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Fra-1/AP-1 induces EMT in mammary epithelial cells
by modulating Zeb1/2 and TGF expression

L Bakiri"®, S Macho-Maschler?®, | Custic®®, J Niemiec?, A Guio-Carrién’, SC Hasenfuss'”’, A Eger*, M Miiller?, H Beug?*®
and EF Wagner*"'

Epithelial-to-mesenchymal transition (EMT) is essential for embryonic morphogenesis and wound healing and critical for tumour
cell invasion and dissemination. The AP-1 transcription factor Fra-1 has been implicated in tumorigenesis and in
tumour-associated EMT in human breast cancer. We observed a significant inverse correlation between Fra-1 mRNA expression
and distant-metastasis-free survival in a large cohort of breast cancer patients derived from multiple array data sets. This unique
correlation among Fos genes prompted us to assess the evolutionary conservation between Fra-1 functions in EMT of human and
mouse cells. Ectopic expression of Fra-1 in fully polarized, non-tumourigenic, mouse mammary epithelial EpH4 cells induced a
mesenchymal phenotype, characterized by a loss of epithelial and gain of mesenchymal markers. Proliferation, motility and
invasiveness were also increased in the resulting EpFrai cells, and the cells were tumourigenic and efficiently colonized the lung
upon transplantation. Molecular analyses revealed increased expression of Tgf1 and the EMT-inducing transcription factors
Zeb1, Zeb2 and Slug. Mechanistically, Fra-1 binds to the tgfb1 and zeb2 promoters and to an evolutionarily conserved region in the
first intron of zeb1. Furthermore, increased activity of a zeb2 promoter reporter was detected in EpFra1 cells and shown to depend
on AP-1-binding sites. Inhibiting TGFg signalling in EpFral cells moderately increased the expression of epithelial markers,
whereas silencing of zeb1 or zeb2 restored the epithelial phenotype and decreased migration in vitro and tumorigenesis in vivo.
Thus Fra-1 induces changes in the expression of genes encoding EMT-related transcription factors leading to the acquisition of
mesenchymal, invasive and tumorigenic capacities by epithelial cells. This study defines a novel function of Fra-1/AP-1 in
modulating tgfb1, zeb1 and zeb2 expression through direct binding to genomic regulatory regions, which establishes a basis for
future in vivo genetic manipulations and preclinical studies using mouse models.
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Epithelial-to-mesenchymal transition (EMT) is a complex
biological programme that occurs in physiological processes
during embryonic development and wound healing as well as
in pathological conditions, such as organ fibrosis and
carcinogenesis. During EMT, cells lose epithelial features
and acquire mesenchymal characteristics. The acquisition of a
mesenchymal state by malignant cancer cells is associated
with decreased cell—cell adhesion, and increased migratory
and invasive properties, which are crucial for metastasis.'™
The adherens junction (AJ) protein E-cadherin, encoded by
cdh1, is a central determinant of the epithelial state and its
downregulation is the hallmark of EMT. A number of molecular
pathways converging on E-cadherin have been implicated in
EMT. Transcription factors (TF) of the Snail, Zeb and Twist
families, initially identified as regulators of epithelial-

mesenchymal plasticity during morphogenesis were shown
to orchestrate EMT by controlling the expression of epithelial
polarity determinants.* These epithelial-to-mesenchymal tran-
sition transcription factors (EMT-TFs) are recruited to and
repress the cdh1 promoter,® often in the context of complex
epigenetic modulations.” A number of factors in the tumour
environment, such as transforming growth factor beta (TGFf),
growth factors and cytokines modulate EMT by regulating
EMT-TFs.® Dynamic regulatory circuits integrating EMT-TFs
with numerous microRNAs® additionally control epithelial
plasticity (reviewed in Lamouille®).

Fos-related antigen 1 (Fra-1) is encoded by the FOS-like
antigen 1 (Fosl1) gene. Itis a member of the Fos family of basic
leucine Zipper domain proteins that dimerize with Jun proteins
to form the activator protein 1 (AP-1) TF. Several studies have
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correlated Fra-1 expression with malignancy of human cancer.
In breast cancer, levels of Fra-1 correlate with the mesenchy-
mal features of aggressive variants, in both clinical
specimens and cell lines, while Fra-1 expression in tumour-
associated macrophages has been suggested to impact on
mammary tumour progression.'®'" Strikingly, suppression of
Fra-1 restores epithelial characteristics, including E-cadherin
expression, and abrogates the invasive potential of human
breast cancer cell lines.'®'® Furthermore, Fra-1 has been
implicated in human breast cancer EMT through increased
expression of the Snai2/Slug, Zinc finger E-box-binding
homeobox 1 (Zeb1) and Zeb2 EMT-TFs,'*"'7 although the
mechanisms how Fra-1 modulates EMT-TFs expression are
not fully understood.

To further decipher how Fra-1 contributes to EMT and
assess the evolutionary conservation of EMT-TF regulation by
Fra-1, we used the non-tumorigenic murine mammary
epithelial cell line, EpH4."® The phenotypic plasticity of this
cell line upon Ras/MAPK pathway manipulation has been
extensively documented.'®2? Expression of c-Fos'® or c-
Jun® in EpH4 cells increases Fra-1 mRNA and promotes
EMT. Here we show that ectopic expression of Fra-1 is
sufficient to trigger a mesenchymal, invasive and tumorigenic
programme in EpH4 cells. Mechanistically, we uncover that
Fra-1 induces critical changes in the expression of tgfb1 and
EMT-TFs through direct binding to the fgfb1, zeb1 and zeb2
genomic regulatory regions.

