s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PMC Funders Group
Author Manuscript
Oncogene. Author manuscript; available in PMC 2015 August 24.

Published in final edited form as:
Oncogene. 2015 August 20; 34(34): 4421-4428. doi:10.1038/onc.2014.374.

FRA-1 AS A DRIVER OF TUMOUR HETEROGENEITY: A NEXUS
BETWEEN ONCOGENES AND EMBRYONIC SIGNALLING
PATHWAYS IN CANCER

A S Dhillon? and E Tulchinsky?

1Research Division, Peter MacCallum Cancer Center, St Andrews Place, East Melbourne,
Melbourne, Victoria 3002, Australia

2Department of Cancer Studies and Molecular Medicine, University of Leicester, Leicester, UK

Abstract

Tumour heterogeneity is a major factor undermining the success of therapies targeting metastatic
cancer. Two major theories are thought to explain the phenomenon of heterogeneity in cancer —
clonal evolution and cell plasticity. In this review, we examine a growing body of work
implicating the transcription factor FOS Related Antigen 1 (FRA-1) as a central node in tumour
cell plasticity networks, and discuss mechanisms regulating its activity in cancer cells. We also
discuss evidence from the FRA-1 perspective supporting the notion that clonal selection and cell
plasticity represent two sides of the same coin. We propose that FRA-1-overexpressing clones
featuring high plasticity undergo positive selection during consecutive stages of multistep tumour
progression. This model underscores a potential mechanism through which tumour cells retaining
elevated levels of plasticity acquire a selective advantage over other clonal populations within a
tumour.
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INTRODUCTION

CELLULAR PLASTICITY AND CLONAL SELECTION AS DETERMINANTS OF TUMOUR
HETEROGENEITY

The existence of heterogeneity between malignant cells in a tumour has long been
recognised to pose an obstacle for successful cancer therapy. That tumours are highly
heterogeneous was confirmed in recent years through massive efforts in whole genome
sequencing of tumour DNA. Two theories, clonal evolution and cell plasticity, explain the
heterogeneous nature of cancer.

Correspondence: Dr AS Dhillon, Growth and Differentiation Program Research Division, Peter MacCallum Cancer Centre St.
Andrews Place East Melbourne, Melbourne, Victoria 3002, Australia. Amardeep.Dhillon@petermac.org; Dr E Tulchinsky,
Department of Cancer Studies and Molecular Medicine, Robert Kilpatrick Clinical Sciences building, LRI, University of Leicester,
Leicester LE2 7XL, UK. et32@le.ac.uk.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Dhillon and Tulchinsky Page 2

According to the clonal evolution theory, mutations occur stochastically in cells within
tumour tissue. Cancer cells in a growing tumour undergo Darwinian selection, and clones
with competitive advantages survive and replace less aggressive cell populations, thereby
driving tumour progression. On the other hand, subpopulations of tumour cells can
cooperate and support growth and promote invasion of each otherl-4. As mutation rate in
cancer cells is generally high, different clones may coexist in any tumour.

The second theory of tumour heterogeneity is based on the view that cancer cells can
reversibly change their phenotype, i.e. exhibit phenotypic plasticity®. This idea developed in
parallel with the cancer stem cell (CSC) model, according to which tumours have a
hierarchical organisation. CSCs represent a highly tumorigenic subpopulation that
constantly re-establishes itself and produces less oncogenic progeny. The existence of CSCs
has been demonstrated in different human tumour types and in mouse models. Though often
discussed in separate contexts, clonal evolution and phenotypic plasticity are not by nature
contradictory, but likely to be complementary concepts. In such a scenario, clones of cells
with higher levels of plasticity would be predicted to undergo positive selection during
tumour progression.

CSCs have been proposed as the source of metastases, and therefore, the necessity to refocus
therapies on elimination of CSCs is broadly discussed. In this regard, understanding the
molecular control of plasticity in tumour cells poses an important challenge. Two prominent
studies have demonstrated that CSCs can be generated through epithelial-mesenchymal
transitions (EMT), embryonic genetic programs aberrantly reactivated in cancer8 7. This
process is reversible, via mesenchymal-epithelial transitions (MET), which are considered
critical for the establishment of metastases.

