reservoir of therapy-resis-
tant melanoma cells. Moreover, for any transdifferentia-
tion event it is not clear whether melanoma cells would
first revert to a highly undifferentiated state with in-
creased epigenetic plasticity and subsequently choose to
adopt an alternative cell fate, or whether an alternative
path to a different cellular identity might be taken.
Significantly, the undifferentiated melanoma pheno-

type, induced upon targeted therapy, shares many tran-
scriptional features with CAFs to a point where a clear
separation of both cell types becomes challenging (Tirosh
et al. 2016). Nevertheless, a bidirectional crosstalk be-
tween CAFs and malignant cells has been firmly estab-
lished. Highly glycolytic melanoma-associated CAFs
can promote melanoma tumor growth in mouse models
(Zhang et al. 2015a), and have been implicated in promot-
ing resistance to BRAF inhibitor therapy by secretion of
hepatocyte growth factor (HGF) (Straussman et al. 2012;
Almeida et al. 2019). Consequently, the ability of therapy
to induce melanoma cells to undergo “transdifferentia-
tion” to a CAF-like phenotype is of significant clinical
relevance.
Apart from therapy-induced transdifferentiation, unsat-

urated fatty acids can promote the acquisition by various
cancer cell lines, including MALME-3M melanoma cells,
of an adipogenic phenotype (Ruiz-Vela et al. 2011). Fur-
thermore, a rare CD20+ positive melanoma subpopula-
tion, grown in spheroids, was previously considered as a
cancer-stem-like or tumor-initiating population given its
ability to differentiate into adipocytes, amongst other lin-
eages (Fang et al. 2005; Somasundaram et al. 2012).
Although the relevance of these transdifferentiation

events has not yet been elucidated, the existence of trans-
differentiated melanoma cells raises the possibility that
additional uncharacterized melanoma cell states exist
and highlight the need of using high-throughput scRNA-
seq to further dissect intratumoral heterogeneity.

Implications and opportunities for therapy

Efforts to understand the mechanisms of therapy resis-
tance have highlighted an immense repertoire of muta-
tion-dependent evasion mechanisms. In the context of
melanoma MAPK targeted therapy, many genetic events
including amplifications of the BRAF gene and/or muta-
tions in the NRAS, MEK1, MEK2, AKT1/3 genes among
others, have been identified in many patients and some-
times even in one single patient (Spagnolo et al. 2014).
The molecular nature of genetic mutations, such as point
mutations that directly alter the target domain of protein
kinases where selective inhibitor drugs bind (Knight
et al. 2010; Sabnis and Bivona 2019) illustrates the power
of “Darwinian” selection and highlight the need to
improve effectiveness of treatment before mutational
acquired resistance prevails. Indeed, treatment with mul-
tiple drugs targeting each of the different possible genetic
resistancemechanisms thatmay be pre-existing or emerg-
ing within a single patient is not viable. Instead, we pro-
pose that future exploration of treatment options should
contend with and capitalize on the possibilities afforded
by melanoma cell plasticity and nongenetic tumor evolu-
tion to combat the almost inexorable development of re-
sistance to anticancer drugs. In this respect, the recent
and upcoming breakthroughs in the field of cancer thera-
peutics will undoubtedly lead to new and more effective
treatments leading to an increasing number of patients
with advanced metastatic disease experiencing complete
remission (CR; reduction in tumor burden >99%). Howev-
er, cancer therapy has to balance between killing tumor
cells and avoiding host toxicity, thus limiting the dose
used. Consequently, when combined with high microen-
vironment- and therapy-induced intratumor phenotypic
heterogeneity, these new treatments will almost inevita-
bly leave viable cancer cells in the form of MRD. The
development of rational MRD-directed therapies is there-
fore timely and increasingly needed, and we therefore set
out below a series of arguments that highlight the poten-
tial of rationally designed MRD-directed therapies aimed
at intervening before stable (genetic) mechanisms of resis-
tance are established (Fig. 4).
Since the probability of a cell populationwithin a tumor

