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Membrane-bound receptors induce biochemical signals to
remodel the actin cytoskeleton and mediate cell motility. In
association with receptor tyrosine kinases, several downstream
mitogen-induced kinases facilitate cell migration. Here, we
show a role for c-Jun N-terminal kinase 2 (JNK2) in promoting
mammary cancer cell migration through inhibition of epider-
mal growth factor substrate 8 (EPS8) expression, a key regulator
of EGF receptor (R) signaling and trafficking. Using jnk2�/�

mice, we found that EPS8 expression is higher in polyoma mid-
dle T antigen (PyVMT)jnk2�/� mammary tumors and jnk2�/�

mammary glands compared with the respective jnk2�/� con-
trols. The inverse relationship between the jnk2 and eps8
expression was also associated with cancer progression in that
patients with basal-type breast tumors expressing high jnk2 and
low eps8 experienced poor disease-free survival. In mammary
tumor cell lines, the absence of jnk2 greatly reduces cell migra-
tion that is rescued by EPS8 knockdown. Subsequent studies
show that JNK2 enhances formation of the EPS8-Abi-1-Sos-1
complex to augment EGFR activation of Akt and ERK, whereas
the absence of JNK2 promotes ESP8/RN-Tre association to
inhibit endocytotic trafficking of the EGFR. Together, these
studies unveil a critical role for JNK2 and EPS8 in receptor tyro-
sine kinase signaling and trafficking to convey distinctly differ-
ent effects on cell migration.

Eukaryotic cell migration is essential for embryonic develop-
ment and tissue homeostasis. In cancer, tumor progression is
associated with cell extravasation into the surrounding tissue
and vasculature. Up-regulation of motility-associated genes in
tumors increases sensitivity to micro-environmental cues and
leads to an invasive phenotype. Because the survival rate of
metastatic breast cancer remains dismal, proteins involved in
cancer cell migration are promising prognostic markers or tar-
gets for treatment of metastatic disease.
Cell migration commences in response to chemotactic cues

that lead to transient cell polarization and accumulation of sig-
naling complexes at the leading edge of the cell. This response is
facilitated by the intrinsic vesicular trafficking machinery (1)

and results in actin polymerization to form lamellipodia at the
advancing end (2–4).
At the molecular level, ligand-activated RTKs2 induce Ras

and subsequently Rac activity to initiate actin reorganization.
Active Rac is imperative for lamellipodia and filopodia forma-
tion at the leading edge of a migrating cell (5, 6). Appropriate
localization and activation of cell signaling pathways are
achieved through an intricate interplay of adaptor proteins
(Grb2, Shc, etc.), guanine nucleotide exchange factors (GEF),
including Son of Sevenless-1 (Sos-1), and scaffold proteins such
as Abl interaction-1 (Abi-1) (1, 7). Sos-1, having a dual GEF
property, activates membrane-associated Ras. Other upstream
kinases such as phosphoinositide 3-kinase (PI3K), Raf, and Rac
then induce Akt, ERK, and JNK.
The literature supports an evolutionarily conserved role for

JNK in cell movement. There is evidence for the involvement of
JNK in forming F-actin stress fibers, altering cell shape, main-
taining planar cell polarity, inducing migration during dorsal
closure inDrosophila (8), and mediating neural tube and eyelid
closure in developing mouse embryos (9, 10). JNKs phosphor-
ylate transcription factors, including c-Jun, ATF2, and other
proteins. JNK signaling is associated with proliferation, differ-
entiation, and apoptosis in an isoform-, stimulus-, and tissue-
specific manner (11). In higher organisms, the JNK family is
represented by three jnk genes (jnk1, jnk2, and jnk3), resulting
in 10 isoforms with both common and discrete functions.
Huang et al. (12) previously reported that JNK1 induces phos-
phorylation of paxillin, a focal adhesion adaptor protein, to
maintain labile adhesions required for rapid cell migration. No
such mechanism is known for JNK2, the isoform most com-
monly activated by EGF-induced mitogenic responses (13, 14).
There is evidence that JNK2 is up-regulated in cancers, includ-
ing glioblastomas and skin carcinoma (15–17), but the role of
JNK2 in breast cancer remains elusive.
New evidence indicates that abnormal vesicular trafficking

alters the localization and amplitude of cell surface growth fac-
tor receptors and integrins to alter cell proliferation, viability,
and migration. In fact, derailed endocytosis has been proposed
as a new hallmark of cancer as it provides a mechanism for
sustaining (recycling via endosomes) or attenuating (degrading
in the lysosome)mitogenic signals (4, 18). This study focuses on
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a novel role for JNK2 in promotingmammary tumor cellmigra-
tion by facilitating EGFR trafficking via EPS8.
EPS8 is a multifunctional adaptor protein that acts as an

EGFR substrate to integrate signals from Ras and PI3K to Rac
(7, 19). EPS8 regulates receptor trafficking by binding with RN-
Tre to prevent Rab5-mediated EGFR internalization (20).
Moreover, EPS8 interacts with the actin cytoskeleton to facili-
tate Rac localization and subsequent cell migration (21–23).
RTK stimulation of cell migration depends upon the interplay
between Abi-1 and Grb2 for Sos-1 binding into an EPS8-con-
taining complex (21, 24, 25). The binding of Abi-1 to EPS8
enables the second GEF function of Sos-1 to enhance the Rac
and JNK activity (21, 25, 26).
Here, we used a variety of biochemical andmicroscopy tech-

niques to show that JNK2 alters mammary tumor cell migra-
tion. JNK2 controls cell migration and EGFR endocytosis by
regulating the expression and localization of EPS8. To extend
these findings to clinical breast cancer, we also found an asso-
ciation between high jnk2 expression and poor disease-free sur-
vival (DFS) of patients with basal-type breast tumors. Impor-
tantly, the low eps8 expression in this group of basal-type
tumors stratified patientswith shorterDFS. These findings sug-
gest that the interactions between JNK2 and EPS8 may play a
role in disease progression.