Results

Inverse correlation between FOSL1 expression and
metastasis-free survival in human breast cancer
patients. Computational analysis using the KM plotter
integrative bioinformatic interface®® revealed a significant
correlation between high FOSL1 mRNA expression and poor
metastasis-free survival (Figure 1a). This correlation
extended to overall survival (Figure 1b) and was unique
among Fos genes as the inverse trend was obtained when
stratifying this very large cohort (1609 and 1105 patients,
respectively) according to the expression of FOS (Figures 1c
and d), FOSL2 or FOSB (Supplementary Figure S1). These
findings are consistent with the recently documented c-Fos/
Fra-1 antagonism in human breast cancer stem cells>®> and
suggest a unique and therapeutically relevant function of
Fra-1 in human breast cancer metastasis.

Fra-1 expression in EpH4 cells leads to epithelial-to-
fibroblastoid conversion, increased cell motility and
invasiveness. To establish a basis for preclinical studies in
genetically engineered mouse models (GEMMs), we inves-
tigated the evolutionary conservation between Fra-1 func-
tions in human and mouse cell EMT. EpH4 and Ha-Ras-
transformed, EpRas murine mammary epithelial cells form
polarized epithelial clusters in vitro.?2 TGFg induces cell cycle
arrest and apoptosis in EpH4 cells and EMT in EpRas cells.??
Of the AP-1-forming proteins, Fra-1 is increased in EpRas
cells and in EpRasXT cells, which have undergone EMT
in vivo (Supplementary Figures S2a and b). EpH4 cell lines
constitutively expressing Fra-1 (EpFral) were established,
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and two lines, expressing comparable Fra-1 levels as EpRas
cells, were further analysed (Figure 2a). EpFral cells grew
scattered and adopted fibroblastoid morphology. Numerous
cell protrusions were observed that accumulated actin,
reminiscent of motile mesenchymal cells (Figure 2b,
Supplementary Figure S2c). Molecular analyses revealed a
striking loss of epithelial markers. Most notably, E-cadherin
protein and mRNA expression was decreased (Figures 2c
and d, Supplementary Figure S2c). Consistent with the
crucial role of E-cadherin in maintaining AJ integrity, AJ
proteins such as a-, 8-, y- and p120-catenin were decreased,
while their mMRNA expression was little affected (Figures 2c
and d). The cytokeratins krt7 and krt8, the tight junction
proteins crb3 and cldn23 and the integrins 82, 35 and 6 were
also downregulated (Supplementary Figures S2d and e).
Conversely, EpFra1 cells expressed fibronectin and vimentin,
two mesenchymal markers undetectable in EpH4 cells
(Figures 2c and d, Supplementary Figure S2c). Other
mesenchymal genes, such as cdh2, cdh3, s100a4, spp1,
the a5 and 1 integrins, and several matrix metalloproteases
were increased (Figure 2d, Supplementary Figures S2d and
e). Immunohistochemistry (IHC) confirmed decreased AJ
proteins and increased fibronectin (Supplementary Figure
S2c). Higher cell counts were measured in EpFral cultures
(Figure 2e), and EpFral cells displayed increased motility
and invasiveness in Transwell and Matrigel assays (Figures
2f and g). Importantly, knockdown of Fra-1 in EpFral cells
resulted in the re-acquisition of epithelial morphology
(Supplementary Figures S3a and b) and E-cadherin upregu-
lation, while other epithelial and mesenchymal markers were
restored to variable extent (Supplementary Figures S3c and
e). This implies that constant ectopic Fra-1 expression is
necessary for maintaining E-cadherin repression. Decreased
E-cadherin mRNA was also observed in mouse NMuMG
mammary epithelial cell pools transduced with a Fra1lER-
expressing retrovirus and treated with 4-hydroxyTamoxifen to
activate the Fra1ER fusion protein (Supplementary Figure
S3f). In conclusion, Fra-1 decreases E-cadherin expression
and triggers morphological, molecular and functional features
characteristic of EMT in EpH4 cells.

Expression profiling identifies EMT-related global
changes associated with Fra-1. Gene expression profiling
was performed to gain insight into the molecular changes
triggered by Fra-1 expression. Approximately 400 genes
were upregulated and 250 decreased by at least two fold
in EpFral cells, when compared with EpH4 cells
(Supplementary Figure S4a). We used the Molecular
Signatures Database available on the Gene Set Enrichment
Analysis (GSEA) web resource to analyse the genes affected
by Fra-1 and compute overlaps with curated expression
signatures, pathway databases and TF-binding sites.?
Remarkably, GSEA showed a significant overlap of the
Fra-1-derived gene sets with published gene expression
profiles associated with cellular transformation, mesenchy-
mal breast cancer cells and invasive breast carcinomas
(Table 1). The most significant pathways in the upregulated
gene set were the AP-1, Interleukin-6 and Hif1a/hypoxia
pathways, as well as genes involved in extracellular matrix
organization and degradation (Table 1a). The Fra-1
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Figure 1  Prognostic value of FOSL1 and FOS expression in breast cancer patients. (a) Correlation of the levels of FOSL1 and FOS expression and prognosis in human
breast cancer patients using the Kaplan-Meier (KM) plotter integrative data analysis tool;2* http:/www.kmplot.com. Shown are KM survival plots for patient samples classified as
having high (red) or low (black) (a and b) FOSL1 or (¢ and d) FOS median expression to assess metastasis-free (DMFS: a, ¢) or overall (OS: b, d) survival. Hazard ratio (HR) with
95% confidence intervals and log-rank P-value are displayed, and the number of patients at risk in the high and low groups are indicated for each time point. The total number of

