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Summary
Hyperactivation of Ras-ERK1/2 signaling is critical to the development of many human
malignancies but little is known regarding the specific contribution of ERK1 or ERK2 to
oncogenic processes. We demonstrate that ERK2 but not ERK1 signaling is necessary for Ras-
induced epithelial-to-mesenchymal transformation (EMT). Further, ERK2 but not ERK1
overexpression is sufficient to induce EMT. Many ERK1/2 interacting proteins contain amino acid
motifs, e.g. DEF or D-motifs, which regulate docking with ERK1/2. Remarkably, ERK2 signaling
to DEF motif-containing targets is required to induce EMT and correlates with increased
migration, invasion and survival. Importantly, the late response gene product Fra1 is necessary for
Ras- and ERK2-induced EMT through up-regulation of ZEB1/2 proteins. Thus, an apparent
critical role for ERK2 DEF motif signaling during tumorigenesis is the regulation of Fra1, and the
subsequent induction of ZEB1/2, suggesting a potential therapeutic target for Ras-regulated
tumorigenesis.

Introduction
The Ras-ERK1/2 (Extracellular Signal-Regulated Kinases 1/2)-MAP kinase pathway plays a
critical role in numerous cellular processes, including proliferation, differentiation, survival
and motility. These processes are regulated spatially and temporally, and by protein-protein
interactions to generate specific cell behavior (Murphy and Blenis, 2006; Murphy et al.,
2002). Deregulation of the Ras-ERK pathway has been implicated in greater than 30% of
human cancers (Hoshino et al., 1999) and is typically manifested in gain-of-function
mutations in components located upstream of ERK1/2, such as ErbB, Ras and Raf
(Downward, 2003).

The small GTPase Ras is activated by multiple mechanisms and regulates the ERK, PI3-K,
and Ral signaling pathways. The ERK-MAPK cascade is initiated when the Raf family of
Ser/Thr kinases binds to Ras-GTP. Activated Raf then phosphorylates and activates
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MEK1/2 (MAPK/ERK-activating Kinases 1/2), which in turn phosphorylate and activate
ERK1/2-MAP kinases. At the level of ERK1/2, this linear cascade splits into separate paths
as a result of at least two distinct docking motifs. The DEF (Docking site for ERK, F-X-F)
motif and D-domain (Docking domain) are found within ERK1/2 interactors and provide
spatial localization information and direct signaling to specific substrates. ERK1/2
interactors containing only DEF motifs, D-domains or a combination of the two motifs have
been described thus allowing for intricate regulation of downstream biological processes.
For example, the DEF motif is necessary for the interaction of activated ERK with several
IEG (immediate early gene) products (Murphy et al., 2004; Murphy et al., 2002). Recent
studies using peptide library screening in vitro have shown that the optimal DEF motif
sequence is F/W-X-F/Y/W with proline at the +4 position weakly favored (Sheridan et al.,
2008). The D-domain motif is needed for activation of RSK (90 kDa ribosomal S6 kinase)
and may also play a role in the inactivation of ERK by MKPs (MAPK phosphatases) (Roux
and Blenis, 2004; Anjum and Blenis, 2008). ERK2 interacts with DEF- and D-motif
substrates through two distinct molecular surfaces. The DBP (DEF motif Binding Pocket) on
ERK2 was recently described by Ahn and coworkers (Lee et al., 2004) while the CD
(Common Docking) domain, found within all MAPKs, regulates interaction with D-domain
motifs (Tanoue et al., 2000).

The existence of two closely related ERK isoforms, ERK1 and ERK2, which demonstrate
83% amino acid identity and are co-expressed in a majority of tissues and cell lines
examined, was described nearly 20 years ago (Boulton et al., 1991). It has been suggested
that the isoforms possess overlapping, if not redundant, function (Cobb and Goldsmith,
2000). Indeed, ERK1 and ERK2 are generally co-activated in response to multiple stimuli,
but at least two reports have described preferential activation of a single ERK isoform
(Papkoff et al., 1994; Sarbassov et al., 1997). A few studies have proposed distinct roles for
ERK1 or ERK2 in the regulation of differentiation, gene expression or proliferation under
certain contexts (Li and Johnson, 2006; Vantaggiato et al., 2006). Recent evidence
demonstrates that some regions of the mouse brain specifically express ERK1 or ERK2
mRNA suggesting distinct roles for the individual isoforms (Di Benedetto et al., 2007). Data
from Erk1 or Erk2 knockout mice have also suggested that the isoforms may possess distinct
biological roles. Whereas Erk1-/- mice are viable but demonstrate impaired thymocyte
development (Pages et al., 1999), ablation of Erk2 results in embryonic lethality due to
improper placental development (Hatano et al., 2003; Saba-El-Leil et al., 2003; Yao et al.,
2003). Interestingly, when the placental defect was rescued by tetraploid-aggregation,
Erk2-/- mice grew as well as wild-type littermates (Hatano et al., 2003) suggesting that
expression of ERK1 could compensate for the absence of Erk2 with respect to some
biological processes. More recent evidence from Lenormand, Pouysségur and colleagues
further suggests that expression of ERK1 can compensate for the absence of Erk2 (Lefloch
et al., 2008). Thus, although relatively few in number, these reports suggest that ERK1 and
ERK2 may direct specific biological functions under certain contexts, but likely possess
redundant functions with regards to most processes.

