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Abstract

The WAVE3 cytoskeletal protein promotes cancer invasion and metastasis. We have shown that the WAVE3-mediated
activation of cancer cell invasion is due, in part, to its regulation of expression and activity of key metalloproteinases (MMPs),
including MMP9, which is centrally involved in invadopodia-mediated degradation of the extracellular matrix (ECM). MMP9
is also a major NFkB target gene, suggesting a potential linkage of WAVE3 to this pathway, which we sought to investigate.
Mechanistically, we found that loss of WAVE3 in cancer cells leads to inhibition of NFkB signaling as a result of a decrease in
the nuclear translocation of NFkB and therefore loss of activation of NFkB target genes. Conversely, overexpression of
WAVE3 was sufficient to enhance NF«B activity. Both pharmacologic and genetic manipulations of NFkB effector molecules
show that the biological consequence of loss of WAVE3 function in the NFkB pathway result the inhibition of invadopodia
formation and ECM degradation by cancer cells, and these changes are a consequence of decreased MMP9 expression and
activity. Loss of WAVE3 also sensitized cancer cells to apoptosis and cell death driven by TNFa, through the inhibition of the
AKT pro-survival pathway. Our results identify a novel function of WAVE3 in NFkB signaling, where its activity is essential for
the regulation of invadopodia and ECM degradation. Therefore, targeted therapeutic inhibition of WAVE3 will sensitize
cancer cells to apoptosis and cell death, and suppress cancer invasion and metastasis.
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Introduction necessary for diverse physiological and pathological responses
ranging from the mounting of a successful immune response and
to the survival and proliferation of cancer cells [19-21]. The NFxB
family of transcriptional factors consists of five members, p50, p52,

then to establish a new mche' at a distant site [1]. During this RelA (p65), RelB and c-Rel, which form homomeric or
process, also referred to as the invasion-metastasis cascade, cancer

cells utilize specialized F-actin rich protrusions called invadopodia,
to concentrate the enzymatic activity of MMPs to degrade the
ECM, thus allowing the cancer cells to invade and migrate
through their microenvironment [2,3]. The WASP/WAVE
proteins play central roles in multiple cellular processes, including
cell shape, motility, cytokinesis as well as cancer cell invasion [4—
6]. WAVES, in particular, has been shown to be essential for the
motility and invasion of cancer cells [7-9] by contributing to the
formation of lamellipodia extensions at the leading edge of
invasive cells [8,10]. The expression of WAVE3 is also strongly
enriched in several cancers, including breast cancer (BC) [11-14].
In fact, enhanced expression and activity of WAVE3 was shown to
contribute the metastasis of triple-negative breast cancers (ITNBC),
the most aggressive subtype of BC [14-16].

Nuclear factor NFkB activation is well known for being
implicated in the survival, invasion, and metastasis of various
types of cancers [17,18]. Activation of the NFkB pathway is

Metastasis is a complex process requiring cancer cells to escape
from their primary site, survive in the blood/lymph system and

heteromeric dimers to activate transcription of the target genes
[22]. In resting cells, NFkB is maintained in a transcriptionally
quiescent state by being sequestered in the cytoplasm in protein
complexes with members of the inhibitors of IkappaB (IkB) family,
including IxBa, IkBf, IxBe. In the classical pathway, TNFa can
induce IxB kinase (IKK) mediated phosphorylation and protea-
somal degradation of IkBa, followed by phosphorylation and
nuclear translocation of the p50-p65 heterodimer to activate
transcription of NFkB target genes [23]. NFkB has been shown to
stimulate the production of MMPs, including MMP1, MMP3, and
MMP9 [24-26]. Interestingly, we and others have shown that
WAVES can also regulate the expression and activity of these
MMPs, suggesting potential role WAVE3/NFkB interplay in the
regulation of MMP9 and invadopodia activity in cancer cells
[8,10].

Here we present evidence that the metastasis promoting activity
of WAVE3 is achieved in part through its regulation of NF«B
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signaling in cancer cells. We show that loss of WAVES in the
metastatic BG MDA-MB-231 cells results in inhibition of NFxB
activity. Conversely, overexpression of WAVE3 enhances NFkB
signaling. We show that WAVE3-mediated modulation of NF«B is
required for invadopodia formation as well as MMP9 expression
and activity that are needed for cancer cells to degrade the ECM.
Finally, we show that targeted-inhibition of WAVE3 sensitizes
cancer cells to apoptosis and cell death through the inhibition of
AKT and caspase survival pathways downstream of NIkB.
Accordingly, our data establish a novel function for WAVE3 that
is critical for the regulation of NF«kB signaling and support the use
of WAVES inhibitors in combination therapies to specifically
target cancer metastasis.

Experimental Procedures

Antibodies

Rabbit anti-WAVE3 (1:1000), rabbit anti-MMP9 (1:1000),
rabbit anti-MMP2 (1:1000), rabbit anti-p38 (1:1000), rabbit anti
phospho p38 (1:1000), rabbit phospho ERK (1:1000), rabbit ERK
(1:1000), rabbit anti phospho AKT (Ser473; 1:1000), rabbit anti
panAKT (1:1000), rabbit anti Phospho JNK (1:1000), rabbit anti-
JNK (1:1000), mouse anti-phospho p65 (Ser536) (1:1000), rabbit
anti-Cortatcin are from Cell Signaling Technologies. (Danvers,
MA); mouse anti-GFP, mouse anti-WAVE2 (1:3000), mouse anti-
WAVEI (1:3000) are from Santa Cruz Biotechnology Inc (Santa
Cruz, CA); rabbit anti-NFxB p65 (1:5000) from Biolegend (San
Diego, CA), rabbit anti NAP1 (1:2000), rabbit anti ABI1 (1:5000),
rabbit anti CYFIP2 (1:3000), mouse anti-actin (1:5000), rabbit
anti-Myc (1:1000) are from Sigma-Aldrich (St. Louis, MO); goat
horseradish peroxidase-conjugated anti-mouse IgG (1:5000) and
goat horseradish peroxidase-conjugated anti-rabbit IgG (1:5000)
from Calbiochem; and Alexa 488-conjugated anti-rabbit IgG and
Alexa 568-conjugated anti-mouse IgG, Alexa 568-conjugated
phalloidin are from Invitrogen. Vecta-shield with 4’,6-diamidino-
2-phenylindole was from Vector Laboratories (Burlingame, CA).
Gel electrophoresis reagents were from Bio-Rad (Hercules, CA).