patients with available clinical data is: DMFS, n=1609; and OS, n= 1105

downregulated gene set was enriched for genes and path-
ways involved in cell junction organization and tight junction
interactions (Table 1b), with a significant overlap with genes
downregulated in human mammary epithelial cells under-
going EMT upon E-cadherin knockdown.?” Genes and
pathways connected with apoptosis or p53 also appeared
deregulated and some gene expression changes, such as
dusp1, Fas, FasL and zmat3, were confirmed by quantitative
reverse transcripton PCR (qRT-PCR; Table 1b and
Supplementary Figure S4b). Finally, a significant correlation
was found with gene sets characteristic of mesenchymal and
invasive breast cancer, as well as mammary stem cells,
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consistent with the recently emerging relationship between
EMT and stemness in breast cancer.®® Collectively, these
data support the notion that Fra-1 induces gene expression
programmes in EpH4 cells characteristic of EMT, transforma-
tion and invasiveness.

Fra-1 expression in EpH4 cells induces tumorigenesis
and metastasis. The consequences of Fra-1 expression
were assessed in xenografts. In contrast to EpRas cells, EpH4
cells form small benign nodules at a low frequency, when
implanted into mammary glands and are not able to colonize
distant organs, even when delivered in the vascular system.??
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Figure 2 Fra-1 expression in EpH4 cells leads to fibroblastoid conversion and increased cell motility and invasiveness in vitro. (a) Analysis of Fra-1 protein (Top) and mRNA
(Bottom) in EpH4-derived cells. Heterochromatin Protein 1a (Hp1a) is used to control loading. Expression in parental EpH4 is set to 1. (b) Cell morphology of EpH4-derived cells.
(c) Western blotting and (d) gRT-PCR analysis of epithelial and mesenchymal markers in EpH4-derived cells. Actin and Tubulin are used to control loading in panel (c), and EpH4
are setto 1in panel (d). Bars = mean + S.D., n=2. In vitro (e) proliferation, (f) migration and relative invasion (g) of EpH4-derived cells. Bars = mean + S.D., n=3. cdh1, cdh2,
cdh3, fn1, vim, ctnna, ctnnb1, jup and ctnnd1 encode for E-cadherin, N-cadherin, P-cadherin, Fibronectin (Fn), Vimentin, a-catenin (a-ctn), -catenin (y-ctn) and p120-catenin
(p120ctn), respectively
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Table 1 Gene Set Enrichment Analysis (GSEA) of EpFrat cells

a. Upregulated set

No. of genes in comparison (n): 381

Collection Description P-value

CP: canonical pathways Genes involved in interleukin-6 signalling 558e7°
Genes involved in extracellular matrix organization 8.69e7°
IL-6 signalling pathway 265e~*
Osteopontin-mediated events 2924
Toll-like receptor signalling pathway 4414
HIF-1-alpha transcription factor network 504e*
AP-1 transcription factor network 8.12e~*
IL-6-mediated signalling events 8.30e*
ATF-2 transcription factor network 9.09e*
Validated transcriptional targets of AP1 family members Fral and Fra2 9.13¢7*
Genes involved in degradation of the extracellular matrix 1.30e72

CGP: chemical and genetic perturbations ~ The 'adult tissue stem' module: genes coordinately upregulated in a compendium <1e71'®
of adult tissue stem cells
Genes upregulated in invasive ductal carcinoma (IDC) relative to ductal carcinoma <1e71®
in situ (DCIS, non-invasive).
Genes upregulated during epithelial-to-mesenchymal transition (EMT) induced by <1e7 '8
TGFB1 in the EpH4 cells transformed by HRAS)
Upregulated genes in the cancer gene signature, representing a gene signature 222716
of cellular transformation
Genes downregulated in MCF7 cells at 24 h of estradiol treatment 3.33e° 16
Genes upregulated in MCF7 cells under hypoxia conditions 128~
Genes upregulated upon overexpression of PARVB in MDA-MB-231 cells cultured 457e 1
in 3D Matrigel only
Genes downregulated in luminal-like breast cancer cell lines compared with the 6.91e ™
mesenchymal-like ones
Genes upregulated in MCF7 cells treated with hypoxia mimetic DMOG 365e7 18
Genes downregulated in luminal-like breast cancer cell lines compared with the 590e "2
basal-like ones
Genes upregulated in response to both hypoxia and overexpression of an active 6.79e 12
form of HIF1A
Genes consistently upregulated in mammary stem cells both in mouse and human ~ 9.59 e~ '2
species

b. Downregulated set

No. of genes in comparison (n): 246

Collection Description P-value

CP: canonical pathways Genes involved in cell-cell junction organization 8954
Genes involved in tight junction interactions 1.13e73
Genes involved in cell junction organization 1463
Genes involved in apoptotic cleavage of cell adhesion proteins 396e73
Genes involved in cell-cell communication 6.45e7 2

