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Synthetic triterpenoids are anti-tumor agents that affect
numerous cellular functions including apoptosis and growth
inhibition. Here, we used mass spectrometric and protein
array approaches and uncovered that triterpenoids associate
with proteins of the actin cytoskeleton, including actin-
related protein 3 (Arp3). Arp3, a subunit of the Arp2/3 com-
plex, is involved in branched actin polymerization and the
formation of lamellipodia. 2-cyano-3,12-dioxooleana-1,9-
dien-28-oic acid (CDDO)-Im and CDDO-Me were observed to
1) inhibit the localization of Arp3 and actin at the leading edge of
cells, 2) abrogate cell polarity, and 3) inhibit Arp2/3-dependent
branched actin polymerization. We confirmed our drug effects
with siRNA targeting of Arp3 and observed a decrease in Rat2
cell migration. Taken together, our data suggest that synthetic
triterpenoids target Arp3 and branched actin polymerization to
inhibit cell migration.

Cell migration is crucial in many physiological processes
such as embryogenesis, cell differentiation, cell renewal,
and immune system responses. During these processes, cells
undergo highly regulated and coordinated cell migration to
enable growth or repair of cells. Cell migration is also important
in the metastasis of tumor cells. Indeed, it is a hallmark of the
most aggressive and advanced epithelial tumors prior to enter-
ing the metastatic stage. These tumor cells often undergo epi-
thelial to mesenchymal transition and migrate in a deregulated
manner. As a result, they invade other tissues and take over the
host organism (1), causing 90% of cancer-related deaths (2).

Cell migration occurs through the coordination of nu-
merous cellular proteins. This process includes directional
sensing of cells, anchorage of cells at the leading edge, and
the reorganization of different components in the cell to
assist in cell movement. The orientation of cell movement is
largely dependent on the reorganization of the cytoskeleton,
which consists of microtubules, intermediate filaments, and
actin cytoskeleton. Although microtubules, intermediate fil-
aments, and leading edge proteins are pivotal in the struc-
ture and organization of migrating cells, the actin cytoskel-
eton also plays an essential role in cell polarity and cell
migration. For instance, actin is involved in the formation of the

lamellipodia and filopodia, which are membrane and finger-like
projections, respectively, at the leading edge of migrating cells.
Both lamellipodia and filopodia are important for directional
and environmental sensing even though they may be formed
through two distinct actin-assembly machineries with different
actin dynamic properties (3). Lamellipodia are formed by actin-
related protein 2/3 (Arp2/3)*> complexes through branched
actin nucleation, whereas filopodia are formed by formin by
progressive unbranched actin nucleation. Although the pro-
cesses of the two are similar in that they are both activated by
small Rho GTPases and a nucleation-promoting factor is
required for actin polymerization, the key effectors that enable
these processes are distinct. For instance, Cdc42 activates neural
Wiskott-Aldrich Syndrome protein (n-WASp), which in turn pro-
motes nucleation and branched actin polymerization, whereas the
activation of the RhoA induces formin-dependent unbranched
actin polymerization. Interestingly, Racl, another small Rho
GTPase, has been shown to be involved both indirectly and
directly in branched and unbranched actin polymerization,
respectively. The understanding of the two distinct actin polymer-
ization processes is crucial in understanding how cell migration is
coordinated with other key cellular processes.