EXPERIMENTAL PROCEDURES

Materials—All materials and chemicals were purchased
from Sigma unless otherwise noted. The JNK inhibitor (TAT-
JIP) was purchased from Calbiochem. Human fibronectin (BD
Biosciences) was used for migration assays. JNK2 (D2) and
Grb2 (C23) antibodies were obtained from Santa Cruz Biotech-
nology. pAkt (Ser-473), pJNK, and pERK (Thr-202/Tyr-204)
antibodies were purchased from Cell Signaling; EGFR antibod-
ies were purchased fromMillipore, and JNK1/2 and EPS8 were
from BD Biosciences.
Tumor Data Base Analyses—To estimate the clinical rele-

vance of jnk2 expression in breast cancer, patient data on breast
tumors from publicly available sets were used (GSE2990,
GSE6532, andGSE9185). These sets are from the same institute
and same platform (Affy U133) and were normalized together,
and the median was centered before further analysis. Subtypes
were stratified based on gene signature (27–29).
Cell Culture—Mouse mammary tumor cell lines were cre-

ated from PyVMTjnk2�/� and PyVMTjnk2�/� tumors (30).
Cells weremaintained in DMEM/F-12media (Cellgro,Mediat-
ech) with 10% FBS (Gemini Bio-Products), 10 �g/ml insulin
(Humulin R), 5 ng/ml EGF (PeproTech), and antibiotics.
Serum-free medium (SFM) consisted of DMEM/F-12

medium containing 10 mM HEPES (pH 7.4), transferrin (2
�g/ml), human fibronectin (2 �g/ml), 1� trace elements
(BIOSOURCE), and antibiotics. The 4T1.2 cell line was main-
tained in �-minimal essential medium (Invitrogen) plus 10%
FBS and antibiotics. For growth factor stimulation experi-
ments, cells were washed twice with warm phosphate-buffered
saline (PBS). Medium was replaced with SFM. Sixteen to 20 h
later, cells were stimulated with FBS or EGF (as indicated). For
experiments using small molecule inhibitors, cells were prein-

cubated with TAT-JIP for 30 min prior to incubation with FBS
stimulation plus TAT-JIP.
Immunoblotting—Cells were lysed using either RIPA buffer

(50 mM Tris-HCl (pH 7.4), 1% Nonidet P-40, 0.25% sodium
deoxycholate, 150 mM NaCl, 1 mM EDTA) or EB buffer (0.05%
Nonidet P-40, 20 mM Tris-HCl (pH 7.6), 0.25 M NaCl, 3 mM

EDTA). For tumors, a portion of snap-frozen tissue was
homogenized in EB buffer. Lysates were separated using SDS-
PAGE and transferred to nitrocellulose. Proteins were visual-
ized using a STORM 860 PhosphorImager (GE Healthcare).
Immunocytochemistry—Cells were plated overnight in

chamber slideswith fibronectin. Cells were rinsedwith PBS and
then cultured in SFM for 6–10 h prior to treatment with FBS-
containing medium. At the time of harvest, cells were fixed.
Slides were blocked with 10% normal goat serum, and primary
antibody was diluted in 10% normal goat serum. Slides were
then washed and incubated with secondary antibody (Molecu-
lar Probes). Finally, slides were mounted with Vectashield
DAPI. Fluorescent signal was detected using a CCD camera
mounted on a Nikon Diaphot 300 inverted microscope.
Cell Migration—Cell migration was measured using a modi-

fied Boyden chamber (BDBiosciences). Cells were placed in the
upper compartment of the Transwell chamber. Lower cham-
bers were filled with 1% FBS-containing medium. Cells were
allowed tomigrate for 8 h.Migrated cells were fixed and stained
with 0.5% crystal violet. Four randomly chosen fields were
quantified (at 10� objective), or crystal violet was dissolved and
the absorbance read.Where indicated, cells were pretreated for
30 min with TAT-JIP prior to migration assays.
For scratch wound assays, a confluent monolayer was

scraped in a straight line to create a “scratch” using a sterile
p200 pipette tip. Cells were washed and then cultured in 1%
FBS-containing media. To obtain the same field during the
image acquisition, markings were placed on the plate bottom
with anultrafine tipmarker. Changes in the openwoundwidths
weremeasured by comparing the distancemeasured at the time
of wounding versus the time of harvest.
EGF Internalization—Cells were plated in chamber slides.

After serum starvation, slides were kept on ice for 10 min to
stall EGFR activity. 100 ng/ml FITC-EGF or Texas Red-EGF
(Molecular Probes) was added to the cells. At each time point,
acid stripping ofmembrane-bound ligandwas performed using
ice-cold 0.2 mM acetic acid, 0.5 mM NaCl (pH 2.5) followed by
neutralization in ice-cold Hanks’ buffered saline solution (Cell-
gro, Mediatech).
RN-Tre Overexpression and Co-immunoprecipitation—

PyVMT jnk2�/� cells were transiently transfected using Lipo-
fectamine 2000 (Invitrogen) and 2 �g of eGFP RN-Tre or
control eGFP plasmids. After 36 h, cells were serum-starved
overnight. Cells were then treated with 20 ng/ml EGF for 1 h,
and the media were aspirated off and incubated with a cross-
linker, namely 2.5 mM dithiobis[succinimidyl propionate]
(Pierce). Cells were washed and then lysed (0.5% Nonidet P-40,
20 mM Tris-HCl (pH 8), 150 mM NaCl, 1 mM phenylmethane-
sulfonyl fluoride, and Miniprotease Inhibitor Mixture (Roche
Applied Science)). 300 �g of total protein was immunoprecipi-
tated using protein A/G Plus-agarose beads (Santa Cruz Bio-
technology) and anti-EPS8 at 4 °C overnight. Beads were
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washed with lysis buffer and boiled with SDS sample buffer
before resolving by SDS-PAGE.
One day after transfection, a scratch wound was created.