CGP: chemical and genetic perturbations  Genes consistently downregulated in mammary stem cells both in mouse <1e 8
and human species
Genes downregulated in HMLE cells after E-cadhedrin knockdown by RNAi <1e ™
Genes upregulated in luminal-like breast cancer cell lines compared with 1.70e1®
the mesenchymal-like ones
Genes upregulated in MDA-MB-231 cells after knockdown of ZEB1 by RNAi 1963
Genes upregulated in basal-like breast cancer cell lines as compared with the 1.28 e~ 2
mesenchymal-like ones
Myb-regulated genes in MCF7 and lung epithelial cell lines overexpressing MYBL2,  6.08 e~ '2
MYBL1 or MYB
Genes associated with a migration rate of 40 human bladder cancer cells 9.03e712
Genes with promoters occupied by SMAD2 or SMAD3 in HaCaT cells (keratinocyte) 7.43 e~

according to a ChIP-chip analysis

Comparative analysis of the gene sets upregulated (a) or downregulated (b) in EpFra1 cells compared with EpH4 cells with the Molecular Signatures Database. The
most significant overlaps with curated expression signatures from the CGP (with focus on mammary-related signatures) and the CP collections are presented, relevant
keywords highlighted in bold, and the P-values are indicated

EpFral cells produced
vascularized tumours when

large fast growing and highly
injected

orthotopically

less tumours than EpRas cells (Figure 3c). Tumours from
both cell types were histologically indistinguishable, and IHC

(Figure 3a). High proliferative index was apparent by Ki67
IHC (Figure 3b). Similar to EpRas, EpFra1 tumours were not
metastatic but efficiently colonized the lungs when delivered
intravenously, with EpFral cells forming roughly three times
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confirmed Fra-1 and fibronectin expression and E-cadherin
suppression in transplanted EpFral cells, while EpRas-
derived tumours lost E-cadherin expression as previously
reported (Figure 3d).
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Figure 3 Fra-1 expression in EpH4 cells induces tumorigenesis and metastasis in xenograft models. (a) Top: Representative photographs of mammary gland tumours
14 days after injection of EpH4 or EpFra1 cells. Bar =1 cm. Bottom: Quantification of tumour volume and weight. Bars = mean + S.D., n=3 mice/2-4 mammary glands per cell
type. (b) H&E staining and Ki67 IHC of tumour sections. Quantification of Ki67 is presented as the percentage of total nuclei. Bars =mean + S.D., n=3. (c) Representative
photographs of lungs (Bar = 1cm) and H&E staining of lung sections from mice injected with EpH4, EpFra1 or EpRas cells. Quantification of macroscopically visible nodules
(indicated by arrows) is presented on the right. Bars =mean + S.D., n=4. ND: no visible nodules. (d) Fra-1, Ki67, E-cadherin and Fibronectin (Fn) IHC on lung sections

Cell Death and Differentiation



Fra-1 in EMT
L Bakiri et al

342

TGFB pathway activation in Fra-1-expressing EpH4 cells.
The lung colonization potential of EpRas cells strictly
correlates with the ability to undergo TGF-g-induced EMT.®
GSEA revealed a significant overlap between the Fra-1-
derived gene sets and the genes upregulated in EpRas cells
upon TGF-B-induced EMT?' (Table 1a). Genes associated
with c-Myb2® or with promoters occupied by Smad2/3,% two
TFs connected to TGF-B and EMT,®"2 were also enriched
(Table 1b). Furthermore, tgfb7 mRNA was increased in
EpFral cells and decreased upon Fra-1 knockdown, while
tgfb2, tgfb3, tgfbr1 and tgfbr2 were little affected (Figure 4a,
Supplementary Figures S5a and b). Increased TGFf
production was also measured in EpFral cell conditioned
medium (Figure 4b), and increased c-Myb was detected in
EpFral nuclear extracts (Figure 4c and Supplementary
Figure S5c). Increased TGFB-pathway activity in
EpFral cells was further confirmed by Smad2/3 reporter
assays (Figure 4d). Putative AP-1-binding sites were
described in the murine fgfb1 promoter®® (Figure 4e).
Chromatin immunoprecipitation (ChlP) demonstrated that
Fra-1 antibodies efficiently immunoprecipitated two chromatin
fragments containing the putative AP-1 sites (Figure 4f and
Supplementary Figure S5d), thus indicating that increased
tgfb1 expression is likely due to direct transcriptional
regulation by Fra-1-containing AP-1 dimers. Inhibiting TGFS
signalling using a TGBFR1 inhibitor modestly increased the
expression of epithelial markers (Figures 4g and h) but had
little effect on mesenchymal genes or cell morphology
(Figure 4h, Supplementary Figure S5e and data not shown).
Thus, increased TGFf signalling contributes but is likely not
essential for EMT in Fra-1-expressing cells.

A Zeb1/2 molecular signature in EpFral cells. We next
probed Fra-1 interaction with EMT-TFs. The two members of
the Zeb family were found upregulated in the microarray
analysis, by gRT-PCR and by western blotting
(Supplementary Figure S6a, Figures 5a and b). Slug,
encoded by snai2, was also increased (Figures 5a and b),
whereas mRNA of snai1/Snail was moderately elevated and
the protein undetectable (Figure 5a and data not shown).
Furthermore, constant Fra-1 expression was required for
increased Zeb1, Zeb2 and Slug (Supplementary Figures Séb
and c). GSEA revealed that the promoters of the down-
regulated genes were enriched with TRE/CRE motifs, bound
by AP-1, but also with E-boxes bound by Zeb/Slug proteins
(Supplementary Table S1). Importantly, a significant overlap
was found between the EpFral downregulated gene set and
the genes upregulated in MDA-MB-231 cells following ZEB1
knockdown,3* as well as genes modulated by ectopic ZEB2
expression in A431 cells® (Table 1b, Supplementary Figure
S6d). Besides E-cadherin, decreased expression of several
Zeb1/Zeb2 transcriptional targets, including polycistrons
encoding for the miR-200 family, was confirmed by gRT-
PCR (Figure 5c) and the expression of Zeb targets was
largely restored upon Fra-1 knockdown (Supplementary
Figure S6e). Zeb1 and Zeb2 were not affected by TGBFR1
inhibitor treatment, unlike snai2, further supporting that Fra-1
is responsible for the increased Zeb1 and Zeb2 expression
(Supplementary Figures S7a and b). Finally, increasing Fra-1
expression in EpRas cells by retroviral gene transfer led to
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decreased E-cadherin, increased vimentin and a striking
mesenchymal morphology (Supplementary Figures S7c—e).
Increased Zeb1 and Zeb2 expression and downstream
signalling was confirmed by qRT-PCR and gene expression
profiling (Supplementary Figures S7f and g). All together,
these data imply that Zeb1 and Zeb2 are the most relevant
EMT-TF for the EMT phenotype of EpH4-derived cells.

