THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 1, pp. 455-465, January 4, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Neuregulin Mediates F-actin-driven Cell Migration through
Inhibition of Protein Kinase D1 via Rac1 Protein™

Received for publication, July 5, 2012, and in revised form, October 26, 2012 Published, JBC Papers in Press, November 12,2012, DOI 10.1074/jbcM112.397448

Heike Doéppler’, Ligia . Bastea', Tim Eiseler’, and Peter Storz’
From the Department of Cancer Biology, Mayo Clinic Comprehensive Cancer Center, Mayo Clinic, Jacksonville, Florida 32224

Background: Neuregulin (NRG) is overexpressed in 30% of breast cancers and mediates tumor cell migration and invasion.
Results: NRG mediates its effects on tumor cell migration via inhibition of PKD1.

Conclusion: NRG is a negative regulator of PKD1 and acts through Racl.

Significance: We provide a mechanism through which the NRG/Racl pathway cross-talks with PKD1 signaling pathways to

facilitate directed cell migration.

Neuregulin (NRG; heregulin) is overexpressed in ~30% of
breast cancers and mediates various processes involved in
tumor progression, including tumor cell migration and inva-
sion. Here, we show that NRG mediates its effects on tumor cell
migration via PKD1. Downstream of RhoA, PKD1 can prevent
directed cell migration through phosphorylation of its substrate
SSH1L. NRG exerts its inhibitory effects on PKD1 through
Racl/NADPH oxidase, leading to decreased PKD1 activation
loop phosphorylation and decreased activity toward SSHI1L.
The consequence of PKD1 inhibition by NRG is decreased bind-
ing of 14-3-3 to SSH1L, localization of SSHIL to F-actin at the
leading edge, and increased cofilin activity, resulting in
increased reorganization of the actin cytoskeleton and cell
motility. Our data provide a mechanism through which the Rho
GTPase Racl cross-talks with PKD1 signaling pathways to facil-
itate directed cell migration.

Neuregulin (NRG)* is a secreted growth factor that binds to
the ErbB3 and ErbB4 receptors. It is required in the morpho-
genesis and differentiation of the normal mammary gland but is
also overexpressed in ~30% of breast tumors (1, 2). Up-regula-
tion of NRG expression in mammary epithelial cells can be
sufficient to drive malignant transformation and the develop-
ment of tumors (3—5). Additionally, members of the NRG fam-
ily are detected in pre-invasive ductal breast cancer (6), and
NRG has been shown to induce breast cancer cell invasion and
metastasis through activation of ErbB3 (5, 7-9).

NRG increases cell motility through regulation of the actin
cytoskeleton, enhancing the formation of lamellipodia, mem-
brane ruffles, F-actin stress fibers, and filopodia (10, 11). Actin
reorganization at the leading edge of migrating cells is initiated
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by F-actin filament severing through cofilin (12). In the absence
of a chemotactic stimulus, cofilin is bound to phosphatidyl-
inositol 4,5-bisphosphate at the plasma membrane (13-15).
Activation of cofilin is initiated through receptor tyrosine
kinase-activated phospholipase enzymes that cleave phospha-
tidylinositol 4,5-bisphosphate, allowing its release from the
plasma membrane at sites of stimulation. Cofilin enzymatic
activity is tightly regulated through inhibition of phosphoryla-
tion at Ser-3. Phosphorylation of this site is mediated by LIM
domain kinases LIMK1 and LIMK2 and testicular protein
kinases TESK1 and TESK2 (13-15). Phosphatases such as
SSH1L (slingshot 1-like) and chronophin keep cofilin dephos-
phorylated and active or re-enter phosphorylated cofilin into
the active pool (16, 17).

The MCE-7 breast cancer cell line is a bona fide cell culture
model to investigate NRG-mediated signaling leading to cell
adhesion, cell motility, and actin-remodeling processes (18). In
MCE-7 cells, actin reorganization at the leading edge in lamel-
lipodia is triggered by local activation of SSHIL (19). Stimula-
tion with NRG induces translocation of SSH1L to F-actin-rich
lamellipodia, correlating with cofilin dephosphorylation (19).
However, the mechanisms by which NRG activates SSHIL are
not well defined.