harboring a mutation conferring resistance to a therapy is
proportional to the number of cells, one key advantage of
targeting MRD rather than waiting for clinical relapse is
that the substantially reduced cancer cell numbers are sig-
nificantly less likely to contain cells with genetic resis-
tance. Moreover, patients may be able to better tolerate
drugs with substantial side effects when onlyMRD is pre-
sent compared with the time of fulminant relapse (Luskin
et al. 2018). Even in the context of a high mutator disease,
such asmelanoma, it has been shown that resistance-con-
ferringmutation-free tumors emerge in∼40% of the cases
(Hugo et al. 2015), a number that is expected to increase to
close to 100% in tumors with a low mutational load. A
strategy targeting MRD is therefore likely to lead to long-
lasting clinical benefits for a considerable number of pa-
tients. Nevertheless, the following considerations should
be taken into account when designing such strategies.
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First, while mutation-less phenotype switching may be
random and stochastic, genetic lesionsmay sensitize cells
to microenvironmental cues by reducing the threshold
above which a stochastic state transition can occur rather
than directly promoting phenotypic transitions (Bernards
and Weinberg 2002; Hoek and Goding 2010; García-Jimé-
nez and Goding 2019). Cell population dynamics with
spontaneous conversions between drug-resistant and sen-
sitive states (or between related proliferative and invasive
phenotypes), can be subjected to “Darwinian” selection in
the same manner as phenotype variability caused by mu-
tations. In the presence of cytotoxic drugs, cells in a drug-
tolerant or resistant state that happen to be present prior
treatment will have a growth advantage and will be grad-
ually selected provided they remain in a proliferative or at
least slowly cycling state. As these nongenetically fitter
variants are present in the multimodal population due
to a dynamic equilibrium, they are likely to exist at a
much higher frequency than cells having acquired such
phenotypic traits through a random DNA mutation.

Second, unlike randommutations in DNA, nongenetic
phenotype switching is likely to turn on existing/evolved
cellular programs (Hoek and Goding 2010; Hanahan and
Weinberg 2011). Because of their longevity in tissues, nor-
mal stem cells, and by extension dormant or CSCs, are en-
dowedwith increased xenobiotic resistance. It is therefore
perhaps not surprising that cell fate switching between a
therapy-resistant state, which harbor CSC features and in-
creased tumor-initiating capacity, and amore differentiat-
ed, drug-sensitive state has been observed in a number of
tumor cell populations. In fact, the view that cancer ther-
apy promotes emergence of dedifferentiated cells with

CSC features, and is thereby inherently a double-edge
sword, is now supported by several reports (for examples,
see Bao et al. 2006; Phillips et al. 2006; Woodward et al.
2007; Lee et al. 2011; Ghisolfi et al. 2012; Lagadec et al.
2012; Abubaker et al. 2013; Nör et al. 2014). These obser-
vations have stimulated the development of anti-CSC
therapeutic strategies (Gupta et al. 2009b) often targeting
surface markers and/or signaling pathways that are aber-
rantly activated and contribute to CSC proliferation
and/or survival. Some of these therapeutic modalities
are currently being tested in preclinical and clinical stud-
ies (Chen et al. 2013; Lathia and Liu 2017).

Third, enrichment of a specific drug-tolerant state may
also occur through active, therapeutically induced, nonge-
netic reprogramming. The emergence of the drug-tolerant
NCSCs in melanoma occurs through an active cell state
transition rather than passive selection (Rambow et al.
2018). Such a directed somatic evolution toward an advan-
tageous phenotype may be referred to as a “Lamarckian”
induction: a better “adapted” inheritable state being in-
duced by an environmental input. Evidence for such an
adaptive mechanism in cancer has been reinforced by
two recent studies (Su et al. 2017; Tsoi et al. 2018). Sin-
gle-cell phenotyping was used to explore the response ki-
netics to BRAF inhibition of a panel of patient-derived
BRAFV600E mutant melanoma cell lines. A subset of plas-
tic cell lines, which followed a trajectory covering multi-
ple known cell state transitions, providedmodels formore
detailed biophysical investigations. Markov modeling re-
vealed that the cell state transitions were reversible and
mediated by both Lamarckian induction and nongenetic
Darwinian selection of drug-tolerant states (Su et al.