The AP-1 family member, FOS-related antigen 1 (FRA-1) is emerging as a key regulator of
EMT/MET equilibrium in cancer cells. FRA-1 is an important downstream effector of
signalling pathways activated by common human oncogenes, and tumors harbouring these
“driver” mutations are likely to positively select clonal variants capable of expressing
FRA-1. This would generate EMT-committed cells able to undergo EMT or MET depending
on microenviromental cues.

EMT/MET, EMBRYONIC TRANSCRIPTION FACTORS (EMT-TFs) AND CANCER
METASTASIS

EMT and MET are essential during embryonic development and for normal physiological
responses to tissue injury in adult organisms. Cells undergoing EMT lose epithelial
characteristics such as apicobasal polarity, experience massive cytoskeletal rearrangements
and dissipate epithelial junctional complexes. At the same time, they acquire rear-to-front
polarity, the ability to migrate individually and to invade surrounding tissues8. At different
phases of embryonic development, such as neural crest delamination or organ formation,
cells in a mesenchymal state migrate long distances and upon differentiation, give rise to
new tissues. High level of phenotypic plasticity is a hallmark of embryonic cells, which
undergo multiple consequent rounds of EMT and MET for final differentiation and
organogenesis®. Several proteins belonging to the Zn finger (SNAIL1, SNAIL2/SLUG,
ZEB1, ZEB2/SIP1), bHLH (TWIST1, TWIST2), forkhead (FOXC2) or homeobox
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(Goosecoid, SIX1, PRRX1) transcription factor families execute EMT programs in a
developing embryo0-15, These EMT-TFs are also expressed in different solid tumours, and
in some cases, as shown for ZEB1 in colorectal and pancreatic carcinoma, are highly
enriched at the invasive front1® 17 EMT-TFs directly repress transcription of a number of
epithelial genes, most notably CDHZ1, which encodes the major adherens junction
component, E-cadherin.

The pattern of ZEB1 expression in cancer is compatible with the hypothesis that cancer cells
recapitulate elements of physiological EMT programs to delaminate from the primary
tumour mass. These cells may then form populations of circulating tumour cells (CTC). In
breast cancer patients and in mouse models of pancreatic ductal adenocarcinoma (PDAC),
these intermediates in the metastatic process have been shown to maintain mesenchymal
characteristics!® 19, As most metastases are epithelial, a central role for MET in cancer
spread has been proposed?%-22 based on analogy with embryonic development — migrating
embryonic or cancer cells undergo MET at destination sites in order to build new tissue or
seed secondary tumours. This hypothesis was experimentally confirmed recently. Korpal et
al. demonstrated that balancing EMT/MET equilibriums was important for growth and
metastatic spread of breast cancer. While MET reduced the entry of cells from primary
tumours into the circulation, it promoted formation of lung metastases. In contrast, EMT
facilitated initial steps in metastasis associated with intravasation into thin blood vessels, but
inhibited pulmonary colonisation23. In a mouse model of squamous cell carcinoma,
induction of EMT by TWIST1 led to the formation of CTCs. However, TWIST1-expressing
cells had low proliferative index, and switching off TWIST1 increased cell proliferation and
enabled establishment of lung metastases?4. Likewise, the EMT-TF PRRX1 induced EMT
and invasiveness in breast carcinoma cells, but its loss was required for complete MET and
lung colonisation in recipient micel4.

There is growing recognition that epithelial-mesenchymal plasticity contributes to tumour
heterogeneity and is important for the accomplishment of early and late steps in metastatic
process. Clearly, these findings have important clinical implications - co-targeting both
epithelial and mesenchymal states in cancer might result in synergistic effects. Hence,
recognition that epithelial and mesenchymal tumour cell populations are differentially
susceptible to therapeutic agents may herald a new rationale for combinatorial cancer
therapy. CSCs proliferate slowly and are capable of evading cell death?®. As EMT induces
stem-like traits, it is anticipated that the mesenchymal state is characterised by low
proliferation rates and drug resistance. Indeed, some EMT-TFs can attenuate cell cycle
progression and induce chemo- and radio-resistance in cell culture and in vivo24 26-28,
Differentiated epithelial cells in carcinomas proliferate actively and appear more vulnerable
to conventional anti-proliferative treatments. The search for selective inhibitors of
CSC/EMT cells has identified several compounds, including the anti-diabetic agent
metformin2? and the potassium ionophore salinomycin3?, which were found to synergise
with conventional anti-proliferative agents in xenograft models?® 31, Treatment efficacy
may also be improved through approaches that sensitise cancer cells to particular therapies
by shifting the EMT/MET equilibrium. Efforts to characterise molecular pathways
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impacting on the EMT/MET balance thus have strong potential for the development of
personalised medicine strategies.

