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ERK is a key coordinator of the epithelial-to-mesenchymal transition
(EMT) in that a variety of EMT-inducing factors activate signaling
pathways that converge on ERK to regulate EMT transcription
programs. However, the mechanisms by which ERK controls the
EMT program are not well understood. Through an analysis of the
global changes of gene expression mediated by ERK2, we identified
the transcription factor FoxO1 as a potential mediator of ERK2-
induced EMT, and thus we investigated the mechanism by which
ERK2 regulates FoxO1. Additionally, our analysis revealed that
ERK2 induced the expression of Dock10, a Rac1/Cdc42 GEF, during
EMT. We demonstrate that the activation of the Rac1/JNK signaling
axis downstream of Dock10 leads to an increase in FoxO1 expression
and EMT. Taken together, our study uncovers mechanisms by which
epithelial cells acquire less proliferative but more migratory mesen-
chymal properties and reveals potential therapeutic targets for
cancers evolving into a metastatic disease state.
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hanges of cell morphology induced by genetic, epigenetic, or

environmental factors are often indicative of altered cell
properties. Epithelial-to-mesenchymal transition (EMT) is a
process in which cellular signaling programs in epithelial cells are
reprogrammed and often promote morphological changes, spe-
cifically more elongated spindle-like mesenchymal cells with in-
creased migratory and invasive properties, while exhibiting
reduced rates of cell proliferation (1). Partial or complete EMT
plays essential roles in normal physiology such as organogenesis,
tissue repair, and tissue regeneration and in pathological situa-
tions such as organ fibrosis and cancer progression. In cancer,
EMT is often associated with cancer invasiveness and aggres-
siveness, cancer cell survival, anticancer drug resistance, and
poor prognosis (2, 3). In fact, complete or partial EMT has been
observed at the leading edge of cancer by recently developed
techniques such as intravital imaging, genetic lineage tracing,
and capturing and characterizing circulating tumors (4, 5). Al-
though the term “EMT” describes plasticity between epithelial
and mesenchymal cells, processes resembling EMT also occur in
nonepithelial cells (6-8). For example, during endothelial-to-
mesenchymal transition, which is also observed in cancer progres-
sion, endothelial cells use signaling and transcriptional programs
very similar to those involved in EMT (8). Many nonepithelial
lineage cancer types such as melanoma also use EMT-like systems,
which contribute to tumor progression and metastasis (6). There-
fore, understanding EMT can help inform how both epithelial cells
and nonepithelial cells regulate cell plasticity that is directly linked
to their changes in functions in physiological and pathological
processes. Ultimately, these mechanisms are very attractive thera-
peutic targets in cancer and associated diseases.

For complete or partial EMT to induce mesenchymal or quasi-
mesenchymal cells, it is critical for epithelium-like cells to invoke
mechanisms to reorganize their cytoskeleton, alter their signaling
and gene expression programs, and rebalance their proliferation
and migration (8). As part of this extensive reprogramming, mes-

www.pnas.org/cgi/doi/10.1073/pnas.1811923116

enchymal cells acquire more migratory and invasive capabilities.
Related to these properties, mesenchymal cells are better able to
survive in adverse conditions such as hypoxia, cell detachment, and
antitumor drug treatment (1, 3). The major physiological or path-
ological extracellular contributors of EMT are growth factors (i.e.,
FGF, IGF1, and EGF) and transforming growth factor-p (TGF-p),
although environmental factors such as hypoxia, UV radiation, and
extracellular inputs for WNT, Hedgehog, and Notch signaling can
also contribute to EMT (1, 8). In addition to extracellular factors,
genetic and/or epigenetic changes of intracellular molecules such as
mutation of signaling proteins (i.e., Ras and Raf) and over-
expression of receptor tyrosine kinases (i.e., EGFR1, ERRB2, and
IGFIR) are also responsible for activation of EMT signaling. Of-
ten, these signaling molecules cooperate with each other to drive
more efficient EMT programs. Although EMT can be induced by
many EMT upstream molecules, the signaling changes induced by
these molecules often converge on the main EMT regulators such
as ERK and PI3K/Akt. ERK is one of the key mediators of Ras/Raf-,
growth factors/growth factor receptor-, and TGF-f-mediated EMT,
which play pivotal roles in cancer promotion and progression (8). In fact,
sustained active ERK signaling is associated with cell transformation,
metastasis, anticancer drug resistance, and poor prognosis in
cancer in line with its roles in inducing EMT (9-11).
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Despite the pathological roles of ERK and EMT in tumor
progression, the molecular mechanisms by which ERK induces
EMT are not well understood. Our previous studies showed
isoform-specific functions of the ERK kinases; ERK2, but not
ERK1, induces EMT and cancer stemness in breast epithelial cells,
allowing them to gain more migratory and invasive properties while
rendering them anoikis (cell-detachment-induced death)-resistant
(12). We demonstrated that this EMT induction was through
ERK2-mediated stabilization of Fral and subsequent up-regulation
of Zeb (12). Subsequent reports also supported our findings on the
isoform-specific functions of ERK2 in EMT, cell migration, and
resistance to stress (13-16), as well as important roles for Fral and
Zebl in mediating these processes (13, 16, 17).

