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ABSTRACT  Epithelial-to-mesenchymal transition (EMT) is a key process in cancer progression 
and metastasis, requiring cooperation of the epidermal growth factor/Ras with the transform-
ing growth factor-β (TGF-β) signaling pathway in a multistep process. The molecular mecha-
nisms by which Ras signaling contributes to EMT, however, remain elusive to a large extent. 
We therefore examined the transcriptional repressor Ets2-repressor factor (ERF)—a bona fide 
Ras–extracellular signal-regulated kinase/mitogen-activated protein kinase effector—for its 
ability to interfere with TGF-β–induced EMT in mammary epithelial cells (EpH4) expressing 
oncogenic Ras (EpRas). ERF-overexpressing EpRas cells failed to undergo TGF-β–induced 
EMT, formed three-dimensional tubular structures in collagen gels, and retained expression 
of epithelial markers. Transcriptome analysis indicated that TGF-β signaling through Smads 
was mostly unaffected, and ERF suppressed the TGF-β–induced EMT via Semaphorin-7a 
repression. Forced expression of Semaphorin-7a in ERF-overexpressing EpRas cells reestab-
lished their ability to undergo EMT. In contrast, inhibition of Semaphorin-7a in the parental 
EpRas cells inhibited their ability to undergo TGF-β–induced EMT. Our data suggest that 
oncogenic Ras may play an additional role in EMT via the ERF, regulating Semaphorin-7a and 
providing a new interconnection between the Ras- and the TGF-β–signaling pathways.

INTRODUCTION
Epithelial-to-mesenchymal transition (EMT) is a highly conserved, 
fundamental process in embryogenesis and cancer during which 
epithelial cells disassemble, acquire a fibroblastic–mesenchymal 
phenotype, digest basement membranes, and transmigrate to 

surrounding tissues (Thiery, 2003). EMT is involved in trophoblast 
differentiation, gastrulation movements, and emigration of neural 
crest cells from the neural tube. Formation of the heart, the muscu-
loskeletal system, and the peripheral nervous system also involve 
this process. EMT also has a role in tissue reorganization and wound 
healing in the adult (Sun et al., 2000; Shook and Keller, 2003). Pro-
cesses similar to EMT occur in pathological situations such as the 
acquisition of an invasive, metastatic phenotype in tumors of epithe-
lial origin. During late steps of carcinogenesis, EMT allows malig-
nant cells to lose their epithelial polarity, digest the basement mem-
brane and invade surrounding tissues, intravasate into the 
bloodstream, and colonize distant tissues (Vernon and LaBonne, 
2004; Hugo et al., 2007).

EMT manifests through multiple cellular and molecular changes 
that lead to loss of epithelial polarity and cell–cell adhesion, transdif-
ferentiation to a mesenchymal (fibroblastoid) cell phenotype, and 
induction of cell motility/invasiveness. Loss of E-cadherin—the 
transmembrane adhesion molecule responsible for the formation of 
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undergo EMT in response to TGF-β. Analysis of cell morphology 
and proliferation and expression of cellular/molecular epithelial 
and mesenchymal markers indicated that forced ERF expression 
can inhibit TGF-β–induced EMT. Of interest, ERF inhibits EMT inde-
pendent of its c-Myc–associated ability to inhibit cell proliferation 
(Verykokakis et al., 2007), suggesting that Ras/MAPK signaling regu-
lates EMT and proliferation via different mechanisms. Transcriptome 
and genetic analysis of the ERF-expressing lines indicated that 
Semaphorin-7a/CDw108 (Lange et al., 1998) may be a key, Ras/ERF-
dependent regulator, modifying the cellular response to TGF-β sig-
naling during EMT. This is the first example that events downstream 
of ERK/MAPK signaling are causally related to EMT, providing 
additional insights into the need for hyperactivated Ras/MAPK 
signaling in EMT (Janda et al., 2002a).

RESULTS
ERF inhibits EMT
To investigate the possible role of ERF as a Ras/Erk mediator during 
EMT, we introduced wild-type (wt) and mutant ERF into EpRas cells. 
The ERFm1-7 mutant carries Ser/Thr-to-Ala mutations in seven po-
tential Erk phosphorylation sites and exhibits constitutive nuclear 
localization, whereas the ERF-FSF/FKF mutant carries mutations that 
inhibit the ERF–ERK interaction and thus decrease Erk signaling to 
ERF. After drug selection, cell clones named Ep-ERF, Ep-M1-7, and 
Ep-FSF/FKF, respectively, were isolated and expanded, and the ex-
pression of ERF and altered phosphorylation was verified by immu-
noblotting with the S17S anti–Erf-specific polyclonal antibody 
(Figure 1A). Near-confluent monolayers of the clones growing on 
plastic dishes were treated with TGF-β for 5 d to determine affects 
on morphology. Whereas all cell clones showed the expected cob-
blestone, epithelial morphology in the absence of TGF-β, the con-
trol vector–expressing EpRas cells (and less clearly the nonphospho-
rylatable ERFm1-7 clone) adopted a spindle-like fibroblastoid 
morphology, suggesting that these cells undergo EMT. The Ep-ERF 
and Ep-FSF/FKF clones, however, predominantly maintained an 
epithelial morphology (Figure 1B). To examine whether correspond-
ing EMT marker proteins were expressed in these TGF-β–resistant 
phenotypes, we determined the levels of the epithelial marker E-
cadherin and the mesenchymal marker fibronectin. Consistent with 
their epithelial morphology, Ep-ERF and Ep-FSF/FKF cells retained 
high E-cadherin levels upon TGF-β treatment. Fibronectin levels 
were elevated in the absence of TGF-β and exhibited a small in-
crease upon treatment. Control and Ep-M1-7 cells, however, under-
went a seemingly TGF-β–induced EMT, that is, they lost E-cadherin 
and gained fibronectin expression (Figure 1C). These data suggest 
that expression of wt-ERF and Erk-interaction–deficient ERF attenu-
ated TGF-β–induced EMT in EpRas cells with respect to both mor-
phology and EMT marker expression.