Figure 4. Potential therapeutic vulnerabilities of
the four drug-tolerant persister cells found follow-
ing targeted therapy. The persister cell population
may act as a reservoir for drug-resistant relapse
arising either through subsequent genetic mecha-
nisms or via epigenetic reprogramming.
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2017).Moreover, single-cell RNA sequencing showed that
therapeutic resistance in Acute Myeloid Leukaemia
(AML) emerges from a leukemia stem cell population in
the form of a Lamarckian adaptive transcriptional re-
sponse and, importantly, in the absence of genetic adapta-
tion (Bell et al. 2019). Note that adaptive cell state
transitions are especially likely to play a major role in
drug resistance in tumors with a low mutation burden.
The fact that this phenomenon is observed in cutaneous
melanoma, the tumor type with the highest mutation
load and mutator phenotype, suggests that “Lamarckian”
induction is not uncommon, but rather a default reaction
of cancer cells to massive, near-lethal perturbations.
Fourth, emergence of drug-tolerant cells in MRD may

jump-start classical (mutation-based) somatic evolution
by guaranteeing that there is always a small population
of cells that can survive the treatment. Indeed, acquisition
of the resistance phenotype may not even require de novo
genetic alterations. Analyses of gene expression at single-
cell resolution of in vitro culturedmelanoma cells demon-
strated that drug-resistant cells can emerge through a
multistage process in which a few rare pre-existing cell
subpopulations, expressing stochastically high levels of
a number of resistance markers, are first selected for
upon drug exposure and then converted into stably resis-
tant cells through “epigenetic” reprogramming (Shaffer
et al. 2017). Clinical studies showed that on-treatment
melanomas regrow without any identifiable resistance-
conferring genetic alterations (Rizos et al. 2014; Shi
et al. 2014), consistent with 40% of resistant melanoma
not being accounted for by any validated mutational
mechanism (Hugo et al. 2015).
It seems likely that success will be achieved using a

combination of immunotherapies or effective pharmcoge-
netic therapies, where drugs are matched to specific ge-
netic drivers such as BRAFV600E, together with new drug
combinations that use a “pharmacophenomic” strategy
aimed at exploiting the vulnerabilities associated with
distinct phenotypes that may be independent of genetic
driver mutations. Several pharmacophenomic strategies
can be envisaged with preliminary evidence suggesting
that targeting specific phenotypic subpopulations may
be effective in delaying disease progression or eradicating
specific phenotypic states that may exhibit a degree of in-
terdependence. Such an approach may be especially effec-
tive if used to target the MRD state in which the genetic
complexity of the surviving cells is low and defined resis-
tant subpopulations have been identified.
Proof or principle that exploitingmelanoma cell plastic-

ity for therapeutic benefit by converting a drug-resistant
population to one that is drug sensitive, an approach
termed directed phenotype switching, has already been
provided (Sáez-Ayala et al. 2013). In this reportmethotrex-
ate (MTX) was shown to induce MITF levels and activity
and therefore promote melanoma differentiation and re-
duce invasion. Consequently, theMITFHigh/differentiated
cells were sensitive to a tyrosinase-processed antifolate
prodrug TMECG. The MTX/TMECG combination deliv-
ered effective anti-melanoma responses in vitro and in
mouse preclinicalmodels. AlthoughMTX is a chemother-

apeutic agent which may cause severe adverse events in
patients, the use of TMECG might possibly be effective
in killing the MITFHigh pigmented population of thera-
py-resistant cells present in MRD following BRAF/MEK
inhibitor therapy even without the use of MTX since
these cells already exhibit high MITF levels and elevated
pigmentation. Although TMECG-based therapy may
only kill proliferating cells (Sáez-Ayala et al. 2013), its ac-
cumulation in cells after processing bymelanosome-asso-
ciated tyrosinase may mean that it would be an effective
cytotoxic agent if the hyper-differentiated cells associated
with MRD were to resume proliferation. Nevertheless,
the dedifferentiated cells lacking tyrosinase expression
in MRD would not be affected.
Significantly, several therapeutic vulnerabilities in the