EMT-TFs, microRNAs AND TGFB SIGNALLING: FEEDBACK LOOPS DETERMINING
EMT/MET BALANCE

At least two regulatory loops comprising EMT-TFs and several species of microRNA
govern the equilibrium between epithelial and mesenchymal states. ZEB1 and ZEB2 are
targeted by five members of the miR-200 family, which form two clusters — miR-200b/
miR-200a/miR-429 and miR-200c/miR-141. These are grouped on human chromosomes 1
and 12, respectively, with each being expressed as a polycistronic transcript. Repression of
ZEB1 and ZEB2 by ectopic expression of miR-200 family members is sufficient to restore
E-cadherin expression and induce full MET in several cell line models32-34, Promoters
driving transcription of both miR-200 clusters are in turn directly repressed by ZEB1 and
ZEB?2, thereby establishing a self-enforcing double negative feedback loop3°36. The circuit
guiding expression of the EMT-TF SNAIL1 has a similar configuration. SNAIL1 is
negatively regulated by miR-34a and miR-34b/c, both of which are in turn directly repressed
by SNAIL137: 38, miR-34 also directly targets AXIN2, a Wnt pathway component that
induces nuclear export of GSK3p thereby preventing phosphorylation of SNAIL1 and its
subsequent degradation3®. Thus, miR-34 controls SNAIL1 at two levels - mRNA abundance
and protein stability. Of note, ZEB1 has also been reported to down-regulate miR-34a
through SNTP634°, providing a potential mechanism for crosstalk between the
miR-200/ZEB and miR-34/SNAIL1 loops.

The EMT/MET balance appears intricately linked with the occurrence of stem-like features
in cells. TWISTL1 directly activates transcription of the BMI1 gene encoding a polycomb
group protein that maintains self-renewal in stem cells*1. BMI1 and several other stemness-
promoting genes, such as KLF4, SOX2, cMYC, TP63, CD44, CD133 and OLFM4, are also
direct targets of miR-200 and miR-34 family members (and also ZEB1-controlled
miR-203)38: 42. 43 Moreover, miR-200 directly targets Sec23a, an essential component of
secreted COPII transport vesicles, and two components of the Sec23 secretome (Tinagll and
Igfbp4) were shown to repress formation of macrometastases in lung colonisation assays23.
Such findings present a plausible explanation for the high frequency of MET upon cancer
dissemination.

EMT-TF/miR loops are also key orchestrators of cytoskeletal rearrangements during EMT.
Ectopic miR-34a down-regulates the GTPase-activating protein ARHGAP1, which leads to
increased levels of GTP-bound CDC42 and RAC1 and reduced actin dynamics. Likewise,
miR-200b can modify the cytoskeleton by repressing moesin, cofilin2 and WASF3%4. In
addition, the TWIST1-inducible miR-10b indirectly promotes expression of RHOC*?, a
RHO family member that remodels cytoskeleton and is essential for cell locomotion and
metastases*6. The finding that regulators of stemness and cytoskeletal remodelling/cell
motility are important target classes of EMT-TF/miR networks provides experimental
support for a theory formulated by Thomas Brabletz in 2005, according to which, EMT
produces migrating cancer stem cells that represent a source of metastases*’. The rate at
which these cells are generated depends both on intrinsic (gene mutations) and extrinsic
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(autocrine and microenvironmental) factors, collectively governing EMT/MET balance in
cancer cells.