Recently we demonstrated that we could specifically impair ERK2 signaling to DEF motif
or D-domain containing interactors via single point mutations in the ERK2-DBP or the
ERK2-CD domain, respectively, without affecting overall kinase activity (Dimitri et al.,
2005). We now utilize these docking deficient mutants to examine how ERK regulates
EMT, EMT-associated phenotypes and cell survival in MCF-10A cells, a non-transformed
human mammary epithelial cell line (Soule et al., 1990). We demonstrate that ectopic
expression of ERK2 results in a dramatic change in MCF-10A cell morphology, reduces E-
cadherin expression and increases mesenchymal markers similar to cells expressing
oncogenic RasV12, which is known to induce epithelial-to-mesenchymal transformation
(EMT) in several cell types (Thiery, 2003). Surprisingly, cells expressing exogenous ERK1
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resemble control cells in morphology and EMT markers. In addition, specific knockdown of
endogenous ERK2 levels inhibits RasV12-induced EMT whereas knockdown of ERK1
expression has no effect. Importantly, these results suggest that ERK2 specifically regulates
EMT in MCF-10A cells. The use of partially defective ERK2 signaling mutants (Dimitri et
al., 2005) revealed further that ERK2-DEF motif interactions are necessary for ERK2-
induced EMT. Significantly, expression and activation of the late response gene Fra1 is
ERK2-DEF motif-specific and is required for Ras- and ERK2-induced EMT. Finally, we
show that ZEB1/2 expression, known to play an important role in EMT, is a critical
downstream effector of the Ras-ERK2-Fra1 pathway.

Results
ERK2 specifically regulates EMT in MCF-10A cells

We infected MCF-10A cells (Soule et al., 1990) with retrovirus encoding wild-type T7-
tagged-ERK1, HA-tagged-ERK2 or RasG12V. Following infection, HA-ERK2 and RasV12
over-expressing cells demonstrated an elongated fibroblast-like morphology with decreased
cell-cell contacts; conversely, control cells appeared cuboidal and cobblestone-like (Fig.
1A). Interestingly, cells stably expressing similar to higher levels of T7-ERK1 (Fig. S1A)
resembled control cells (Fig. 1A), suggesting that ERK2 specifically regulated the
morphological alterations observed. The distinct morphology evident in the ERK2 and
RasV12 overexpressing cells was reminiscent of cells having undergone EMT.

To investigate this possibility, we examined the expression of epithelial and mesenchymal
markers associated with EMT (Kang and Massague, 2004). Cells overexpressing ERK2 or
RasV12 displayed reduced expression of E-cadherin whereas ERK1 overexpressing cells
resembled control cells (Fig. 1B, Fig. S1A). Importantly, we also observed increased
expression of the mesenchymal marker vimentin in ERK2 and RasV12 overexpressing cells
but not in ERK1 expressing cells (Fig. 1B, Fig. S1A). ERK2 and Ras also increased levels
of N-cadherin and fibronectin, additional mesenchymal markers, whereas ERK1 did not (Fig
S1A). These data suggest that overexpression of ERK2, like RasV12, induces morphological
and cell biological alterations in MCF-10A cells that are consistent with EMT. We also
asked whether ERK2 induces EMT in other epithelial cells. Expression of ERK2, but not
ERK1, was sufficient to induce an EMT phenotype in normal murine mammary gland
(NMuMG) and ureteric bud (UB) cells (Fig. S1B, S1C). ERK2 also induced morphological
changes in mouse cortical tubule (MCT) epithelial cells although the phenotype was less
dramatic (Fig. S1D). Some epithelial cell lines that were tested did not exhibit an EMT
phenotype with Ras or ERK2. The reason for the cell type-specific responses to Ras and
ERK2 is unclear.

As Ras can activate multiple signaling pathways, we sought to determine to what extent
activation of the ERK-MAPK pathway was required for RasV12-mediated EMT using
pharmacological and RNAi-based approaches. RasV12-infected cells maintained in the
presence of U0126 demonstrated a similar morphology and levels of E-cadherin and
vimentin to control cells, whereas treatment of cells with LY294002 demonstrated no effect
(Fig. S2A, S2B). Thus, our data suggests, 1) that the ERK-MAPK and not the PI3K/mTOR
pathway is necessary for RasV12 induced EMT, and 2) overexpression of ERK2 is
sufficient to induce EMT.

To confirm that ERK2 specifically regulated EMT, we stably knocked down endogenous
ERK1 or ERK2 expression using lentiviral shRNA constructs and then expressed RasV12.
Consistent with our overexpression data, partial knockdown of endogenous ERK2 impaired
the induction of EMT following RasV12 expression (Fig. 2, S2C). Knockdown of ERK1
had no apparent effect on RasV12-induced EMT (Fig. 2, S2C). Together, both the
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overexpression and knockdown studies demonstrate a distinct role for ERK2 in regulating
the induction of EMT downstream of RasV12.