Epithelial cells like EpH4/EpRas, however, fail to fully polarize on 
plastic dishes (Grunert et  al., 2003). We therefore analyzed the 
aforementioned cells on porous supports better suited to attain full 
epithelial polarity (Ojakian et  al., 1997; Grunert et  al., 2003; 
Jechlinger et al., 2003). Again, TGF-β–treated Ep-ERF and Ep-FSF/
FKF cells failed to adopt a fibroblastoid morphology, whereas con-
trol cells underwent TGF-β–induced EMT, and Ep-M1-7 cells showed 
an intermediate phenotype (Supplemental Figure S1A). When ana-
lyzed for epithelial and mesenchymal markers by immunofluores-
cence, all clones showed membrane-localized E-cadherin and cyto-
plasmic fibronectin in the absence of TGF-β (Figure 2, A and B). 
After exposure to TGF-β for 5 d, the vector control cells completely 
lost E-cadherin and deposited fibronectin extracellularly (Figure 2, A 
and B, b). In contrast, TGF-β–treated Ep-FSF/FKF and Ep-ERF cells 

adherence junctions (Christofori and Semb, 1999)—largely contrib-
utes to loss of epithelial polarity. Concomitantly, EMT involves re-
pression of other epithelial-specific proteins and de novo expres-
sion of mesenchymal proteins. Massive cytoskeletal reorganization 
and induction of the expression of metalloproteases during EMT 
lead to acquisition of cellular motility and the ability to digest and 
transmigrate through basement membranes (Boyer et al., 2000).

Because of its crucial importance in physiological and pathologi-
cal events, EMT has been intensely studied using several different 
epithelial cell systems from various tissues in which EMT can be in-
duced. This work has yielded some conflicting results because of 
the different properties of the cells used and the different culture 
conditions (Grunert et al., 2003; Jechlinger et al., 2003). Contradic-
tions were minimized through use of cell models that allow the for-
mation of organotypic structures consisting of fully polarized cells 
under near-physiological, three-dimensional cultures, for example, 
collagen gels (Grunert et al., 2003; Jechlinger et al., 2003).

In most cellular models, EMT is induced by external stimuli. 
Transforming growth factor-β (TGF-β) regulates multiple morphoge-
netic events, as well as migration of normal and cancerous cells, and 
is a key inducer of EMT. TGF-β, however, requires cooperation with 
the RTK/Ras or other signaling pathways since it causes cell cycle 
arrest and apoptosis in cells lacking oncogenic Ras (Moustakas and 
Heldin, 2007).

A large number of diverse transcription factors have been re-
ported to induce molecular changes essential for EMT. Slug (Bolos 
et al., 2003), Snail (Cano et al., 2000), SIP-1 (Comijn et al., 2001), 
Twist (Yang et al., 2004), E12/E47 (Moreno-Bueno et al., 2006), and 
dEF1 (Eger et al., 2005) contribute to EMT by repressing E-cadherin, 
leading to the disruption of intercellular junctions. c-Jun (Fialka 
et al., 1996), c-Fos (Eger et al., 2004), the nuclear complex β-catenin/
LEF-1 (Kim et al., 2002), and Ets-1 (Delannoy-Courdent et al., 1998) 
have been shown to elicit EMT, and NF-κB appears to be necessary 
for the induction and maintenance of EMT in Ras-transformed epi-
thelial cells (Huber et al., 2004). Although transcriptions factors in-
ducing EMT have been extensively studied, with the exception of 
Id2 (Kowanetz et al., 2004), transcription factors inhibiting this pro-
cess have not been described.

ERF (Ets2-repressor factor) is an ets-domain gene with tran-
scriptional repressor activity that functions as a downstream effec-
tor of the Ras/extracellular signal-regulated kinase (Erk) pathway. 
In its nuclear, nonphosphorylated form, ERF can inhibit cell-cycle 
progression and suppresses ets- and ras-induced tumorigenicity 
in fibroblasts (Sgouras et  al., 1995; Le Gallic et  al., 1999, 2004; 
Polychronopoulos et al., 2006), whereas Fli-1/ERF hybrid proteins 
can suppress transformation of Ewing’s sarcoma cells (Athanasiou 
et  al., 2000). Phosphorylation of ERF through Erk/mitogen-
activated protein kinase (MAPK) signaling causes its nuclear-to-
cytoplasmic translocation, where it has distinct but largely elusive 
functions. Homozygous deletion of Erf in mice leads to embryonic 
lethality at day 10 due to trophoblast stem cell differentiation and 
placental defects (Papadaki et al., 2007).