siRNA and shRNA gene expression knockdown

We used the On-Targetplus SMARTpool (Thermo Scientific)
siRNA L-012141-00-0010, L-1012301-00-0010, CYFIP2HSS
120271, ABITHSS11589 (Invitrogen), and SignalSilence IxBo
siRNA (Cell Signaling Technology) for transient knockdown of
expression of WAVE2, WAVES3, CYFIP2 and ABII, respectively,
as previously described (14). Stable knockdown of WAVES was
achieved through transfection of MDA-MB-231 and BT549 BC
cells with either the control non-targeting sShRNA or the WAVE3
MISSION shRNA clones (Sigma) followed by puromycin selection
of positive clones as previously described (12).

Cell Culture

Human MDA-MB-231 BT549 and MCF7 BC cells were
purchased from American Type Culture Collection (ATCC) and
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 100
units of penicillin/ml, 100 pg of streptomycin/ml. For stimulation
with TNFo, the cells were first subjected to serum starvation for
overnight in DMEM without fetal bovine serum, and then treated
with 50 ng/ml TNFa or the diluent DMSO (basal conditions) as
the negative control treatment for 15 min. For protein synthesis
inhibition, cell were treated with cycloheximide (CHX; Sigma-
Aldrich, St. Louis, MO) at 50 pg/ml and incubated for 24 h. For
proteasome inhibition, cells were treated with MG-132 (Sigma-
Aldrich, St. Louis, MO) at 20 pM concentration and incubated for
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24 h. The Akt-inhibitor MK-2206 (Select Chemicals, Yorktown,
TX) was used at the final concentration of 10 pM to treat cells for
16 h while the IKK-inhibitor (EMD Millipore, Billerica, MA)
was used at the final concentration of 10 uM to treat cells for 24 h.

Flow cytometry

MDA-MB-231 or BT549 cells, transfected with either the
control non-targeting shRNA or the ShsWAVE3, were treated with
TNFo for 3 h and propagated in Dulbecco’s modified Eagle’s
medium (DMEM) culture medium supplemented with 10% FBS
and puromycin (5 pg/mL). Subconfluent cell cultures were
detached by trypsinization and washed with Hank’s Balanced
Salt Solution with Ca2+, Mg2+, and 0.1% BSA. Cells were
processed for flow cytometry as described by the manufacturer
(Roche In-Situ Cell Death Detection Kit, Fluorescein). Propidium
Iodide has been used to detect dead cells. All data were acquired in
a BD LSRII instrument and analyzed with FlowJo 7.6.3 (Treestar)
software. Nonspecific binding of the secondary antibody alone to
the cells was subtracted from all flow cytometric data to yield the
resultant fluorescence intensity values that are displayed.

Immunoblot Analysis

Whole cell lysates containing similar amounts of total protein
(~50 pg) were resolved on a 10% sodium dodecyl sulfate-
polyacrylamide gel, followed by transfer to nitrocellulose (Bio-
Rad, Hercules, CA) or Immobilon-P (Millipore, Billerica, MA)
membranes using the Bio-Rad gel and transfer apparatus.
Membranes were incubated in 5% whole milk or bovine serum
albumin for 1 hour at room temperature, washed with phosphate-
buffered saline (PBS), followed by incubation with the primary
antibody (as specified) overnight at 4°C. Membranes were then
washed and incubated in the appropriate secondary antibody at
room temperature for 1 hour, and immunocomplexes were
visualized using the Western Lights chemiluminescence detection
kit from Perkin-Elmer (Boston, MA). Signals were quantified using
the Image] software according to the parameters described in
Image] wuser guide (http://rsbweb.nih.gov/1j/docs/guide/146.
html). Average values from 3 different blots are presented.

NF«B Luciferase Reporter Assay

Cignal NFkB reporter assay kit from Qiagen Inc (Valencia, CA)
was used according to the manufacturer’s instructions. Briefly,
MDA-MB 231 or BT549 cells were co-transfected with siWAVE3
or siWAVE2 with NFkB reporter, negative and positive controls,
along with a Renilla luciferase reporter construct for internal
normalization. After 24 h, cells were treated with 50 ng/ml of
recombinant human TNFo for 30 min unless otherwise specified.
Dual luciferase assays (Promega, Madison, WI) were performed in
a 96-well plate using Veritas Microplate Luminometer (Turner
Biosystems, Sunnyvale, CA), and promoter activity values are
expressed in arbitrary units after normalization to luciferase
activity of the Renilla reporter. Experiments were performed in
triplicates, and the standard deviations of values are indicated.