Based on the physiological and pathological importance of EMT
and our previous findings on ERK2’s major role in this process, we
set out to further define the molecular mechanisms by which
ERK?2 regulates EMT and its associated properties such as increased
cell migration/invasion and decreased cell proliferation. Through an
analysis of global changes of mRNA levels induced by ERK2 and
detailed biochemical and cellular analysis, we have found that
FoxOl1 is a major transcriptional mediator of ERK2-induced EMT,
migration, and inhibition of cell proliferation. We also have found
that ERK2-induced Dock10 is responsible for Racl/JNK activation,
which regulates FoxO1 and subsequent Zebl1 expression during EMT.

Results

ERK2 Regulates Global mRNA Changes During EMT. To investigate
the mechanistic link between ERK2 and EMT, we used distinct
mammary epithelial cell models: MCF10A and NMuMG cells.
These cells have been used widely to study EMT, and we have
previously shown that ERK2 expression induces EMT in these and
other cells (12). We first exploited well-established binding mecha-
nisms between ERK and its substrates to study ERK downstream
signaling in EMT. Many ERK substrates have well-defined ERK
interaction motifs such as D (Docking) domain (e.g., RSK, ELK1)
and/or DEF (Docking site of ERK, F-X-F) motifs (e.g., Fral, Jun)
(12, 18). In our previous report, we utilized an ERK mutant that is
unable to bind D-domain—containing substrates (D319N) or a
mutant that is unable to bind DEF-motif-containing substrates
(Y261A) (12). We showed that only the ERK2 D-domain mutant
(ERK2-D319N) that selectively binds to DEF-motif-containing
substrates induces EMT through up-regulation of Fral, a DEF-
motif—containing ERK substrate (12). Wild-type ERK2 (ERK2-
WT) also exerts similar effects through the same mechanisms al-
though with slower kinetics (12). To gain a complete understanding
of the ERK2-driven transcription programs that promote EMT, we
assessed global changes of mRNA expression induced by ERK2.
We first generated breast epithelial cells stably expressing ERK2-
WT, ERK2-D319N, or ERK2-Y261A. As shown in SI Appendix,
Fig. S14, the ERK2-WT- or ERK2-D319N-expressing cells
showed an elongated fibroblast-like morphology 6-8 d after selec-
tion. Conversely, vector control cells or cells expressing ERK2-
Y261A that does not regulate DEF-motif targets displayed typical
epithelial cell morphology. In line with these morphological
changes, ERK2-WT or ERK2-D319N expression also resulted in a
time-dependent decrease in E-cadherin, an epithelial marker, and
an increase in fibronectin, a mesenchymal marker (Fig. 14). In
addition to these changes, one of the major characteristics of cells
undergoing EMT is reduced proliferation rates (1), and it is known
that sustained hyperactive ERK signaling suppresses cell pro-
liferation (19). We found that ERK2-WT or ERK2-D319N-
expressing cells clearly exhibited suppressed cell proliferation rates
compared with ERK2-Y261A—expressing cells or control cells (Fig.
1B). Using the ERK2-D319N- or ERK2-Y261A-expressing cells at
day 7, we extracted RNAs and used microarray chips (Affymetrix
Human Transcriptome Array 2.0) detecting around 67,500 genes to
look at global changes of mRNA levels during the EMT process
induced by ERK2. Comparison of the up-regulated and down-
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regulated genes between the ERK2-D319N-expressing cells and
the ERK2-Y261A—expressing cells revealed many candidate genes
that might be involved in the induction of EMT and/or inhibition of
cell proliferation (Fig. 1C). Through this analysis, we were able to
identify a number of genes that were up-regulated (Fig. 1D) or
down-regulated (Fig. 1E) specifically by ERK2-D319N. Analysis of
differentially expressed genes revealed that many of the up-
regulated gene products are involved in cell migration/invasion,
extracellular matrix (ECM)-receptor interaction, and ECM degra-
dation (Fig. 1F and SI Appendix, Fig. S1B). In contrast, genes in-
volved in cell cycle progression were found to be down-regulated by
ERK2-D319N (Fig. 1G and SI Appendix, Fig. S1C).