We recently showed that ERF mediates ERF-induced epithelial 
cell migration via early growth response-1 regulation (Tarcic et al., 
2012), linking ERF to a key aspect of EMT. In this study, we endeav-
ored to address the possible role of ERF, as a downstream effector 
of the Ras/ERK pathway, in the induction/maintenance of EMT be-
yond the motility effect. We used expression of wild-type and mu-
tated forms of ERF in the fully polarized mammary epithelial cell line 
EpH4 expressing oncogenic Ras (EpRas), which undergo EMT upon 
exposure to TGF-β . These cells were analyzed both on plastic and 
in three-dimensional cultures (Janda et al., 2002b) for their ability to 
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(Figure 2C, d, f, and h). Similarly, the cortical localization of actin was 
changed to cytoplasmic stress fibers only in TGF-β–treated control 
cells, whereas this treatment did not alter cortical actin expression in 
the ERF-expressing clones (Supplemental Figure S2). Of interest, in 
EpRas cells growing on collagen gels, ERF exhibited an increased 
nuclear localization, as evidenced by the accumulation of the non-
phosphorylated form of ERF and by immunofluorescence (Supple-
mental Figure S3), supporting the apparently enhanced EMT block 
under these conditions. These data suggested to us that overex-
pression of either wt or mutated ERF in EpRas cells may inhibit their 
ability to undergo EMT in response to TGF-β signaling.

Increased motility is one of the hallmarks of cells undergoing 
EMT (Moustakas and Heldin, 2007). We recently showed that ERF 
may be required for increased motility. Thus we analyzed the mi-
gratory capacity of ERF-expressing cell lines in “wound-healing” 
assays in vitro. EpRas and EpRas-derived cell lines were cultured to 
confluency in the presence of TGF-β for 3 d, the cell monolayers 
were scratched in a defined manner, and closure of the “wound” 
was observed 15 h later. With the exception of Ep-M1-7 cells, 
all cell lines exhibited comparable, very slow “wound” closure 
(Figure 3A). The apparent decreased “healing” of Ep-ERFm1-7 
cells could be due to the previously suggested function of cyto-
plasmic ERF in motility (Tarcic et al., 2102) or the antiproliferative 
effects of nuclear ERF (Le Gallic et  al., 1999). Indeed, Ep-M1-7 
cells exhibited a significantly lower proliferation rate (Figure 3B), 
which could account for the observed delay in wound closure. To 
distinguish between the two possibilities, we determined cell mo-
tility by Transwell cell migration assays. An apparent increased mo-
tility observed for Ep-wt ERF and Ep-ERFm1-7 cells was not statis-
tically significant. However, migration of Ep-ERF-FSF/FKF cells was 
significantly slower than that of both the parental cells and the 
other ERF clones (Figure 3C). The effect of ERF-FSF/FKF may reflect 
changes at the level of available Erk protein due to loss of Erf–Erk 
interaction. These data suggest that ERF overexpression may have 
an indirect effect on cell motility, independent of its ability to 
inhibit mesenchymal transition.

We tested whether inhibition of the TGF-β–induced EMT could 
be attributed to impaired TGF-β signaling, examining the expres-
sion of EMT marker genes, targets of TGF-βR signaling (Cano et al., 
2000; Dong et al., 2002; Kowanetz et al., 2004). Vector-transfected 
control cells undergoing EMT showed significant up-regulation of 
Snail and c-Myc but loss of Id2. All ERF-wt/mutant clones showed a 
similar up-regulation or down-regulation (Supplemental Figure S4), 
with the exception of Snail, whose up-regulation was somewhat 
suppressed by wtERF and ERF-FSF/FKF. We were also unable to 
detect any changes in Smad2/3 (unpublished data), suggesting that 
ERF may not affect the TGF-β signaling pathway directly.

ERF-induced transcriptional changes
To identify changes in gene expression that could account for the 
inhibition of EMT by ERF, we used transcriptome expression profil-
ing. Parental EpRas cells, as well as wt, M1-7, and FSF/FKF ERF–
overexpressing cells, were compared under normal growth condi-
tions for 2-h and 4-d exposure to TGF-β from two independent 
experiments. Unsupervised clustering analysis showed that the 2-h 
TGF-β samples are clustered together and flanked by the untreated 
and 4-d-treated samples (Supplemental Figure S5). However, clonal 
and experimental variation was also evident. Two-way analysis of 
variance was used to identify genes with at least twofold expression 
difference and p ≤ 0.05, among cell lines and TGF-β exposure con-
ditions, yielding a significant number of genes altered across cell 
lines and conditions.

maintained plasma membrane expression of E-cadherin and cyto-
plasmic localization of fibronectin (Figure 2, A and B, d and h). 
Again, the Ep-M1-7 cells showed an intermediate phenotype with 
cytoplasmic E-cadherin (Figure 2A, f) and enhanced but not extra-
cellularly deposited fibronectin (Figure 2B, f).