Zeb1 and Zeb2 are direct transcriptional targets of
Fra-1. We investigated the molecular basis for increased
Zeb1/2 in EpFral cells. Expression of miR-200 family
members that target Zeb1/2°¢ was also decreased in EpRas
cells that do not display increased Zeb proteins (Figures 5b
and c). Similarly, while miR-221/222, modulated by Fra-1 and
Slug in human breast cancer cells,'®%" increased in
EpFra1 cells, the expression of the miR-221/222 target and
Zeb2 repressor Trps1 was decreased in both EpFral and
EpRas cells (Supplementary Figures S8a and b). Thus
miR-200 and miR-221/222/Trps1 are not sufficient to explain
increased zeb2 expression. A putative AP-1-binding site has
been described in the human zeb1 promoter®® and additional
sites were found in the first intron, all largely conserved in the
mouse sequence (Figure 5d). On the other hand, several
putative AP-1 sites were found in the P3 promoter of zeb2,
which directs Zeb2 expression in mouse mammary cells®®
(Figure 5d). ChIP demonstrated that Fra-1 antibodies
immunoprecipitated chromatin fragments containing the
AP-1 sites of the intronic but not the zeb? promoter
(Figure 5e, Supplementary Figure S8c). Fragments contain-
ing the AP-1 sites of zeb2 promoter were also enriched
(Figure 5f, Supplementary Figure S8d). Consistently,
increased luciferase activity was measured in EpFral cells
transfected with a wild-type zeb2 promoter luciferase
reporter, which was abolished upon mutation of the three
AP-1 sites (Figure 5g). Collectively, these data indicate that a
direct transcriptional regulation by Fra-1-containing AP-1
dimers leads to increased zeb1 and zeb2 expression in
EpFrai cells.

Zeb1 and Zeb2 are essential for EMT in
EpFral cells. Stable lines expressing shRNA targeting
either zeb1 (EpFral-sZ1) or zeb2 (EpFral-sZ2) were next
derived from EpFral.2 cells. Zeb1 protein and mRNA
expression was decreased in EpFral-sZ1 but not in
EpFral-sZ2 cells (Figure 6a). On the other hand, Zeb2
protein and mRNA expression was decreased in EpFral-sZ2
cells (Figure 6a, Supplementary Figure S9a). Strikingly
however, EpFrai-sZ1 cells had decreased Zeb2 mRNA and
protein (Figure 6a). Decreased Zeb2 mRNA was observed
using five independent Zeb1 shRNAs (Supplementary Figure
S9b). Conversely, EpH4-FosER cells expressing ZEB14® had
increased Zeb2 mRNA in the absence of 4-hydroxyTamoxifen
(Supplementary Figures S9c and d). This indicates that Zeb1
contributes to controlling Zeb2 expression in EpH4-derived
cells. Importantly, while Fra-1 expression was unaffected
(Figures 6a and c), EpFral-sZ1 and EpFral-sZ2 cells re-
acquired an epithelial morphology, which was more obvious
in EpFral-sZ1 cells (Figure 6b). E-cadherin and most
epithelial markers, miR-200 and a subset of integrins, were
restored to levels comparable to EpH4 cells, consistent with
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these being Zeb1/2 targets (Figure 6¢ and Supplementary
Figures S10a-d). Interestingly, only few mesenchymal
markers, such as vimentin, mmp2, mmp10 and the a5
Integrin were decreased in Zeb1 and/or Zeb2 knockdown
cells (Figure 6¢c and Supplementary Figures S10c and d).
Western blotting confirmed E-cadherin, B-catenin and p120-
catenin restoration and decreased Vimentin in EpFral-sZ1
cells (Figure 6d). Importantly, while Tfg31 mRNA and protein
were not affected by Zeb1/2 knockdown (Figures 6¢ and e),
Smad?2/3 reporter assays revealed decreased TGFf pathway
activity (Figure 6f). This is consistent with the reported
crosstalk between Zeb and Smad proteins on Smad-
responsive promoters.*’ Reduced snai2/Slug was also
observed upon Zeb1/2 knockdown (Figures 6a and c), likely
due to decreased TGFf pathway activity. These data indicate
that decreasing Zeb1 and/or Zeb2 in EpFra1 cells restored a
significant part of the epithelial programme.