FoxO1 Participates in EMT. To identify major transcription programs
that ERK2 utilizes to induce EMT, we first determined the genes,
the mRNA levels of which were up-regulated or down-regulated at
least twofold by ERK2. We then analyzed the ERK2-regulated
genes using transcription factor prediction programs and identified
several transcription factors as potential key mediators of ERK2-
induced mRNA level changes. Most of the identified transcription
factors (SI Appendix, Fig. S24), such as TCF7L2 (WNT signaling),
CTNNBI (p-catenin, WNT signaling), GLI1 (Sonic hedgehog sig-
naling), and Myc, are already known to be involved in EMT (8),
which validates our datasets and approach to identifying novel EMT
regulators. Among the candidate transcription factors, we were in-
terested in FoxOs as they are well-known tumor suppressors that
inhibit tumor growth/proliferation and migration/invasion (20).
However, despite the seemingly contradictory roles of ERK and
FoxOs, both hyperactive ERK2 and FoxOs are known to inhibit cell
proliferation and provide resistance mechanisms in response to stress
(19, 21). In addition, some reports show that FoxOs can contribute
to metastasis, invasion, and wound healing in specific cancers or
conditions (21-24). Therefore, we sought to explore FoxOs in-
volvement in ERK2-induced EMT. First, we blocked FoxOl1 activity
in ERK2-expressing breast epithelial cells using a FoxO1 inhibitor,
AS1842856, which preferentially inhibits FoxO1 over FoxO3 (25).
Importantly, FoxO1 inhibition suppressed ERK2-induced EMT
as evidenced by cell morphology and EMT markers (Fig. 2 A-C
and SI Appendix, Fig. S2 B and C). We also found that inhibition
of FoxO1 suppressed ERK2-induced EMT in NMuMG cells (S
Appendix, Fig. S2 D and E). ERK is an important mediator of
TGF-p-induced EMT (8), and ERK and TGF-p cross-talk en-
hances their functions (26, 27). Therefore, we sought to determine
if FoxO1 was involved in EMT induced by TGF-f. As shown in S
Appendix, Fig. S2 F and G, inhibition of ERK activity blocked TGF-
p-induced EMT, which suggests that ERK activation is critical for
TGF-p-mediated EMT. Based on these findings, we then asked
whether FoxO1 was also necessary for TGF-p-induced EMT. As
expected, TGF-f increased FoxO1 protein levels (Fig. 2D), and
blocking FoxO1 also suppressed EMT induced by TGF-$ (Fig. 2 E
and F). Taken together, these results suggest a significant role of
FoxO1 in EMT induced by ERK and TGF-.

Two major proteins in the FoxO family are FoxO1 and FoxO3.
Although the DNA-binding domains (DBDs) of FoxOl and
FoxO3 are highly homologous, sequence conservation outside of
the DBD is low (28). It is known that FoxO1 and FoxO3 have both
overlapping and distinctive functions (29). We used shRNAs spe-
cific for FoxO1 over FoxO3 (SI Appendix, Fig. S2H) and found that
FoxO1 knockdown inhibited ERK2-induced EMT (Fig. 2 G and
H). We next knocked down FoxO3 to determine whether this
protein was also involved in ERK2-induced EMT. As shown in Fig.
2 I and J, knockdown of FoxO3 suppressed EMT, but its effect was
partial in comparison with FoxO1 inhibition. These results indicate
that the nonconserved regions of these FoxO family members may
contribute to overlapping as well as distinct functions.

The major transcription factors that promote EMT through re-
pression of E-cadherin expression are Snail, Slug, Twist, and Zeb.
In our previous report, we showed that Zebl was essential for
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Fig. 1. ERK2 induces global changes of mRNA expression during EMT. (A and B) MCF10A cells stably expressing vector control, WT ERK2, Y261A ERK2, or
D319N ERK2 were grown for the indicated time. (A) Immunoblot analysis was performed, and (B) cell proliferation was measured by counting the cell
numbers. Data are the means + SD of three separate experiments. (C-G) MCF10A cells stably expressing vector control, Y261A ERK2, or D319N ERK2 were
grown for 7 d. Total mRNAs were purified, and microarray analysis was performed. (C) Heat map was generated using the top 60 genes, the mRNA levels of
which were differentially regulated by D319N ERK2. 1: D319N ERK; 2: Control; 3: Y261A ERK2. (D and E) Venn diagram of up-regulated (D) or down-regulated
(E) mRNAs by D319N ERK2. (F and G) Functional analysis was performed using the genes, the mRNA levels of which were up-regulated (F) or down-regulated
(G) by D319N ERK2.

Shin et al. PNAS | February 19,2019 | vol. 116 | no.8 | 2969

CELL BIOLOGY



A D319N ERK2
0 nM AS

100 nM AS

Actin

C E-cadherin

- 4+ o+ o+

- - 50100 AS1842856 (nM)

- -

D319N ERK2

E-cadherin

Fibronectin
HA (ERK2)

Actin

- + TGFB

+. B| FoxO1
- w»| Actin

Vector

D319N ERK2

100nM AS 50nM AS

E TGFB F

-+ 4+ o+
- - 50100 AS (nM)