MITFLow populations and/or approaches to limit their
emergence have already been identified. First, the NCSC
population present in the MRD state was found to be es-
tablished through the activity of the retinoic acid X recep-
tor gamma (RXRG) (Rambow et al. 2018). Inhibiting this
pathway with a pan-RXR antagonist attenuated the accu-
mulation of NCSCs in drug-exposed melanoma cultures.
These findings indicated that combiningMAPK-targeting
agents with RXR antagonists may significantly delay the
onset of resistance, a prediction that was validated exper-
imentally in a PDX preclinical setting (Fig. 4). However,
this approach did not completely prevent relapse (Ram-
bow et al. 2018). Nevertheless, these data support the
notion that theNCSCs are an important reservoir of resis-
tant cells, but several questions remain. For example,
which cells managed to escape the effect of the RXR
antagonist leading to ultimate relapse? The evidence
available suggests that while the MAPKi/RXR antagonist
combination attenuated emergence of NCSCs, it did so at
the expense of a concomitant increase in the other three
drug-tolerant states identified inMRD,with a particularly
prominent increase in the AXLHigh invasive/dedifferenti-
ated subpopulation. Since the targeting of this subpopula-
tion is now possible through the use of the antibody-drug
conjugate AXL-107-MMAE (Fig. 4; Boshuizen et al. 2018),
it may be interesting in the future to test whether adding
this molecule to a MAPKi/RXR antagonist regimen pro-
vide additional potential clinical benefit.
Second, by interrogating the Cancer Therapeutics Re-

sponse Portal pharmacogenomics database Tsoi et al.
(2018) discovered that thededifferentiated statewashighly
sensitive to oxidative stress-induced ferroptosis, a form of
iron-dependent programmed cell death. Ferroptosis is
characterized by accumulation of lipid peroxides generat-
ed by oxidation of lipids on transfer of electrons to free rad-
icals and arises as a consequence of reduced activity of the
lipid repair enzyme glutathione peroxidase 4 (GPX4) (Dix-
on et al. 2012). Consistent with this, glutathione levels
were reduced in dedifferentiated melanoma cells that
were sensitive to ferroptosis inducers, whereas the pig-
ment differentiated state was resistant to ferroptosis-in-
ducing drugs and the neural crest-like state exhibited
moderate sensitivity. Therapy-induced dedifferentiation
driven by long-term BRAFi treatment also led to increased
sensitivity to GPX4 inhibitors and importantly, the
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emergence of BRAFi-resistant populations was reduced by
combination treatmentwith bothvemurafenib and ferrop-
tosis inducers (Fig. 4; Tsoi et al. 2018).Notably, ferroptosis
inducers also promoted death in cell lines in which
TNFα or IFNγ induced dedifferentiation characterized
by reduced MITF levels. Thus, in principle, ferroptosis in-
ducers may be useful in reducing survival of cells exposed
to microenvironmental stresses that drive melanoma
dedifferentiation.

Third, it seems likely that metabolic differences be-
tween distinct phenotypic states may represent an impor-
tant therapeutic vulnerability. For example, it has been
established that in culture and in tumors, stochastically
arising slow-cycling MITF-low cells, most likely related
to the NCSC population of BRAFi-resistant cells, exhibit
increased tumor-initiating potential (Cheli et al. 2011),
are enriched in response to BRAF inhibition, and are re-
quired to fuel tumor expansion (Roesch et al. 2010). Signif-
icantly, the slow cycling population exhibits elevated
oxidative phosphorylation at the expense of glycolysis
(Roesch et al. 2013). As a consequence, targeting mito-
chondrial respiration blocked the emergence of the slow
cycling population and overcame their nongenetic intrin-
sic drug resistance (Roesch et al. 2013). Likewise, the
other drug tolerant,MITFHigh, pigmentedmelanoma state
may also exhibit exacerbated sensitivity to mitochondrial
targeting agents. MITF controls the expression of PGC1α
(PPARGC1A), a key factor implicated in mitochondrial
biogenesis (Haq et al. 2013; Vazquez et al. 2013). Con-
sequently, MITFHigh melanoma subpopulations, which,
as described above, can be induced upon exposure to
MAPK therapeutics, express high levels of PGC1α and
are addicted to oxidative phosphorylation (Haq et al.
2013). Exposure of melanoma cells to various mitochon-
drial inhibitors, such as the mitochondrial uncoupler
CCCP or inhibitors of oxidative phosphorylation (i.e.,
2,4-DNP or oligomycin A) enhanced the efficacy of a
BRAFV600E inhibitor in vitro. Yet another report showed
that MAPKi substantially enhanced mitobiogenesis in
surviving cells in a subset of BRAF mutated melanoma
cell lines or patients’ tumor biopsies that escaped short-
term inhibition of the MAPK pathway (Zhang et al.
2016). Targeting protein folding in mitochondria with
the HSP90 inhibitor gamitrinib was effective in improv-
ing the efficacy of MAPKi in vitro and in xenografts
and in preventing the acquisition of drug resistance to
MAPKi in vitro. Although targeting mitochondrial func-
tion may not represent an ideal therapy in patients
owing to toxicity (Pustylnikov et al. 2018), these studies
do highlight the possibility that multiple phenotypic
states may exhibit common metabolic vulnerabilities.