Because cell migration is a precursor event of cancer metas-
tasis, chemotherapeutic agents that block cell migration have
been an important focus in the field of cancer chemotherapy.
Recently, the parental synthetic oleanane triterpenoid (CDDO)
and its more potent derivatives (CDDO-Im and CDDO-Me)
have been suggested to be promising therapeutic agents. Spe-
cifically, CDDO and its methyl ester (CDDO-Me) and imida-
zolide (CDDO-Im) derivatives have been shown to inhibit
tumor growth and induce apoptosis (4—18). CDDO and its
derivatives also disrupt the intracellular reduction-oxidation
reaction balance (19-24) and are potent suppressors of nitric
oxide production and at least two inflammatory enzymes, iNOS
and COX-2, which are implicated with enhanced carcinogene-
sis in many organs (25). These mechanisms have been evident
in various cancers including lymphoma (26 —30), leukemia (12,
26, 31-35), glioblastoma (36), neuroblastoma (36), osteosar-
coma (37), and cancer cell lines of the lung (8, 38 —41), breast
(10, 42— 44), ovaries (45), pancreas (46), colon (5), and prostate
(6). In addition, CDDO-based compounds have been shown to
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sensitize resistant CLL B cells (47) and TRAIL (tumor necrosis
factor-related apoptosis-inducing ligand)-resistant cancer cells
to induce apoptosis (43, 48). However, even though recent stud-
ies have shown that CDDO-Im is highly effective in various
cancer cell lines and animal studies for inhibiting tumor growth
and inducing apoptosis, the effect of the synthetic triterpenoids
on cell migration and metastasis remains unclear. Thus far,
CDDO-Im has been shown to target proteins at the leading
edge of the cells and cause the disruption of the microtubule
network through a mechanism that differs from microtubule-
depolymerizing agents such as nocodazole (49). The present
study aims to explore in further detail how other derivatives of
CDDO may affect general cell migration.

EXPERIMENTAL PROCEDURES

Cell Culture, Antibodies, and Reagents—Rat2 fibroblasts
were cultured in a 37 °C incubator with 5% CO,, and Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum
(FBS). Alexa Fluor 555-conjugated phalloidin (A34055) was
purchased from Invitrogen. Monoclonal anti-Racl (610650)
and anti-paxillin (610051) were purchased from BD Transduc-
tion Laboratories (Mississauga, Ontario). Monoclonal anti-g-
tubulin (Tub2.1), anti-Arp3 (A5979), and polyclonal anti-actin
(A2668) antibodies were purchased from Sigma. Monoclonal
anti-cdc42 (sc8401) and polyclonal anti-RhoA (sc179), anti-n-
WASp (sc-20770), and anti-GAPDH (sc-25778) antibodies
were purchased from Santa Cruz Technology (Santa Cruz, CA).
CDDO, CDDO-Im, CDDO-Me, biotinylated CDDO (b-
CDDO), and biotinylated CDDO-Me (b-CDDO-Me) are gen-
erous gifts from Dr. M. B. Sporn (Hanover, NH). The biotinyl-
ated form of CDDO and CDDO-Me has been previously
characterized and are referred to as compounds 5 and 6, respec-
tively, by Honda and colleagues (50). The Arp3 inhibitor,
CK-869, and the inactive control, CK-312, were purchased
from Calbiochem.

Scratch Assays and Immunofluorescence Microscopy—Rat2
fibroblasts were grown to confluence, and the monolayer was
scratched with a pipette tip. Cells were given 4 h to establish
polarity and leading edges before being treated with 10 um bio-
tin, CDDO, CDDO-biotin, CDDO-Me, or CDDO-Me biotin
for subcellular localization studies or with DMSO (vehicle) or
CDDO, CDDO-Im, or CDDO-Me for 2 h for cell migration
studies and immunofluorescence microscopy. For biotinylated
subcellular localization studies, cells were fixed and permeabi-
lized followed by incubation with anti-Racl antibody to visual-
ize the leading edge. Cy2-labeled secondary antibodies, Cy3-
labeled streptavidin antibody, and DAPI were then used to
visualize Racl, biotinylated CDDO, or biotinylated CDDO-Me
and the nuclei of cells, respectively. Cells were visualized using
an Olympus IX81 inverted microscope. For cell migration stud-
ies, DIC images were collected using an Olympus IX81 inverted
microscope at the beginning of the experiment (time 0) and
after 12—-16 h. The extent of cell migration was measured by
taking the width of the wound at time 0 and 16 h six times in
duplicate. The results were averaged from four different exper-
iments = S.D. Statistical analyses were done using one-way
analysis of variance. For immunofluorescence microscopy
studies, cells were fixed, permeabilized, and incubated with
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FIGURE 1. CDDO-Im and CDDO-Me inhibit cell migration. A, confluent Rat2
fibroblasts were scratched to create a wound and treated with 1 um CDDO,
CDDO-Im, or CDDO-Me for 16 h. Brightfield images (X 10 magnification) were
taken at the beginning of the experiment (0 h) and after 16 h (16 h) of incuba-
tion at 37 °C. The white dotted lines indicate the leading edge of migrating
cells (top panels). Cells were treated with increasing concentrations of
CDDO-Im or CDDO-Me (0-1.5 um, as shown) and imaged. Cell migration was
quantified using ImagePro software and graphed as cell migration (percent-
age of control) versus triterpenoid concentration (n = 3 = S.D.). *, p < 0.05
(bottom panel). B, confluent Rat2 fibroblasts were scratched and incubated
with DMSO (Control), or 1 or 5 um CDDO (top panels). Cells treated with
increasing concentrations of CDDO (0-10 um, as shown) and imaged. Cell
migration was quantitated as described in panel A and graphed as cell migra-
tion (percentage of control) versus triterpenoid concentration (n = 3 = S.D.).
* p < 0.05.