To analyze the function of ERF in cells growing under more physi-
ological conditions, we seeded cells into serum-free collagen gels 
where EpRas cells can form hollow, tubular, or alveolar organotypic 
structures consisting of fully polarized cells (Oft et  al., 1996; 
Montesano et al., 1998). In the absence of TGF-β all cell lines formed 
compact, tubular structures (Supplemental Figure S1B). Treatment 
of the cultures with TGF-β induced an EMT-like response in vector-
transfected cells, forming unordered strands of spindle-shaped cells. 
(Supplemental Figure S1B, b). In contrast, Ep-ERF, Ep-M1-7, and 
Ep-FSF/FKF cells maintained their compact structure morphology in 
the presence of TGF-β (Supplemental Figure S1B, d, f, and h), indi-
cating their inability to undergo TGF-β–induced EMT. These find-
ings were confirmed by immunostaining of the collagen gel struc-
tures for E-cadherin. In the absence of TGF-β the compact structures 
formed by all cell lines exhibited plasma membrane expression of 
E-cadherin (Figure 2C, left). After 5 d of TGF-β treatment, the empty 
vector control cells had completely lost E-cadherin expression, 
whereas the compact structures formed by Ep-ERF, Ep-M1-7, and 
Ep-FSF/FKF cells retained plasma membrane E-cadherin expression 

FIGURE 1:  Characterization of the EpRas cell clones overexpressing 
wt or mutated ERF. (A) Selected clones of EpRas cells transfected with 
empty vector, wt ERF, the M1-7 ERF mutation, or the FSF/FKF ERF 
mutation were examined for ERF expression by immunoblotting using 
S17S Erf-specific antibody (top) and an actin-specific antibody 
(bottom) as a loading control. The lanes shown are not consecutive on 
the gel. All clones expressed 3- to 20-fold higher amounts of ERF 
compared with the vector control. (B) Phase contrast images of the 
mentioned clones were grown in the absence (a, c, e, g) or presence 
(b, d, f, h) of TGF-β for 5 d. Vector-transfected cells acquired a 
spindle-like morphology after exposure to TGF-β (b), whereas 
ERF-expressing cells maintained to a large extent their epithelial 
morphology (d, f, h). (C) The levels of E-cadherin (top) and fibronectin 
(second from bottom) in cells cultured for 5 din the presence or 
absence of TGF-β were examined by immunoblotting. Erk2/1 (second 
from top) and actin (bottom) levels were used respectively as loading 
controls. Vector-transfected and ERFm1-7–expressing cells show 
decreased E-cadherin and increased fibronectin levels after treatment 
with TGF-β. In contrast, E-cadherin and fibronectin levels in wt ERF– 
and ERF-FSF/FKF–expressing cells remained constant.



3876  |  M. Allegra et al.	 Molecular Biology of the Cell

Semaphorin-7a is required for EMT
To determine the possible role of Sema7a 
in the ERF-induced inhibition of EMT, we 
analyzed the expression pattern of Sema-
phorin-7a in all EpRas clones during TGF-β 
treatment, using semiquantitative PCR. 
Consistent with the microarray data, Sema7a 
was induced in parental EpRas cells, whereas 
in all ERF-expressing clones semaphorin 
levels were considerably decreased and 
failed to respond to TGF-β treatment 
(Figure 4A). We also examined the ability 
of ERF to repress transcription of a reporter 
gene driven by the Sema7a promoter 
when cotransfected into a heterologous 
system. Indeed, a twofold-to-threefold inhi-
bition was observed in the presence of ERF 
(Figure 4B), suggesting that Erf may affect 
the expression level of Semaphorin-7a, con-
sistent with the plethora of ets-binding sites 
in the Sema7a promoter region. Treatment 
of EpRas cells with a Mek1/2 inhibitor re-
sults in the dramatic decrease of Sema7a 
mRNA levels but not that of other TGF-β–
induced genes (Figure 4C), supporting the 
hypothesis that Erf may regulate Sema7a 
expression.

We then examined the contribution 
of Sema7a decrease in the ERF-induced 
resistance to EMT. We reintroduced 
Sema7a into the wt ERF– and ERFm1-7–
expressing EpRas cells, the two most di-
vergent cell lines, as well as into the pa-
rental EpRas cells. Stable cell lines 

overexpressing Sema7a were selected by hygromycin B, and 
Sema7a expression was verified by quantitative PCR (Supple-
mental Figure S8). The response of Sema7a-expressing cells to 
TGF-β–induced EMT was determined by morphological changes 
and E-cadherin expression. EpERF and EpM1-7 clones express-
ing only the hygromycin resistance gene were resistant to EMT, 
like the parental clones. In contrast, Sema7a expression in these 
clones reestablished the EMT phenotype in response to TGF-β 
treatment (Figure 4D). Sema7a overexpression had no apparent 
effect on the TGF-β response of the EpRas parental cells (Sup-
plemental Figure S9). These data suggest that the Sema7a 
inhibition by ERF could be contributing to the EMT resistance 
phenotype.

To determine whether Semaphorin-7a expression is required 
for TGF-β–induced EMT in EpRas cells independent of ERF, we 
quenched its expression via small interfering RNA (siRNA) and de-
termined the response to TGF-β treatment. Cell lines expressing 
2- to 10-fold lower Sema7a mRNA maintained epithelial morphol-
ogy and E-cadherin expression after 5 d treatment with TGF-β 
(Figure 5A), recapitulating the effect of ERF overexpression. This 
was true for six of seven cell lines tested (Figure 5B), strongly sug-
gesting that in EpRas epithelial cells, Semaphorin-7a expression is 
required for the manifestation of TGF-β–inducted EMT. Further-
more, cells with decreased Sema7a levels also failed to show in-
creased motility in the presence of TGF-β, another indicator of 
EMT (Figure 5C). Collectively these data suggest the ERF may ef-
fect epithelial-to-mesenchymal transition, modulating the levels 
of Semaphorin-7a.