We and others have shown that SSHIL can be negatively
regulated by the PKD family of serine/threonine kinases (20—
22). Phosphorylation of SSHIL at Ser-978 by PKD1 leads to
binding of 14-3-3 protein, resulting in its release from F-actin
and sequestration in the cytosol (20, 21). In addition, PKD1 also
decreases cofilin activity through the PAK4 (p21-activated
kinase 4)/LIMK pathway by direct phosphorylation and activa-
tion of PAK4 (22). The activator of PKD1 that leads to such
signaling is the small Rho GTPase RhoA (20). In invasive breast
cancer, PKD1 is down-regulated in its expression compared
with normal epithelium, whereas the two other isoforms of this
kinase family, PKD2 and PKD3, remain unchanged in their
expression, indicating a specific function for this PKD isoform
in this cancer (23). Moreover, the knockdown of PKD1 in low-
motility breast cancer cell lines (e.g. MCF-7) or the re-expres-
sion of active PKD1 in highly invasive cells (e.g. MDA-MB-231)
showed that PKD1 is a key negative regulator of breast caner
cell invasion (23).
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Here, we show that NRG mediates its stimulatory effects on
breast cancer cell migration via Rac1/NADPH oxidase-induced
inhibition of PKDI, thus decreasing PKD1 activity toward
SSHI1L. The consequence of PKD1 inhibition by NRG is the
localization of SSHI1L to F-actin at the leading edge and
increased cofilin activity, leading to reorganization of the actin
cytoskeleton and cell motility.

EXPERIMENTAL PROCEDURES

Cell Lines, Antibodies, and Reagents—Cell lines were
obtained from American Type Culture Collection and main-
tained in DMEM with 10% FBS. MCE-7 cells stably expressing
shRNA directed against PKD1 or control virus have been
described previously (23). Anti-PAK4, anti-phospho-Ser-474
PAK4, anti-cofilin, anti-phospho-Ser-3 cofilin, and anti-phos-
pho-Ser-744/748 PKD (recognizes active PKD1-PKD3) anti-
bodies were from Cell Signaling Technology (Danvers, MA).
Anti-Racl, anti-RhoA, anti-GST, anti-PKD1, anti-Myc (mouse
monoclonal), and anti-14-3-38 antibodies were from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-HA and anti-g-
actin antibodies were from Sigma-Aldrich. Anti-PKD2 anti-
body was from Millipore (Billerica, MA). Anti-PKD3 and
anti-SSH1L antibodies were from Bethyl Laboratories (Mont-
gomery, TX). Rabbit anti-Myc polyclonal antibody was from
Abcam (Cambridge, MA). Anti-active Racl antibody was from
NewEast Biosciences (Malvern, PA). The anti-PKD1 antibody
was raised against a peptide corresponding to amino acids 372—
385 in human PKD1 and was characterized previously (23). A
rabbit polyclonal antibody specific for human SSH1L phospho-
rylated at Ser-978 (anti-phospho-Ser-978 SSH1L antibody) was
raised by 21 Century Biochemicals (Marlboro, MA) using
COOH-aminohexanoic acid-PLKRSH(pS)LAKL-amide and
acetyl-LKRSH(pS)LAKLGS-aminohexanoic acid-COOH-am-
ide peptides as antigens. HRP-linked secondary antibodies were
from Millipore. The secondary antibodies used for immunoflu-
orescence (Alexa Fluor 488-conjugated goat anti-rabbit F(ab’),
and Alexa Fluor 568-conjugated goat anti-mouse F(ab’),) and
Alexa Fluor 633-conjugated phalloidin were from Invitrogen.
Lipofectamine 2000 (Invitrogen) was used for transient trans-
fection. Recombinant human NRG (heregulin-B1) was from
PeproTech Inc. (Rocky Hill, NJ). Rho Inhibitor I was from Cyto-
skeleton Inc. (Denver, CO). Diphenyleneiodonium (NADPH
oxidase inhibitor) was from Sigma-Aldrich.