anti-Arp3, anti-n-WASp, anti-actin, and anti-paxillin antibod-
ies and phalloidin for stress fibers. Visualization was carried out
using an Olympus IX81 inverted microscope. Micrograph
deconvolution was carried out using ImagePro software (Media
Cybernetics Inc.). Quantitative analysis for immunofluores-
cence studies were done as described previously (49).
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Affinity Pulldown Using Biotinyl-
ated CDDO Derivatives—Subcon-
fluent Rat2 fibroblasts or 2.5 ug of
purified Arp2/3 complex protein
were incubated with vehicle (DMSO),
10 w™m biotin, or 10 um b-CDDO or
10 um b-CDDO-Me for 2 h before
lysis, followed by incubation of
neutravidin-agarose beads to pre-
cipitate proteins that associated
with the biotinylated form of the
synthetic triterpenoids. SDS-PAGE
and silver staining were performed
and proteins that were uniquely
stained in biotinylated CDDO, and
biotinylated CDDO-Me-treated sam-
ples were excised from the gel,
trypsinized, and analyzed by elec-
trospray mass spectrometry (ESI-
MS). This approach was repeated
three times. To confirm or identify
the potential synthetic triterpenoid-
binding proteins, lysates were pro-
cessed for SDS-PAGE followed by
immunoblotting with anti-tubulin,
anti-actin, anti-Racl, anti-Arp3, anti-
Cdc42, or anti-RhoA antibodies.

Invitrogen™  Protoarray—The
identification of triterpenoid-bind-
ing proteins was done by following
the protocol described in the In-
vitrogen Protoarrray kit. Biotin or
biotinylated CDDO-Me were in-
cubated with a protein chip with
about 8,000 human proteins spot-
ted on a nitrocellulose membrane
in duplicate for 2 h before incubat-
ing with streptavidin-Cy3 second-
ary antibody. The chip was then
washed and dried before being
read by the Bio-Rad VersArray
ChipReader 3m system. Data were
normalized against background and
only signals that were at least 2-fold
or more than the background were
considered to be potential interact-
ing candidates of the synthetic
triterpenoids.

Small Rho GTPases Activation
Assays—Subconfluent Rat2 fibro-
blasts were serum starved overnight
before treating with vehicle (DMSO)
or CDDO-Im for 2 h. For Racl and
Cdc42 activation assays, cells were
lysed and incubated with purified
GST protein, or GST-PAK for 2 h
before being processed for SDS-
PAGE and immunoblotted for acti-
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vated Racl and activated Cdc42 using anti-Racl and anti-
Cdc42 antibodies, respectively. For RhoA activation assays,
cells were lysed and incubated with purified GST or GST-Rho-
tekin for 2 h before being processed by SDS-PAGE and immu-
noblotted for activated RhoA using RhoA antibody. Total pro-
tein lysates were also immunoblotted and shown. Quantitative
analyses were done using densitometry (Bio-Rad VersaDoc).