We reasoned that a common subset of genes may be respon-
sible for the resistance to EMT exhibited by all ERF clones. This 
subset could be distinct from the role of Erf in motility or prolifera-
tion. Thus we inquired for genes that were different between the 
parental EpRas cells and each of the three ERF lines in pairwise 
comparisons under all conditions used. We identified 7 genes that 
were different between the parental and all the ERF cell lines in 
the absence of TGF-β, 11 genes in cells exposed to TGF-β for 2 h, 
and 30 genes in cells exposed to TGF-β for 4 d (Supplemental 
Figure S6A). Based on the phenotypic similarities of all ERF clones, 
this limited list was furthered filtered for genes that were common 
in any two or all three populations and were also affected by 
TGF-β treatment in the parental EpRas cells but not the ERF cell 
lines (Supplemental Figure S6B). Only one gene, Semaphorin-7a, 
was lower in all ERF clones, was induced in the parental cells after 
4 d of TGF-β exposure, and failed to be increased in all three ERF 
lines. Semaphorin-7a (Sema7a) was the only family member of the 
semaphorin family that was induced by TGF-β in EpRas cells (Sup-
plemental Figure S7A). Among the known semaphorin effectors—
integrins and plexins—only Integrin-α5 was induced by TGF-β, 
but this was also true in the ERF clones (Supplemental Figure S7B). 
Of interest, Plexin-C1, an established Semaphorin-7a receptor, is 
not expressed or induced in the parental EpRas cells and ERF 
clones, suggesting that Sema7a may involve a distinct set of effec-
tors in EMT. Sema7a has been already suggested to affect TGF-β 
signaling independent of Smad3 (Kang et al., 2007; Gan et al., 
2011) and thus could be a reason for the observed inhibition of 
EMT by ERF.

FIGURE 2:  ERF-expressing EpRas cells resist TGF-β–induced EMT. (A, B) Vector-transfected 
EpRas cells (a, b) and clones expressing wt ERF (c, d), ERFm1-7 (e, f), or ERF-FSF/FKF (g, h) were 
grown for 6 d on porous support in the absence (a, c, e, g) or presence (b, d, f, h) of 5 ng/ml 
TGF-β. The cells were stained for E-cadherin (A) or fibronectin (B) with the respective specific 
antibody (red) and TOPRO-3 for DNA (blue) and analyzed by confocal microscopy. Vector-
transfected cells lost E-cadherin expression (A, b) and secreted fibronectin (B, b) as a result of 
TGF-β treatment. In contrast, wt ERF– (d) and ERF-FSF/FKF–expressing cells (h) maintained 
basolateral E-cadherin expression and mostly cytoplasmic fibronectin. ERFm1-7–expressing cells 
have cytoplasmic E-cadherin (A, f) and high levels of cytoplasmic fibronectin (B, f). (C) The same 
cells were cultured in three-dimensional collagen gels in serum-free media for 5 d in the absence 
(a, c, e, g) or presence (b, d, f, h) of 5 ng/ml TGF-β and stained for E-cadherin (red) and DNA 
(blue). Vector-transfected cells failed to express E-cadherin after treatment with TGF-β (b). In 
contrast, all ERF-expressing cells maintained basolateral expression of E-cadherin (d, f, h).
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and that both Erf and Semaphorin-7a may have a role in regu
lating EMT.

We recently showed (Tarcic et al., 2102) that cytoplasmic Erf may 
have a role in epithelial cell motility, whereas the antiproliferative 
effect was one of the first identified functions of nuclear Erf. These 
activities may interfere with EMT and enhance or quench the appar-
ent phenotype. A 5- to 10-fold overexpression of wt or mutated ERF 
in EpRas cells—an established system with which to analyze EMT—
was sufficient to affect their ability to undergo TGF-β–induced EMT, 
although the phenotype was affected by different facets of Erf func-
tion. The nuclear and Erk interaction-competent ERFm1-7 exhibited 
decreased cellular proliferation and limited resistance to EMT when 
cells were grown on plastic, whereas ERF-FSF/FKF, which is also 
nuclear but unable to interact with Erks, exhibited somewhat de-
creased motility and the strongest EMT resistance. Wild-type ERF 
exhibited intermediate EMT resistance and no motility effects on 
plastic. When the cells were grown in serum-free three-dimensional 
collagen cultures, wt and ERF mutants showed a comparable level 
of EMT inhibition, although ERFm1-7 structures on collagen were 
considerably smaller, a possibly due to its antiproliferative effect. 
The increased nuclear localization of Erf in cells growing in collagen 
suggests that transcriptional inhibition may be the primary mode of 
action by which Erf inhibits TGF-β–induced EMT. In contrast, the 
motility differences appear to be primarily associated with the ability 
of Erf to interact with Erks, although a transcriptional component 
cannot be excluded.

The similarities in the transcription profile changes shared by all 
ERF clones support the hypothesis that Erf may affect the EMT pro-
gram at the transcriptional level both directly and indirectly (Supple-
mental Figure S6A). It is of interest that overexpression of wt Erf in a 
cell with activated Ras/Erk pathway may have transcriptional effects, 
since Erf is predominantly cytoplasmic. However, a proportional 
increase of nuclear Erf, due to its overexpression may be sufficient 
to elicit transcriptional responses. In addition, global Erf-binding-
site analysis indicated that Erf could be found bound at a number of 
sites on the chromatin in the presence of activated Erk (unpublished 
observations), suggesting possible transcriptional effects under 
these conditions. Finally, it is also conceivable that high levels of 
cytoplasmic Erf affect gene transcription indirectly.