DNA Expression Vectors and Lentiviral sShRNA Expression—
Expression plasmids for HA-tagged and GFP-tagged human
PKD1, PKDI(S738E/S742E) (constitutively active), and
PKD1(K612W) (kinase-dead) have been described previously
(20). The expression plasmids for Myc-tagged SSH1L and
SSH1L(S978A) were obtained from Dr. K. Mizuno (19). The
expression plasmid for dominant-negative Racl (Racl.N17)
was obtained from Dr. A. Mercurio (University of Massachu-
setts Medical School). pLKO.1-puro vectors encoding shRNA
directed against PKD1 (NM_002742.x-2498s1c1) and the non-
target sequence control were obtained from Sigma-Aldrich and
have been described previously (20). The ViraPower lentiviral
expression system (Invitrogen) was used for an optimized mix-
ture of packaging plasmids that supply the structural and rep-
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lication proteins that are required to produce lentivirus in
HEK293FT cells.

Immunoblotting, Immunoprecipitation, and PAGE—Cells
were washed twice with cold PBS (140 mm NaCl, 2.7 mm KCI, 8
mwm Na,HPO,, and 1.5 mm KH,PO,, pH 7.2) and lysed with
Triton lysis buffer (50 mm Tris-HCI, pH 7.4, 1% Triton X-100,
150 mm NaCl, and 5 mm EDTA, pH 7.4) plus protease inhibitor
mixture (Sigma-Aldrich). Lysates were incubated on ice for 30
min. Following centrifugation (13,000 rpm, 15 min, 4 °C), pro-
tein concentration was determined. The proteins of interest
were immunoprecipitated by a 1-h incubation with a specific
antibody (2 ng), followed by a 30-min incubation with pro-
tein G-Sepharose (Amersham Biosciences). Immune com-
plexes were washed three times with TBS (50 mm Tris-HCI,
pH 7.4, and 150 mMm NaCl) and resolved in 20 ul of TBS and
2X Laemmli buffer. Samples were subjected to SDS-PAGE,
transferred to nitrocellulose membranes, and visualized by
immunostaining.

Pulldown Assays for Active Rac and Rho—Pulldown assays
for active Rho GTPases were performed using rhotekin-Rho-
binding domain beads (pulldown of active Rho) or PAK-p21-
binding domain beads (pulldown of active Rac) and the RhoA
Activation or Racl Activation Assay Biochem kits purchased
from Cytoskeleton Inc. All assays were performed according to
the manufacturer’s instructions.

Immunofluorescence Microscopy—Cells were transfected
and plated on glass coverslips. The next day, cells were washed
twice with PBS. Following fixation with 3.5% paraformaldehyde
(15 min, 37 °C), cells were washed three times with PBS and
permeabilized with 0.1% Triton X-100 in PBS for 2 min at room
temperature. Samples were blocked with 3% bovine serum
albumin and 0.05% Tween 20 in PBS (blocking solution) for 30
min at room temperature. The coverslips were then incubated
for 2 h at room temperature with primary antibodies (diluted
1:2000 in blocking solution). Cells were washed five times with
PBS and incubated with secondary antibodies (diluted 1:500 in
blocking solution) for 2 h at room temperature. F-actin was
stained together with secondary antibodies by incubation with
Alexa Fluor 633-conjugated phalloidin in blocking solution.
After extensive washes with PBS, coverslips were mounted in
Fluoromount-G (Southern Biotech, Birmingham, AL). Samples
were examined using an LSM 510 META confocal laser scan-
ning microscope (Zeiss, Jena, Germany) with a Plan-Apochro-
mat 63X/1.4 differential interference contrast oil immersion
objective. Alexa Fluor 488 was detected with a 488 nm laser line,
Alexa Fluor 568 with a 543 nm laser line, and Alexa Fluor 633-
conjugated phalloidin with a 633 nm laser line in a Multi-track
configuration, switching tracks after each line. Images shown
depict single confocal sections. Images were processed using
NIH Image].