Mutations in ERK2 docking motifs specifically impair ERK2 downstream signaling
Next, we asked if ERK2 signaling via either D-domain or DEF motif interactions was
necessary for ERK2-induced EMT. We generated MCF-10A cells stably expressing ERK1
wild-type, ERK2 wild-type, or various ERK2 point mutant alleles and then assayed the
ability of these cells to signal to ERK effectors. To examine ERK signaling via a D-domain
interaction, we assessed phosphorylation of human RSK1 at Thr573, which is necessary for
RSK activation and occurs in a D-domain dependent manner (Roux and Blenis, 2004;
Anjum and Blenis, 2008). As shown previously (Dimitri et al., 2005), cells stably expressing
the ERK2-WT allele or a DBP (DEF motif binding pocket) mutant ERK2 allele, ERK2-
Y261A, demonstrated increased phosphorylation of Flag-HA-RSK1 at Thr573 (data not
shown). Conversely, cells expressing a CD domain mutant allele, ERK2-D319N, were
greatly impaired in RSK1 phosphorylation compared to ERK2-WT (data not shown).

We next examined the ability of ERK to signal to DEF motif containing substrates using a
Gal4-Elk-1 luciferase reporter (Sugimoto et al., 1998; Dimitri et al., 2005). Consistent with
the requirement of a functional DEF motif interaction for Elk-1 transactivation (Fantz et al.,
2001), cells expressing the ERK2-Y261A mutant were impaired in their ability to induce
Elk-1 transactivation compared to ERK2-WT (data not shown). Conversely, D-domain
interactions were not found to be necessary for Elk-1 transactivation as expression of ERK2-
D319N did not impair Elk-1 transactivation (data not shown). ERK2-D319N consistently
induced Elk-1 transactivation more than wild-type, perhaps due to decreased cytoplasmic
retention and/or decreased phosphatase inactivation as suggested previously (Tanoue et al.,
2000). These results are consistent with previous biochemical studies in HeLa cells
demonstrating that single point mutations can impair ERK2 signaling through one effector
pathway without inhibiting overall kinase activity (Dimitri et al., 2005). Thus, these alleles
provide valuable tools to assess whether biological processes regulated by ERK2 require
DEF motif or D-domain signaling. Interestingly, cells overexpressing an ERK1-WT allele
demonstrated similar levels of phosphorylation of Flag-HA-RSK at Thr573 and Elk-1
transactivation as ERK2-WT expressing cells (data not shown). Importantly, these results
suggest that the differences in the induction of EMT observed between ERK1 and ERK2 are
not due to signaling differences at the level of RSK1 or Elk-1.

ERK2-DEF motif signaling is necessary for EMT
Since ERK2 specifically regulates EMT (Fig. 1, 2, S1, S2), we asked if ERK2 utilized
targets possessing one or both interaction motifs to modulate this process. Strikingly, cells
stably expressing the CD domain mutant ERK2 allele, ERK2-D319N, displayed more
pronounced morphological alterations and were no longer restrained by contact inhibition,
similar to characteristics observed in RasV12 expressing cells (Fig. 3A). Similar results
were also seen in MCT cells where ERK2-D319N expression induced a more pronounced
EMT-like morphology than expression of ERK2-WT (Fig. S3A). Conversely, cells
expressing the ERK2-DBP mutant, ERK2-Y261A, did not exhibit morphological changes in
MCF-10A cells (Fig. 3A), MCT cells (Fig. S3A) or NMuMG cells (data not shown). ERK1
DBP and CD-domain mutants, ERK1-Y281A and –D339N respectively, were also
generated and characterized. The ERK1 mutants demonstrated similar signaling defects as
previously described for the corresponding ERK2 mutant alleles (data not shown).
Interestingly, expression of either ERK1-WT or the ERK1 mutant alleles did not induce
phenotypic changes resembling EMT in MCT cells and MCF-10A cells (Fig. S3A, S3B,
respectively).
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To further investigate the link between ERK2-DEF motif interactions and EMT, we
examined expression of the epithelial marker, E-cadherin, and mesenchymal markers, N-
cadherin, fibronectin, and vimentin. Following stable expression of the specified ERK2
alleles, cells were either examined by immunoblotting (Fig. 3B) or immunofluorescence
staining (Fig. S3C, S3D). Expression of ERK2-WT, ERK2-D319N or RasV12 in MCF-10A
cells demonstrated decreased E-cadherin protein levels (Fig. 3B, S3C) and increased
expression of vimentin, N-cadherin and fibronectin (Fig. 3B, S3D). We also found that
ERK2-D319N and RasV12 increased FSP1 expression, a mesenchymal marker expressed
during tubular EMT (Pozzi et al., 2006;Okada et al., 1997) in MCT cells (Fig. S3A). Cells
expressing ERK2-Y261A, ERK1-WT or the ERK1 mutants resembled vector control cells
with regards to expression of EMT markers (Fig. 3B, S3C, S3D). Thus, ERK2 induces EMT
and ERK2-DEF motif signaling is necessary for this process as shown by both
morphological and cell biological changes.