TGFB

E-cadherin

Fibronectin

Actin

D319N ERK2
FoxO1 shRNA

E-cadherin

Fibronectin

Fig. 2. FoxOf1 is a critical mediator of ERK2-induced

F 1
ox0 EMT. (A-C) MCF10A cells stably expressing vector or

HA (ERK2) D319N ERK2 were grown for 7 d with or without

Actin FoxO1 inhibitor (AS1842856). Cell images were taken

(A), or immunoblot analysis (B) or confocal micros-

D319N ERK2 copy (C) was performed. [Scale bar: 500 um (A) and

FoxO3 shRNA

E-cadherin 50 um (C).] (D-F) MCF10A cells were treated with

TGF-B (5 ng/mL) every other day for 9 d with or

Fibronectin without FoxO1 inhibitor (AS1842856). Immunoblot

Fox03 analysis was performed (D and F), or cell images were

HA (ERK2) taken (E). (Scale bar: 500 pm.) (G-J) MCF10A cells

Actin stably expressing vector or D319N ERK2 were grown

- + + + D319N ERK2

-+ D319N ERK2

for 7 d with or without FoxO1 shRNAs (G and H) or

D319N ERK2 FoxO3 shRNAs (/ and J). Cell images were taken (G

+ +
1 2 FoxO1shRNA
- S

and /), or immunoblot analysis was performed (H and

ZEB1 J). (Scale bar: 500 um.) (K—-M) MCF10A cells stably

FoxO1 expressing vector or D319N ERK2 were grown for 7 d

- - 50100 AS (nM) =
=| ZEB1 = iy
_: :At_(ERKZ) = = =| HA (ERK2) b
ctin = @» = w| Actin

= = | HA (ERK2)

without (K) or with FoxO1 inhibitor (L) or FoxO1
shRNAs (M). Cells were lysed, and immunoblot anal-

w aw e w| Actin

ysis was performed.

ERK2-induced EMT and cell migration/invasion (12). In addition
to EMT, the aberrant Zebl expression is linked to metastasis,
therapy resistance, high tumor grade, high metabolic plasticity, and
tumor recurrence (30). We investigated whether FoxO1 was in-
volved in the regulation of Zebl expression. As shown in Fig. 2K
and SI Appendix, Fig. S2C, ERK2 overexpression increased
Zebl levels. Critically, inhibition of FoxO1 by inhibitor treatment
dramatically reduced Zebl expression (Fig. 2L and SI Appendix,
Fig. S2C), suggesting that FoxO1 mediates the up-regulation of
Zebl by ERK2. Using FoxO1 knockdown, we also confirmed that
FoxOl1 is involved in Zebl expression (Fig. 2M).

FoxO01 Is Required for ERK2-Induced Cell Migration/Invasion and

Decreased Cell Proliferation. Because there is a strong positive
correlation between EMT and cell migration/invasion (1, 3), we
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wondered if FoxO1 was involved in this shift to a more migratory
phenotype. As expected, expression of ERK2 dramatically in-
creased cell migration (Fig. 34 and SI Appendix, Fig. S34) and
invasion (Fig. 3B and SI Appendix, Fig. S3B), which was sup-
pressed with FoxO1 inhibition (Fig. 3 A and B and SI Appendix,
Fig. S3 A and B). Knockdown of FoxO1 also profoundly
inhibited cell migration (Fig. 3C and SI Appendix, Fig. S3C) and
invasion (Fig. 3D and SI Appendix, Fig. S3D) induced by ERK2.
Although FoxO3 knockdown also suppressed ERK2-induced cell
migration (SI Appendix, Fig. S3E) and invasion (SI Appendix, Fig.
S3F), its effect was partial compared with that of FoxO1 knockdown
(Fig. 3 C and D). While EMT leads to an increase in migration/
invasion, these changes often negatively correlate with cell pro-
liferation (1). As FoxOl is a well-known suppressor of cell pro-
liferation (21), we wondered if FoxOl mediates ERK2-induced
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FoxO1. Where applicable, data are the means + SD of three separate ex-
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t test. (A-F) MCF10A cells stably expressing vector control or D319N
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and E) or FoxO1 shRNAs (C, D, and F). Cell migration (A and C) or invasion (B
and D) assay was performed. (E and F) Cell proliferation rate was measured
by counting cell numbers.

inhibition of cell proliferation during EMT. As shown in Fig. 3 E and
F, ERK2 expression reduced the cell proliferation rate. However,
inhibition of FoxO1 by inhibitor treatment (Fig. 3E) or knockdown
(Fig. 3F) reversed the proliferation suppressive functions of ERK2.
Together, these results indicate that ERK2 induces EMT and regu-
lates its associated properties including increased cell migration/in-
vasion and reduced cell proliferation mainly through FoxO1.

FoxO1 Requires ERK2 to Induce EMT. Intrigued by the findings that
FoxO1 is a major mediator of ERK2-generated EMT and changes
of cell migration/invasion and proliferation rate, we measured FoxO1
protein and mRNA levels to determine if ERK2 regulates FoxO1
expression. Interestingly, we found that ERK2 increased FoxO1 pro-
tein levels (Figs. 2 H and M and 44 and SI Appendix, Fig. S4A4) without
affecting FoxO1 mRNA levels (Fig. 4B). Because FoxOl is a
transcription factor in which cytoplasmic and nuclear distribution
are known to be regulated, we determined the FoxO1 levels in
the nucleus. As shown in Fig. 4C and SI Appendix, Fig. S4B,
ERK?2 increased nuclear as well as cytoplasmic FoxO1 protein
levels. Compared with FoxO1, FoxO3 protein levels were slightly
increased by ERK?2 (Fig. 2/). Because ERK2-induced EMT requires
FoxO1 (Fig. 2), we wondered whether FoxO1 alone is sufficient to
induce EMT. To test this, we expressed FoxO1 in cells for more than
10 d, but FoxOl1 alone did not induce significant morphological
changes (Fig. 4D). Thus, we expressed ERK2 and FoxO1 together
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and found that FoxO1 profoundly accelerated EMT in the presence
of ERK2-WT even 5 d after selection when ERK2-WT expression
alone did not induce the complete EMT phenotype (Fig. 4 E and
F). ERK2 and FoxO3 coexpression also promoted EMT, but at a
slower rate compared with ERK2/FoxO1 expression (Fig. 4 E and
F) as expected based on the partial phenotype observed in Fig. 2 1
and J. These results indicate that ERK2 requires FoxO1 as a major
EMT-inducing factor, but that FoxO1 expression itself is not suf-
ficient to induce EMT.