Cells were cultured for 12 h, and then images were captured.
Transfected cells were then lysed and immunoblotted to deter-
mine RN-Tre expression.
Lentiviral Transduction—The lentiviral GFP-tagged nonsi-

lencing control (gipz), shjnk2, or sheps8 plasmids (Open Biosys-
tems) along with three constructs P1, P2, and P3 plasmids
(encoding for viral proteins Gag, Pol, and Env) were transfected
at a 1:2 (target gene versus viral coat proteins) into Phoenix cells
using Lipofectamine 2000. 48 h post-transfection, the superna-
tant from transfected Phoenix cells was collected, filtered, and
mixed with Polybrene. Transduced cells were infected with the
virus-containing supernatant and then placed in media supple-
mented with puromycin.
Real Time PCR—Total RNA was isolated from

PyVMTjnk2�/� and PyVMTjnk2�/� cells. First-strand com-
plementary cDNA was made using Superscript II reverse tran-
scriptase and oligo(dT) primer (Invitrogen). PCR products of
jnk1�1, jnk1�1, jnk2�1, jnk2�1, jnk3�1, and jnk3�1 were
amplified using the primers described previously (68). Real time
PCR was performed on a Stratagene Mx3005P thermocycler
using the Brilliant SYBR Green PCR master mix (Stratagene).
Statistical Analysis—Non-patient- based results are pre-

sented as mean � S.E. Results were evaluated using analysis of
variance followed by nonparametric, post hoc Student’s t test to
identify differences between groups. Differences between
means yielding p values of �0.05 were considered statistically
significant.

RESULTS

High JNK2 Expression Is Correlated with Poor Survival in
Basal-type Breast Tumors—Breast cancer is a heterogeneous
disease with certain subtypes demonstrating more frequent
metastasis. Hence, we explored the potential clinical relevance
of JNK2 expression in human breast cancer subtypes. To do so,
we evaluated if the jnk2 (mapk9) expression level in tumors
correlated with the clinical outcome of 469 breast cancer
patients using all tumor grades and subtypes. Fig. 1A shows that
when all subtypes of breast cancers are included in the analysis,
high jnk2 (mapk9) expression showed a trend toward poorer
DFS, but it was not statistically significant. Subgroup analysis
was then performed to compare jnk2 expression and DFS in
luminal A, luminal B, or basal-type breast tumors individually.
For luminal A or B tumors, grouping tumors into high or low
jnk2 expression did not show differences in DFS (data not
shown). This may be due, in part, to the longer survival
observed in these patient groups because median DFS was not
reached in these data sets. In contrast, high jnk2 expression was
associated with poorer DFS in patients with basal-type tumors
(Fig. 1B, p � 0.018), which are more frequently metastatic than
hormone receptor-positive luminal tumors (31, 32). These data
suggest that high jnk2 expression in basal-type breast tumors
may negatively influence patient survival. Our observation was
further supported by another recent publication (33). Together,
these retrospective and correlative studies provided justifica-

tion to more mechanistically evaluate the role of jnk2 in mam-
mary tumor models.
JNK2Modulates EPS8 Expression inMammary Tissue—The

effects of systemic jnk2 knock-out were evaluated using
BALB/c mice expressing the PyVMT transgene. Transgene
expression of PyVMT induces PI3K and MAPK pathways in
mammary cells in a fashion similar to RTK overexpression (34).
Tumor progression in the PyVMT model closely reflects
human breast cancer progression (35). Specifically, the early
stages resemble ductal carcinoma in situ where estrogen and
progesterone receptors are expressed. As tumors progress to
late stage, ErbB2 expression becomes elevated, indicating a
dependence upon RTK signaling. This model is also one of the
few spontaneous mammary tumor models known to metasta-
size (34).
For our purposes, late stage tumors were harvested to

compare gene expression differences in mammary tumors.
Microarray analysis showed EPS8mRNAwas elevated 3.9–7.8-
fold in PyVMTjnk2�/� mammary tumors compared with their
wild type counterparts (data not shown). Real time PCR with
EPS8 primers confirmed over 4-fold increase in EPS8 mRNA
expression in the PyVMTjnk2�/� tumors compared with con-
trols (Fig. 1C). Consistent with increased mRNA levels, EPS8
protein levels were higher on average when analyzing several
individual tumors from each genotype (Fig. 1D).
To characterize the functional implications for the regula-

tion of EPS8 expression by JNK2, cell lines derived from
PyVMTjnk2�/� and PyVMTjnk2�/� tumors were used (30).
First, we examined if deletion of jnk2 induced a compensatory
increase in JNK1 or JNK3 expression. Quantitative PCR analy-
sis of jnk1 and jnk3 mRNA reflected similar expression levels
between the cells lines (Fig. 1E). As anticipated, jnk2�1 and
jnk2�1 (normalized to GAPDH) expressions were 50- and 150-
fold higher, respectively, in the PyVMTjnk2�/� cells compared
with the PyVMTjnk2�/� cells. These expression patterns were
confirmed at the protein level where both cell lines expressed
similar levels of JNK1 �1/2 (p54) and JNK1 �2 (p46) proteins.
Finally, JNK2 isoforms are only detected in PyVMTjnk2�/�

lysates (Fig. 1F).
To determine whether regulation of eps8 expression by jnk2

was specific to mammary tumor cells, we next assessed if EPS8
expression was also elevated in noncancerous jnk2�/� mam-
mary epithelial cells. Mammary glands were harvested from
5-week-old virgin female mice. Paraffin-embedded tissue was
immunostained. Positively staining epithelial cells were scored
and compared with the total number of mammary epithelial
cells. EPS8 expression was observed in luminal andmyoepithe-
lial cells (shown as brown stain, Fig. 1G). Positively staining cells
were observedmore frequently in jnk2�/� mammary epithelial
cells (Fig. 1G, indicated by arrows) comparedwith jnk2�/� con-
trols. These data show that the effect of jnk2 on EPS8 expres-
sion occurs in both normal and PyVMT-transformed mam-
mary cells.
Previous work has reported that EPS8 expression is induced

