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Ras proteins play important protumorigenic roles by activating multiple signaling pathways. A study in this
issue of Molecular Cell (Shin et al., 2010) dissects the implications of ERK2 signaling downstream of onco-
genic Ras in the induction of epithelial-to-mesenchymal transition (EMT), cell motility, and invasion.
From their discovery as retroviral onco-

genes to their confirmation as some of

the most frequently mutated genes in

human cancer, Ras family members

have been the subject of intense research

for more than 30 years (Malumbres and

Barbacid, 2003). Ras genes encode

monomeric GTP-binding proteins that

regulate cell proliferation and survival in

response to the activation of growth

factor receptors. Ras signaling engages

multiple downstream effector pathways,

including the mitogen-activated protein

kinases ERK1 and ERK2 (ERK1/2) and the

PI3K/Akt pathway, which control different

aspects of the tumorigenesis process

(Cully and Downward, 2008).

Sustained activation of the ERK1/2

pathway contributes to oncogenic trans-

formation, and a high proportion of

human tumors bear activating mutations

in different components of this pathway

(Malumbres and Barbacid, 2003). A

recent report has shown that ERK1/2

activation suffices to sustain normal

proliferation of mouse embryo fibroblasts

devoid of Ras proteins (Drosten et al.,

2010). Importantly, Ras-triggered activa-

tion of ERK1/2 not only controls cell

proliferation and survival but also tumor

cell motility, invasion, and metastasis.

The regulation of various biological pro-

cesses by ERK1/2 involves the phosphor-

ylation of numerous downstream targets.

An important determinant of signaling

specificity is the presence in the sub-

strates of docking domains that mediate

the interaction with ERK1/2. Two types

of domains have been reported: the DEF

domain, which is present in many nuclear

substrates of ERK1/2, and the D-domain,

which is important for the interaction with

kinases of the RSK family and with some

ERK1/2 regulators (Murphy and Blenis,

2006).
In this issue of Molecular Cell, Shin et al.

(2010) extend previous reports showing

the implication of the ERK1/2 pathway in

EMT by demonstrating that Ras-induced

EMT involves ERK2 but not ERK1 and

describing how Ras-ERK2 signaling may

trigger the transformation of epithelial

cells into mesenchymal cells. EMT plays

important physiological roles during em-

bryogenesis and can also substantially

contribute to tumor spreading, as mesen-

chymal cells have the ability to migrate

and invade surrounding tissues (Thiery

et al., 2009).

Shin et al. find that ERK2 overexpres-

sion suffices to induce dramatic mor-

phological alterations in nontransformed

human epithelial cell lines as well as

changes in the expression of epithelial

and mesenchymal markers, resembling

the effects observed upon induction of

EMT by oncogenic RasG12V (Grünert

et al., 2003). In contrast, overexpression

of similar levels of ERK1 does not have

such an effect. Moreover, the downregu-

lation of the endogenous ERK2 by

shRNAs impairs RasG12V-induced EMT,

whereas knockdown of ERK1 has no

consequences. Additional overexpres-

sion and loss-of-function experiments

indicate an important role for ERK2

but not ERK1 in RasG12V-induced cell

migration and invasion, as well as in the

resistance to anoikis, a form of detach-

ment-induced cell death. However, ERK2

knockdown only partially inhibits Ras-

induced cell survival and proliferation

in 3D culture assays. Of note, ERK2

signaling is also required downstream of

RasG12V for the expression of stem

cell-like markers, such as increased

CD44 and reduced CD24 cell surface

levels (Mani et al., 2008). Altogether, these

results suggest that ERK2 contributes

a distinct biological function not shared
Molecular
by ERK1 to Ras-induced oncogenic

transformation.

The authors then use ERK2 mutants

that are catalytically active but specifically

impaired in the phosphorylation of partic-

ular downstream targets (Dimitri et al.,

2005). Overexpression of ERK2 mutated

in the CD domain, which interacts with

D-domain-containing substrates, induces

EMT-associated changes with efficiency

similar to that of the wild-type ERK2. In

contrast, mutation of the DEF domain-

binding pocket abolishes the ability of

overexpressed ERK2 to induce EMT.

Similar results were observed for ERK2-

induced cell migration and invasion, resis-

tance to anoikis, and the acquisition of

stem cell-like traits, suggesting that

signaling through DEF motifs is important

for all these ERK2 functions.