In Vitro Actin Polymerization Assays—Purified pyrene-la-
beled actin was resuspended and incubated in general actin
buffer provided by the Cytoskeleton Inc. Actin Polymerization
Kit for 1 h on ice to depolymerize any actin oligomers followed
by microcentrifugation at 4 °C for 30 min. Two um actin alone
or 2 uM actin, 13 nM Arp2/3 complexes, and 100 nm VCA
domain of WASp protein were incubated with DMSO (control)
or different concentrations (0, 50, and 100 um) of CDDO-Im
and CDDO-Me for 15 min on ice before pyrene actin fluores-
cence was measured over time.

Docking Experiments—AutoDock version 4.2 was used to
carry out the docking experiments (51). The crystal structures
of the Arp2 and Arp3 subunits (PDB code 3DXM (52)) were
used for the docking procedure, with the docking surface
encompassing the interface between the two subunits as well as
all of the internal cavities. The structure of CDDO-Me was
obtained from the Cambridge Structural Data base (CSD-ID
UFEHOC (53)). The CDDO-Im structure was constructed by
merging the CDDO-Me structure with a suitable imidazole-
containing compound (CSD-ID HEWQOQ). Both CDDO-Me
and CDDO-Im are mostly rigid structures. For CDDO-Me,
only the C17-C28 bond (which attaches the acid ester to the
triterpenoid) was allowed to rotate; for CDDO-Im, both the
C17-C28 bond and the bond between C28 and the imidazole
nitrogen were rotatable. All other bonds in CDDO-Me and
CDDO-Im were fixed, as was the structure of the Arp2 and
Arp3 complex. The rigidity of CDDO-Me and CDDO-Im aided
the docking procedure and also limited the number of potential
solutions.

Competitive Binding Studies—Arp2/3 protein complex (2.5
pg) was incubated with either DMSO or increasing concentra-
tions (10 —100 um) of CDDO-Me or CK-869 for 15 min at 37 °C.
Following incubation with 10 um b-CDDO-Me for an addi-
tional 15 min, 50% neutravidin-agarose beads were added and
incubated at room temperature for 10 min. The beads were
washed three times with TNTE buffer and subjected to SDS-
PAGE and immunoblotting for Arp3.

RESULTS

We have shown that CDDO-Im inhibits cell migration and
causes the disruption of the microtubule network through a
mechanism distinct from microtubule-depolymerizing agents
such as nocodazole (49). However, the molecular target(s) of
this inhibition remain(s) unknown and we sought to identify
them through the use of mass spectrometry and protein array
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FIGURE 3. Identification of triterpenoid-binding proteins. A, Rat2 fibro-
blasts were incubated with DMSO, 10 uMm biotin, 10 um biotinylated-CDDO, or
10 um biotinylated CDDO-Me, lysed, and incubated with neutravidin-agarose
beads. SDS-PAGE and silver staining were performed and proteins that were
uniquely stained in biotinylated CDDO-Me-treated samples were excised
from the gel, trypsinized, and analyzed by electrospray mass spectrometry.
B, summarized table of cell migration-related proteins from mass spectrom-
etry and protein array approaches. C, Rat2 fibroblasts were incubated with
DMSO, 10 um biotin, 10 um b-CDDO, or 10 um b-CDDO-Me, lysed, and incu-
bated with neutravidin-agarose beads. Precipitated samples (left panels)
were processed by SDS-PAGE and immunoblotted for cytoskeletal proteins
(anti-B-tubulin and anti-actin). Fifty micrograms of total protein lysates were
also immunoblotted for tubulin and actin and shown (right panel).

analyses. For these techniques, we opted to use biotinylated
synthetic triterpenoids that could be used for the purification
and identification of associated proteins. Because the active
nature of the imidazolide side group of CDDO-Im complicated
its biotinylation, we used the CDDO and the methyl ester deriv-
ative (CDDO-Me) in our studies. CDDO-Me is a suitable sub-
stitute as it has been shown to be as potent as the CDDO-Im in