by FBS in myocytes (36). Therefore, we evaluated whether FBS
exposure would alter EPS8 expression in our model and
whether expression of JNK2 would affect this response. To this
end,PyVMTjnk2�/� gfp andPyVMTjnk2�/� gfp jnk2� subcon-
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fluent cells (30) were exposed to SFM or full medium or 48 h.
When normalized to the GAPDH loading controls, serum star-
vation led to only 20% less EPS8 in the GFP-JNK2�-expressing
cells compared with the GFP controls (Fig. 1H). In contrast,
serum treatment resulted in an even larger expression differ-
ence. In the absence of jnk2, EPS8 expression increased, and
JNK2� expression led to further reduction in EPS8 with serum
exposure. These data suggest that the inhibition of EPS8
expression by JNK2 is growth factor-dependent.
Given the inverse relationship thatwe observed between jnk2

and eps8 expression in the PyVMT mouse mammary tumors,
we used the same human basal-type tumor data base from Fig.
1B to inquire if jnk2 and eps8 expression would further stratify
this patient group for DFS. Although eps8 expression alone was
not associated with any differences in DFS (data not shown),
tumors with high mapk9 (jnk2) and low eps8 expression were
associated with shorter DFS compared with the low mapk9/
high eps8-expressing tumors (Fig. 1I, p� 0.031). These data led
us to hypothesize that the ability of jnk2 to suppress eps8
expression may negatively affect patient outcome. Basal-type
breast tumors typically overexpress EGFR, which may further
implicate an important function of EPS8 in this breast tumor
group.
Absence of JNK2 Inhibits CellMigration—EPS8 plays a role in

actin remodeling and EGFR signaling. Thus, the migration
potential of PyVMTjnk2�/� or PyVMT/jnk2�/� cells was
examined using a Transwell assay. PyVMT/jnk2�/� cells
migrate five times more than the PyVMT/jnk2�/� cells
(observe untreated groups in Fig. 2A and representative pic-
tures). To delineate the contributions of the other JNK iso-
forms, cells were preincubated with TAT-JIP, a pan-JNK inhib-
itor (37, 38). Migration of PyVMTjnk2�/� cells was reduced
with increasing TAT-JIP concentrations (Fig. 2A). At 10 �M

TAT-JIP, migration was maximally inhibited by 80%. In con-
trast, PyVMTjnk2�/� cell migration remained unaltered by
TAT-JIP (Fig. 2A), suggesting that the JNK2 isoforms play a key
role in serum-induced cell migration. Although a higher con-
centration was required, a similar effect of TAT-JIP was
observed in migration of the basal-type, human breast cancer
cell line MDAMB 231 (Fig. 2B).
To further confirm a role for JNK2 in mammary cell migra-

tion, the PyVMTjnk2�/� cells expressing GFP-JNK2� were
compared with the GFP-expressing control cells. We first eval-
uated if JNK signaling differs in response to serum or UV treat-
ment (a well known JNK stimulant). Typically, testing isoform-
specific responses is difficult due to the similar sizes of the
various JNK isoforms, as well as the identical homology in the
dually phosphorylated region recognized by the phosphor-spe-

cific antibody. In our model, expression of GFP-JNK2� fusion
protein (�95 kDa) in jnk2-deficient cell allowed us to specifi-
cally address its phosphorylation relative to the other isoforms.
Fig. 2C shows that GFP-JNK2� is phosphorylated in

response to either serum or UV treatment. A 49-kDa JNK pro-
tein is also phosphorylated by both treatment types, whereas
the 46-kDa JNK protein was increased more by FBS than UV
light. Finally, a 54-kDa protein shows no change in phosphory-
lation with either treatment. These data show that JNK2 and
another JNK1 or JNK3 isoform respond to serum treatment.
Importantly, expression of JNK2� does not alter the phosphor-
ylation of the other JNK isoforms in response to either serumor
UV light. To address whether JNK2 enhances cell migration in
response to growth factor exposure, Boyden chamber-based
migration assays were performed. GFP-JNK2� expression res-
cuedmotility of the PyVMTjnk2�/� cells (Fig. 2D, p� 0.032) in
response to serum stimulation. These observations were fur-
ther validated using a wound-based assay (data not shown).
Collectively, these data show that JNK2 phosphorylation is
increased in response to serum, and a large portion of cell
migration is mediated solely by JNK2�.

Breast cancer is a heterogeneous disease with distinct sub-
types. Among the subtypes, the basal-type tumors are known to
be themostmetastatic. Thus, we evaluated a well characterized
basal type, 4T1.2murinemammary cancer cells (39), and trans-
duced them with a short hairpin RNA (shRNA) targeting jnk2.
shjnk2 expression resulted in an 88% reduction in JNK2protein.
Moreover, JNK2 knockdown led to a concomitant increase in
endogenous EPS8 protein (Fig. 2E), although knockdown of
JNK1 did not affect EPS8 expression. In agreement with our
previous observation, reduction of JNK2 decreased cell migra-
tion 3-fold compared with the gipz controls (Fig. 2D). Again,
these observations strongly support a central role for JNK2 in
positively modulating breast cancer cell migration.
JNK2 Regulates EPS8 Localization—EPS8 can interact with

several critical signalingmoleculeswithin the cell. Although the
outcomes or predominance of all those interactions are not
known, previous studies have elucidated functions for EPS8 in
the context of RTK signaling. EPS8, when bound to Abi-1 and
Sos-1, transmits EGFR-induced signals from Ras to Rac.
Because localization of activated Rac at the migration front is
critical, we tested if JNK2 participates in the EPS8-Abi-1-Sos-1
complex or directly interacts with any of these proteins. Failure
to detect any endogenous interactions led us to propose an
alternative mechanism by which JNK2 could indirectly affect
EPS8 function in RTK signaling and cell migration.
EPS8 is necessary for correct localization of Rac GTPase to