While searching for a common therapeutic strategy that
may apply to most/all subpopulations of cells in MRD, it
will be almost certainly necessary to identify comple-
mentary vulnerabilities if the disease is to be eradicated.
For example, using vemurafenib to target proliferating
melanoma cells, while at the same time promoting ferrop-
tosis by using the GPX4 inhibitor RSL3 and/or using an
RXRantagonist tokill cells on the trajectory toward anun-
differentiated orNCSC-like phenotype (Fig. 4). It may also

be interesting to test whether the addition of TMECG to
any treatment regimen may provide additional potential
clinical benefit by targeting the MITFHigh/differentiated
cell population. Targeting MITFHigh/differentiated cells
is also possible using a drug-conjugated antibody against
GPNMB, a melanosomal antigen (Fig. 4; Rose et al. 2016;
Ott et al. 2017). Combined with approaches specifically
aimed at the MITFLow dedifferentiated or NCSC popula-
tions these agents may prove useful in eradicating the
MAPK pathway inhibitor-refractory pool of cells and con-
vert targeted antimelanoma therapy into a curative ap-
proach. Note, however, that complete eradication of
MRD may not be necessary. There may be some degree
of interdependency between therapy-resistant subpopula-
tions. For instance, recent evidence indicated that the
MITFHigh statemay instruct drug tolerance to neighboring
cells in an ECE1-EDN1 paracrine fashion (Smith et al.
2017) and that, therefore, emergence of a specific “undif-
ferentiated” state may be prevented upon depletion of
these MITFHigh cells. Another interesting possibility is
that ablation of the SMC subpopulation may be sufficient
to provoke the collapse of the entireMRD lineage tree. In-
deed, pseudo-time-ordering analyses indicated that the
starved SMC transcriptional program may be the first
melanoma cells switch on in response to MAPK inhibi-
tion, before making the decision to migrate along the dif-
ferentiation or dedifferentiation trajectory paths (Fig. 4).
Thus, although it remains to be established that the
SMC state is required to reach the dedifferentiated (undif-
ferentiated or NCSC) and/or pigmented state the predic-
tion is that the SMCs may represent a therapeutically
exploitable Achilles heel in order to prevent emergence
of drug tolerance/resistance. Interestingly, these cells ex-
press high levels of the lipase translocase CD36. This re-
ceptor has been identified as a promising anticancer
therapeutic target (Pascual et al. 2017) and several pharma-
cological means to target CD36-positive cells have been
developed (Cheng et al. 2016). It will be interesting to tar-
get CD36-expressing cells using different strategies, such
as the pharmacological inhibitor Sulfo-N-succinimidyl
oleate (SSO) and CD36-neutralizing antibodies, while
challenging melanoma cells with BRAF and MEK inhibi-
tors in preclinical models and monitor the impact on
MRD composition and time to progression (Fig. 4).

One may also envisage a more elaborate therapeutic
strategy, one that diverts the fate of all/most distinct
drug-tolerant persisters into a single (or limited numbers)
of either permanently dormant and/or therapeutically
sensitive state(s). For instance, forcing cells to adopt a dor-
mant NCSC state may be a possible route toward this
goal, as these cells are only transiently emerging and, by
and large, disappear from lesions that ultimately grow
on treatment. Therefore, even if these cells contribute to
relapse they can only do so following transcriptional re-
programming into mitotically active cells, an event that
could be prevented by agents that maintain the cells in
their dormant NCSC state. Remarkably, pharmacological
activation of RXR signaling using bexarotene was suffi-
cient to enhance drug-induced entry into the NCSC state
(Rambow et al. 2018). These data therefore suggest a
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two-step therapeutic strategy in which MAPK pathway
targeting is first used to debulk the melanoma lesions
and induce drug tolerance and in a second step, pharmaco-
logical activation of the GRN underlying the NCSC state
is achieved by exposure to Bexarotene. This dormancy-di-
rected strategy would limit heterogeneity of drug toler-
ance by forcing drug-tolerant cells to adopt a dormant
NCSC phenotype. The cells may thus remain dormant
for prolonged period of time and/or eventually be eradicat-
ed by taking advantage of their sensitivity to inhibitors
that are yet to be identified. Because bexarotene is FDA-
approved, such an approach would be rapidly amenable
to clinical application. Importantly, this approach may
be applicable to a large spectrum of patients, and not
only to patients harboring BRAF mutant melanomas,
since NCSCs are also present in drug naïve NRASmutant
melanomas where expression levels of NCSC-specific
markers increased in response to MEK-inhibition, an ef-
fect that was exacerbated upon addition to Bexarotene
(Rambow et al. 2018).
The approaches outlined above take advantage of the