Immunofluorescence Microscopy

Cells were grown on glass coverslips and fixed in 4%
paraformaldehyde for 20 min in PBS at room temperature and
washed with PBS. The cells were then permeabilized in 0.2%
Triton X-100 in PBS for 15 min, washed again with PBS, and
incubated in the blocking solution containing 5% bovine serum
albumin (Sigma) in PBS for 2 h at room temperature. Primary as
well as secondary antibodies were diluted to the recommended
concentration in 5% bovine serum albumin in PBS. Cells were
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Figure 1. WAVES3 is required for NFkB activation. (A) Luciferase-based NF«B reporter assay in MDA-MB-231 cells with stable transfection of a
non-targeting shRNA (Ctrl-sh) or the WAVE3-trageting shRNA (sh-W3). (Inset) Western blot analysis of protein lysates of cells described in (A) with
anti-WAVE3 antibody. -Actin was used as a loading control. (¥, p<<0.05). (B) Western blot analysis with the indicated antibodies of protein lysates
from Ctrl-sh MDA-MB-231 and two different shWAVE3-derived clones (sh-W3-1 and sh-W3-2), before and after TNFa treatment (50 ng/ul for 15 min).
The numbers below the p-p65 and WAVE3 panels indicate the fold change of p-p65 and WAVE3 levels, respectively, as compared to the untreated
Ctrl-sh cells. (C) Quantification of p-p65 levels in the indicated conditions. (D) Western blot analysis with p65 antibody of the nuclear fraction lysates
from the Ctrl-sh and the sh-W3 MDA-MB-231 cells, with or without TNFa treatment. H2b was used as a loading control for the nuclear fraction. The
numbers below the H2b panel indicate the fold change p65 levels with respect to the untreated Ctrl-sh cells. (E) Immuno-staining for nuclear
translocation (white arrows) of p65 protein (Red) in Ctrl-sh and shWAVE3 MDA-MB-231 cells. Cells nuclei are counter-stained with DAPI (Blue). (F)
Quantification of p65 nuclear staining. All data are representative of 3 independent experiments, or are the mean = SD (n=3; *, p <0.05; Student’s t-

test)
doi:10.1371/journal.pone.0110627.g001

incubated with the primary antibody for 1 h, washed with PBS,
and then incubated with the secondary antibody for 1 h. Actin
filaments (F-actin) were stained with rhodamine-conjugated
phalloidin (Molecular Probes, Eugene, OR) in PBS. The coverslips
were mounted on object slides using Vectashield mounting
medium containing 4',6-diamidino-2-phenylindole (Vector Labo-
ratories, Burlingame, CA). Fluorescence images were captured
using a Nikon TE2000-E inverted microscopy. Signals were
quantified using the Image] software according to the parameters
described in Image] user guide (http://rsbweb.nih.gov/ij/docs/
guide/146.html). Average values of 5 different images were
plotted.

Gelatin Zymography

Gelatin zymography acrylamide gels (10%) were prepared
according to standard procedures [8]. Gelatin was added to the gel
solution to a final gelatin concentration of 1 mg/ml. The cell free
supernatant was mixed with 2 x sample buffer, incubated at room
temperature for 10 minutes, and 25 ul of the mixture were loaded
onto the gels. After electrophoresis, the gel was incubated in
Zymogram renaturing buffer with gentle agitation for 30 minutes
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at room temperature, followed incubation in the Zymogram
developing buffer at 37°C for at least four hours. Gelatinase
activity was visualized by staining the gels with Coomassie Brilliant
Blue G250 and destained in acetic acid-methanol-dH,O (1:3:6).
Areas of protease activity were photographed with a SLR camera.

Invadopodia formation Assay

FITC-gelatin degradation assays were performed as per the
manufacturer’s procedure (Invitrogen). In brief, coverslips (18-mm
diameter) were coated with 50 pg/ml poly-L-lysine for 20 min at
room temperature, washed with PBS, fixed with 0.5% glutaral-
dehyde for 15 min and washed with PBS for 3 times. After
washing, the coverslips were inverted on a drop of 0.2% FITC
conjugated gelatin in PBS containing 2% sucrose, incubated for
10 min at room temperature, washed with PBS for 3 times,
quenched with sodium borohydride (5 mg/ml) for 3 min and
finally incubated in 2 ml of complete medium for 2 h. Cells
(2x10° each well) were plated in FITC gelatin-coated coverslips
and incubated at 37°C for 12 h. Invadopodia and ECM degra-
dation were documented using fluorescence confocal microscopy
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as described [27,28]. Signal analysis and reconstruction of 3D
images were performed using the Image] software.

Statistical analyses

The data are presented as means * standard deviations of at
least three independent experiments. The results were tested for
significance using an unpaired Student’s ¢ test. A p value less than
0.05 was considered significant.

Results

WAVES3 is required for NFkB activity

To document the interplay between WAVE3 and NFkB
signaling, we used a luciferase-based NFkB reporter assay to
assess changes in NFkB activity in the presence and absence of
WAVE3. As a positive control for NFkB activation, we used
TNFoa, a known stimulator of NFxB signaling. We found that
TNFo treatment of MDA-MB-231 or BT549 cells increased
NF«B activity by at least 3-fold in both cell lines as compared to
unstimulated cells (Fig. S1 in File S1). However, in the WAVE3-
knockdown (sh-W3) cells (Fig. 1A inset), the luciferase activity, and
therefore NFxB activity, was reduced by at least 4-fold compared
to MDA-MB-231 transfected with control non-targeting shRNA
(Ctrl-sh) (Fig. 1A). Thus, WAVE3 was required for NFxB activity.
This inhibition of NFxB activity was specific to the loss of WAVE3
since knockdown of WAVE2 expression, another WAVE isoform,
had no effect on of NFkB activity (Fig. S2 in File S1).

Phosphorylation of the NFkB p65 subunit at serine 536 and its
nuclear translocation are requisite steps for NI'kB activation. We
found loss of WAVE3 in MDA-MB-231 cells to significantly
mhibit (3- to 8-fold decrease) p65 phosphorylation levels (Fig. 1B
and 1C). Even after stimulation with TNFa, p65 phosphorylation
levels in WAVE3-knockdown cells could not be restored to those
levels found in non-targeting shRINA-transfected cells (Fig. 1B and
1C). Similar results were found in BT549 cells (Fig. S3 in File S1).
Additionally, nuclear translocation of p65, which is the ultimate
step in the activation cascade of NIxB signaling, was also
significantly inhibited in WAVE3-knockdown MDA-MB-231 cells,
as measured by the levels of p65 protein in the nucleus (10-fold
decrease) by both immunoblotting of the nuclear fraction of cell
lysates (Fig. 1D) and immunostaining analyses (5-fold decrease) of
whole cells (Fig. 1E, 1F and Fig. S4 in File S1). Again, stimulation
of WAVE3-knockdown cells with TNFa failed to increase p65
within the nuclear fraction to levels found in the control cells
transfected with the control non-targeting shRNA (Fig. S4 in File
S1). Together, these data further support the involvement of
WAVES in the activation of the NF«B signaling pathway.