the sites of F-actin remodeling at the leading edge of amigrating

FIGURE 1. Loss of jnk2 increases EPS8 expression. A, human tumor data base was used to evaluate if jnk2 (mapk9) expression level is correlated with patient
DFS using all tumor subtypes. B, correlation of jnk2 expression and DFS was performed in basal-type breast tumors. C, PyVMTjnk2�/� and PyVMTjnk2�/� mouse
mammary tumors. cDNA was reverse-transcribed from each tumor, as described under “Experimental Procedures.” Quantitative PCRs were performed using
eps8 and gapdh. D, PyVMTjnk2�/� and PyVMTjnk2�/� mammary tumors were snap-frozen and homogenized in lysis buffer and analyzed by Western blot using
EPS8 primary antibody. Each lane represents an individual tumor. E, RNA was isolated from PyVMTjnk2�/� and PyVMTjnk2�/� cell lines and reverse-transcribed
to cDNA. Quantitative PCRs were performed using jnk1, jnk2, jnk3, and gapdh (as housekeeping gene control) primers. F, PyVMTjnk2�/� and PyVMTjnk2�/� cell
lines were lysed. Membranes were probed using JNK1, JNK2, or GAPDH primary antibodies. G, EPS8 expression in 5-week-old mammary glands; 5-�m sections
of fixed, paraffin-embedded tissues were probed with EPS8 antibody. Ductal mammary epithelial cells are designated by arrows. Increased positive staining
(brown) was evidenced in jnk2�/� mammary glands (*, p � 0.0168). I, PyVMT/jnk2�/� cells expressing GFP or GFP-JNK2 were cultured in SFM or full medium (FM)
for 48 h after which cells were lysed and EPS8 expression determined by Western blot. GAPDH expression served as the loading control. H, basal type breast
tumors were evaluated for jnk2 (mapk9) and eps8 expression levels and correlated for DFS were evaluated.
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cell (21, 22). Earlier studies detected EPS8 at membrane ruffles
in growth factor-stimulated epithelial cells (40, 41), and these
ruffles were completely abrogated in cells lacking any eps8 (7,
22, 26) suggesting a role for EPS8 in facilitating the dynamic
membrane activity observed during migration.
These reports led us to determine whether JNK2 influences

EPS8 localization or the formation of membrane ruffles in the
presence or absence of JNK2. Using immunocytochemistry, we
observed classic membrane ruffles, indicative of advancing
lamellipodia in response to serum or EGF, only in the
PyVMTjnk2�/� cells (Fig. 3A). In these cells EPS8 is mainly
localized at membrane ruffles. In contrast, membrane ruffling
is negligible in PyVMTjnk2�/� cells, and EPS8 is restricted
to “focal adhesion”-like structures (Fig. 3B). Similarly, reduc-
tion in JNK2 expression coincided with the absence of EPS8
at membrane ruffles in the 4T1.2 cells (supplemental Fig. 1,
A and B). These data show that JNK2 is necessary for EPS8

localization at membrane ruffles and subsequent membrane
ruffle formation. Accurate localization of EPS8 in the leading
edge ruffles may poise cells for an effective migratory
response.
EPS8 Inhibits Cell Migration in the Absence of JNK2—

EPS8 mediates RTK response and actin dynamics, and our
data show that JNK2 facilitates EPS8 localization in the
membrane ruffles. We then questioned if there is a threshold
of EPS8 that is detrimental to migration. In other words, is
the down-regulation of eps8 expression by JNK2 critical for
cell migration? To address this question, stable expression of
sheps8 in PyVMTjnk2�/� cells decreased the otherwise ele-
vated levels of EPS8 protein by �80% (Fig. 3C). Indeed,
reduction of EPS8 increased migration of jnk2-deficient cells
(Fig. 3D). These data indicate that the ability of JNK2 to
regulate EPS8 expression has functional consequences on
cancer cell migration.

FIGURE 2. JNK2 mediates cancer cell migration. A, PyVMTjnk2�/� and PyVMTjnk2�/� cells were plated in the upper chamber of 8-�m inserts. 1% FBS-
containing media was added as a chemoattractant. Cell migration was measured after 8 h. Four fields were counted per well. A representation of at least five
independent experiments is shown. Representative pictures are shown of migratory, stained cells. B, MDA-MB 231 human breast cancer cells were treated with
TAT-JIP at indicated concentrations, and cell migration was assayed 8 h later as described under “Experimental Procedures.” C, PyVMTjnk2�/� cells expressing
GFP and GFP-JNK2� were treated with full medium (FM) containing 10% FBS, EGF, and insulin for 20 or 40 min or UV light (10 J/m2). Membranes were probed
as indicated using phospho-JNK and JNK2 antibodies. D, GFP or GFP JNK2�-expressing PyVMTjnk2�/� cells were assayed for cell migration, as above. Four
individual fields were counted per insert (*, p � 0.0302, two-sided Student’s t test). Representative pictures are shown of migratory stained cells. E, 4T1.2 mouse
mammary tumor cells were transduced with shjnk2, shjnk1, or psm2 and gipz (nonsilencing vectors) expressing lentivirus, as indicated. Cells were evaluated for
JNK1, JNK2, and EPS8 expression by Western blot analysis. Expression was quantified and normalized to individual GAPDH loading controls and compared with
gipz-expressing cells. Subsequently, gipz- and shjnk2-expressing 4T1.2 cells were plated in a modified Boyden chamber. 5% FBS was used as a chemoattractant
in the lower chamber. After 8 h, cells remaining on the lower side of the filter were stained with crystal violet and counted (**, p � 0.002, two-sided Student’s
t test). Representative pictures are shown of migratory stained cells.
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JNK2 Abrogates EPS8 Binding to RN-Tre to Restore Wound
Repair—Our data show that the localization and effect of EPS8
on cell migration differs in a JNK2-dependent fashion. Despite
the existing information on the various complexes in which
EPS8 engages, the conditions that favor one signaling complex
over the other are not well understood. In the canonical path-
way, EPS8 is tethered to Sos-1 to activate Rac signaling when
associatedwithAbi-1.Measurement of cellular EPS8 andAbi-1
revealed a 1:3 ratio (22). In a jnk2-deficient scenario, the over-
abundance of EPS8may alter this balance, allowing excess EPS8