well-proven efficacy of the BRAF/MEK inhibitor combi-
nation in patients with the aim of targeting a smaller
pool of residual drug tolerant cells. Given the recent
development of novel agents targetingNRAS-driven mel-
anomas (Yin et al. 2019), MRD therapies may also eventu-
ally turn out to be applicable for this class of patients as
well.

Conclusions

The evidence to date, obtained by gene expression profil-
ing of melanoma cell lines and tumors as well as single-
cell profiling and immunohistochemistry has identified
a limited number of phenotypic states in melanoma
with distinct gene-expression programs and biological
properties. The six states so far characterized include:
MITFHigh differentiated cells (hyper-differentiated state);
MITF-positive proliferating cells (melanocytic state); an
“intermediate” state related to migrating neural crest me-
lanoblasts exhibiting an mixed gene expression profile
with features of both invasion and proliferation, though
whether all intermediate states identified by different
groups are the same remains to be determined; a starved
and/or therapy-induced SMC state (it remains unclear
whether the SMC and intermediate states are actually dis-
tinct); and the MITFLow NCSC and undifferentiated
states. The phenotypic heterogeneity observed in vivo is
caused by cell-intrinsic stresses generated by the activa-
tion of oncogenes, coupled with microenvironmental in-
fluences including hypoxia, nutrient limitation, and
inflammatory signaling as well as stresses generated by
therapy. Our view is that the different dedifferentiated
phenotypes arise as a consequence of stress signaling im-
posing an adaptive responsemediated by stress-responsive
transcription factors such as ATF4 (Harding et al. 2003;
Falletta et al. 2017; Ferguson et al. 2017), as well as trans-
lation reprogramming imposed by phosphorylation of
eIF2α (García-Jiménez and Goding 2019). The degree of

dedifferentiation will be determined by the amplitude
and duration of the stress signals. Moderate stresses medi-
ated by mildly reduced nutrient levels, inflammatory sig-
nals, or by low levels of therapeutic agents may generate
the intermediate and/or SMC phenotypes, which may ex-
hibit both invasive and proliferative profiles. In contrast,
themore dedifferentiated states could arise if the adaptive
responses fail to relieve the stress, or the amplitude of the
stress signal increases. This would be consistent with the
bioinformatic analysis that suggests that the intermediate
or SMC phenotype may be a precursor to the NCSC and
undifferentiated invasive states (Rambow et al. 2018).
However, it is not clear how these two MITF-negative
subpopulations of cells are related to one another. For ex-
ample, the imposition of a positive feedback loop might
induce a bistable state to generate either the NCSC or un-
differentiated phenotype from an SMC or intermediate
precursor. Alternatively, the NCSC state could represent
a precursor to the undifferentiated phenotype. It is also
not clear how the differentiated state characterized by
high MITF and increased pigmentation is generated. Pre-
sumably, the mechanism is related to the physiological
process of differentiation but exactly how it might be sta-
bilized is not clear.
In a recent review (Bai et al. 2019), it has been proposed