Phenotypes associated with EMT or metastasis correlate with increased ERK2-DEF motif
signaling

In addition to morphological and cell biological changes, induction of EMT in vitro has been
correlated with increased migration and invasion. Indeed, ERK2-WT expressing cells
demonstrated increased migration in response to EGF compared to control cells (Fig. 4A).
Cells expressing ERK2-D319N also displayed increased migration in response to EGF,
similar to RasV12 expressing cells (Fig. 4A). Importantly, migration of ERK2-Y261A
expressing cells was similar to vector control and ERK1 expressing cells (Fig. 4A). These
results were consistent with knockdown data demonstrating that ERK2 expression was
necessary for full migration of RasV12 stable cells, whereas ERK1 expression was
dispensable (Fig. 4B). Building upon a previous report suggesting a role for ERK1/2 in
MCF-10A cell migration (Irie et al., 2005), we demonstrate that ERK2 specifically regulates
EGF-induced migration, and importantly, that ERK2-DEF motif signaling plays a
significant role in this cellular process.

We also examined the invasive properties of MCF-10A cells. Expression of ERK2-WT or
ERK2-D319N increased the number of invasive cells compared to control cells (Fig. 4C).
RasV12 expressing cells were even more invasive suggesting that other Ras effector
pathways also contribute to invasion (Fig. 4C). Conversely, cells expressing ERK2-Y261A
or ERK1 failed to invade effectively and resembled control cells (Fig. 4C). These results
were consistent with ERK1 and ERK2 knockdown experiments demonstrating that
specifically ERK2 was necessary for full invasion of RasV12 stable cells (Fig. 4D).

Resistance to cell death is essential for migratory cells to survive in sub-optimal
environments during development and metastasis. We examined the ability of the stable
cells to survive in suspension via an anoikis assay. ERK2-WT or ERK2-D319N expressing
cells demonstrated increased survival in suspension compared to control cells and similar
levels of survival compared to RasV12 cells (Fig. S4A). Conversely, expression of ERK2-
Y261A provided a weak survival signal compared to ERK2-WT and ERK2-D319N cells
(Fig. S4A). ERK1 partially enhanced survival under these conditions, suggesting that ERK1
and ERK2 may activate unique survival signals and/or have different activities for one or
more shared substrates. These results indicate ERK2-DEF motif signaling was necessary for
the increased survival of ERK2-WT cells in an anoikis assay and that ERK2-D-domain
signaling contributes but was not sufficient to fully prevent anoikis.

It has been reported that ERK1/2 may regulate anoikis through inhibition of the proapoptotic
protein BimEL (Ley et al., 2005; Reginato et al., 2003). Consistent with the anoikis data,
elevated levels of BimEL were detected in vector control cells and ERK2-Y261A stable cells
when cultured in suspension (Fig. S4B). However, BimEL expression levels were reduced in
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cells expressing ERK2-WT, ERK2-D319N or RasV12 (Fig. S4B). Whereas ERK1
overexpression weakly enhanced cell survival, BimEL levels were similar to control cells
suggesting that ERK1 may provide Bim-independent survival signals (Fig. S4A, S4B).
Thus, ERK2-DEF motif signaling is necessary for the degradation of the pro-apoptotic
protein BimEL, thereby promoting cell survival under conditions where cells are detached
from a substratum. We next examined cellular anoikis in ERK1 and ERK2 knockdown cells
expressing RasV12. Interestingly, RasV12 expression in cells with partial knockdown of
ERK2 resulted in a slight increase in anoikis compared to RasV12 expression alone (Fig.
S4C). Accordingly, BimEL expression was not detectable in RasV12 cells whereas BimEL
was detected upon ERK2 knockdown (Fig. S4D). Although more complete knockdown of
ERK1 was achieved, ERK1 knockdown did not significantly alter the anti-anoikis effect of
RasV12 expression. These results suggest that ERK2 contributes to the anti-anoikis effect of
Ras, but other factors may be required for Ras to exert its full anti-anoikis function.

Growth in 3D culture can also be used to monitor cell survival and anchorage-independent
growth of MCF-10A cells. In Matrigel™, MCF-10A cells undergo a morphogenetic
program leading to the development of spherical acini-like structures whereas cells
undergoing the process of cellular transformation can form more complex foci-like
structures (Debnath and Brugge, 2005). Using this system, we examined the effect of ERK1
and ERK2 expression in MCF-10A cells. Cells expressing ERK2-WT and ERK2-D319N
formed complex structures that were considerably larger than control acini (Fig. S4E).
ERK1-WT overexpression resulted in small foci intermediate in size between ERK2-WT
expressing cells and vector control cells. These results suggest that ERK2 is an important
contributor to cell survival and growth in MCF-10A cells grown in 3D. Unlike ERK2-WT
expressing cells, RasV12 cells formed large colonies exhibiting widespread protrusive
extensions and disruption of acinar morphogenesis (Fig. S4E, S4F) that correlates with
enhanced cell proliferation and invasion through matrigel (Debnath and Brugge, 2005). This
result is consistent with our observation that RasV12 expressing cells are more invasive than
ERK2 expressing cells in the invasion assays (Fig. 4C). Importantly, down-regulation of
ERK2, but not ERK1, dramatically inhibited this invasive RasV12 phenotype (Fig. S4F).
However, knockdown of ERK2 only partially inhibited RasV12-mediated survival and
proliferation, in comparison to vector control cells, as larger non-invasive foci were still
observed (Fig. S4F). These results indicate that knockdown of ERK2 prevents Ras-induced
invasion and partially inhibits cell survival/proliferation in the 3D culture system.