Targeting Zeb1 and Zeb2 in EpFral cells modulates
tumorigenesis. EpFral-sZ1 and EpFral-sZ2 presented
similar proliferation characteristics to EpFral cells, with
slightly lower cell counts in long-term EpFrai-sZ1 cultures
(Figure 7a). In addition, EpFra1-sZ1 but not EpFral1-sZ2 cells
displayed decreased motility and invasiveness in Transwell
and Matrigel invasion assays (Figure 7b). Furthermore,
EpFrail-sZ1 and EpFrai-sZ2 cells produced smaller mam-
mary tumours, but overall Ki67-index was comparable
(Figure 7c). Unlike the parental EpFrail cells, EpFral-sZ1
and EpFral-sZ2 tumours stained positive for E-cadherin
(Figure 7d). Interestingly, while EpFrai-sZ1 and EpFral1-sZ2
cells were still able to colonize the lungs, tumours deriving
from EpFral-sZ1 cells retained E-cadherin expression,
whereas those deriving from EpFral-sZ2 cells did not
(Figure 7e). Furthermore, unlike EpFral and EpFral-sZ2-
derived tumours, EpFral-sZ1-derived tumours were largely
negative for Vimentin (Figure 7e). IHC confirmed that Fra-1
expression was maintained in transplanted EpFra1 cells while
Zeb-1 was decreased in EpFral-sZ1 tumours (Figure 7e).

In conclusion, our data support a model by which Fra-1
induces EMT in mouse mammary epithelial cells by modulat-
ing EMT-TF and TGFg signalling. Increased tgfb1, zeb1 and
zeb2 expression is at least partly due to direct promoter
binding and Zeb1/2 are essential for Fra-1-induced EMT. Fra-1
also increases snai2/Slug, likely through Zeb1/2 and TGFf
signalling. Increased EMT-TF and TGF signalling decreases
E-cadherin and epithelial gene expression, whereas
mesenchymal genes are increased, ultimately leading to the
acquisition of invasive, tumorigenic and metastatic properties
(Figure 7f).

Discussion

GEMMs are of great potential for therapy development, in
particular when tackling the metastatic, systemic phase of
cancer. However, a better knowledge of the evolutionary
conservation of the cellular and molecular interplays from
studies in human tumour material is a critical prerequisite to
using preclinical GEMMs. Several reports have connected
Fra-1/AP-1in human breast cancer to increased expression of
the EMT-TFs Zeb1 and Zeb2 and to a lesser extent
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Slug.’™7 %17 We investigated whether Fra-1/AP-1 and the
EMT-TFs also correlated in mouse mammary EMT. Expres-
sion of Fra-1 in EpH4 cells induced EMT and increased
proliferation, migration and invasiveness. Unlike proliferation,
the EMT phenotype was largely dependent on increased
Zeb1/2 expression, and despite a deregulation of cell death-
related genes, cell survival was not overtly affected. Impor-
tantly, Fra-1-expressing cells grew as orthotopic tumours and
colonized the lungs following vascular delivery. Our findings
are consistent with reports that Fra-1 affects the proliferation
and motility of human breast cancer cell lines'”*? and that Fra-
1 is a critical EMT effector downstream of Ras signalling.'® '

Ras and TGFB cooperate to induce and stabilize a
mesenchymal switch in EpH4 cells.?"?2%° Unlike human
breast cancer cells where upstream signalling kinases
activation is required,’*'® ectopic Fra-1 expression was
sufficient for EMT and tumorigenesis in EpH4 cells. Moreover,
Fra-1 increased TGFf expression and production, similarly to
c-Fos and unlike oncogenic Ras,*® thus TGFS treatment was
not necessary for EMT in EpFra1 cells. We demonstrated that
Fra-1 binds to two regions in the murine tgfb1 promoter
containing several AP-1-binding elements. As autocrine TGFg
production has also been observed in human breast cancer
cells, where extracellular signal-regulated kinase 2 (ERK2)-
induced EMT depends on Fra-1'* and as Fra-1 binds the
human TGFB2 gene in colorectal cancer cells,** it is tempting
to speculate that Fra-1/AP-1 modulates the transcription of
TGFB genes in the context of EMT. However, inhibition of
TGFB signalling in EpFral cells only partially restored
epithelial markers expression, similarly to the situation during
Fos- or ERK2-induced EMT."**3 Thus, TGFB signalling is
likely insufficient for EMT in the context of ectopic Fra-1
expression.

The hallmark of Fra-1-induced EMT is E-cadherin down-
regulation. Several mechanisms modulating E-cadherin
expression have been described. Ectopic c-Fos expression
in mouse mammary adenocarcinoma cells was correlated with
E-cadherin repression by promoter hypermethylation.*® As
treatment of EpFral cells with DNA methylation or histone
acetylation inhibitors failed to restore E-cadherin (data not
shown), and given the published data using human cancer
cells, it seemed conceivable that downregulation of E-cad-
herin by Fra-1 was mediated by EMT-TFs. Zeb1, Zeb2 and
Slug were increased in EpFral cells and the expression of
several bona fide Zeb1/2 target genes altered. Furthermore,
expression profiling revealed a significant overlap between the
gene sets affected by Fra-1 in EpH4 cells and data sets from
human breast cancer cell lines, in which Zeb1 or Zeb2
expression had been targeted.?*®® Consistent with the data
from human cells,’" RNA interference demonstrated that
reducing the expression of Zeb1 and Zeb2, and to a lesser
extent Zeb2 in EpFral cells, restored the expression of
E-cadherin and most Zeb target genes and reduced migration
and invasion in vitro. Interestingly, Zeb2 was decreased in
Zeb1 knockdown cells and increased upon ectopic Zeb1
expression. Although we cannot formally exclude off-target
effects from the Zeb1 shRNA or an indirect consequence of
the EMT/mesenchymal-to-epithelial transition phenotype, this
indicates that Zeb1 participates in the control of Zeb2
expression in mouse mammary cells as documented in
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human melanoma.*® Transplantation experiments indicated
that EpFral cells with Zeb1/2 knockdown displayed
decreased orthotopic tumorigenesis, but most strikingly the
cells could still colonize the lungs, with a notable fraction of the
Zeb1 knockdown tumours retaining E-cadherin expression.
Thus Zeb1 and Zeb2 are the critical mediators of E-cadherin
downregulation and EMT downstream of Fra-1, while other
targets of Fra-1, independent of Zeb1/2, might sustain the
proliferative and tumorigenic capacity of EpFrai cells in vivo.