The TGFB/SMAD pathway is a central contributor to tumour-associated EMT and
metastasis*®: 49, Paradoxically, despite its tumour suppressive action at early stages of
cancer development, TGFp can act as a potent driver of tumour progression. The latter is
supported by studies in human cell lines and mouse models demonstrating that TGF
signalling components are required for tumour cell invasion in vitro and metastasis in
vivo®0-98, Signalling through the pathway involves phosphorylation of the transcription
factors SMAD2 and SMAD3 (receptor-regulated SMADS) in response to activation of type-I
or type-1l Ser/Thr kinase receptors by their ligands (TGFB1-3). Phosphorylated SMAD2/3
bind SMADA4, facilitating translocation of the complex to the nucleus. SMADs regulate
transcription of target genes in cooperation with other transcription factors and by recruiting
co-activator or co-repressor complexes®’. Amongst the extensive list of reported SMAD
interactors are several key regulators of cell plasticity. SNAIL1 forms a complex with
SMAD3/4, whose binding to adjacent E-boxes and SMAD-binding elements cooperatively
down-regulates activation of target promoters such as CDH1 and CLDN3%8. SMADs also
directly interact with ZEB1 and ZEB2 (though with different affinities) to mediate
repression of BMP/TGFp-regulated genes®®: €0,

Autocrine or paracrine TGF signalling loops are important determinants of EMT/MET in
carcinoma cells, acting to promote SMAD-dependent transcription of genes encoding EMT-
TFs, including ZEB1, ZEB2, SNAIL1, SNAIL2 and TWIST161-65, While experimental
manipulation of miR-200 levels can reverse the effects of TGF%, prolonged exposure of
epithelial cells to TGFp results in irreversible EMT sustained by autocrine TGFf signalling.
This can be explained by the finding that TGFp ligands themselves are targets of the
miR-200 family, and thus derepressed when paracrine signals shift the EMT/MET balance
towards EMT3 66, Adding to the complexity of TGFB/ZEB/miR-200 networks, it was
recently revealed that a long non-coding RNA (IncRNA) activated by TGFf (IncRNA-ABT)
induced EMT by competitively binding and sequestering miR-200 family members and
enhancing ZEB expression®’. It should however be emphasized that TGFp control of tumour
cell plasticity is not restricted to ZEB/miR-200 regulation. For example, in hepatocellular
carcinoma cells, TGFp down-regulates transcription of miR-34a%8, though whether this
effect is SNAIL1-dependent remains to be established.

THE EMERGING ROLE OF FRA-1 IN CONTROL OF TUMOUR CELL PLASTICITY

EMT-TF/miR feedback loops are an integral feature of cancer signalling networks®?, with
new players in these circuits constantly being identified. Recent research has highlighted a
critical role for FRA-1 in configuring EMT-TF/miR loops by linking them with intrinsically
or extrinsically activated pathways. FRA-1 belongs to the Activator Protein-1 (AP-1) family
of transcription factors, which provide a dynamic platform for integrating multi-pathway
signalling events. AP-1 complexes comprise homo/hetero-dimers of mainly FOS, JUN, ATF
or MAF family members, each of which contains an evolutionarily conserved bZIP domain,
and is expressed and/or activated by specific physiological or pathological signals’%-73. They
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can also physically and functionally interact with other factors on chromatin, underscoring
their versatility in signal integration during cell fate control.

Early studies demonstrated that c-FOS and c-JUN could malignantly transform fibroblasts,
while their dominant negative variants inhibited transformation induced by a various
oncogenes. These functional characteristics were linked to the potent activities of these
proteins as transcription factors. By contrast, the FRA proteins (FRA-1, FRA-2) lacked this
ability and were unable to transform fibroblasts, in some cases behaving in an inhibitory
manner’%-74. Though it has been known for decades that enforced expression of c-FOS in
murine epithelial cells induces fibroblastoid phenotype’®, endogenous levels of the protein
in mesenchymal cell lines of epithelial origin are low. By contrast, FRA-1 is upregulated in
the same context’5-78, generating much interest in understanding how it accumulates in
tumour cells.

CONTROL OF FRA-1 EXPRESSION IN CANCER CELLS: TRANSCRIPTION, TRANSLATION
AND PROTEIN STABILITY

FRA-1 accumulation in cells is regulated on two major levels — transcription of the FRA-1
gene (FOSL1) and post-translational modifications affecting protein half-life. The primary
modification that FRA-1 undergoes is phosphorylation, which has been reported to affect
both its transcriptional activity and stability. However, only the latter is well characterized.
A C-terminal destabilizer domain (DEST) comprising 30-40 residues is critical for
conferring instability to FRA-1, but its influence is largely neutralized upon phosphorylation
on Ser-252 (by RSK) and Ser-265 (by ERK2) upon MEK pathway activation’®, thereby
prolonging half-life of the protein.