The expression profiling data and the analysis of TGF-βR-
signaling target genes indicated that the TFG-β/Smad pathway re-
mains intact after ERF overexpression (Supplemental Figures S4 and 
S10 and unpublished data). C-Myc, a known Erf target that was 
recently implicated in EMT in vivo (Trimboli et al., 2008), also ap-
pears unaffected. However, a considerable number of genes were 
differentially expressed in the parental cells and the ERF clones. We 
reasoned that genes relevant to EMT would show differential ex-
pression in all pairwise comparisons between parental cells and ERF 
clones—preferably in more than one condition—and should be up-
regulated or down-regulated by TGF-β in the parental cells and at 
the same time less so if at all in the ERF clones. A small number of 
genes fulfilled these criteria. Some of the identified genes were 
previously found to be involved in EMT or TGF-β signaling, like 
Cadherin 10 and Forkhead F2 (Aitola et  al., 2000; Walker et  al., 
2008). Both genes were up-regulated in response to TGF-β in the 
parental EpRas cells, but they were also up-regulated in two (FoxF2) 
or all (Cdh10) ERF lines. It is conceivable that modulation of these 
genes contributed to differences among the different ERF muta-
tions used, but they could not account for the EMT resistance 
observed by all the ERF lines. Sema7a emerged as only gene that 
fulfilled all our criteria. It was induced by TGF-β in the parental cells 
but not in any of the ERF-expressing cell lines, decreased in the 

DISCUSSION
EMT is a key developmental process with a clear role in carci-
noma progression and metastasis and has been extensively stud-
ied in multiple systems, albeit sometimes with conflicting results. 
In most but not all systems, TGF-β is essential for EMT (Waerner 
et al., 2006). In almost all cases, however, oncogenic or elevated 
Ras signaling is essential too (Waerner et al., 2006; Lahsnig et al., 
2008). In addition to these, multiple other signaling pathways and 
transcriptional regulators contribute to EMT, often dependent on 
cell type and culture conditions (Huber et  al., 2005; Waerner 
et al., 2006), thus hindering comprehensive analysis of key mech-
anism in EMT. The use of the Ets-related transcriptional repressor 
Erf, an established effector of the Ras-induced Erk/MAPK path-
way essential for EMT (Janda et al., 2002a), creates the possibility 
to evaluate direct and indirect roles of transcriptional control dur-
ing EMT induction. Employment of diverse culture methods al-
lowed us to test EMT induction under conditions in which extra-
cellular and attachment factors would vary. Finally transcriptome 
analysis allowed us to identify factors downstream of Erf, which 
may be involved in regulation of EMT by Erf. Our data suggest 
that ERF expression can inhibit TGF-β–induced EMT, primarily by 
blocking Semaphorin-7a expression and its induction by TGF-β, 

FIGURE 3:  ERF mutations decreased EpRas cell motility. (A) Phase 
contrast images of vector-transfected (a, b) and ERF-expressing cells 
(c–h) subjected to “wound-healing” assay in the presence of TGF-β. 
With the exception of ERFm1-7–expressing cells (f), gap closure for all 
cell lines was comparable. (B) Cell proliferation rate as assessed 
colorimetrically with MTT. All cell lines had comparable proliferation 
rates, except the ERFm1-7–expressing cells, which exhibited 
statistically significant reduced proliferation compared with all other 
lines (asterisk). (C) Transwell motility assay of EpRas cells treated with 
TGF-β for 24 h and induced to migrate using serum as a 
chemoattractant. A minimum of three random fields from each 
Transwell were scored for cell presence. The average of four 
independent experiments is shown. The two-tailed homoscedastic 
p-values of standard Student’s test for wtERF and ERFm1-7 compared 
with vector-transfected cells were 0.113 and 0.103, respectively. For 
ERF-FSF/FKF–expressing cells the p-values against Mock-, wtERF-, 
and ERFm1-7–expressing cells were 0.021, 0.018, and 0.011, 
respectively. Statistically significant differences are indicated by an 
asterisk.
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In TGF-β–induced pulmonary fibrosis, 
which likely does not involve hyperactive 
Ras signaling, Semaphorin-7a protects the 
cells from undergoing apoptosis through 
activation of the phosphatidylinositol 3-ki-
nase (PI3K) pathway (Kang et  al., 2007). It 
was not surprising that Sema7a had no de-
tectable effect on survival of EpRas cells (un-
published observations), since EpRas cells 
are strongly protected from apoptosis 
through cooperative Erk and PI3K hyperac-
tivation (Janda et al., 2002a). Recent obser-
vations suggest that Sema7a plays a key 
role in cell motility through its interaction 
with integrin-β1 (Messina et al., 2011) and in 
metastasis via Plexin-C1 signaling (Lazova 
et  al., 2009; Scott et  al., 2009). Our data 
suggest that Sema7a may have an analo-
gous function in the manifestation of EMT, 
although they likely implicate different re-
ceptors since Plexin-C1 is not expressed in 
EpRas cells.