ERK2-Induced FoxO1 Up-Regulation Is Mediated by JNK. FoxOl1l
protein levels are regulated by posttranslational modifications
(21). Akt is a well-known FoxOl1 kinase that phosphorylates
several sites at FoxO1-Thr-24, Ser-256, and Ser-319. Although
we found that ERK2 increases Akt phosphorylation (Fig. 54),
inhibition of Akt did not block ERK2-induced EMT (Fig. 5B).
Akt is a well-known regulator of cell migration and invasion.
Since ERK?2 induced Akt activation, we wondered whether activated
Akt contributed to the cell migration and invasion associated with
EMT. As shown in Fig. 5 C and D and ST Appendix, Fig. S5 A and B,
inhibition of Akt suppressed ERK2-induced cell migration and in-
vasion, which suggests that Akt is one of the mediators of ERK2-
induced cell motility. However, it was not clear if Akt was a major
regulator of FoxO1 during EMT because Akt is known to induce
FoxO1 degradation, which is in contrast to our observations that
ERK?2 positively regulates FoxO1 abundance and that inhibition of
Akt does not block ERK2-induced cell plasticity.

In contrast to our observation that ERK2 suppresses cell pro-
liferation through up-regulation of FoxO1 levels (Fig. 3 E and F), a
previous report showed that ERK could directly phosphorylate
FoxO3, which facilitates its degradation and promotes cell growth/
proliferation (31). Because direct ERK phosphorylation sites on
FoxO3 are not completely conserved in FoxO1, and ERK functions
are opposite in our system (inhibition of cell proliferation) com-
pared with the system used by Yang et al. (31) (promotion of cell
proliferation), we suspected that ERK2 exerted positive regulatory
functions over FoxO1 during EMT. Given that FoxO1 mRNA
levels did not change whereas protein levels were dramatically in-
duced by ERK2, and since FoxO1 protein levels can be regulated
by direct modifiers such as JNK, p38, and LRKK2 (21), we de-
termined if inhibiting these kinases affected ERK2-induced FoxO1
protein levels. Among these candidate kinases, we found that in-
hibition of JNK dramatically suppressed ERK2-mediated FoxO1
up-regulation (Fig. SE). Furthermore, we found that ERK2 in-
duced JNK phosphorylation (Fig. SF and SI Appendix, Fig. S5C)
and that JNK inhibition suppressed ERK2-induced EMT as evi-
denced by cell morphology and EMT markers (Fig. 5 G and H and
SI Appendix, Fig. S5 D-F) in MCF10A cells. We observed the in-
volvement of JNK in ERK2-induced EMT in other epithelial cells
as well (SI Appendix, Fig. S5 G-I). It has been shown that TGF-
regulates cell motility through JNK (32). We found that TGF-$
increased JNK phosphorylation (Fig. 5I) and that JNK inhibition
suppressed TGF-p—induced EMT (Fig. 5 J and K). Inhibition of
JNK also profoundly suppressed ERK2-induced cell migration
(Fig. 5L and SI Appendix, Fig. S5J) and invasion (Fig. 5M and SI
Appendix, Fig. S5K). These results suggest that JNK activation by
ERK2 and TGF-p is responsible for the increase in FoxOl1 levels,
EMT induction, and increased cell migration and invasion.