FRA-1 is also one of an expanding class of proteins that can be targeted to the proteasome
for destruction without requiring ubiquitylation. Its susceptibility to proteolysis was
unperturbed when all its lysine residues were replaced with arginines and its N-terminus
fused to a myc epitope-tag’® 80, Targeting of FRA-1 for destruction may instead involve
direct interaction with components of the proteasome such as TBP1, whose deficiency
increased FRA-1 levels in a variety of cell types8L. In contrast to FRA-1, c-FOS does not
appear to associate with TBP1, indicating that proteasomal routing of these FOS family
members involves distinct mechanisms.

Recently, two additional strategies that cells can employ to control FRA-1 protein levels
were identified. A pathway involving sequential activation of the kinases PKC6O and SPAK1
was found to promote FRA-1 stability in subtypes of breast cancer cells where the
contribution of ERK1/2 was weak82. Here, PKCO-dependent FRA-1 stabilisation involved
phosphorylation on Ser-265, Thr-223 and Thr-230. By contrast, in tumour cells bearing
RAS/RAF mutations, FRA-1 stabilisation appears entirely dependent on ERK-induced
phosphorylation83. Evidence has also emerged that mTORC1/S6K1 signalling can regulate
FRA-1 expression. In cases of pulmonary lymphangioleomyomatosis, mMTORC1 activation
enhanced FRA-1 translation efficiency in a subset of smooth muscle-like cells through
S6K1-dependent phosphorylation of the eukaryotic translation initiation factor 4B, elF4B, at
Ser-42284,
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Transcription of FOS_1 is induced immediately after treatment with various growth factors
and cytokines®® 86, The FOSL1 promoter can be occupied by a multitude of transcription
factors, including AP-1, Elk1, SRF and ATF/CREB®7, thus serving as a hub at which
multiple pathways converge to modulate FRA-1 expression. Signal-induced activation of
FOS.1 also requires extensive chromatin remodelling, including PIM1-mediated
phosphorylation of Ser-10 on histone H3, which facilitates sequential recruitment of 14-3-3,
BRD4 and p-TEFb to release paused Pol-11 at the promoter88. FOSL1 transcription is also
strongly regulated by an enhancer in its first intron, which contains AP-1-binding elements.
This region is required for positive auto-regulation of FOSL1 by the RAS-ERK pathway,
and for FOSL1 induction upon c-JUN activation89-91, As c-Jun appears to be the major
dimerization partner for FRA-1 in the context of EMT92 93 it is likely that the activation of
both proteins must be coordinated during EMT programming. This notion is supported by
recent work demonstrating that loss of the KDM4 demethylase induces both FOS_1 and
JUN in SCC cells, resulting in an EMT-like phenotypic switch®. Collectively, the studies
highlighted in this section suggest a model wherein FRA-1 accumulates in tumour cells
through MEK/ERK, PKCO/SPAK1 or mTOR/S6K1-dependent protein stabilisation, which
perpetuates increased FOSL1 transcription via a positive feedback mechanism (Figure 1).

FRA-1 DIRECTLY REGULATES TRANSCRIPTION OF EMT-TFs

Early studies into the functions of FRA-1 in tumour cells established a link between its
expression levels, cytoskeletal dynamics and cell locomotion. In colon carcinoma cells,
FRA-1 stimulates cell motility by uncoupling RAS-activated RHO GTPase from stress fibre
formation9>: 98, resulting in more dynamic cell-matrix adhesion, reduced integrin p1
function and increased cell migration in vitro. FRA-1 was also identified as an important
downstream effector of RSK-induced cell matility programs through its ability to control a
number of genes encoding extracellular matrix-degrading enzymes, integrin subunits and
cell-cell adhesion proteins®’. To our knowledge, there are currently no published cell models
in which ectopic FRA-1 expression alone affects epithelial differentiation and EMT-TF
expression. However, FRA-1 activity is an essential requirement for establishment of EMT
in carcinoma cells. This conclusion stems from work addressing the mechanism of
oncogenic RAS-induced EMT in mammary epithelial cells, which revealed that RAS/ERK2
driven FRA-1 upregulation was necessary for the increased expression of ZEB1 and ZEB2,
which led to a full EMT. These data are in line with the results of genome-wide ChIP-seq
analyses of FRA-1 targets in cancer cells, which identified several EMT-TF genes including
SNAI2 and ZEB1 in mesenchymal colon cancer cells and ZEB2 in triple-negative breast
carcinoma cells as direct FRA-1-induced targets®3: 99,