Recently, it was reported that EMT leads to the generation of breast cancer cells with stem
cell-like characteristics including the ability to self-renew and initiate tumors (Mani et al.,
2008). Cultured normal human mammary epithelial cells contained a population of
CD44high/CD24low cells that displayed a mesenchymal morphology and expressed
characteristic mesenchymal markers. Consistent with this, Shipitsin et al showed that
CD44+ cells expressing known stem cell markers are predicted to be more invasive,
angiogenic, and higher risk of distant metastasis (Shipitsin et al., 2007). Therefore, we
examined the consequences of ERK and Ras signaling on the expression of cell surface
CD44 and CD24. We found that ERK2-WT, ERK2-D319N, and RasV12 expression
increased cell surface CD44 (Fig. S4G); ERK1 and ERK2-Y261A did not increase CD44
cell surface levels. We also found that knockdown of ERK2, but not ERK1, inhibited
increased CD44 expression by RasV12 (Fig. S4H). Examination of CD24 revealed that
RasV12 expression significantly reduced CD24 cell surface levels; ERK2-D319N
expression also demonstrated a decrease in detected CD24 (Fig. S4I). Interestingly, whereas
expression of ERK2-WT did not greatly alter cell surface levels of CD24, knockdown of
ERK2 in RasV12 expressing cells inhibited the RasV12-mediated decrease in CD24 levels
(Fig. S4J). Taken together, the knockdown data indicate that the ERK2 is required for full
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acquisition of stem cell-like characteristics, with ERK2-DEF signaling differentially
contributing to CD44 and CD24 expression (Fig. S4G-S4J).

Previous reports have demonstrated that concurrent activation of the Ras and TGF-β
pathways cooperate to induce EMT in several cell types (Janda et al., 2002). Raf activation
and an inducible FosER oncoprotein have been shown to induce TGF-β autocrine
production (Eger et al., 2004), suggesting that ERK activation and downstream signaling
may play a role in the regulation of TGF-β1. We therefore examined whether ERK
overexpression resulted in increased TGF-β1 production. While TGF-β1 levels were not
appreciably different immediately after retroviral infection (1-3 days), ERK2-D319N
expression resulted in a dramatic increase in TGF-β1 levels 8-10 days post-infection;
expression of ERK2-WT or ERK1-WT modestly increased TGF-β1 levels at the same time
point (Fig. S4K). Interestingly, knockdown of TGF-β1 only mildly impaired ERK2-induced
morphology and EMT marker changes (data not shown). Thus, although ERK2-DEF motif
signaling plays a role in the regulation of TGF-β1 autocrine production, additional
mechanisms must exist that explain why specifically ERK2 induces EMT in MCF-10A
cells.

Fra1 is necessary for ERK2-induced EMT and is differentially regulated by ERK1 and ERK2
In addition to TGF-β1, we attempted to knock down the expression of Snail, Egr-1, c-Fos,
and Fra1 by shRNA lentiviral expression to determine if these gene products, which have
been implicated in regulating EMT or related oncogenic processes, might contribute to the
induction of EMT downstream of ERK2. Knockdown of Snail or c-Fos did not prevent the
reduction in E-cadherin levels following ERK2-D319N expression whereas knockdown of
Egr-1, like TGF-β, mildly impaired the loss in E-cadherin expression (data not shown). This
suggests that these gene products are not major contributors, that knockdown was not
sufficient, and/or that there are redundant or overlapping signaling mechanisms contributing
to ERK2-induced EMT in MCF-10A cells. Fra1, however, was clearly required for ERK2-
induced EMT. Although we only achieved partial knockdown of Fra1 at the protein level,
this was sufficient to impair ERK2-D319N-induced and Ras-induced EMT (Fig. 5A, 5B,
and data not shown). In addition to changes in EMT markers and morphology, we asked if
Fra1 expression was necessary for ERK2-D319N- or RasV12-mediated cell migration,
invasion and survival in an anoikis assay. Fra1 knockdown suppressed the effect of ERK2-
D319N and RasV12 on these biological processes (Fig. S5A-S5F). Similar knockdown
efficiency of Fra2 did not prevent EMT (data not shown). These results suggest that Fra1 is
a critical and necessary downstream target of ERK2 for the induction of EMT.

As a possible explanation for the disparity in the induction of EMT by ERK1 and ERK2, we
asked whether ERK1 and ERK2 might differentially regulate Fra1. Cells stably expressing
ERK2-WT or ERK2-D319N demonstrated increased levels of Fra1 compared to control
cells, consistent with results observed in RasV12 expressing cells, which displayed an even
greater increase in Fra1 levels (Fig. 5C). Expression of ERK2-Y261A did not appreciably
increase Fra1 expression indicating that ERK2-DEF motif interactions are necessary for
proper regulation of Fra1. ERK1-WT expressing cells demonstrated reduced expression of
Fra1 compared to ERK2-WT cells (Fig. 5C), suggesting that ERK1 and ERK2 differentially
regulate Fra1 expression. Consistent with these results, cells expressing RasV12 and ERK2
shRNA demonstrated reduced Fra1 expression whereas expression of GFP shRNA or ERK1
shRNA had no effect on the RasV12-mediated increase in Fra1 levels (Fig. S5G).