TGFB signalling, miR-200 and miR-221/222/Trps1
appeared insufficient to explain increased Zeb1 and Zeb2
expression in EpFral cells. We evaluated whether Fra-1
directly regulates Zeb1 and Zeb2 transcription, focussing on
genomic sequences with putative AP-1-binding elements
conserved in the human genes. Fra-1 bound the P3 promoter
of Zeb2, and subsequent reporter assays demonstrated that
Fra-1 activation of a P3 promoter fragment depends on three
novel AP-1 sites. To our knowledge, this is the first time that a
direct transcriptional regulation of Zeb2by AP-1 is reported. In
the human ZEB1 gene, two Fra-1/AP-1-binding regions have
been reported by ChIP in breast®® and colorectal** cancer
cells. We show that Fra-1 binds a region of the mouse Zeb1
gene homologous to the recently identified genomic determi-
nant of human breast cancer cell plasticity.?> Whether Fra-1
regulates ZEB1 expression in human breast cancer cells by
altering the dynamic of histone modifications in this region is
an attractive possibility that merits further investigation. In
conclusion, our work provides novel insights into how Fra-1/
AP-1 is connected to the complex network of EMT modulators.

Materials and Methods

Cell lines. The origin, cultivation and properties of EpH4, EpRas and EpRasXT
and EpGFP and EpdEF1GFP cells have been previously described.?***4” NMuMG
cells and cultivation conditions were obtained from ATCC (Barcelona, Spain).
EpFral, EpRas NMuMG-GFP and NMuMG-FralER cells were generated by
retroviral gene transfer as described in Bakiri et al,*® using pBabeFra1, pBabeGFP
or pBabeFra1ER retroviral plasmids. Several clones expressing Fra-1 were isolated,
and two representatives were used for further analysis. To knock down Fra-1 in
EpFrat cells, pLKO.1-based lentiviral particles expressing sequence-verified Fra-1-
silencing shRNA (Supplementary Table S2) were used, and the pools of infected
cells were assayed. To knock down either Zeb1 or Zeb2 in EpFrai cells, lentiviral
particles containing five different validated shRNAs for each target were used
(Supplementary Table S2), and stable pools were generated using G418. For
inhibition of TGFA1 signalling, cells were treated with 20 uM TGFp-receptor 1
inhibitor (Sigma, Madrid, Spain) for the indicated time periods.

Immunofluorescence. Cells grown on 0.4-um filters (BD, Schwechat,
Austria) were fixed in 4% PFA/PBS for 15 min and postfixed with ice-cold Methanol
for 5min. Cells were permeabilized with PBS 0.1% Triton X-100 for 2 min and
incubated for 1h 30min in a humid chamber with AlexaFluor 488-Phalloidin
(Invitrogen, Barcelona, Spain) or with the following primary antibodies: E-cadherin,
a-catenin, f-catenin, y-catenin and p120°", Fibronectin, and Fra-1 (Supplementary
Table S2), all at 1:250 in 0.5% BSA/PBS. Cells were washed with PBS and
incubated with the appropriate AlexaFluor 488 (Invitrogen) or DyLight 549 (Pierce,
Vienna, Austria) secondary antibody at 1:250 in 0.5% BSA/PBS for 1 h. Filters
were washed twice with PBS and mounted onto microscope glass slides using
Vectashield-DAPI (Vector Laboratories, Vienna, Austria). Imaging was performed on
a Zeiss Axioplan 2 microscope equipped with a CoolSnap HQ camera
(Photometrics, Frankfurt, Germany).

Proliferation, migration and invasion assays. In all, 5x 10* cells were
seeded into each well of a 24-well tissue culture plate. Cells were counted in triplicate
wells, on consecutive days until confluence. For Transwell migration, 1x 10° overnight
serum-starved cells were seeded in duplicates in DMEM/F12 with 0.1% BSA onto a 8-
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um Filter (BD) in 6-well plates. Medium supplemented with 10% FBS was provided
below the filters as chemoattractant. Migrated cells were stained with Haematoxylin
and counted 3 days later. Invasion assays were carried in triplicates in Matrigel
Invasion chambers (BD) exactly as described in the manufacturer's protocol with
medium supplemented with 10% FBS as a chemoattractant. Invading cells were
stained with Haematoxylin and counted 3 days later.

Xenografts. Six-to-eight-weeks-old female NMRI™™ mice were used for all
xenograft experiments. Mammary gland xenografts were performed by injecting
1x10° cells in 25 4l PBS into the second and fourth mammary glands. For lung
colonization assays, 1,5x 10° cells in 100 uI PBS were injected into the lateral tail
vein. Animals’ health and mammary tumour growth were monitored daily, and mice
were killed between 14 and 21 days after injection. All mouse experiments were
performed in accordance with the local and institutional regulations.