FRA-1 has also been shown to directly bind AP-1 binding elements in the vicinity of the
ZEB1, ZEB2, TWIST1 and SNAI2 genes in malignant melanoma cells. However, the effects
of FRA-1 on EMT-TF expression differ in the carcinoma and melanoma contexts — whereas
ZEB1 and TWIST1 were upregulated by FRA-1 in melanoma, ZEB2 and SNAI2 were
repressed. The outcome of this differential regulation is a switch in the expression of EMT-
TFs that demarcates the balance between melanocytic differentiation (high SNAIL2 and
ZEB2) and tumorigenicity (high ZEB1 and TWIST1)100,
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Further evidence supporting the centrality of FRA-1 in EMT regulation recently emerged for
the Weinberg laboratory, which found that FOSL1 was directly activated by TWIST1 and
SNAIL1 in immortalised human mammary epithelial cells, thus serving as effector of EMT
pathways. Moreover, activation of ZEB1 and ZEB2 by TWIST1 and SNAIL2 required
FRA-1 expression, but whether FRA-1 was present on the chromatin of ZEB genes was not
examined’®. Nevertheless, in this model, FRA-1 was integral for operation of EMT-TF
networks and was a key factor driving EMT and stem cell functions. Together, these data
suggest that FRA-1 directly regulates EMT-TF expression and is essential for establishing
and maintaining EMT programs in different cancer types. Additionally, several indirect links
between FRA-1 and pathways controlling EMT-TF/miR feedback loops further implicate
FRA-1 in regulation of tumour cell plasticity.

FRA-1 IN THE CONTEXT OF EMT-TF/miRNA/TGFB AND TUMOUR CELL PLASTICITY
NETWORKS

RAS signalling provides one avenue through which tumor cells can overcome TGFj-
mediated growth inhibition, and the two pathways strongly cooperate in promoting EMT
and metastasis in several systems, particularly in breast cancer models'92-103, The use of
effector-specific RAS mutants showed that RAF rather than PI3K activation was required
for induction of an EMT program, which was then reinforced by induction of autocrine
TGFp signalling104-106 As autocrine TGFp signalling is indicative of activated EMT-
TF/miR/TGFB loops, and transcriptional activation of EMT-TF genes in different cell
models requires FRA-1, RAS-ERK induction of FRA-1 is likely to be a key determinant of
TGFB-driven EMT in cancers. This suggestion is supported by results of global analyses of
FRA-1-regulated genes in colon and breast cancer cells, which identified genes implicated in
autocrine TGFp signalling as FRA-1 targets®® 107 In addition to the classical pathway,
TGF-B may induce so-called SMAD-independent signalling leading to the activation of
MAPK and mTOR208: 109 \which may then contribute to the accumulation of FRA-1. In
breast cancer cells, TGFp treatment was recently found to promote formation of SMAD2/3-
FRA-1 complexes, which appear essential for the induction of SNAIL2 and other
mesenchymal genesl92, Thus, FRA-1 can act at multiple levels to connect EMT-TF/miR/
TGFB loops with different pathways activated in cancer.