that the majority of cells within a melanoma tumor will
exist in a continuous spectrum of states rather than fit
any specific category and that the outliers will be the
most unstable and therefore more likely to revert back
to the most common state shared by the majority of cells.
However, we feel it more likely that distinct melanoma
phenotypes, once established, may become stabilized by
positive feedback loops that then are fixed by epigenetic
mechanisms. This is consistent with the observations of
Shaffer et al. (2017) where transient drug-resistant pheno-
typewas stabilized by epigeneticmechanisms, or that cell
lines in culture exhibit gene expression profiles closely
matching the different phenotypic subpopulations of cells
observed in vivo. It would also be consistent with the ob-
servation that the MITFHigh/BRN2Low and MITFLow/
BRN2High populations are mutually exclusive within tu-
mors (Goodall et al. 2008) and can potentially be induced
by amiR-211-mediated positive feedback loop (Boyle et al.
2011). In this scenario, a specific phenotypic state may be
self-sustaining, without the need for external signals for
its maintenance. Inducing a phenotype switch would
therefore require that a signal would change the activity
of one of the components of the positive feedback loop,
for example, by converting a transcriptional repressor
into an activator or by reversing the epigenetic modifica-
tions responsible for stabilizing a specific phenotype.
This is consistent with evidence suggesting that distinct
phenotypic states are underpinned by defined transcrip-
tion factor networks (Riesenberg et al. 2015; Verfaillie
et al. 2015; Rambow et al. 2018; Wouters et al. 2019).
Moreover, specific phenotypic states can become stabi-
lized as evidenced by the fact that different cell lines in
culture appear to have become fixed such that their
gene-expression profiles (Hoek et al. 2006; Tsoi et al.
2018) reflect those identified using single cell RNA-seq
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approaches from tumors (Tirosh et al. 2016; Rambowet al.
2018).

The realization that both genetic and nongenetic ITH
contribute to disease progression, therapy resistance, and
relapse represents amajor advance. However, the develop-
ment of efficient curative therapies will require a greater
understanding of the specific phenotypic states that pro-
mote disease progression and therapy resistance at sin-
gle-cell resolution. For example, among the different
phenotypic states that have been identified to date, which
are primarily responsible for relapse?What are the charac-
teristics of the cells that successfully seed metastases?
How does the genetic background of the disease, for
example, BRAF versus NRAS driver mutations, affect
the bidirectional interaction between the intratumor mi-
croenvironment and tumor cells that leads to the genera-
tion of distinct phenotypic subpopulations? Do different
phenotypic subpopulations exhibit distinct therapeutic
vulnerabilities beyond those we have already outlined?
Are there specific hierarchies within cell states and do
some cells exhibit properties associated with CSCs?
Can small molecules be used to direct therapy-resistant
phenotypes to become sensitive? Do the melanoma-de-
rived endothelial-like cells constitute a reservoir of early
disseminated and dormant cells fromwhichmetastasis in-
evitably originate?

Most of our understanding ofmicroenvironment-driven
intra-tumor heterogeneity and phenotype switching
comes from cutaneous melanoma and little is known as
to whether distinct phenotypic states exist in acral or mu-
cosal melanoma. Nevertheless, gene expression profiling
of uveal melanoma suggests two distinct phenotypes dif-
ferentiated by either low or high risk that were character-
ized by differential expression of E-cadherin and the
transcription factor Id1 (Onken et al. 2004), and phenotyp-
ic plasticity has been observed in uveal melanoma cul-
tures (Doherty et al. 2017). Thus, while uveal melanoma
has a different genetic basis than cutaneous melanoma,
being driven by activating mutations in GNAQ or
GNA11 (Van Raamsdonk et al. 2009, 2010; Pandiani
et al. 2017); nevertheless, it seems likely that phenotypic
heterogeneity will play a key role in disease progression of
noncutaneous melanomas.

The application of technologies aimed at dissecting
intratumorheterogeneity at the single-cell level combined
with innovative genetically engineered mouse models are
likely to address many of these key questions. In parti-
cular, methodologies that capture the magnitude and
dynamics of both genetic and nongenetic intra-tumor het-
erogeneity in the 4D (spatial and temporal) space and at
single-cell resolution will be especially useful. Although
the advent of reliable single-cell profiling techniques is
currently revolutionizing our understanding of individual
(cancer) cell behaviors within complex cellular systems/
populations, additional single-cellmulti-Omics analytical
tools, which allow the simultaneous profiling of the
single-cell genome, (epi)genome, and transcriptome are
particularly attractive. Population and clonal lineage trac-
ing approaches should complement these analyses to val-
idate lineage tracing trajectory inferences as has already

been achieved in the olfactory cell lineage (Fletcher et al.
2017). Integrating lineage tracing and fate-mapping using
cell state-specific Cre drivers and barcoding systems
with single-cell profiling will provide a robust framework
for defining cell fate transitions, intermediate states, and
cell branching lineage trajectories and should facilitate
the development ofmore effective therapies targeting spe-
cific phenotypic states independently of genotype.
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