Impedance-based Real-time Chemotaxis Analysis—Cells
were transfected as indicated and, after 24 h, seeded on Tran-
swell CIM-Plate 16 plates (Roche Applied Science). After
attachment, cells were stimulated with NRG as indicated, and
migration toward NIH-3T3 cell-conditioned medium over the
indicated time periods was continuously monitored in real-
time using the xCELLigence RTCA dual plate instrument
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FIGURE 1. NRG decreases PKD1 basal activity. A, endogenous PKD1, PKD2,
or PKD3 was immunoprecipitated from MCF-7 cells under normal growth
conditions using isoform-specific antibodies. Samples were subjected to
SDS-PAGE, transferred to nitrocellulose, and analyzed for PKD activity by
immunoblotting for activation loop phosphorylation (anti-phospho-Ser-744/
748 PKD antibody). Samples were reprobed for the respective PKD isoform.
B, MCF-7 cells were serum-starved for 16 h and then treated with NRG (100
ng/ml) for the indicated times. Endogenous PKD1 was immunoprecipitated
(IP; anti-PKD1 antibody), and samples were subjected to SDS-PAGE, trans-
ferred to nitrocellulose, analyzed by immunoblotting for activation loop
phosphorylation (anti-phospho-Ser-744/748 PKD antibody), and reprobed
for PKD1.

(Roche Applied Science). Error bars (gray) represent three
experiments.

Wound Healing/Scratch Assays—Cells were transfected as
indicated. At 90% confluence, cell layers were wounded by
scratching using 1-mm pipette tips. Cells were stimulated with
NRG as indicated, and different scratch regions (n = 30) were
photographed at the indicated times. Scratch area was deter-
mined using Image-Pro Plus (Media Cybernetics Inc., Rock-
ville, MD).

RESULTS

Neuregulin Decreases PKDI1 Basal Activity—PKD1 nega-
tively regulates cell migration by targeting substrates that con-
trol actin reorganization at the leading edge (20-22). Analysis
of the breast cancer cell line MCF-7 for expression and activity
of the three PKD family members (PKD1-PKD3) indicated that
all are expressed, but only PKD1 showed basal activity (Fig. 14).
PKD activity was determined by probing with an antibody
(anti-phospho-Ser-744/748 PKD antibody) that recognizes
phosphorylation at the activation loop serines of all three PKD
isoforms, an event that is required for kinase activation (24).
MCE-7 cells under normal growth conditions are non- or low-
motile, but treatment with NRG increases their migratory
potential (19). Therefore, we tested if NRG in MCF-7 cells
affects PKD1 basal activity. We found that treatment of cells
with NRG led to a time-dependent down-regulation of endog-
enous PKD1 activity (Fig. 1B).
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Inhibition of PKDI1 Activity by NRG Leads to Increased Cell
Motility—To test if NRG-induced inhibition of basal PKD1
activity contributes to directed cell migration, we next investi-
gated whether a constitutively active PKD1 allele with activa-
tion-mimicking phosphorylations (PKD1(S738E/S742E)) is
capable of blocking or reducing NRG-induced directed cell
migration. Although treatment of cells with NRG increased
directed cell migration compared with control cells (Fig. 24, red
versus black), additional ectopic expression of an active allele of
PKD1 blocked NRG-induced directed cell migration (Fig. 24,
green versus red). Similar effects were observed when cells were
subjected to wound healing (scratch) assays (Fig. 2B). We then
tested if the basal activity of PKD1 can contribute to the non-
motile phenotype of MCEF-7 cells. We found that depletion of
PKD1 from cells increased their ability to migrate. This was found
in impedance-based Transwell assays toward a chemotactic stim-
ulus (Fig. 2C) and in wound healing assays (Fig. 2D). Our data
suggest that inhibition of endogenous basal PKD1 activity is a
mechanism through which NRG induces cell migration.