miR-34a and miR-200 are transcriptional targets of p53 family members3’: 110, 111,
Consequently, their expression is reduced when p53 is mutated or lost in cancers, thus
shifting the EMT/MET equilibrium towards a mesenchymal/stem cell state. Interestingly,
miR-34a directly targets FOSL1112. 113 \yhose 3/-UTR also contains a miR-200 recognition
element that has not been characterised (Figure 2). Loss of p53 control over miR-34a (and
possibly miR-200) would thus be expected to increase FOSL1 expression and amplify the
effect of mutant p53 on EMT-TFs through FRA-1. This regulatory circuit may be further
reinforced via direct transcriptional repression of miR-200 by ZEB proteins and indirect
8NTP63-dependent down-regulation of miR-34a by ZEB140. These important findings give
rise to a model in which p53 controls tumour cell plasticity through FRA-1/miR/EMT-TF
regulatory modules (Figure 2). However, as differentiated tumours and epithelial carcinoma
cell lines often contain mutant p53 or are p53 deficient, it is highly likely that p53 acts in
combination with other pathways to determine differentiation status of cancer cells.
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Canonical WNT signalling is critical during embryogenesis and cooperates with loss of p53
to induce EMT in cancer cells. Mutations that activate the WNT pathway occur in a range of
cancers, most notably in colorectal cancers, where they suppress APC function (90% of
cases) or stabilize p-catenin14. Ultimately these lesions inhibit the APC/AXIN/GSK-3p
destruction complex, leading to the nuclear import of B-catenin. f-catenin in complex with
TCF/LEF family transcription factors controls transcription of many genes, including key
modulators of cell plasticity — FOS_1, c-JUN!5 and ZEB1116,

Though B-catenin is expected to accumulate in the nucleus of tumour cells where the WNT
pathway is constitutively active, this staining pattern is often detected only at the tumour/
stroma interphase, but not within the central region of tumours (so called p-catenin
paradox)11’. Of note, expression of ZEB1 and FRA-1, as well as ZEB2 and SNAIL1, has
also been detected at the invasive front in CRC specimens, but not in the tumour

centre®9: 112,116, 118 Thjs pattern indicates that APC mutations are not sufficient for full-
scale activation of the pathway, and other factors, such as stromal cues or additional
mutations facilitate -catenin signalling and localised invasion.

TP53 gene mutations represent one class of candidate intrinsic lesions stimulating WNT
pathway and consequent EMT. Several critical components of the WNT pathway, including
B-catenin, LEF1, WNT1, WNT3, LPR6 and AXINZ2 are directly targeted by p53-regulated
miR-34, and loss of p53 activity or experimental manipulation of miR-34 expression affects
WNT signalling!1® 120, Increased AXIN2 expression invoked by loss of miR-34 may have a
dual effect on the EMT/MET equilibrium. As part of the (3-catenin destruction complex,
AXIN2 may repress WNT signalling and consequently reduce transcription of FOS_1 and
ZEB1 to maintain a differentiated state of tumour cells. On the other hand, AXIN2 stabilises
SNAILZ1 by controlling nucleocytoplasmic shuttling of GSK-38, thereby promoting EMT3,
Although crosstalk between the WNT, p53 and EMT/MET pathways has been studied
predominantly in CRC, it may also exist in other cancer types. Indeed, a correlation between
[3-catenin/TCF transcriptional activity, p53 and miR-34 functional status has also been
documented in breast cancer and paediatric neuroblastoma patients19.

FRA-1 LINKS TWO CONCEPTS UNDERLYING TUMOUR HETEROGENEITY — CLONAL
EVOLUTION AND CELL PLASTICITY

It is becoming increasingly evident that EMT can occur at early stages of tumorigenesis, and
EMT-TFs play an early role in cancer. This notion is supported by histological analyses of
early stage tumours and premalignant lesions in human samples and mouse models!?1,
Mechanistically, TWIST1 and ZEB1 have been shown to cooperate with classical
oncoproteins by promoting escape from oncogene-induced failsafe programs of premature
senescence and apoptosis. The dual function of EMT-TFs in oncogenic transformation and
cell invasion suggests their crucial role in early metastatic dissemination. The existence of
early metastatic spread (model of parallel progression of primary tumours and metastases)
and implication of EMT-TFs in this process has been experimentally demonstrated in patient
samples and in mouse models of breast and pancreatic carcinomal® 122124 A role for
FRA-1 in transformation and metastases was not examined in these studies. However, in
immortalised melanocytes, FRA-1 was rapidly induced by the BRAFY600E mutation,
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leading to an EMT-TF switch involving up-regulation of ZEB1 and TWIST1 and down-
regulation of SNAIL2 and ZEB2. This reprogramming was required for oncogenic BRAF to
induce both transformation and invasion of melanoma cells. Upon melanoma development,
different negative feedback loops are activated to repress MEK-ERK pathway and revert
EMT-TF expression patterns. In late-stage melanoma, accumulating mutations override
negative feedback regulation, restore the activity of MEK-ERK module and bring the
expression of EMT-TFs to the “transformed/invasive pattern” (high FRA-1, high ZEB1 and
TWISTL). This late switch is associated with metastatic disease and predicts cancer-related
death100,