We also assessed the ability of ERK1 and ERK2 to activate Fra1 in a Gal4-Fra1 luciferase
reporter assay (Young et al., 2002). ERK2-WT and ERK2-D319N expressing cells were
able to activate Gal4-Fra1, whereas ERK1-WT and ERK2-Y261A expression did not result
in increased luciferase expression (Fig. 5D). Additionally, RasV12 expression displayed a
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greater activation of Fra1 than ERK2-WT, consistent with the levels of protein expression
observed (Fig. 5C). Together, these results strongly suggest that ERK1 and ERK2
differentially regulate the expression and activation of Fra1, that Fra1 induction occurs
downstream of ERK-DEF motif signaling and that Fra1 is a critical regulator of EMT
downstream of Ras and ERK2.

The observation that ERK2 specifically increases Fra1 protein level and activity (Fig. 5C,
5D, respectively) prompted us to further investigate the molecular basis of Fra1 regulation
and its role in EMT. First, we expressed wild-type Fra1 in MCF-10A cells and examined
morphological changes. Interestingly, expression of Fra1 alone for 7-10 days after selection
was not sufficient to induce changes in morphology (Fig. 5E) or expression of EMT markers
(data not shown). Thus we hypothesized that activation of Fra1 by ERK2 was also required,
which would be consistent with the Gal4-Fra1 luciferase reporter data (Fig. 5D). To examine
this possibility, we expressed Fra1 and ERK2 together, and assessed morphological changes
at early time points when ERK2-WT alone does not induce the mesenchymal phenotype.
Co-expression of Fra1 and ERK2-WT accelerated the appearance of the EMT phenotype
compared to ERK2-WT alone (Fig. 5F, S5H). Second, our previous work had shown that
Fra1 hyperphosphorylation is dependent on ERK signaling and an intact DEF motif, and that
Fra1 stability also requires ERK activity (Murphy et al., 2004). Furthermore, we have shown
that activation of a Fra1 reporter construct requires ERK2-DEF signaling (Fig. 5D). To
provide biochemical evidence that ERK2 is capable of directly phosphorylating Fra1 in a
DEF motif-dependent fashion, we examined in vitro phosphorylation of Fra1-WT and Fra1-
F235A by ERK in vitro. As shown, the phosphorylation of Fra1 by ERK in vitro was
dependent on an intact DEF motif (Fig. S5I) and ERK2 with a mutated DEF binding pocket
was inefficient at phosphorylating Fra1-WT in vitro (Fig. S5J). Thus, ERK2-DEF motif
signaling is required to increase Fra1 levels (Fig. 5C) and activity (Fig. 5D) in cells and our
biochemical data support the conclusion that the DEF motif is critical for efficient
phosphorylation to occur (Fig. S5I, S5J). Combined, these results further support a
mechanism by which ERK2-DEF motif signaling is required for the phosphorylation and
activation of Fra1, and induction of EMT.

ERK2/Fra1 induce EMT via regulation of ZEB protein expression
To further investigate the molecular basis for Fra1-regulated EMT, we asked if Snail, Slug,
Twist, and ZEB, transcription factors known to regulate EMT in various cell systems, acted
downstream of Fra1. First, we assessed whether these molecules are regulated by ERKs.
Interestingly, ZEB1 and ZEB2 mRNA levels were clearly increased by ERK2 but not
ERK1, while mRNA levels of Snail, Slug and Twist were not affected (Fig 6A). In
agreement with the mRNA data, ERK2 increased ZEB1 protein levels while ERK1 did not
(Fig. 6B). RasV12 also increased ZEB1 protein expression level through an ERK2-
dependent mechanism (Fig. S6A). Additionally, the increase in ZEB1 and ZEB2 occurred in
an ERK2-DEF-motif dependent manner (Fig. 6B). These results are consistent with the
ERK2-mediated induction of EMT and suggest that ZEB1 and ZEB2 may be downstream
effectors of ERK2-DEF motif signaling. Having shown that ZEB1 and ZEB2 are induced
downstream of ERK2-DEF motif signaling, we next asked whether ZEB proteins are
necessary for ERK2-induced EMT. Similar to knockdown of Fra1, knockdown of ZEB1 or
ZEB2 dramatically impaired the induction of EMT by ERK2-D319N (Fig. 6C, 6D) and
RasV12 (Fig. S6B, S6C).

Having demonstrated that ERK2 regulates Fra1, we examined whether Fra1 is necessary for
ERK2 regulation of ZEB. Expression of ERK2-D319N resulted in increased Fra1, ZEB1
and ZEB2, however these increases were impaired in cells with Fra1 knockdown (Fig. 7A).
RasV12 also increased ZEB1 protein expression through a Fra1-dependent mechanism (Fig.
7B). Finally, we extended this analysis to cell migration and invasion. Knockdown of ZEB1
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or ZEB2 impaired cell migration and invasion in ERK2-D319N (Fig. 7C, 7D respectively)
and RasV12 (Fig. S7A, S7B respectively) expressing cells. Together, these data suggest that
ZEB1 and ZEB2 are downstream of ERK2/Fra1 signaling and are necessary for ERK2-DEF
motif-mediated induction of the EMT phenotype.