WAVE3 overexpression activates NF«B signaling activity

To better understand how WAVE3 modulates NFxB signaling,
we applied a combination of genetic and pharmacologic means to
manipulate effector molecules in the NFxB pathway. First, we
examined whether overexpression of exogenous WAVE3 can
affect NI'kB activity. To do so, we overexpressed either GFP alone
or GFP-WAVES fusion protein in MDA-MB-231 cells and
assessed for NFkB activity. Using the luciferase-based NFxB
reporter assay described in Figure 1A, we found overexpression of
WAVES (Fig. 2A) stimulated NFkB activity by 3-fold increase
(Fig. 2B). Consistent with this observation, WAVE3-overexpresion
also stimulated (>3-fold increase) p65 phosphorylation without
affecting total p65 expression levels (Fig. 2C). Conversely,
treatment with a specific inhibitor of IKKP (IKKp-I), the
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upstream activator of NIkB signaling, blunted the TNIo-
mediated stimulation of phospho-p65 in the WAVES3-overexpress-
ing MDA-MB-231 cells (0.9-fold change in the TNFo and IKK -
I-treated cells vs. 3.2-fold change in TNFa only treated cells
(Fig. 2D)). Thus, these data further support the role of WAVE3 in
the regulation of NF«kB signaling. Next, we monitored p65 protein
phosphorylation and turnover in the GFP and WAVE3-overex-
pressing MDA-MB-231 cells after treatment with cyclohexamide
(CHX), a potent inhibitor of de novo protein synthesis. While
phosphorylation levels of p65 were increased (~3- to 4-fold
increase) in the WAVE3-overexpressing cells, treatment with
CHX did not affect the expression levels of total p65 (Fig. 2E).
Likewise, treatment with the MG-132, a compound that inhibits
the proteasome-mediated protein degradation, did not affect the
WAVE3-mediated increase of phosphorylated p65 in the WAVE3
overexpressing cells (Fig. 2F) while the levels of total p65 remained
unchanged (Fig. 2F). Thus, these data demonstrate that the
WAVE3-mediated modulation of NF«B signaling does not require
the involvement of WAVE3 in protein neo-synthesis (the CHX
data, Fig. 2E) or t proteasome-mediated protein degradation (the
MG-132 data, Fig. 2F).

WAVE3-mediated modulation of NF«B signaling does not
require other members of the WAVE regulatory complex
WAVES, like the other members of the WASP/WAVE family,
is known to function as an activator of the Arp2/3 complex to
promote actin polymerization and cytoskeleton remodeling. For
WAVE proteins to execute this cytoskeletal reorganization
function, it must be incorporated into a pentameric protein
complex, also referred to as the WAVE regulatory complex
(WRC) that, in addition to WAVE proteins, also contains NAP1,
ABI1/2, CYFIP2 and HSPC300 [29]. Accordingly, we addressed
the question as to whether the WAVE3-mediated modulation of
NF«B signaling requires the involvement of the other members of
the WRC. First, we showed that while siRNA-mediated knock-
down of WAVE3 resulted in a significant inhibition (>8-fold
decrease) of WAVE3 expression, it did not affect the expression
levels of the other four members of the WRC (Fig. 3A).
Conversely, siRNAs directed against either ABI1 or CYFIP2,
which resulted in selective loss of expression of their respective
targets, did not affect the expression levels of the other members of
the WRC (Fig. 3A). Functionally, and as expected, WAVES3-
knockdown inhibited NFkB signaling (5-fold decrease), as mea-
sured by the loss phosphorylation of p65 (Fig. 3B). Nevertheless,
decreased expression of any of the other members of the WRC
(ABI1 and CYFIP2) did not affect the phosphorylation levels of
p65 (Fig. 3B). Furthermore, while stimulation with TNF increased
p65 phosphorylation levels in both control and knockdown cells,
phosphorylation levels in the WAVE3-knockdown cells were more
than two-fold less than in the control siRNA cells or ABI or
CYFIP2 siRNA cells (Fig. 3B). Together, these results clearly
suggest that the WAVE3-mediated modulation of NFkB signaling
does not require the participation of the members of the WRC,
and therefore, represents an activity of WAVES independent of its
traditional actin polymerization property within the WRC.

Expression and activity of MMP9, a major NFkB target
gene, are inhibited by loss of WAVE3

We have previously shown that stable knockdown of WAVE3
results in the loss of expression and activity of several MMPs,
including MMP1, 3 and 9 [8]. Among these MMPs, MMP9 is a
major target of the NFxB pathway, raising the possibility that
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WAVE3 might be involved in NFkB-mediated regulation of
MMP9. First, we used Western blotting to establish that MMP9
expression was inhibited as a result of stable knockdown of
WAVES; the decrease in MMP9 protein was ~5-fold in MDA-
MB-231 (Fig. 4A) and ~4-fold in BT549 cells (Fig. S5 in File S1).
Of note, expression levels of the WAVE] and WAVE2 were not
affected by loss of WAVES, and therefore have no bearing on the
changes of MMP9 levels caused by WAVE3-knockdown (Fig. 4A).
Next, we used the gelatinase zymography assay to show MMP9
activity was also inhibited (5-fold decrease) in the WAVES3-
knockdown cells (Fig. 4B). Additionally, stimulation with TNFa,
which is a major activator of the NFxB signaling pathway,
enhanced (~3.5-fold increase) MMP9 activity in the control cells
(Ctrl-sh). However, in WAVE3-knockdown cells, stimulation with
TNFo was unable to activate MMP9 to the levels seen in the
control cells (Fig. 4C). Thus, these results suggest that the
WAVE3-mediated regulation of MMP9 may be exerted through
modulation of NFxB signaling. Therefore, expression and activity
levels of MMP9 may be used as readout for WAVE3-mediated
modulation of NIFkB activation levels.
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WAVES3 is required for invadopodia formation and ECM
degradation through NFkB signaling