to engage a new partner, namely RN-Tre (42), via the same
binding site. RN-Tre binding to EPS8 reduces EGF response by
inhibiting Rab5-mediated EGFR internalization and trafficking
(20). The net biological outcome would be decreased cell
migration, as we consistently observed.
To test if EGF stimulation alters binding between RN-Tre

and EPS8, PyVMTjnk2�/� cells were transfected with GFP-
RN-Tre and then serum-starved. Fig. 4A shows that EPS8 and
RN-Tre interact in the absence of EGF.After EGF exposure, the
interaction between EPS8 and RN-Tre binding is diminished,
consistent with the competitive binding that occurs between
Abi-1 and RN-Tre for EPS8. These data support that less RN-
Tre binding allows EPS8 to interact with the Abi and Sos-1 to
transduce EGFR signaling (7).
To then evaluate how RN-Tre influences cell migration,

GFP-RN-Tre and a mutant GFP-RN-Tre 150 (lacking GAP
activity at residue 150) were overexpressed in PyVMTjnk2�/�gfp
or PyVMTjnk2�/�gfpjnk2� cells. Wound assays were per-
formed to measure the influence of RN-Tre on cell migration.

FIGURE 3. ESP8 localization is JNK2-dependent and sheps8 expression in
PyVMTjnk2�/� cells increases cell migration. PyVMTjnk2�/� (A) and
PyVMTjnk2�/� (B) cells suspended in SFM were plated onto fibronectin-
coated chamber slides. Cells remained in SFM or were treated with 10% FBS-
and EGF-containing media. 60 min later, cells were fixed. EPS8 primary anti-
body (green) was used for cytochemical analysis. White arrows designate
membrane ruffles. C, PyVMT jnk2�/� mammary tumor cells were transduced
with sheps8 or gipz nonsilencing vector expressing lentivirus. After puromy-
cin selection, EPS8 expression was measured using Western blot analysis.
EPS8 bands were quantified, and values were normalized to individual
GAPDH-loading controls and then compared with gipz-expressing cells.
D, PyVMT jnk2�/� gipz- and sheps8-expressing cells were plated in the upper
well of a modified Boyden chamber using 1% FBS as a chemoattractant. At
8 h, cells in the lower chamber were stained with crystal violet. Crystal violet
was then dissolved and absorbance of each sample measured.

FIGURE 4. Expression of JNK2 abrogates EPS8-RN-Tre interactions and
restores wound repair. A, PyVMTjnk2�/� cells were transfected with eGFP or
eGFP RN-Tre and then serum-starved overnight. Cells were harvested 1 h after
EGF treatment, and samples were immunoprecipitated with anti-EPS8. RN-
Tre binding was detected using Western blot analysis. PyVMTjnk2�/�gfp (B)
and PyVMTjnk2�/�gfp jnk2 (C) cells were plated in 6-well dishes. The next day,
cells were transiently transfected with eGFP, RN-Tre, or RN-Tre150 expression
plasmids. 24 h after transfection, a scratch wound was created in each sample,
and culture media were replaced with 1% FBS-containing media. Wound clo-
sure was measured at time 0 and at 20 h post-wounding.
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Representative images, depicted in Fig. 4B, show stronger
inhibition of wound closure in the PyVMTjnk2�/�gfp cells
with RN-Tre overexpression. In contrast, wound closure was
less restricted when RN-Tre was overexpressed in the
PyVMTjnk2�/�gfp jnk2� cells (Fig. 4C). These data further
confirm that EPS8 binding to Abi-1 or RN-Tre is dependent
on protein expression ratios. An increase in RN-Tre-EPS8
complexes usurps EPS8-Abi1-Sos-1 signaling and cell
migration in the same way as higher EPS8 expression.
Absence of JNK2 Impairs EGF Internalization—Both RTK

activity and appropriate localization are necessary for cells to
polarize and then initiate migration through localized actin
remodeling (43, 44). Internalization of activated receptors
allows ligand recycling and compartmentalization of signaling
modules (45, 46). Thus, “site-specific” enrichment of migratory
signals occurs via endocytosis to facilitate directional chemo-
tactic cell movement (47, 48).
At this point, it was still unclear how EPS8 regulates RTK

signaling and cell migration in the context of JNK2. Previous
publications have shown that the EPS8-Abi-1-Sos-1-PI3K
complex promotes RTK signaling (7). Alternatively, when EPS8
binds to RN-Tre (via the same Src homology 3 domain that
binds Abi-1), it inhibits Rab5-mediated EGFR internalization
(20, 49).
To shed light on whether JNK2 affects EGFR signaling, we

first compared EGFR trafficking in PyVMTjnk2�/� and
PyVMTjnk2�/� cells. EGFR internalization was visualized
using pulsed FITC-EGF treatment.Mild acid stripping removes
membrane-bound EGF, allowing clearer visualization of inter-
nalized ligand. The left panel of Fig. 5A shows membrane-
bound FITC-EGF prior to acid stripping for EGF detection at
the beginning of the assay. After 15 min, FITC-EGF was dis-
persed throughout the cytoplasm in the PyVMTjnk2�/� cells
(Fig. 5A, right panel). In contrast, green punctates, depicting
internalized EGF/EGFR complexes, were rare in the jnk2-defi-
cient cells (even though the basal EPS8 expression is higher).
This observation suggests that jnk2 deficiency in cells express-
ing high EPS8 favors the alternative pathway where EPS8 binds
to RN-Tre, an interaction known to inhibit EGFR internaliza-
tion. If this is indeed the case, then reducing EPS8 in
PyVMTjnk2�/� cells will increase receptor internalization and
signaling.
To test this possibility, the PyVMTjnk2�/�sheps8 cells were

assayed using a Texas Red-EGF pulse. Red EGF is abundant in
the cytoplasm of PyVMTjnk2�/�sheps8 cells compared with
their controls (Fig. 5B), strongly supporting our hypothesis that
lowering EPS8 in the jnk2�/� cells restores canonical RTK
internalization and signaling.We also evaluated EGFR to deter-
mine whether expression differences influenced EGF internal-
ization. PyVMTjnk2�/� and PyVMTjnk2�/� cells showed sim-
ilar levels of EGFR, demonstrating that only internalization of
EGFR is affected by JNK2 and EPS8 (Fig. 5C).