Discussion
Previous studies have established a critical role for receptor tyrosine kinase signaling and the
Ras pathway in EMT (Thiery, 2003). Expanding on previous reports that ERK activation is
necessary for EMT downstream of Ras (Janda et al., 2002), we found that ERK2, but not
ERK1, is a critical regulator of EMT downstream of RasV12 in MCF-10A cells. This
ERK1/2 specificity is also observed in other epithelial cells such as NMuMG, UB, and MCT
cells. Isoform specific roles for Akt1 and Akt2 in the regulation of EMT and growth-factor
induced migration have also been suggested (Irie et al., 2005), demonstrating the intricacy of
cellular signaling networks. We then examined whether ERK2-induced EMT occurred
through interactions via specific docking motifs found in downstream interactors. In the
current study, we demonstrate that interaction with DEF motif containing substrates is
necessary for ERK2-mediated induction of EMT, characterized by morphological changes,
decreased expression of E-cadherin and increased expression of mesenchymal markers. In
addition, the ERK2 requirement for Ras-induced changes in cell surface expression of
CD44/CD24 are consistent with ERK2-mediated acquisition of a stem cell-like phenotype
associated with EMT. Critically, we establish that Fra1 is required for ERK2-induced EMT
and provide evidence that ERK2 and ERK1 differentially regulate Fra1 expression and
activation. Finally, we identify ZEB1/2 as critical mediators of Fra1-induced EMT.

Although previous research has implicated some downstream targets of ERK1/2 in the
regulation of EMT-like processes, our results are the first suggesting that interactions
between ERK2 and DEF motif containing proteins are necessary for ERK2-induced EMT.
As many immediate-early and late-response gene products contain DEF motifs (Murphy et
al., 2004; Murphy et al., 2002), it is possible that ERK2 is regulating EMT and other
biological processes assayed herein through the coordinated regulation of several of these
gene products. Whereas downregulation of several immediate early or late response genes
previously implicated in the regulation of EMT did not prevent ERK2-induced EMT,
downregulation of Fra1 dramatically impaired the ability of ERK2-D319N or RasV12 to
induce EMT. Under conditions of Ras transformation, Fra1 has been shown to be among the
most highly upregulated transcriptional targets (Zuber et al., 2000) and accumulation of Fra1
requires ERK-dependent stabilizing phosphorylation events (Casalino et al., 2003).
Overexpression of Fra1 in vitro results in cellular alterations consistent with a transformed
phenotype, including morphological changes and anchorage-independent growth (Kakumoto
et al., 2006).

We now show that accumulation and activation of Fra1 downstream of RasV12 occurs in an
ERK2-specific manner and requires an intact ERK2-DEF motif binding pocket, consistent
with the requirement of an intact Fra1 DEF motif for its full phosphorylation following
growth factor stimulation (Murphy et al., 2004). Thus, Fra1 is a critical regulator of EMT
downstream of ERK2 and our results suggest that ERK2 predominantly regulates Fra1
protein levels and its phosphorylation. Whether this occurs via regulation of Fra1
transcription, mRNA stability, protein stabilization and/or Fra1 activation will require
further investigation.

Several transcription factors are known to contribute to EMT and tumor progression by
regulating cell-cell adhesion, cell motility and invasiveness. Among them, Snail is regulated
by transcription, post-translational modifications and/or nuclear transport. However, much
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less is known about the regulation of the other factors. In this study, we show that Fra1 is
necessary for ERK2-mediated upregulation of ZEB mRNA and protein expression. Based
on the potential clinical importance of these transcription factors, it will be interesting to
determine the molecular basis of how signaling regulates these factors in different contexts.

While ERK2 expression altered the levels of several EMT markers and increased cell
survival, cell migration and invasion, the effect of RasV12 expression was more potent with
regards to cell invasion, upregulation of Fra1, and induction of stem cell-like properties.
Additionally, in 3D cultures, ERK2 expressing cells formed disorganized colonies but did
not exhibit the invasive characteristics of RasV12 expressing cells. Knockdown of ERK2
also did not fully impair the anti-anoikis effect of RasV12 expression. Incomplete
knockdown of ERK2 and/or survival signaling by ERK1, however, may also account for the
partial survival. While our results are consistent with the requirement of ERK2 for RasV12-
mediated EMT, activation of additional pathways appears necessary to produce the full Ras
phenotype. Interestingly, expression of ERK1 did not resemble expression of ERK2 with
regards to the assays conducted in this study, suggesting that ERK1 and ERK2 are not
functionally redundant molecules. The contributions of ERK1, RSK, Akt, and other Ras-
modulated pathways to proliferation, survival and invasion will be the subject of future
studies.