The biological significance of loss of WAVE3 and its effect on
the NFkB signaling were investigated through the ability of cancer
cells to form invadopodia and degrade the ECM, both of which
require MMP9 activation driven by NF«kB signaling. MDA-MB-
231 cells, like most highly invasive cancer cell lines, form
invadopodia in vitro when seeded onto components of the
extracellular matrix. To monitor the MMP9 activity within
invadopodia, MDA-MB-231 cells were coated onto fluorescent
gelatin-coated coverslips. After staining for F-actin, invadopodia
were observed as dot-like clusters of F-actin on the ventral surface
of the cells that is in direct contact with the gelatin substratum
(Fig. 5A panel a). These invadopodia structures overlap with sites
of degradation of the gelatin matrix (Fig. 5A, panels b and c) and
can be visualized in 3-dimensional (3-D) reconstructed images as
invaginations in the gelatin bed (Fig. 5A panel d). Cortactin is a
well-known marker for invadopodia (Fig. S6 in File S1). We found
that TNFo treatment of MDA-MB-231 resulted in co-localization
of WAVE3 with Cortactin at invadopodia structures (Fig. 5B),
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Figure 5. WAVES3 is involved in invadopodia formation and ECM degradation. (A) Confocal microscopic micrographs of MDA-MB-231 cells
grown on FITC-labeled gelatin and stained for (a) F-actin filaments (red). The white arrow-heads point to invadopodia structures (white spots). (b)
Areas of ECM degradation (black arrow-head) are shown as black spots. The invadopodia structures coincide with the areas of ECM degradation in the
merged image (c). (d) In the 3-dimensional reconstructed image the black arrows point to invadopodia (red) infiltrating the gelatin bed (green). (B)
Confocal microscopic micrographs of MDA-MB-231 cells grown on collagen-coated coverslips, treated with TNFa (50 ng/pl) for 15 min, and stained
for WAVES3 (left panel) and Cortactin (middle panel). The arrow-heads point to areas with invadopodia where both Cortactin and WAVE3 colocalize in

the merged image in the right panel (yellow spots).
doi:10.1371/journal.pone.0110627.9005

consistent with the involvement of WAVE3 in invadopodia
formation.

We used this gelatin-based invadopodia assay to assess the effect
of WAVES on the formation of invadopodia and subsequently the
degradation of the ECM by MDA-MB-231 cells. We found a
significant reduction of both the number of invadopodia (Fig. 6A,
left panel and Fig. 6B), as well as the total area of invadopodia-
mediated degradation of gelatin in WAVE3-knockdown cells
compared to the non-targeting shRNA control (Ctrl-sh) MDA-
MB-231 cells (Figure 6A, middle panel and Fig. 6C). There was
more than 3-fold reduction (p<<0.05) in the number of
invadopodia (Fig. 6B) and more than 10-fold reduction (p<<0.05)
in the area of ECM degradation in the WAVE3-knockdown cells
compared to the control cells (Fig. 6C). While Our data show that
loss of WAVES3 inhibits both invadopodia formation and
degradation of ECM, this phenomenon seems to affect the
majority of the cells observed under the microscope, and careful
analysis of our data did not find a decrease in the number of cells
that form invadopodia and degrade the ECM, rather, loss of
WAVE3 seems to have a global effect. Treatment with TNFa,
which resulted in a significant increase in the number of
invadopodia in the control cells (p<<0.01), was unable to rescue
the inhibition of invadopodia caused by loss of WAVES (Fig. 6D &
6E). Conversely, over-expression of WAVE3 in the non-invasive
MCF7 BC cells (Fig S7A in File S1), which we had previously
shown to stimulate their invasiveness [30], resulted in a clear
increase in both invadopodia formation and gelatin degradation
by TNFa-stimulated cells (Fig. S7B in File S1).

These results demonstrate a positive correlation between
WAVE3 expression levels in BC cells and their potential for
mvadopodia formation and ECM degradation. Collectively, our
data also demonstrate the role of WAVE3 in the modulation of the
NT«B signaling and its downstream biological effects on MMP9-
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and invadopodia-mediated regulation of the ECM degradation
that is required for cancer cell motility and invasion.

The WAVE3:NF«B interplay also involves Akt signaling to
regulate invadopodia and ECM degradation in cancer

cells

A recent study by Yamaguchi and colleagues [31] showed that
the activity of phosphoinositide 3-kinase (PI3K) is required for
invadopodia formation in cancer cells. Specifically, they showed
that inhibition of Akt signaling, a downstream effector of PI3K,
suppressed invadopodia formation induced by constitutively active
mutant PI3K [31]. Interestingly, our previously published work
[7] established that a direct interaction between WAVE3 and the
p85, the regulatory subunit of PI3K, is required for the PISK
modulation of the WAVE3-mediated regulation of lamellipodia in
cancer cells [7]. We, therefore, sought to determine whether the
PI3K signaling, and specifically its downstream effector Akt, is also
involved in the WAVE3-mediated regulation of invadopodia
formation and ECM degradation. Overexpression of WAVES in
MCEF7 cells also resulted in an increase of phosphorylated levels of
Akt (Fig. S7C in File S1). Further studies were performed to
explore the relationship between WAVE3 and Akt We used the
small molecule inhibitor MK-2206, an allosteric kinase inhibitor of
Akt [32-35] to inhibit Akt activity. Treatment of MDA-MB-231
cells with MK-2206 resulted in a significant reduction in both
phospho-Akt levels as well as phospho-p65 induced by TNFa,
without affecting total Akt or total p65 levels (Fig. 7A). Thus, while
Akt signaling is activated by NFkB (TNFo treatment), NFxB
signaling is in turn negatively affected by Akt inhibition (MK-2206
treatment). Inhibition of Akt signaling resulted in a significant
inhibition of both invadopodia formation (Fig. 7B and 7C) and
gelatin degradation induced by TNFa (Fig. 7B and 7D). These