NRG Regulates Cofilin Activity via Slingshot and Not PAK4—
One key pathway by which NRG induces directed cell migra-
tion is by increasing the activity of cofilin (19). Time-dependent
treatment of MCF-7 cells with NRG decreased cofilin phosphor-
ylation at Ser-3, indicating its activation (Fig. 34). PKD1 can
regulate cofilin phosphorylation at Ser-3 via both activation of
PAK4 and inactivation of SSH1L (direct phosphorylation at
Ser-978). The net result of such signaling is accumulation of
phosphorylated inactive cofilin (22, 25-27). Therefore, we
tested if NRG acts through both enzymes by probing for PKD1-
mediated phosphorylations. In MCEF-7 cells, PAK4 is constitu-
tively active as judged by its phosphorylation at the activation
loop (anti-phospho-Ser-474 PAK4), and treatment with NRG
did not have any inhibitory effect (Fig. 3B). Correlating with the
observed basal PKD1 activity, SSH1L was basally phosphory-
lated at Ser-978 (Fig. 3C). Phosphorylation at this site was
shown previously to retain SSH1L in the cytosol and render it
inactive toward cofilin at the leading edge (20). Treatment with
NRG decreased SSH1L phosphorylation at this site over time
(Fig. 3C). This resulted in increased localization of SSHIL to the
leading edge, where it co-localized with F-actin structures (Fig.
3, D and E). In contrast, an SSH1L(S978A) mutant was consti-
tutively co-localized with F-actin at the leading edge indepen-
dent of NRG treatment (Fig. 3, F and G). Taken together, these
results indicate that, in response to NRG, SSH1L phosphoryla-
tion at Ser-978 is decreased, and active SSH1L is located at the
leading edge, where it increases cofilin activity.

PKD1 Activity Determines SSH1L Localization to the Leading
Edge—Localization of SSHI1L to areas of actin reorganization is
prevented by PKD-mediated phosphorylation at Ser-978,
which retains it in the cytosol (20, 21). In MCE-7 cells, endoge-
nous SSHIL showed basal phosphorylation at Ser-978 (Fig. 3C),
and consequently, overexpressed wild-type SSHIL was also
mostly cytosolic (Fig. 3D). Expression of a dominant-negative
PKD1 allele (kinase-dead PKD1) led to localization of wild-type
SSHIL to F-actin structures at the leading edge, thus emulating
NRG effects (Fig. 4, AI-E1). Expression of constitutively active
PKD1 resulted in the localization of SSH1L almost exclusively to
the cytosol and prevented co-localization with F-actin (Fig. 4,
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FIGURE 2. Inhibition of PKD1 activity by NRG leads to increased cell motility. A and B, MCF-7 cells were transfected with a vector control or constitutively
active PKD1 (PKD1.CA). Cells were seeded on Transwell CIM-Plate 16 plates and subjected to real-time migration assays (xCELLigence) over a time period of 14 h
(A). Error bars (gray) represent three experiments. Control Western blotting (WB) was performed to determine overexpression of constitutively active PKD1.
Equal loading was controlled by probing for B-actin (anti-B-actin antibody). Cells were also subjected to wound healing assays over a time period of 48 h. The
area closure of the scratch wound was quantified (Image-Pro Plus), and the pie graphs show the percent area covered or uncovered (B). C and D, MCF-7 cells
stably expressing shRNA directed against PKD1 or control (Ctrl.) virus were seeded in Transwell CIM-Plate 16 plates and, after adhesion, subjected to real-time
migration assays (xCELLigence) over a time period of 10 h. Error bars (gray) represent three experiments. Additionally, lysates of cells were analyzed for efficient
knockdown of PKD1.PKD1 wasimmunoprecipitated (/P; anti-PKD1 antibody), subjected to SDS-PAGE, and transferred to nitrocellulose, and samples were stained with
PKD1-specific antibody. Western blot staining for B-actin served to show equal loading. Cells were also subjected to wound healing assays over a time period of 48 h.
The area closure of the scratch wound was quantified (Image-Pro Plus), and the pie graphs show the percent area covered or uncovered (D).