The Ras-ERK pathway has been implicated in greater than 30% of human tumors (Hoshino
et al., 1999). Although oncogenic activation of the Ras-ERK pathway can occur via a
number of distinct mechanisms, little is known regarding the functional consequences of
signaling by specific ERK isoforms, by ERKs from specific subcellular locations, by ERKs
at different times during the cell cycle or by the ERKs utilizing specific interaction motifs.
We demonstrate that ERK2-DEF motif signaling via Fra1 and ZEB1/2 is critical for the
induction of EMT in human breast epithelial cells. Furthermore, cells that underwent EMT
also displayed increased migratory and invasive properties and an increased resistance to
anoikis, characteristics that are necessary for metastasis by aggressive cancers. Our results
suggest that ERK2-DEF motif signaling is a critical regulatory step in ERK-mediated
tumorigenesis. Additional studies are needed to further examine the mechanisms
downstream of ERK2-DEF motif signaling that regulate EMT and the potential implications
on tumorigenesis and metastasis in animal models.

Experimental Procedures
Plasmids

pBabe-T7-ERK1 was constructed by subcloning T7-tagged murine ERK1 from pcDNA3-
T7-ERK1 into the pBabe retroviral vector. pBabe-HA-ERK2 constructs were constructed by
subcloning HA-rat ERK2 constructs (Dimitri et al., 2005) into pBabe. Human Fra1 plasmid
was purchased from Open Biosystems and subcloned into pLNCX2; a Flag-tag was
introduced at the amino terminus. Specific point mutations were introduced using the
Quickchange kit (Stratagene) and sequences were verified.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
ERK2 specifically regulates EMT in MCF-10A cells
A) Cells were infected with retrovirus encoding for T7-ERK1, HA-ERK2 or RasV12 alleles.
Actin was stained as described in materials and methods. Bar scale, 50 μm.
B) Stable cells were fixed and processed for immunofluorescence staining. Bar scale, 50 μm.
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Figure 2.
RasV12-induced EMT requires ERK2
A) MCF-10A cells were infected with ERK1 or ERK2 shRNA constructs. Cells were then
infected with RasV12 and stained for actin cytoskeleton. Bar scale, 50 μm.
B) After generating cells as described in Fig. 2A, cells were fixed and processed for
immunofluorescence staining. Bar scale, 50 μm.
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Figure 3.
ERK2-DEF motif interactions are necessary for EMT
A) Stable MCF-10A cells were fixed and processed for actin cytoskeleton and nuclear
staining. Loss of contact inhibition and cell-cell overlap can be seen in some cells
(arrowheads). Bar scale, 50 μm.
B) Stable cells were lysed and immunoblot analysis of epithelial and mesenchymal makers
was performed.
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Figure 4.
Increased migration and invasion correlate with ERK2-DEF motif signaling and an EMT
phenotype
Migration (A, B) and invasion (C, D) assays were performed as described in the materials
and methods. Cells were assessed for migratory and invasive potential after generation of
stable overexpression cell lines (A, C) or knockdown of endogenous ERK1 or ERK2 and
expression of RasV12 (B, D). Data are the means+/- SEM of four separate experiments.
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Figure 5.
Fra1 expression is necessary for ERK2-induced EMT and is differentially regulated by
ERK1 and ERK2
A-B) Following infection of MCF-10A cells with two separate lentiviral shRNA constructs,
stable cells were infected with HA-ERK2-D319N (A) or RasV12 (B) encoding retrovirus.
Stable cells were lysed for immunoblot analysis.
C) Immunoblot analysis was performed with cell lysates from stable ERK1, ERK2, or
RasV12 overexpressing cells.
D) Fra1 activity was measured as described in the materials and methods. Data shown are
the means +/- SEM of three separate assays preformed in duplicate.
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E) Stable cells expressing Fra1, ERK2, or RasV12 for 7-10 days after selection were fixed
for phase-contrast microscopy. Bar scale, 100 μm.
F) Fra1-WT expressing cells were infected with retrovirus encoding various HA-ERK2
alleles for 4 days and fixed for phase-contrast microscopy. Bar scale, 100 μm.
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Figure 6.
ZEB1/2 expression is differentially regulated by ERK1 and ERK2 and is necessary for
ERK2-induced EMT
A) Snail, Slug, Twist, ZEB1/2, and Actin mRNA levels in stable ERK1-WT and ERK2-WT
cells were assessed by RT-PCR.
B) Stable ERK1, ERK2, or RasV12 cells were lysed and immunoblot analysis was
performed. For the detection of ZEB1/2 mRNA, RT-PCR was performed.
C-D) Stable ZEB1 or ZEB2 knockdown cells were infected with HA-ERK2-D319N
encoding retrovirus. Cell morphology and protein expression were assessed by phase-
contrast images (C) and immunoblot analysis (D). Bar scale, 100 μm (C).
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Figure 7.
ZEB1/2 expression is regulated by ERK2/Fra1 and is necessary for ERK2-induced
migration and invasion
A-B) Stable Fra1 knockdown cells were infected with HA-ERK2-D319N (A) or RasV12 (B)
encoding retrovirus. Proteins and RNA were extracted from these cells and the expression of
ZEB1 protein and ZEB2 mRNA were assessed by immunoblot and RT-PCR analysis,
respectively.
C-D) Migration (C) and invasion (D) assays were performed as described in the materials
and methods. Data are the means +/- SEM of three separate experiments performed in
duplicate.
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