October 2014 | Volume 9 | Issue 10 | e110627



WAVE3 Modulates NF«B Signaling

A Actin FITC-Gelatin B C
25 - 30
< = =
2 8 .§. 25 -
[ = 20 4
L (] ©
) Q E
° K]
5 g § 20 -
S g1 2
© .g 15 +
S ©
> * jog
£ 10 1 %
‘s o 10 A
2 5 J
E g 5 o ;|
=
2 = *
S 0 4 0 4
Ctrl-sh sh-w3 Ctrl-sh sh-w3
E
60
o]
< o i p<0.05
z2 s 50
o b I-%
= ©
» T 40 A
© g p<0.05
= )
§ § 30
o 2
G 20 ns
2
] E 10 |
z 2
= .
- X <) & &
» = ) » 3 3
; & ¥ & &
. & W~
Untreated TNFa et BN

Figure 6. WAVE3 is required for invadopodia formation and ECM degradation through NFkB signaling. (A) Confocal microscopy
micrographs of control shRNA- or sh-WAVE3-expressing MDA-MB-231 cells grown on FITC-labeled gelatin and stained for F-actin filaments (left
panels). The white arrow-heads point to invadopodia structures (white spots). Areas of ECM degradation (black arrow-heads) are shown as black
spots (middle panels). The invadopodia structures coincide with the areas of ECM degradation in the merged image (right panels). (B) Quantification
of number of invadopodia per cell in the control shRNA and shWAVE3 cells. (C) Quantification of area of gelatin degradation per cell in the shRNA and
shWAVES3 cells. (D) Confocal microscopy micrographs of control shRNA- or sh-WAVE3-expressing MDA-MB-231 cells grown on FITC-labeled gelatin
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the shRNA and shWAVES3 cells with or without treatment with TNFo.. All data are representative of 3 independent experiments, or are the mean (*=SE;

n=3; ¥ ** p <0.05; Student’s t-test).
doi:10.1371/journal.pone.0110627.g006

results confirm the findings of Yamaguchi et al. [31], and, more
importantly show that the Akt signaling is also involved in the
WAVLE3-mediated regulation of invadopodia formation and ECM
degradation induced by NFkB signaling.

Down regulation of WAVE3 sensitizes MDA-MB-231 cells

to apoptosis and cell death

It is well established that the resistance of many cancer cells to
apoptosis and cell death is dependent on activation of the NFxB
signaling pathway. Additionally, most cancer cells, including
MBA-MB-231 BC cells, exhibit constitutively activated NFkB
signaling and thereby can escape cell death [17]. We therefore
mvestigated the role of WAVE3-mediated modulation of NFkB
signaling in apoptosis and cell death in cancer cells. WAVE3-
knockdown or non-targeting shRNA MDA-MB-231 cells were
treated with the TNFo for 2 h, and apoptosis was assessed using
flow cytometry analysis of Annexin V (apoptosis) and propidium
iodide (cell death). Under these conditions, treatment of the
control (Ctrl-sh) cells with TNFa induced little apoptosis (only 5%
of the total cell population showed staining for Annexin V). In
sharp contrast, the percent of apoptotic cells in WAVE3-
knockdown population increased to 37% (Fig. 8A, (p<<0.05)).
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Likewise, cell death, as measured by propidium iodide staining,
was increased by more than 3.5-fold (p<<0.05) in the WAVE3-
knockdown population (Fig. 8B). Thus, WAVES is critical for
resistance to apoptosis and cell death in cancer cells. This
observation was further confirmed when TNFa-treated WAVE3-
knockdown cells were assessed for apoptosis using immunocyto-
fluorescence staining for Annexin V and Caspase 3. In the non-
targeting shRNA-transfected cells (Ctrlsh), TNFo-treatment did
not have a significant effect on apoptosis as measured by either
Annexin V staining (Fig. 8C and 8D) or Caspase 3 staining
(Fig. 8C and 8E). However, the WAVE3-knockdown cells were
significantly sensitized (p<<0.05) to apoptosis both in the untreated
(Fig. 8C —TNFa panels, and Fig. 8D-E) and the TNFo-treated
conditions (Fig. 8C +TNFa panels, and Fig. 8D-E).

Activation the MAP kinase pathway is one of principal
components of the TNFo-mediated activation of NFkB signaling
[36], and constitutive MAP kinase activation is also believed to
contribute to NIFkB-mediated resistance to apoptosis and cell
death in cancer cells. Consistent with the effect of WAVE3-
overxpression on the activation of Akt (Fig. S7 in File S1), we
found that WAVE3 knockdown to inhibit the TNFa-induced Akt
phosphorylation (Fig. 7F), without affecting other MAP kinases,
such as p38, or JNK (Fig. S8 and Fig. S9 in File S1). Thus, our
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doi:10.1371/journal.pone.0110627.9g007

results further support the intricate WAVE3-NFxB-Akt interplay
to regulate apoptosis and cell death of cancer cells.

Discussion

Approximately 90% of the cancer deaths arise from the
metastatic spread of primary tumors. Although metastases are
the most clinically relevant, the process remains poorly understood
at the molecular level. In our previous work, we reported a
significant correlation between WAVE3 expression levels and
advanced stages of BC, supporting the function of WAVE3 as a
metastasis promoting protein [12,14,30]. We and other have also
reported that WAVE3-mediated activation of cancer cell invasion
and metastasis is in part through its regulation of expression and
activity of key MMPs, including MMP9 [8,10]. In this report, we
sought to elucidate the WAVE3-mediated signaling events that
lead to the production and activation of MMPY in cancer cells.
Previous studies have demonstrated the involvement of the NFxB
pathway in the TNFa-induced MMP9 expression in several model
systems [10,37]. Accordingly, since loss of WAVE3 leads to
significant downregulation of MMP9 expression and activity ([8]
and Iig. 1), we speculated that similar signaling mechanisms might
require WAVES to regulate MMP9 expression and activity. Our
data demonstrate that loss of WAVES inhibits expression and
activity of MMP9. Moreover, MMP9 expression could not be
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restored in the WAVE3-knockdown cells even after activation of
NF«B signaling with TNFo (Fig. 1). Given the important role of
NF«B signaling during cancer progression and metastasis through
regulation of MMPs [38,39], our findings identify WAVE3 as a
major player in the NFkB-mediated regulation of MMP9.