compare E2 with E1). This is dependent on PKD1-mediated phos- ~ we next tested if the SSH1L(S978A) mutant, which cannot be

phorylation of SSHIL at Ser-978 because a slingshot mutant
harboring a mutation in the PKD phosphorylation site
(SSH1L(S978A)) remained localized at membrane ruffles at the
leading edge in the presence of active PKD1 (Fig. 4, A3—-E3).
SSHIL Phosphorylation at Ser-978 Affects Directed MCF-7
Cell Migration—The data obtained so far suggested that NRG
regulates directed cell migration via inhibition of PKD1, leading
to decreased phosphorylation of SSHI1L at Ser-978. Therefore,
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regulated by PKD1, has similar effects on directed cell migra-
tion as treatment of cells with NRG (Fig. 2A4) or knockdown
of endogenous PKD1 (Fig. 2B). Ectopic expression of the
SSH1L(S978A) mutant increased directed cell migration,
whereas expression of wild-type SSH1L, which can be regulated
by endogenous basal PKD1 activity, had no effect (Fig. 54).
Similar effects on cell motility were observed using wound heal-
ing assays as a readout for cell motility (Fig. 5B). This suggests
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FIGURE 3. NRG regulates cofilin activity via slingshot and not PAK4. A-C, MCF-7 cells were serum-starved for 24 h and then treated with NRG (100 ng/ml)
for the indicated times. Samples were subjected to SDS-PAGE, transferred to nitrocellulose, and analyzed for phosphorylation of endogenous cofilin (A), PAK4
(B), or SSH1L (C) using phospho-specific antibodies (anti-phospho-Ser-3 cofilin, anti-phospho-Ser-474 PAK4, or anti-phospho-Ser-978 SSH1L). Samples were
restained for total protein using anti-cofilin, anti-PAK4, or anti-SSH1L antibody. WB, Western blot; [P, immunoprecipitation. D-G, MCF-7 cells were transfected
with Myc-tagged wild-type SSH1L or SSH1L(S978A), serum-starved, and then treated with NRG (100 ng/ml). Samples were subjected to immunofluorescence
staining using anti-Myc antibodies for visualization of SSH1L as well as phalloidin for staining of F-actin structures.

that the motility of MCE-7 cells is indeed mediated through a
NRG/PKD1/SSHI1L pathway.

Neuregulin Blocks 14-3-3 Binding-induced Inhibition of
SSHI1L—One mechanism by which SSHI1L can be retained in
the cytosol is through binding to proteins of the 14-3-3 family
(19). Binding of 14-3-3 to SSHIL is regulated by its phosphor-
ylation at Ser-978 (20). In MCE-7 cells, stimulation with NRG
led to a time-dependent decrease in basal SSH1L phosphoryla-
tion at Ser-978, correlating with a decrease in 14-3-3 binding
(Fig. 6A). However, the ectopic expression of a constitutively

JANUARY 4, 2013 +VOLUME 288 -NUMBER 1

active allele of PKD1 increased both SSH1L phosphorylation at
Ser-978 and binding to 14-3-3 (Fig. 6B). This suggests that loss
of 14-3-3 binding is the mechanism by which NRG induces
cofilin dephosphorylation in MCE-7 cells.

Neuregulin Negatively Regulates PKD1 via Racl/NADPH
Oxidase—W e next investigated how PKD1 activity is negatively
regulated by NRG. NRG was shown previously to mediate its
action on cell migration via activation of Racl (19). In MCE-7
cells, NRG led to an increase in Racl activity (Fig. 7A). We next
tested if NRG negatively affects PKD1 activity through Racl.
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FIGURE 4. PKD1 activity determines SSH1L localization to the leading
edge. A-E, MCF-7 cells were cotransfected with either Myc-tagged wild-type
SSH1L or SSH1L(S978A) and kinase-dead (PKD1.KD) or constitutively active
(PKD1.CA) PKD1 as indicated. Samples were fixed, and cells were subjected to
immunofluorescence analysis. A, PKD1, stained with anti-PKD1 antibody.
B, SSH1L, stained with anti-Myc antibody. D, F-actin structures, stained with
phalloidin. C shows an overlay of PKD1 and SSH1L signals, and E shows an
overlay of SSH1L and F-actin structures.