Analysis of fluorescently labeled EGF in Fig. 4, A and B,
showed EGF (and perhaps EGFR) in the nucleus of the
PyVMTjnk2�/� cells. EGFR nuclear transport has been previ-
ously reported so we further evaluated its localization by frac-
tionating cell lysates. The supplemental Fig. 2 compares EGFR
cytoplasmic and nuclear fractions in PyVMTjnk2�/� and

PyVMTjnk2�/� with or without EGF treatment. Although
small amounts of EGFRwere observed in nuclear extracts of the
PyVMT/jnk2�/� cells, EGF exposure had no effect on EGFR
abundance in either compartment. We then compared
PyVMTjnk2�/�gfp and PyVMTjnk2�/� gfp jnk2� cells. Again,
EGF treatment did not affect EGFR distribution (supplemental
Fig. 2), but PyVMTjnk2�/�gfp cells had higher nuclear EGFR
levels. Together, these data indicate that JNK2 may be impor-
tant in retaining EGFR in the cytoplasm independently of EGF.
However, with regard to interpreting the nuclear location of
FITC-EGF or Texas Red-EGF in Fig. 4B, it seems unlikely that
the fluorescent signals represent EGF-EGFR complexes.
Immunocytochemical analyses were also performed to visu-

alize EGFR localization after EGF exposure. An increase in
internalized EGFR was observed throughout the cytoskeleton
and lamellipodia within 30 min of EGF stimulation in the
PyVMTjnk2�/� cells (supplemental Fig. 3). In contrast, the
jnk2-deficient cells showed weak fluorescence and starkly
reduced cytoplasmic EGFR. EGFR appeared to co-localize with
the actin cytoskeleton, as reported by others both in vitro and in
vivo (50). Taken together, our data support that JNK2 affects
EPS8 localization at membrane ruffles as well as EGFR traffick-
ing in response to ligand binding.
EPS8 Knockdown Sensitizes Cells to EGF Stimulation in the

Absence of JNK2—After EGFR internalization, ligand-bound
receptor complexes continue to signal within endosomes (48).
To understand how less EPS8 in jnk2-deficient cells migrate
more successfully, we examined EGFR signaling using phos-
phorylation of ERK, Akt, and JNK as downstream readouts of
activated EGFR. Each kinase family has an established role in
cell migration (51–53). EGF treatment of PyVMTjnk2�/�sheps8
cells increased phosphorylation of Akt and ERK comparedwith
the PyVMTjnk2�/�gfp or PyVMTjnk2�/� GFPjnk2� cells (Fig.
5D). In a similar fashion, EGF-induced phosphorylation of the
JNK1/3 isoforms was also higher in the PyVMTjnk2�/�sheps8
cells comparedwith PyVMTjnk2�/�gipz-expressing cells. These
differences coincide with increased EGFR internalization and a
higher migration phenotype observed in the sheps8-expressing
jnk2 knock-out cells. Considering our data and the existing
view that EPS8 enhances EGFR signaling (42, 54, 55), we con-
clude that JNK2 is critical for EGFR internalization and recruit-
ment of EPS8 to complexes that propagate signals to ERK, Akt,
and JNK.

DISCUSSION

Tumor cell migration is essential for tissue invasion and
metastasis. Up-regulation of motility-associated genes allows
cancer cells to develop a metastatic phenotype. Indeed, Yao et
al. (56) recently reported low frequency amplification of EPS8,
in associationwithH2AFJ andKRAS in the same region, in high
grade breast tumors. EPS8 has also been implicated in Src-me-
diated transformation (57). Migration machinery in cancer
cells provides a strategic target for treatment of the metastatic
disease. To this end, we report a novel role for JNK2 and the
multifunctional scaffold protein EPS8 in mammary cancer cell
migration. Human tumor data provide further support that
high jnk2 expression may contribute to the poorer survival
observed in patients with basal-type tumors. This relationship
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was further strengthened in a combined analysis of high jnk2-
and low eps8-expressing tumors. Our cell line data provide
important insight into how JNK2 expression influences EPS8
abundance and function in EGFR-expressing mammary tumor
cells. Together, these data support the concept that EPS8 func-
tion is influenced by the abundance of other regulatory
proteins.
Interestingly, JNK is also a convergence point for Rac and

FAK (58, 59), supporting its role in metastasis (60). Our tools,
including biochemical inhibitors of JNK and various genetic
knock-out and knockdown models, enabled us to isolate the
role of JNK2 in mammary cancer cells. We determined that

JNK2 is the key isoform that drives cell migration in breast
cancer cells via a novel pathway involving EPS8.
EPS8 possesses several key properties through which JNK2

influences EGFR signaling and cell migration. Cellular interac-
tions involving EPS8 also include association with Dishevelled
IRSp53 and Shc (61). A well studied function of EPS8 is its
ability to transmit and diversify RTK signaling. This property
gains clinical relevance in cancer both in facilitating tumor
growth and metastasis. Elevated levels of EPS8 have been
reported in lung, thyroid, pituitary, colon, pancreatic, and
breast tumors (42, 54, 55, 56, 62, 63). However, with respect to
cell migration, most of the data are correlative or inconclusive.