ERK2 Regulates JNK and EMT Through the Rac1 Pathway. The major
activators of JNK are Racl and Cdc42 (33). To determine
whether ERK2-mediated JNK activation was dependent on Racl
and/or Cdc42, we first suppressed the activities of Racl and Cdc42
with pharmacological inhibitors and examined JNK phosphory-
lation. Interestingly, inhibition of Racl, but not Cdc42, blocked
ERK2-induced JNK phosphorylation and FoxO1 up-regulation
(Fig. 64 and SI Appendix, Fig. S6A4). In line with this, knock-
down of Racl (Fig. 6B), but not Cdc42 (Fig. 6C), prevented JNK
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phosphorylation and up-regulation of FoxO1 induced by ERK2.
Intrigued by these findings, we examined if Racl inhibition sup-
pressed ERK2-induced EMT. As shown in Fig. 6 D and E and S/
Appendix, Fig. S6 B-D, inhibition of Racl, but not of Cdc42, sup-
pressed ERK2-mediated EMT as evidenced by EMT markers in-
cluding Zeb1 expression (Fig. 6D and SI Appendix, Fig. S6B) and
cell morphology (Fig. 6E and SI Appendix, Fig. S6 C and D).
Racl inhibition also blocked ERK2-induced EMT in NMuMG
cells (SI Appendix, Fig. S6 E and F). This finding was also confirmed
by knockdown of Racl (Fig. 6 F and G) and Cdc42 (Fig. 6 H and ).
As expected, inhibition of Racl dramatically reduced cell migration
(Fig. 6J and SI Appendix, Fig. S6G) and invasion (Fig. 6K and SI
Appendix, Fig. S6H) induced by ERK2. Cell migration induced by
ERK2 was not affected by Cdc42 inhibition (Fig. &/ and SI Ap-
pendix, Fig. S6G). However, Cdc42 inhibition did suppress ERK2-
induced cell invasion, although it was not as dramatic as Racl in-
hibition (Fig. 6K and SI Appendix, Fig. S6H). These results suggest
that Racl, but not Cdc42, is required for ERK2-induced JNK
phosphorylation, FoxO1 up-regulation, and EMT.

Dock10 Regulates ERK2-Dependent Rac1 Activation. We next asked
how Racl activity was regulated by ERK2. As Rho family GTPases,
Racl and Cdc42 activities are regulated positively or negatively by
guanine nucleotide exchange factors (GEFs) and GTPase-
activating proteins (GAPs), respectively. Thus, we utilized Racl
and Cdc42 activity assays and determined that ERK2 activated both
Racl and Cdc42 (Fig. 74 and SI Appendix, Fig. STA). Since ERK2
activated Rac and Cdc42, we investigated the molecular basis for
this. Many Rho family GEFs and GAPs have been identified, which
suggests that particular cellular processes induced by Rho-family
GTPases are controlled by specific regulators under different con-
ditions (34, 35). Analysis of our microarray data indicated that
Dock4 and Dock10, GEFs for Rac and Cdc42, were increased by
ERK?2 (SI Appendix, Fig. STB). However, validation by gPCR in-
dicated that mRNA levels of Dock10, but not Dock4, were in-
creased by ERK2 (Fig. 7B). Thus, we examined protein levels of
Dock4 and Dock10. As shown in Fig. 7C and SI Appendix, Fig. S7C,
Dock10, but not Dock4, levels were increased by ERK2. This was
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(Scale bar: 500 pm.)

also confirmed in NMuMG cells (SI Appendix, Fig. S7D). To in-
vestigate whether increased Dock10 by ERK2 was responsible for
Racl and Cdc42 activation, we knocked down Dock10 in ERK2-
expressing cells and performed Racl and Cdc42 activity assays. As
shown in Fig. 7D, Dock10 knockdown inhibited Racl and Cdc42
activation. To determine if ERK2-induced EMT is through in-
creased Dock10 expression, we knocked down Dock10 and exam-
ined cell morphology and EMT markers. As shown in Fig. 7 E and
F and SI Appendix, Fig. STE, knockdown of Dock10 inhibited
changes of morphology and EMT markers induced by ERK2. In
addition, Dock10 knockdown inhibited JNK phosphorylation and
up-regulation FoxO1 and Zebl levels by ERK?2 (Fig. 7F). We then
wondered whether Dock10 was also important for TGF-p-induced
EMT. As expected, TGF- increased Dock10 protein levels (Fig.
7G), and knockdown of Dock10 inhibited TGF-p—induced EMT
(Fig. 7 H and I). We also determined the effects of Dock10 on cell
migration and invasion. As shown in Fig. 7J and K and SI Appendix,
Fig. S7 F and G, Dock10 knockdown profoundly inhibited cell
migration and invasion induced by ERK2. Taken together, these
data suggest that ERK2 activates Racl and Cdc42 through Dock10
up-regulation (Fig. 7L), that the Dock10/Rac1/JNK signaling axis is
the main mediator of ERK2-induced FoxO1 up-regulation, and
that FoxOl is a major contributor to EMT (Fig. 7L).

Discussion

Our findings reveal links in ERK2-driven cancer progression
whereby ERK2 utilizes a Dock10/FoxO1 signaling axis to pro-
mote EMT, cell migration, and cell invasion at the expense of
cell proliferation. Considering the physiological and clinical im-
portance of ERK signaling and EMT in development, tissue
repair, and progression of diseases such as cancer, our studies
not only uncover previously undescribed connections between
ERK2 and EMT but also identify additional potential thera-
peutic options for the treatment of aggressive cancers.

Our findings suggest that FoxO1, a well-known tumor sup-
pressor due to its roles as an inhibitor of tumor growth/motility
and an inducer of tumor death, has a previously unappreciated
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Fig. 5.