The mechanism by which ERK2 triggers

EMT involves the transcription factor

Fra1, whose downregulation impairs

RasG12V and ERK2-induced EMT, as well

as cell migration, invasion, and survival.

Importantly, Fra1 levels are upregulated

by RasG12V or upon ERK2 overexpres-

sion, and luciferase reporter assays sup-

port the activation of Fra1 by ERK2-DEF

motif signaling, but not by ERK1. The

molecular basis for the selective activa-

tion of Fra1 by ERK2 but not ERK1 is not

clear, although ERK2 phosphorylates

Fra1 in vitro more efficiently than ERK1.

The authors also show that ERK2-Fra1

signaling increases the expression of the

transcription factors ZEB1 and ZEB2

(ZEB1/2) without affecting other known

regulators of EMT, such as Snail, Slug,

and Twist. Similar to Fra1, downregulation

of ZEB1/2 impairs the induction of EMT,

migration, and invasion by RasG12V and

ERK2.

In summary, the work of Shin et al.

provides strong evidence for an important
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Figure 1. Regulation of Ras-Induced EMT by ERK2
Binding of Ras to GTP in response to growth factor stimulation leads to the activation of the ERK1/2 kinase cascade. Recruitment of substrates containing D- or
DEF domains branches out ERK1/2 signaling to specific targets (inset). ERK2 induces EMT by recruiting Fra1 via DEF motif interactions, leading to Fra1
upregulation, which in turn triggers the accumulation of ZEB1/2, critical inducers of the EMT program. Additional mechanisms are likely to be involved in
Ras-induced EMT, cell migration, and invasion, for example through the activation of RSK1/2.
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role of ERK2 signaling in RasG12V-induced

EMT, cell migration, and invasion. The

proposed mechanism involves ERK2

phosphorylation of the DEF-motif-con-

taining protein Fra1, which in turn leads

to the accumulation of ZEB1/2 transcrip-

tion factors and EMT induction (Figure 1).

How Fra1 upregulates ZEB1/2 in re-

sponse to ERK2 signaling is unknown.

Intriguingly, a recent report has shown

that the ERK1/2-activated kinases RSK1

and RSK2 (RSK1/2) are important for the

induction of a mesenchymal phenotype

by Ras signaling in epithelial cells. The

authors conclude that RSK1/2 activate

the transcription of a set of genes involved

in EMT, cell motility, and invasion, with

Fra1 regulating a third of those genes

(Doehn et al., 2009). These results are

not consistent with the observation that

EMT induced by ERK2 overexpression

requires DEF domain signaling but not

RSK activation. However, it is possible
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that the activation of endogenous RSK1/2

does not suffice to induce EMT, and

Fra1 might be regulated by ERK2 through

both RSK1/2-dependent and -indepen-

dent mechanisms, which could synergize

during Ras-induced EMT. Further work is

required to clarify the interplay between

ERK2, RSK1/2, and Fra1 in the regulation

of the gene expression program associ-

ated with EMT in epithelial cells.

The EMT process allows epithelial cells

to migrate to distant organs and initiate

metastasis. A network of transcription

factors is known to control the gene

expression changes critical for EMT, but

the regulation of these transcription fac-

tors by specific signaling pathways during

cancer development is less clear. The

recent reports by Shin et al. (2010) and

Doehn et al. (2009) provide important

new insights into how the regulation of

EMT by ERK2 signaling contributes to

Ras-induced tumorigenesis.
vier Inc.
Ras signaling is deregulated in ap-

proximately 30% of human tumors, and

elucidating the contribution of different

Ras effectors to oncogenesis is essen-

tial to develop rational therapeutic strate-

gies for specific tumor types. However,

targeting the Ras pathway has proven

difficult, partly due to its various physio-

logical roles. Encouraging results have

nevertheless been obtained, for example,

using drugs that target the ERK1/2

activator MEK to inhibit oncogenic Ras

signaling (Sebolt-Leopold and Herrera,

2004). The observation that a subset

of ERK2 substrates containing DEF

domains plays key roles in tumor devel-

opment suggests a potential therapeutic

interest in disrupting the DEF domain-

binding pocket in ERK2. Future studies

should extend the work of Shin et al.

and investigate the contribution of ERK2-

Fra1 signaling to Ras-driven human

cancer.
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