It is unclear whether Erf regulates 
Sema7a transcription directly or indirectly. 
Promoter assays suggest a possible direct 
regulation, and the Sema7a dependence on 
Erk activity favors a direct regulation by Erf. 
However, the observed inhibition, when 
compared with the transcriptional repres-
sion of Erf on other promoters in transient 
assays (Sgouras et al., 1995), is rather lim-
ited. In addition, both nuclear and nuclear-
shuttling forms of Erf exhibit limited differ-
ences. Finally, we were not able to detect 
statistically significant differences of Erf 
binding on the Sema7a genomic region 
via chromatin immunoprecipitation assays 
(unpublished observations). Thus an indi-
rect regulation cannot be excluded, and fur-
ther experiments are needed to decipher 
the exact mechanism of Sema7a regulation 
by Erf.

In conclusion, our data suggest that the strict requirement of hy-
peractive Ras signaling for TGF-β–induced EMT (Janda et al., 2002b) 
may be only partially due to the protection from TGF-β–induced 
apoptosis through PI3K signaling and that hyperactive Erk/MAPK 
signaling may also be essential for EMT because it abolishes repres-
sion of genes required for EMT, such as Semaphorin-7a.

MATERIALS AND METHODS
Cell culture and transfection
EpRas cells were grown in DMEM (Invitrogen, Carlsbad, CA) sup-
plemented with 4% fetal bovine serum (FBS; Hyclone Laborato-
ries, Logan, UT), 2 mM l-glutamine, 20 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, pH 7, and 2 mM penicillin/
streptomycin (Invitrogen). Ref1 cells were cultured in DMEM sup-
plemented with 10% FBS and 2 mM penicillin/streptomycin. EpRas 
stable cell lines were established by cotransfecting the pBabe 
plasmid carrying a puromycin resistance cassette and a pSG5 plas-
mid expressing ERF or one of its mutants, in a 1:5 ratio. pSG5 
plasmids encoding wt ERF (Sgouras et  al., 1995), M1-7 ERF (Le 
Gallic et  al., 1999), and FSF/FKF ERF (Polychronopoulos et  al., 

absence of TGF-β in all the ERF lines compared with the parental 
cells, and was lower in all the ERF lines in the presence of TGF-β 
compared with the parental cells

Semaphorins are extracellular and/or membrane-associated pro-
teins that regulate lymphocyte and neuronal development (Kruger 
et al., 2005; Suzuki et al., 2008), as well as cancer (Neufeld et al., 
2005; Bielenberg and Klagsbrun, 2007). They bind to and signal 
through plexins and integrins and carry out diverse cell-type- and 
protein-specific functions (Zhou et  al., 2008). Semaphorin-7a, the 
sole member of a family resembling viral semaphorin-like proteins, 
has also been implicated in lymphocyte (Czopik et  al., 2006) and 
neuronal development (Pasterkamp et al., 2007). Of interest, Sema7a 
was found to be regulated by TGF-β and required for Smad3-inde-
pendent TGF-β signaling in pulmonary fibrosis (Kang et al., 2007). 
Semaphorin-7a expression appears to be strictly dependent on Erk 
activity. ERF inhibits Sema7a transcription in transient transfection 
assays, and reexpression of Sema-7a in ERF-expressing EpRas cells 
reinstates EMT (Figure 4). Erf-independent inhibition of Semaphorin-
7a in EpRas cells abrogates their ability to undergo EMT (Figure 5). 
Thus Semaphorin-7a appears to play a key role in the process.

FIGURE 4:  Semaphorin-7a inhibition mediates the Erf EMT phenotype. (A) Semiquantitative 
PCR analysis of the Sema7a mRNA levels among the different EpRas lines in the absence or 
presence of 5 ng/ml TGF-β for 2 h or 4 d. Sema7a levels for each sample were normalized to 
CPH and compared with the RNA of the parental EpRas cells growing in normal media. Sema7a 
mRNA levels are lower in all ERF clones and fail to elevate after 4 d of TGF-β treatment. 
(B) Luciferase assays from Ref1 cells cotransfected with the pGL3-Sema7a reporter, empty 
vector, or an ERF-expressing plasmid and pRSV-LacZ as transfection efficiency control. 
Luciferase activity was normalized to β-galactosidase activity, and they were all compared with 
vector-transfected cells. Three independent experiments in duplicate were evaluated, indicating 
a transcriptional repression by ERF. The cartoon shows the structure of the plasmid used with 
the putative ets-binding sites marked by circles. (C) Semiquantitative PCR analysis of the 
Sema7a and Snai1 mRNA levels in the parental EpRas cells in the presence or absence of TGF-β 
and the Mek1/2 inhibitor U0126. Cells were exposed to TGF-β for 5 d and to U0126 twice 16 
and 2 h before harvest. The values were normalized to the values of the untreated parental cells. 
(D) Confocal images of Ep-ERFm1-7 cells expressing either the hygromycin resistance gene or 
hygromycin and Semaphorin-7a and growing on untreated glass coverslips. Cells were exposed 
to 5 ng/ml TGF-β for 4 d, fixed, and stained with an anti–E-cadherin antibody (red) and 
TOPRO-3, a DNA-intercalating dye (blue). Cells overexpressing Semaphorin-7a (bottom) 
undergo EMT as determined by the loss of E-cadherin. Similar results were obtained from 
EpRas-ERF sema7a–expressing cells.
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(Promega, Madison, WI ). This DNA segment 
was sequence verified and corresponds to 
the Sema7a genomic region from −895 base 
pair to +6 with respect to the mRNA 
start. Ref1 cells were transiently transfected 
as previously described (Sgouras et  al., 
1995).