FIGURE 5. Loss of JNK2 impairs EGFR internalization. A, cells were treated with 100 ng/ml FITC-EGF at 37 °C for 15 min. Media were aspirated, and
membrane-bound ligand was acid-stripped with 0.01% acetic acid solution. FITC-EGF uptake was captured live using ImagePro 6.1 software and color overlay
(EGF � green, �100). Data are representative of two independent experiments. B, conditions were similar to A, except PyVMTjnk2�/�gipz and PyVMTjnk2�/�sheps8
cells were treated with Texas Red-EGF. Acid stripping removed unbound EGF (EGF � red, �100). C, subconfluent cell lines were lysed and later probed with EGFR
antibody. GAPDH was used as the internal loading control. D, subconfluent PyVMTjnk2�/�gipz and PyVMTjnk2�/�sheps8 cells were serum-starved overnight
and then stimulated with 1% FBS for 0, 0.5, 1, 2, and 4 h. Cell lysates were probed using primary antibodies, as indicated. GAPDH was used to evaluate equal
loading among samples. E, model diagram. In the leading edge of a migrating cell, activated EGFR is internalized into endosomes via active Rab5 GTPase. EPS8,
when complexed with Abi-1 and Sos-1, transmits signals from EGFR to activate Rac and JNK, which facilitate actin remodeling and migration. JNK2 inhibits eps8
expression such that low levels of EPS8 bind to Abi-1 and Sos-1. With JNK2 deficiency, eps8 transcription is up-regulated, and the Abi-1/Sos-1 pool becomes
rate-limiting. Excess EPS8 binds to RN-Tre. EPS8 binding activates RN-Tre, a GTPase-activating enzyme for Rab5, resulting in Rab5 inactivation and reduced
EGFR internalization.
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In fact, overexpression of EPS8 failed to increase cell migration
in pituitary tumors (55). We found that jnk2 expression level
showed a stronger association with patient survival in breast
cancer, although eps8 expression alone did not discriminate
DFS when tumor subtypes were grouped or when basal type
alone was evaluated. Our studies of the role of EPS8 in growth
factor signaling using the invasive PyVMT model, along with
other basal-type cell lines, underlines its potential importance
in human disease.
In our studies, the reduction or loss of JNK2 expression

increased EPS8 levels and decreased cell migration. Decreased
EPS8 expression in PyVMTjnk2�/� cells enhanced cell migra-
tion. We observed this phenotype in both PyVMT and 4T1.2
cells, raising the question of why, despite higher levels of EPS8,
the JNK2-deficient cells migrate more poorly. There are two
possible explanations for the reducedmigratory response. First,
EPS8 is essential for transmitting growth factor signals from
Ras to Rac, and JNK is a downstream effector. In the absence of
JNK2, Rac activity and actin remodeling are impaired. We
observed a JNK2 dependence of actin polymerization and
lamellipodia formation. Also, EPS8 was not detected at ruffles
in the absence of JNK2. The second possibility is that EPS8 acts
directly on actin fibers. Several in vitro and in vivo studies
showed that the effector domain of EPS8 has a high affinity for
actin filament barbed ends. EPS8 functions as a capping protein
in the presence of Abi-1 (22). Localized actin polymerization on
the fast growing barbed end allows protrusion of the cell mem-
brane, but higher levels of EPS8 inhibit actin filament growth
(65).
Disanza et al. (66) reported that EPS8 and Abi-1 exist in cells

at a 1:3 ratio. Its relative abundance may be a critical determi-
nant in the participation of EPS8 in various protein complexes.
JNK2 influences EPS8 expression and localization, perhaps
allowing it to facilitate EGFR signaling by binding with Abi-
1-Sos-1 or to inhibit EGFR trafficking by binding with RN-
Tre (7, 20). The EPS8-RN-Tre complex inhibits EGFR inter-
nalization by reducing Rab5 activity (67). We observed that
PyVMTjnk2�/� cells internalize EGF more efficiently than
their jnk2�/� counterparts. Considering these findings, we
propose that in the absence of JNK2, higher levels of EPS8
interact with RN-Tre, which inhibits RTK internalization
and cell migration (Fig. 5E).
Strength and duration of RTK responses are dependent upon

endocytosis and degradation. Receptor endocytosis directs it to
various cellular compartments (48). Activation of endosome-
associated EGFR supports cell survival by stimulating the PI3K-
Akt and ERKpathways. Recently, it was shown that depletion of
a Rab5GEF inhibited EGFR signaling and proliferation in A549
cells (64). This indicates that EGFR internalization is essential
for its signaling in these cancer cells. Our model reinforces that
increased ERK and Akt activity occurs when RTK signals are
driven through the EPS8-Sos-1-Abi-1 complex.
We predicted that jnk2-deficient cells expressing more EPS8

have higher ratios of EPS8-RN-Tre complexes. RN-Tre overex-
pression inhibited migration more strongly in jnk2-deficient
cells. Thus, if JNK2 is essential for EGFR endocytosis then pre-
sumably the EGFR-EPS8-RN-Tre complex is targeted to endo-
cytic vesicles.

Overall, ourmodel suggests that the consequence of low jnk2
expression is dictated by the balance between the EPS8-Abi-1-
Sos-1 complex that promotes migration and the EPS8-RN-Tre
complex that inhibits receptor internalization and the signaling
necessary for cell motility. Given that high jnk2 expression was
associated with poorer DFS in human breast tumors, we pro-
pose that JNK2 conveys important RTK-related signals in
breast tumors. This may also extend to EGFR binding partners
like ErbB2, but the sample size was too low to detect a statistical
difference in the ErbB2-type tumors.We show for the first time
that JNK2 enhances growth factor-induced cell migration by
regulating RTK trafficking and modulating EPS8 levels. These
findings underline the critical role of JNK2 in RTK signaling
and migration and stresses its importance in cancer.
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