In resting cells, NFkB (p65/p50 heterodimer) resides in the
cytoplasm in an inactive state bound to the inhibitor IkBo.. Upon
activation, a signaling cascade is triggered leading to phosphor-
ylation and degradation of IxBa, which releases p65 from its
mhibitor complex, concomitant with its phosphorylation, and
allows its translocation into the nucleus to activate transcription of
the NIF«kB target genes. However, we noted that loss of WAVE3
expression affects the phosphorylation and nuclear translocation of
p65, which ultimately led to the inhibition of MMP9 as well as the
inhibition of invadopodia formation by cancer cells. One of the
several questions that remain to be answered is which precise
step(s) during the development of invadopodia is regulated by
WAVE3. Since we found that WAVE3 regulated MMP9
expression-activity, invadopodia formation, and ECM degrada-
tion, WAVE3 might be involved in multiple steps during the
invadopodia formation-maturation process. The net result of loss
of invadopodia is the inhibition of ECM degradation which is
necessary for cancer cell to invade the tumor microenvironment
and initiate the invasion-metastasis cascade.
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doi:10.1371/journal.pone.0110627.g008

We applied a combination of genetic and pharmacological WAVES, but not that of any other member of the WRC, is
manipulations to investigate the role WAVES3 in the modulation of responsible for the inhibition of p65 phosphorylation, excluding a
NF«B signaling. We showed that loss of WAVES results in loss of major role for WRC in the regulation of the NFkB signaling.
phosphorylation p65 at serine 536, which has been reported to be Rather, WAVE3-mediated modulation of NF«B signaling may be

selectively mediated by IKK[ kinase activity [23], therefore exerted through a much less appreciated mechanism; i.e., its
suggesting the involvement of this kinase in the WAVE3-NF«kB adaptor/scaffolding function [40].
signaling axis. Inhibition of the proteasome (MG-132 treatment) or The role of WAVES in cancer cell migration and invasion is

protein neo-synthesis (CHX treatment) had no effect on the well established in the literature [7-9,12,14-16,30,41,42]. Our
WAVE3-mediated regulation of p65 phosphorylation levels, and published studies have clearly shown that elevated WAVE3 levels
therefore NFxB signaling (Fig 2), suggesting that additional correlate positively with the invasion potential of BCs; high
protein neo-synthesis is not required for this process. Our data WAVES3 levels in more invasive cells (MDA-MB-231, BT549 and
were also generated and were concordant in two different cell lines MDA-MB-435s) and low in non-invasive BC cells (MCF7, SKBr3
(MDA-MB-231 and BT549), providing support for the generality and T47D) [14,15]. It has also been established that inhibition of

of our observations. endogenous WAVES3 levels in the aggressive cancer cell lines leads

Our data also provide, for the first time, evidence that the to loss of cancer invasion, both in vitro and in vivo [8,9,12,14,16]
WAVE3-mediated modulation of NFkB signaling, not only is while overexpression of WAVES in the non-invasive cancer cells
specific to WAVES; 1ie., independent of the other WAVE (MCF?7) leads to the activation of their invasive potential [30]. The
1soforms, but also does not require the WRC, the mechanism by findings from the present study also establish a positive correlation

which WAVLES traditionally regulates the actin-cytoskeleton. The between WAVLES expression levels in BC cells and their ability to
data presented in Figure 3 clearly demonstrate that loss of form invadopodia and degrade the ECM. Accordingly, our
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findings show that ability BC cells to form invadopodia and
degrade ECM is inhibited by knockdown of WAVE3 in the
aggressive MDA-MB-231 BC cells (Fig. 6), while this ability is
enhanced by over-expression of WAVE3 in the non-invasive
MCF7 BC cells (Fig. S7 in File S1).

Our study identifies another important function of WAVE3 in
the NF«B pathway that is also independent from the other WAVE
isoforms; i.e., loss of WAVES sensitizes cancer cells to apoptosis
and ultimately cell death after stimulation by TNFa. In cancer
cells, NFkB acts as a cell survival mechanism through the
upregulation of survival genes and the inhibition pro-apoptotic
genes [43]. NFkB signaling is constitutively activated in many
cancers allowing them to overcome cell death and activate pro-
survival pathways. Interestingly, WAVE3 expression is also
increased in several cancers [6,12], suggesting its potential
contribution to the resistance of cancer cells to apoptosis. The
WAVE3-mediated modulation of NFxB activity and apoptosis
could also be exerted through its regulation of the LDOCI
protein, (a leucine zipper protein that is down-regulated in cancer
cells). In fact, WAVES3 was reported to negatively regulate the
activity of LDOCI [44], the function of which is to inhibit NFkB
activation and to sensitize cancer cells to apoptosis [45].

These novel functions of WAVES3 seem to require both the
NF«B the Akt survival signaling pathways. In fact, our data show
that Akt signaling is activated by the TNFa-induced stimulation of
NF«B signaling (Fig. 7A). On the other hand, inhibition of the Akt
signaling also has an inhibitory effect on NF«B signaling (Fig. 7A).
Inhibition of either pathway results in a negative effect on
invadopodia formation and ECM degradation. At this point, we
are unable to determine if Akt is upstream or downstream of
NFxB. The intricate interplay between these two signaling
pathways and WAVE3 remains to be elucidated in future studies.
Also remaining to be determined is how WAVE3 modulates the
NF«B-mediated regulation of MMP9 expression and invadopodia
formation. Our preliminary data using co-immunoprecipitation in
combination with mass spectrometry (unpublished data) have
identified several WAVES interacting proteins including ones
involved in the regulation of the transcription machinery (FUBP2,
GTT2I, MCM6 and YBOXI1), and in nuclear transport (importin
and exportin proteins). We therefore speculate that loss of WAVE3
may interfere with the transcription machinery and the nuclear
transport systems that are required for the proper NFkB signaling.