Using a set of constitutively active (Rac1.V12 mutant) or dom-
inant-negative (Racl.N17 mutant) expression constructs, we
first tested if Racl activity can impact PKD1 activity. Constitu-
tively active Racl inhibited PKD1 activity (Fig. 7B), indicating
that Racl may act as a suppressor of PKD1 activity in MCF-7
cells. In support of this, increased PKD1 activity was detected
when a dominant-negative allele of Racl was expressed (Fig.
7B). In addition, ectopic expression of dominant-negative Racl
effectively blocked the inhibitory effects of NRG on PKD1 (Fig.
7C), and increased PKD1 activity induced by dominant-nega-
tive Racl correlated with an increase in SSH1L phosphorylation
at Ser-978 (Fig. 7D).

We next investigated the mechanism Racl uses to negatively
affect basal PKD1 activity in MCE-7 cells. Treatment of cells
with C3 transferase-based RhoA Inhibitor I decreased basal
PKD1 activity (Fig. 84), similar to the results obtained with
constitutively active Racl (Fig. 7B). This indicates that basal
PKD1 activity in MCEF-7 cells is mediated through RhoA activ-
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loading. Cells were also subjected to wound healing assays over a time period
of 48 h. The area closure of the scratch wound was quantified (Image-Pro
Plus), and the pie graphs show the percent area covered or uncovered (B).

ity. Basal RhoA activity was inhibited when constitutively active
Racl or Nox1 was expressed (Fig. 8B). Additionally, inhibition
of NADPH oxidase with diphenyleneiodonium increased the
levels of active RhoA in cells (Fig. 8C). Taken together, the data
obtained indicate a negative regulatory function of the Racl/
NADPH oxidase pathway in RhoA/PKD1 signaling. Because
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Racl acts downstream of NRG in MCE-7 cells, we next tested if
inhibition of NADPH oxidase can block the inhibitory effects of
NRG on PKD1. We found that inhibition of NADPH oxidase
restored PKD1 basal activity in the presence of NRG (Fig. 8D).

In summary, our data indicate that NRG inhibits PKD1
through Racl/NADPH oxidase. This results in activation of
SSHIL and dephosphorylation of cofilin, allowing increased
directed cell migration (Fig. 9).

DISCUSSION

Neuregulins are cell-cell signaling proteins that play
essential roles in the nervous system, heart, and breast (28).
In the normal breast, NRG is involved in development during
pregnancy and lactation (29). NRG also has a role in the
pathogenesis of breast cancer (28), where it contributes to
tumor formation and progression to a more aggressive phe-
notype (30, 31). For example, expression of NRG can lead to
acquisition of hormone independence (7) and anti-estrogen
resistance (32, 33). Furthermore, NRG mediates the spread
and motility of neoplastic cells (30, 31) and is sufficient for
the development of mammary tumors and metastasis (5).
NRG promotes breast cancer cell invasion by increasing cell
motility through induction of actin reorganization (11). In
this study, we have described the functional relationship
between NRG and PKD1, a kinase that was shown to inhibit
directed cell migration and invasion in breast, prostate, and
gastric cancers (23, 34, 35).

MCE-7 cells are a bona fide cell model to study the mecha-
nisms by which NRG regulates cell migration (19). They are
non- or low-motile and endogenously express basally active
PKD1 and active RhoA (Figs. 14 and Fig. 8, B and C). Basal
RhoA/PKD1 activity most likely is caused by serum compo-
nents because it was shown previously that it can be decreased
with serum deprivation (36). Previously, we have shown that
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knockdown of PKD1 in MCEF-7 cells significantly increases
their capacity to migrate and invade the extracellular matrix in
two- and three-dimensional assay systems (23). However, in
these cells, PKD1 has also been described to increase cell pro-
liferation through accelerating the G,/G; -to-S phase transition
via the MEK/Erk1/Erk2 signaling pathway (37). Although NRG
can induce a motile phenotype, it was also shown to have anti-
proliferative effects on breast cancer cells (1, 38, 39). Thus, the
basal activity of PKD1 may maintain proliferation, and its neg-
ative regulation by NRG may be a mechanism for cancer cells to
switch from a proliferative to a migratory phenotype.