Serum-free three-dimensional cultures 
and growth on porous support have been 
described (Oft et  al., 1996, 1998). See 
Supplemental Materials and Methods for 
details.

Immunofluorescence and 
immunoblotting
Cells on coverslips, porous filters, or colla-
gen gels were fixed, stained with the ap-
propriate antibody, and visualized by con-
focal microscopy. Subconfluent cultures 
were used for extracting and analyzing 
proteins by immunoblotting as previously 
described (Le Gallic et al., 1999). See Sup-
plemental Materials and Methods for de-
tails. The following antibodies were used: 
rabbit polyclonal antibody S17S against 
ERF (Sgouras et al., 1995) and rabbit poly-
clonal antibodies against p42/p44 MAPK 
(Cell Signaling Technology, Beverly, MA), 
actin (Sigma-Aldrich, St. Louis, MO), and 
fibronectin (Santa Cruz Biotechnology, 
Santa Cruz, CA); mouse monoclonal anti-
body against E-cadherin (BD Transduction 
Laboratories, Lexington, KY); horseradish 
peroxidase anti-rabbit and anti-mouse 
(Jackson ImmunoResearch Laboratories, 
West Grove, PA); and S47 conjugated anti-
rabbit and anti-mouse (Pierce, Rockford, 
IL) goat antibodies.

Proliferation and motility assays
Cellular proliferation was assessed colori-
metrically with a 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazoliumbromide (MTT) cell proliferation kit ac-
cording to the manufacturer’s indications (Roche, Indianapolis, IN). 
In wound-healing assays 105 cells were seeded in 35-mm plates 
and allowed to grow for 3 d in the presence of 5 ng/ml TGF-β, 
scratched, and monitored microscopically. Transwell cell migration 
assay was performed in chemotaxis chambers (Corning Costar, 
Cambridge, MA), and 5% FBS was used as the chemoattractant. 
Cells were fixed, stained with 4′,6-diamidino-2-phenylindole 
(DAPI), and analyzed by fluorescence microscopy. See Supplemen-
tal Materials and Methods for details.

mRNA analysis
RNA was extracted from TGF-β–treated or untreated cells and was 
reverse transcribed and subjected to semiquantitative PCR with 
primers specific for c-Myc, Snai1, Id2, Pai1, Sema7a, and Cph as 
normalization control. For transcriptome analysis Affymetrix 
GeneChip Mouse Gene 1.0ST DNA arrays (Affymetrix, Santa Clara, 
CA) were used, and the data were analyzed using the Partek 
Genomic Suite 6.3 software (Partek, St. Louis, MO). See Supplemen-
tal Materials and Methods for details.

2006) were previously described. Cells (105) were seeded in 
35-mm plates and transfected with 0.8 μg of plasmid DNAs and 
4 μl of Lipofectamine (Invitrogen). The cells were selected with 
1.5 μg/ml puromycin. Resistant clones were isolated, and ERF ex-
pression was verified by immunoblotting.

EpRas, EpERF, and EpM1-7 cells were cotransfected with pGK-
Hygro and pCMV-SPOT6-Sema7a (imaGenes, Berlin, Germany) as 
described and selected with 250 mg/ml hygromycin B. Resulting 
clones where further selected for 1 wk in the presence of G418, 
puromycin, and hygromycin to ensure expression of all the trans-
genes (Ras, Erf, and Sema7a).

EpRas cells were transfected with the pLKO.1-Semaphorin-7a-
siRNA vector (Thermo Scientific, Waltham, MA) and selected with 
4 mg/ml puromycin. Resulting clones where tested for the presence 
of the transgene and the Sema7a mRNA levels.

The pGL3-Sema7a reporter plasmid was generated by PCR of 
mouse genomic DNA, using the 5′-TTCCcGGGTTGTTCAGGT-
GACTGC-3′ and 5′-AGCCCtcGAGCGACA GCGGCAAGC-3′ prim-
ers and subsequent cloning of the 902–base pair DNA fragment 
between the SmaI and XhoI sites of the pGL3-basic vector 

FIGURE 5:  Semaphorin-7a is required for EMT. (A) Phase contrast (left) and confocal images 
(right) of EpRas cells expressing either a scrambled siRNA or a Semaphorin-7a–specific siRNA 
and growing on untreated glass coverslips. Cells were exposed to 5 ng/ml TGF-β for 5 d, fixed, 
and stained with an anti–E-cadherin antibody (green) and TOPRO-3, a DNA-intercalating dye 
(blue). Loss of Semaphorin-7a (bottom) inhibits EMT as determined by the E-cadherin presence. 
(B) Graphic representation of Sema7a mRNA levels quantified by real-time quantitative PCR 
(white bars) and the fraction of E-cadherin–positive cells (gray bars) after 5 d of exposure to 
TGF-β. The E-cadherin–positive cells were quantified by averaging the independent fields of 
view for each cell line, stained as in A. (C) Wound-healing assay of parental EpRas cells and 
clones expressing either a scramble or Sema7a siRNA in the presence or absence of TGF-β. 
Wounds were photographed at 0, 6, and 16 h, and closure was measured at identical points. 
The 16-h time point is shown. Statistically significant differences (t test, p < 0.05) are indicated 
by an asterisk.
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