Histological analysis. Tissues were fixed in 4% formalin and embedded in
paraffin, and 4-um sections were prepared. IHC was performed on deparaffinized
slides using antibodies against Fra-1, Ki67, E-cadherin, Vimentin and Zeb-1
(Supplementary Table S2) and the appropriate VECTASTAIN Elite ABC Kit (Vector
Laboratories). Haematoxylin was used for nuclear counterstaining.

RNA and protein analyses. RNA was isolated with Trizol (Sigma), and
complementary DNA was synthesized with Ready-To-Go-You-Prime-First-Strand Beads
(GE Healthcare, Madrid, Spain). Primer pairs were designed using the Primer-BLAST
online programme from NCBI, and sequences are provided in Supplementary Table S3.
Quantitative PCR were performed using GoTaq qPCR Master Mix (Promega, Madrid,
Spain) and an Eppendorf fluorescence thermocycler (Eppendorf, Madrid, Spain). The
comparative cycle threshold method was used for quantification. Expression levels were
normalized using at least one housekeeping gene (hprt, gapdh, rpi, rps29). For protein
extraction, nuclei were prepared by incubating the cells 15 min on ice in hypotonic
buffer (10 mM HEPES pH 7.9; 10 mM KCI; 0.1 mM EDTA; 0.1 mM EGTA; 1 mM DTT;
05mM PMSF and 1x complete protease inhibitor cocktail (Roche, Madrid, Spain).
Cells or nuclei were lysed in ice-cold lysis buffer (50 mM Tris-HCl pH 7.4; 150 mM
NaCl; 1 mM EDTA; 1% NP-40; 1% Sodium-deoxycholate; 1 mM Na3VO4; 25 mM NaF;
1mM PMSF; 1 x complete protease inhibitor cocktail (Roche); 1% 1M DTT and 1% p-
glycerol phosphate). Protein concentration was assessed using the BCA kit (Pierce),
and the nuclear extracts’ quality was first controlled using western blotting for SP1,
HP1a, Hdac3 and Gapdh as exemplified in Supplementary Figures. Western blottings
were performed as described*®* using the primary antibodies listed in Supplementary
Table S2. Blots were incubated with horseradish peroxidase-coupled secondary
antibodies (GE Healthcare) and developed using Amersham ECL (GE Healthcare) or
Luminata (Pierce) and ECL Hyperfilms (GE Healthcare) or a Chemidoc device
(Bio-Rad, Madrid, Spain).

Chromatin immunoprecipitation. ChlP was performed as previously
described®' using Fra-1 antibody (Santa Cruz, Madrid, Spain) or rabbit IgG. gPCR
was used to monitor amplified fragments, and the comparative cycle threshold
method was used for quantification. Primer sequences are provided in
Supplementary Table S3. For each cell line, values were expressed as the
percentage of amplification of input chromatin.

ELISA. TGFp1 was measured in culture supernatants from triplicate cultures with
comparable cell numbers using the TGF/1 ELISA kit (R&D systems, Madrid, Spain)
according to the manufacturer’s instructions.

Reporter assay. A 500-bp fragment of the mouse Zeb2 P3 promoter was
amplified by high-fidelity PCR and cloned upstream of the firfly Luciferase in the
pGL4.10 vector (Promega). The three potential AP-1-binding sites in the reporter
were mutated to TGAattC, gagCTCc and TctAGaCA, respectively using the
Quickchange mutagenesis kit (Stratagene, Madrid, Spain) according to the
manufacturer’s instructions. For the reporter assays, the different cell lines were
cultivated in six-well plates and transiently transfected (Lipofectamin 2000, Life
Technologies, Vienna, Austria) with Smad2 or Smad3 reporter or wild-type/mutant
Zeb2 promoter reporter constructs and the phRG-Renilla construct (Promega) for
normalization. Luciferase activity was assayed 40 h later using a Dual Luciferase kit
(Invitrogen or Promega) according to the manufacturer's instructions.

Gene expression profiling. cDNA was generated from 3 ug of total RNA
using Superscriptll, purified (Qiagen, Hilden, Germany) and labelled with
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fluorescent dyes (Alexa 555 and Alexa 647, Invitrogen) and hybridized at 50 °C
overnight in triplicates on microarray slides. In-house printed oligonucleotide slides
containing > 22 500 oligonucliotide sequences were used. Hybridized slides were
scanned on a fluorescent scanner Axon 4000B (Molecular Devices GmbH, Biberach
an der Riss, Germany), and the resulting images were processed for spot and local
background identification using the GenePix Pro 6.0 software (Molecular Devices
GmbH). Background correction and normalization was performed using R and the
Limma package from Bioconductor (Fred Hutchinson Cancer Research Center,
Seattle, WA, USA). Moderated t-statistic was computed for each probe and for each
contrast, and an analysis of variance test was applied to calculate P-values. Only
annotated genes showing at least two-fold change in expression in both EpFral
clones relative to the parental EpH4, and a P-value <0.05 were considered. Zeb
and AP-1 target genes were identified using tools from the GSEA website
developed at the Broad Institute. Gene expression profiling of EpRas and two
EpRas-Fra1 clones was performed in a similar way, with a focus on Zeb1/2 target
genes. The EpFral gene expression profiling data have been deposited in NCBI's
Gene Expression Omnibus and are accessible through GEO Series accession number
GSE56089 at http://www.ncbi.nim.nih.gov/geo/query/acc.cgi?acc = GSE56089.

Statistical analyses. Unless otherwise specified, data in plots and bar graphs
are presented as mean+S.D. Statistical analysis was performed using non-
directional two-tailed Student's ttest. P<0.05 was considered significant.
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