NRG induces directed MCE-7 cell migration via activation of
SSHI1L (19). Localization of SSHIL to areas of actin reorgani-
zation is dependent on its dephosphorylation at Ser-978 and
release from binding to 14-3-3 proteins (19, 20). We have
shown here that, in MCEF-7 cells, the basal activity of PKD1 is
sufficient to promote phosphorylation of SSHIL at Ser-978,
leading to its binding to 14-3-3 proteins (Fig. 6). When stimu-
lated with NRG, PKD1 is inhibited, and SSH1L phosphoryla-
tion at Ser-978 is decreased (Figs. 1 and 3). This allows SSH1L to
localize to the leading edge and fulfill its function in mediating
cofilin dephosphorylation and directed cell migration (Figs.
3-5).

In breast cancer cells, Rac1 is a downstream effector of NRG/
ErbB3 signaling and mediates migratory responses (40). Down-
stream of NRG, Racl mediates SSH1L activation and its effects
on actin reorganization at the leading edge (19). It was shown in
keratinocytes that the absence of Racl activity leads to inhibi-
tion of slingshot through binding of 14-3-3 proteins; moreover,
Racl activation by a684 integrin leads to slingshot-mediated
dephosphorylation of cofilin to increase their migration (41).
Our data show that a similar mechanism is in place in MCF-7
cells. In these cells, basal PKD1 activity is decreased when Racl
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is activated by NRG, and this translates to decreased SSHI1L
phosphorylation at Ser-978 (Fig. 7).

The mechanism by which PKD1 is inhibited is most likely
through cross-talk between Rho GTPases. PKD1 has been
shown to be activated downstream of RhoA (20, 42, 43), and
basal PKD1 activity in MCEF-7 cells is also due to RhoA activity
(Fig. 8A4). The balance between Racl and RhoA activities deter-
mines cell morphology and migratory behavior (44). For exam-
ple, in NIH-3T3 fibroblasts, growth factor receptor-mediated
activation of Racl or expression of constitutively active Racl
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can down-regulate RhoA activity. A bona fide target for Racl is
NADPH oxidase (45). It was shown that Racl activates this
superoxide-generating enzyme complex and that superoxide
can contribute to directed cell migration by activating the
SSH1L/cofilin pathway (46). We have shown here that the
RhoA/PKD1 signaling pathway is negatively regulated by Rac1/
NADPH oxidase signaling (Fig. 8). On the other hand, PKD1
has been shown to be activated by the superoxide breakdown
product hydrogen peroxide (47). This implicates that the bal-
ance of superoxide and hydrogen peroxide at the leading edge
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FIGURE 9. Schematic showing how PKD1 is involved in NRG-mediated cell
motility. NRG regulates cofilin activity, actin reorganization, and directed cell
migration at the leading edge of MCF-7 cells by inhibiting PKD1 through
Rac1/NADPH oxidase. When activated (i.e. via RhoA as shown previously (20)),
PKD1 phosphorylates SSH1L at Ser-978. This leads to binding of SSH1L to
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contribute to directed cell migration. Our data provide a mechanism by
which both Rho GTPases may cross-talk to facilitate directed cell migration.
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ibody).

of migrating cells may provide a switch to regulate actin reor-
ganization processes. This will be the focus of future
investigations.

Our data provide a mechanism through which the Rho
GTPases Racl and RhoA cross-talk at the level of PKD1 to
facilitate directed cell migration. It can be speculated that PKD1
is active in all areas where RhoA signaling occurs and contrib-
utes to focal adhesion formation, cell adhesion, and stress fiber
formation, whereas Racl-mediated branching of actin at the
leading edge requires inactivation of PKD1. However, there are
also other mechanisms by which the NRG/PKD1 cross-talk
could contribute to cell invasiveness. For example, PKD1 neg-
atively affects extracellular matrix degradation and cell inva-
sion by regulating the expression of many matrix metallopro-
teinases, including MMP-9 (23). It was shown that NRG
increases expression of MMP-9 (5), suggesting that PKD inhi-
bition through NRG may be a mechanism by how MMP-9 lev-
els are regulated. In summary, our data indicate that, in MCEF-7
cells, regulation of PKD1 activity by the NRG/Rac1l/NADPH
oxidase pathway provides a molecular switch with SSH1L as an
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effector for inducing actin reorganization processes that pro-
mote cell migration (Fig. 9).
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