FoxO1 up-regulation by ERK2 is mediated by JNK. (A) MCF10A cells stably expressing vector control or D319N ERK2 were grown for 7 d. Cells were
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lysed, and immunoblot analysis was performed. (B) MCF10A cells expressing vector control or D319N ERK2 were grown for 7 d in the presence or absence of
Akt inhibitor (MK2206, 5 pM), and cell images were taken. (Scale bar: 500 pm.) (C and D) Migration (C) or invasion (D) assay was performed using MCF10A cells
expressing vector control or D319N ERK2 in the presence or absence of Akt inhibitor (MK2206, 5 pM). Data are the means + SD of three separate experiments.
Results were statistically significant (*P < 0.01) as assessed by t test. (E and F) MCF10A cells expressing vector control or D319N ERK2 were treated with or
without inhibitors of Akt (MK2206), JNK (SP600125), p38 (SB203580), or LRRK2 (HG-10-102-01), and immunoblot analysis was performed. (G and H) MCF10A
cells expressing vector control or D319N ERK2 were grown for 7 d in the presence or absence of JNK inhibitors (JNK-IN-8 or SP600125). Cell images were taken
(@), or immunoblot analysis was performed (H). (Scale bar: 500 um.) (/-K) MCF10A cells were treated with TGF-p (5 ng/mL) every other day for 9 d with or
without JNK inhibitor. Immunoblot analysis was performed (/ and K), or cell images were taken (J). (Scale bar: 500 um.) (L and M) Migration (L) or invasion (M)
assay was performed using MCF10A cells expressing vector control or D319N ERK2 in the presence or absence of JNK inhibitors (JNK-IN-8 or SP600125). Data

are the means + SD of three separate experiments. Results were statistically significant (*P < 0.01) as assessed by t test.

function of promoting EMT and cell migration/invasion in breast
epithelial cells when it is regulated by sustained active ERK2. Tu-
mor development and progression are multistep processes that are
driven by gain-of-function of tumor promoters (oncogenes) and
loss-of-function of tumor suppressors. Based on this paradigm, the
current basis of cancer therapeutics is to inhibit tumor promoters
and/or activate tumor suppressors, although most current targeted
cancer therapies rely on targeting tumor promoters due to drug-
gable properties of many oncogenes. Because FoxOs are tumor
suppressors, their activation has been regarded as one of the
promising strategies in cancer therapeutics (20). However, several
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cancer regulators do not fit into one of these two simplified cate-
gories and can indeed function as both tumor promoters and tumor
suppressors depending on various conditions and cellular con-
text (36-39). In these cases, targeting these molecules may not
be an effective cancer therapy without a greater understanding
of how they work. In contrast to the current general view that
FoxOs function as tumor suppressors, our studies reveal that in
our system ERK2-activated FoxO1 increases migratory and
invasive potential (tumor promotion) by inducing EMT, while
also inhibiting tumor proliferation (tumor suppression), sug-
gesting dual functions for FoxO1. Thus, as shown, suppression of
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FoxO1 with its inhibitor or upon RNAi-mediated knockdown dra-
matically decreases migration/invasion of cells when ERK2 activity
is sustained while increasing cell proliferation and inducing a
mesenchymal-to-epithelium-like transition (MET), the reversal of
EMT. Supporting our results, recent evidence shows the positive
functions of FoxO1 in cancer cell migration/invasion and metastasis
in specific cancers/conditions (21-24). FoxO1 function can also
confer resistance to stress and certain drugs (40). Thus, un-
derstanding when, depending on cellular context or cancer stage, it
is beneficial to target FoxO1 will be critical for therapeutic efficacy.

When highly expressed and/or highly active, the major EMT
contributors such as TGF-p and EMT transcription factors (i.e.,
Snail, Zebl) increase cell migration/invasion at the expense of cell
proliferation (41). ERKs have been known as key positive regulators
of cell proliferation by promoting cell cycle progression and mRNA
translation. Therefore, ERKSs have been one of the top candidates
for anticancer therapies. Indeed, pharmacological inhibitors of Raf/
MEK, direct upstream regulators of ERKs, and direct ERK inhib-
itors are used in clinics or clinical trials to treat cancer patients.
However, depending on the duration and magnitude of ERK acti-
vation, ERK can promote very different cell fates (18). In some
systems, it is known that a sustained strong ERK activation, which is
observed in many cancer types because of hyperactive Ras and/or
Raf, actually suppresses cell cycle progression, while a sustained
mild activation of ERK or highly active ERK for short durations
induces cell cycle progression and proliferation (19). In our model
systems, we have found that inhibition of ERK in epithelial cells
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of three separate experiments. Results were statis-
tically significant (*P < 0.01) as assessed by t test.

reduces cell proliferation without changing cell plasticity, indicating
that ERK activity in these cells is necessary for cell proliferation.
However, we show here that a sustained ERK2 activation in epi-
thelial cells inhibits cell proliferation through up-regulation of
FoxO1 while promoting conversion to mesenchymal cells with in-
creased cell migration/invasion. All these properties of ERK in
mesenchymal cells may underlie the reported resistance of meta-
static cancer cells to chemotherapeutics (42). Our findings also have
important implications regarding the dose of inhibitors used. For
example, when ERK2-driven mesenchymal cells in our systems were
treated with pharmacological ERK inhibitors in a concentration-
dependent manner, we observed that mild inhibition of ERK in-
duced MET transition, thereby rendering cells less migratory and
invasive. This treatment converted less proliferative mesenchymal-
like cells to more proliferative epithelium-like cells. However, when
ERK activity was potently blocked in the mesenchymal cells, a
MET-like conversion was induced, and cell migration/invasion and
proliferation were profoundly inhibited as this treatment blocked
even minimal ERK activity required for epithelial cell proliferation.
These observations underscore the difficulties associated with tar-
geted therapy in this case as finding the dose most effective at
blocking migration/invasion, and proliferation may also promote
general patient toxicities whereas intermediate doses may actually
promote MET and stimulate reinitiation of cell proliferation of
quiescent micrometastases at distant sites.