Akin to melanocytes, FOSL1 is also rapidly induced by dominant active components of the
RAS pathway in epithelial and fibroblastoid cell backgrounds83: 125, In immortalised
fibroblasts, FRA-1 has been characterised as a factor essential for transformation by
RAS26, Whether EMT-TFs have any role downstream of FRA-1 has not been addressed in
fibroblast models. Although an early role for FRA-1 in epithelial tumorigenesis has not been
addressed, one can speculate that, by analogy with melanomagenesis, carcinoma-initiating
mutations may lead to the activation of FRA-1/EMT-TF pathways contributing to the
transformation and early metastases.

In most carcinoma samples the expression of FRA-1 is not uniform, and higher FRA-1
immunopositivity is observed at the invasive front in the areas of tumour/stroma
interphase®: 127,128 As the epithelial phenotype has been proposed to be the default state of
carcinoma cells?l: 129 overriding this condition during carcinoma progression by intrinsic
and/or extrinsic factors leads to enhanced cell plasticity. As discussed in earlier sections,
FRA-1 is emerging as a central hub at which these factors, which include tumour
suppressors (p53, APC, PTEN) and oncogenes of the MEK-ERK module, intersect with cell
plasticity regulators. FRA-1 may trigger and maintain positive signalling loops that affect
EMT-TF/miR regulation, the net outcome being production of EMT-committed cells.
However, though a necessary prerequisite, the presence of FRA-1 alone is insufficient for
EMT induction. This is likely to require additional extrinsic inputs, such as availability of
TGFp. Dependence of EMT-committed cells on the availability of extrinsic factors is thus a
major determinant of tumour cell plasticity.

According to the clonal evolution model, successive cycles of mutations, clonal selection
and expansion drive tumour progression® (Figure 3). In this context, pathways driving up-
regulation of FRA-1 will have pleiotropic effects on tumour cells, and the corresponding
mutations will be subject to positive selection. Consequently, tumour evolution will lead to
the expansion of EMT-committed cell populations. Therefore, both clonal evolution and
phenotypic plasticity interact to generate tumour heterogeneity through the selection of
FRA-1-expressing variants, in which epithelial or mesenchymal phenotypes are adopted in
response to micro-environmental cues.
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Figure 1. Mechanismsregulating FRA-1 accumulation in tumour cells.
Transcription of the FRA-1 gene, FOSL1, is regulated by various transcription factors that

bind to its promoter and/or intron 1, as well as by chromatin remodelling factors. Once
transcribed, FOSL1 transcripts can be targeted for degradation by several species of
miRNAs. The FRA-1 protein itself is highly labile and is targeted to the proteasome for
destruction through an ubiquitin-independent route. This process is antagonized by
phosphorylation of FRA-1 by MEK-ERK-RSK or PKCO-SPAK1 induced.
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Figure 2. Interactions between FRA-1 and EMT-TF/miR loops.

(a) FRA-1 can directly regulate transcription of ZEB proteins, which control cell plasticity
by operating in a double-negative feedback loop with miR-200 family members. Expression
of FRA-1 is repressed by p53-inducible miR-34, which acts in a double-negative feedback
loop with SNAIL1. (b) Identification of a potential miR-200 recognition element in the 3’-
UTR of FOSL1.
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Figure 3. Contribution of FRA-1to tumour cell plasticity control during cancer progression.
In this model, positive selection of tumour cell clones overexpressing FRA-1 during cancer

progression is predicted to generate EMT-committed cell populations. The enhanced
plasticity of these populations may then contribute to tumour heterogeneity, by enabling
epithelial or mesenchymal phenotypes to be adopted in response to micro-environmental
cues.
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