In conclusion, we have identified a novel role of WAVES in
NF«B signaling and in the invasion-metastasis cascade through its
regulation of invadopodia formation and MMP9 activation. It is
also interesting to note that loss of WAVE3 can sensitize cancer
cells to TNFo-induced apoptosis and cell death (Fig. 9). We
therefore believe that these regulatory functions of WAVE3 could
be targeted to inhibit cancer cell invasion and metastasis.

Supporting Information

File S1 File contains Figures S1-S9. Figure S1. NFxB
promoter luciferase activity in TNFo treated versus untreated
cells: Luciferase-based NF«kB reporter assay in MDA-MB-231 (A)
and BT549 (B) cells before and after treatment with TNFo.. MDA-
MB 231 cells were transfected with NFkB reporter, negative and
positive controls, along with a Renilla luciferase reporter construct
for internal normalization. After 24 h, cells were treated with
50 ng/ml of recombinant human TNFo for 15 min. Dual
luciferase assays were performed in a 96-well plate and promoter
activity values are expressed in arbitrary units after normalization
to luciferase activity of the Renilla reporter. Experiments were
performed in triplicates, and the standard deviation is indicated.
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Figure 9. Model describing how the WAVE3-NFkB interplay
modulates the molecular signaling pathways that regulate
cancer invasion and metastasis. The interrelationship between
WAVE3 and NF«B/Akt signaling regulates pro-survival genes to acquire
chemoresistance and activates ECM degradation though the regulation
of invadopodia formation and MMP9 expression and activity. The
regulation of both pro-survival genes and the ECM degradation are
required for the regulation of cancer cell invasion and metastasis.
doi:10.1371/journal.pone.0110627.g009

All data are representative of 3 independent experiments, or are
the mean (£SE; n=3; * p <0.05; Student’s t-test). Figure S2:
WAVE2 has no effect on NFkB signaling: (A) MDA-MB 231 cells
were co-transfected with siWAVEZ2 or control siRNA and with the
NF«B reporter, negative and positive controls, along with a
Renilla luciferase reporter construct for internal normalization.
After 24 h, cells were treated with 50 ng/ml of recombinant
human TNFa for 15 min. Dual luciferase assays were performed
in a 96-well plate and promoter activity values are expressed in
arbitrary units after normalization to luciferase activity of the
Renilla reporter. Experiments were performed in triplicates, and
the standard deviation is indicated. ns, not significant. (B) Western
blot analysis with the WAVE2 antibody of MDA-MB-231 cells
transiently transfected with a non-targeting siRNA (Citrl-si) or
siRNA targeting either WAVE2 (W2-si). The numbers below the
B-actin panel indicate the fold change of WAVE2 levels with
respect to the Ctrl-si cells. B-actin was used as a loading control.
All data are representative of 3 independent experiments, or are
the mean (£SE; n=3; * p <0.05; Student’s t-test). Figure S3.
Knockdown of WAVE3 expression inhibits phosphorylation of
p65. Western blot analysis with the indicated antibodies of cell
lysates from Ctrl-sh and sh-WAVE3 BT549 cells cells treated with
TNFa at the indicated times. The numbers below the B-actin
panel indicate the fold change p-p65 levels with respect to the
untreated Ctrl-sh cells. B-actin was used as a loading control.
Figure S4. Down regulation of WAVE3 affects nuclear localization
of p65: (A) Immuno-staining analysis of nuclear translocation
(white arrows) of p65 protein (Red) in the Ctrl-sh (a & ¢) and
shWAVES (b &d) MDA-MB-231 cells that were untreated (a & b)
or treated with TNFa (c & d). Cells nuclei are counter-stained with
DAPI (Blue). (B) Quantification of p65 nuclear staining. (*, p<<
0.05). Figure S5. Down regulation of WAVES inhibits MMP9
expression in BT549 cells. Western blot analysis with the indicated
antibodies of cell lysates from Ctrl-sh and sh-WAVE3 BT549 cells
treated with TNFa at the indicated times. The numbers below the
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B-actin panel indicate the fold change MMP9 levels with respect to
the untreated Ctrl-sh cells. B-actin was used as a loading control.
Figure S6. Colocalization of Cortactin with invadopodia in TNFa-
stimulated cancer cells. Confocal microscopy micrographs of
MDA-MB-231 cells grown on gelatin and treated with TNFo
(50 ng/ml) for 15 min before being contained for cortactin (left
panel) and F-actin filaments (middle panel). Colocalization of
Cortactin with invadopodia structures is indicated by white arrow-
heads. Colocalization is also clearly shown in the inset. Figure S7.
Overexpression of WAVE3 in non-invasive MCF7 BC cells
activates invadopodia formation and degradation of ECM
stimulated by TNFo. (A) Western blot analysis with the indicated
antibodies of cell lysates from MCF7 cells transiently transfected
with either a pcDNA/myc-His expression vector (Empty Vec-
tor:EV) or a Myc-His-WAVLES3 fusion expression vector (WAVE3),
and treated with TNFa (50 ng/ml) for 15 min. B-actin was used as
a loading control. (B) Confocal microscopy micrographs of control
MCEF7 cells (transfected with empty vector) or WAVE3-overex-
pressing MCF cells (WAVES), grown on FITC-labeled gelatin.
Slides were treated with TNFa (50 ng/ml) for 15 min then stained
for F-actin filaments (left panels). Areas of ECM degradation are
shown as black spots (middle panels). The invadopodia structures
coincide with the areas of ECM degradation in the merged image
(right panels). (C) Western blot analysis with the indicated
antibodies of cell lysates from MCF7 cells transiently transfected
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