Rho GTPases such as Racl and Cdc42 are regulated by two
classes of exchange factors: classical Dbl-related factors and
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atypical Dock family factors. Due to their relatively recent dis-
covery, little is known about the functions and regulation of
Dock family exchange factors (43). Among several Dock family
factors, Dock10 was recently identified as an essential factor for
cancer invasion and metastasis, and its expression is correlated
with poor cancer patient outcome (44). As a GEF for Racl and
Cdc42, Dock10’s functions are mediated by Racl and/or Cdc42.
Indeed, we have found that ERK2 activates Racl and Cdc42
through Dock10. However, only Racl, but not Cdc42, is neces-
sary for ERK2-induced JNK/FoxO1 signaling and EMT. Al-
though our data suggest that Cdc42 is not a major contributor to
ERK2-induced EMT, we did observe that the inhibition of Cdc42
partially decreased cell invasion. This suggests that the ERK2/
Dock10 axis may use both EMT-dependent and -independent
mechanisms for regulation of cell invasion. Considering Dock10’s
critical role in cancer cell invasion, metastasis, and poor prognosis
(44), it will be important to investigate regulatory mechanisms and
functions of Dock10 in the context of cancers having a highly
active Ras/Raf/MEK/ERK signaling axis.

Based on our finding that ERK2 up-regulates Dock10 at the
mRNA level, it is likely that ERK2 exerts its regulation of
Dock10 through the regulation of transcription factors. However,
ERK2 may also directly regulate Dock10 levels via phosphorylation
of Dock10. ERK phosphorylates serine or threonine residues fol-
lowed by a proline such as PX(S*/T*)P or simply (S*/T*)P. Analysis
of posttranslational modifications of Dock10 using databases such
as PhosphositePlus (Cell Signaling Technology) shows that serine
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invasion, and proliferation.

(5292 and S877) or threonine (T471 and T1125) are phosphory-
lated and reside within this motif. In addition to the proline-based
phosphorylation motif, ERK substrates typically have ERK-binding
sites such as D domain or DEF motif. Analysis of amino acid se-
quence reveals several potential ERK DEF motifs (F-X-F) in
Dockl10. Thus, it is possible that Dock10 could be a direct substrate
of ERK and could regulate its stability and/or activity. It will be
interesting to investigate which transcription factors mediate
ERK2’s function to induce Dock10 expression and to test if direct
phosphorylation of Dock10 by ERK2 may also be important for
Racl-mediated cell migration/invasion.

Activation of ERK is closely linked to tumorigenesis, metas-
tasis, anticancer drug resistance, and poor prognosis (9-11, 45—
47). Among these, tumor metastasis requires signal reprogram-
ming at various stages of this process including during complete
or partial EMT, tumor migration/invasion, survival, MET, and
tumor regrowth. Our study identifies an unexplored link between
ERK2, Dock10, and FoxO1 as a key signaling axis that incor-
porates ERK2 signaling into the promotion of cancer progres-
sion by inducing EMT and increasing invasiveness and stress
resistance. Although EMT and tumor invasion play important
roles in tumor metastasis, they do not always correlate with
metastatic potential (48-50). However, studies from our labo-
ratory and others suggest the possibility that cancer cells possess
the potential to regulate all of the steps of metastasis through the
stage-specific fine-tuning of ERK activity, thereby promoting
successful metastasis. Considering the active investigations of
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ERK pathway inhibitors for the treatment of cancer, our studies
aimed at understanding ERK-mediated cell plasticity and its
associated changes of cell behavior will provide valuable clues for
more efficient and less resistant therapies.
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anti-ERK1/2 antibodies were purchased from Cell Signaling Technology. Bio-
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from EMD Millipore. Rac1 and Cdc42 activation assay kits were obtained from
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Cytoskeleton. JNK-IN-8, EHT1864, NSC23766, MK-2206, U0126, and SP600125
were purchased from Selleckchem.

Microarray. Vector control, D319N ERK2, and Y261A ERK2 expression was
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7 d, and RNAs were purified from three individual replicates of each condition
using an RNA isolation kit (Qiagen). Partners Healthcare Personalized
Medicine performed a microarray using GeneChip Human Transcriptome
Array 2.0 (Affymetrix). Data were analyzed using Expression Console (Applied
Biosystems) and Transcriptome Analysis Console (Applied Biosystems). The
microarray data were deposited in the Gene Expression Omnibus (GEO)
database with accession no. GSE124947 (53).
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