FIGURE 2. b-CDDO and b-CDDO-Me target the leading edge of migrating cells. Confluent Rat2 fibroblasts were scratched to create a wound. After
incubation for 4 h to allow cell polarization and migration, cells were fixed, permeabilized, and incubated with monoclonal anti-Rac1 antibodies (Rac1; green)
and biotin, CDDO, biotinylated CDDO (b-CDDO), CDDO-Me, or biotinylated CDDO-Me (b-CDDO-Me) followed by Cy2-labeled anti-mouse antibody and
Cy3-labeled streptavidin. Cell nuclei were stained with DAPI (blue). The co-localization of Rac1 (green) with b-CDDO or b-CDDO-Me (red) at the leading edge of
migrating cells is indicated (yellow arrowheads). The white arrow indicates the direction of cell movement. Representative images from four experiments are

shown. Bar = 10 um.

SEPTEMBER 3, 2010VOLUME 285+NUMBER 36

JOURNAL OF BIOLOGICAL CHEMISTRY 27947



Synthetic Triterpenoids Target the Arp2/3 Complex

A ,éq’ C CimMe C ImMe Bilot:
X -
O 9
Q < Blot
Actin- | SENEDED | SR ERER | o-Actin
Arp3- pr— ' a-Arp3
Arp3- )m I." o-Arp3
P L ] 1 ]
puall oW inpLC IP: a-Arp3 total lysates
]
B 09 D
S ¢ s &
&° & S o 9
© Blot S & &8
Arp3 - o G O Blot
I -
P Arp3-| I| a-Arp3
pull down o-Arp3 GST'VCA'| . - .__| o-GST
50%
Arp3- | wmm— - IP: 0-GST input

total lysate

E 6000

a
(=
o
o

4000

3000

N
(=
(=4
o

—@— Actin + VCA + Arp2/3
Actin + VCA + Arp2/3 + 50 pM Im
Actin + VCA + Arp2/3 + 50 yM Me

—&— Actin + VCA + Arp2/3 + 100 yM Im

—ll—Actin + VCA + Arp2/3 + 100 yM Me

0 10 20 30 40 50 60
Time (min)

FIGURE 4. Synthetic tritepenoids interact with the Arp2/3 and inhibit branched actin polymerization.
A, purified Arp2/3 protein complex (2.5 ng) was incubated with 10 um biotin or 10 um b-CDDO-Me for 2 h. An
affinity pulldown assay was performed by incubating samples with neutravidin beads for 1 h followed by
SDS-PAGE and immunoblotting with anti-Arp3 antibodies (left panel). Total input was also immunoblotted
with Arp3 and shown (right panel). B, Rat2 fibroblasts were incubated with 10 um biotin or b-CDDO-Me for 2 h
before lysis, followed by incubation of streptavidin-agarose beads to precipitate proteins that associated with
the biotinylated form of the synthetic triterpenoids. SDS-PAGE was performed followed by immunoblotting for
Arp3 with anti-Arp3 antibody (top panel). Fifty g of protein lysates were also immunoblotted for Arp3 and
shown (bottom panel). C, subconfluent Rat2 fibroblasts were treated with DMSO (Control; €), T um CDDO-Im
(Im), or 1 um CDDO-Me (Me) for 2 h before lysis followed by immunoprecipitation with anti-Arp3 antibody. The
immunoprecipitates (IP; left panel) were then subjected to SDS-PAGE and immunoblotting with anti-n-WASp,
anti-actin, and anti-Arp3 antibodies. Fifty micrograms of total lysates were also immunoblotted for n-WASp,
actin, and Arp3 and shown (right panel). Note that the association of Arp3 and n-WASp is not altered by
triterpenoid treatment. D, purified Arp2/3 complex and the GST-VCA domain of nWASp were incubated in the
absence or presence of triterpenoids and immunoprecipitated with anti-GST antibodies. The immunoprecipi-
tates (IP; left panel) were then subjected to SDS-PAGE and immunoblotting with anti-GST and anti-Arp3 anti-
bodies. Fifty percent of the input was also immunoblotted for GST and Arp3 and shown (right). Note that the
association of Arp3 and n-WASp is not altered by triterpenoid treatment. E, purified pyrene-labeled actin was
incubated for 1 h on ice to depolymerize actin oligomers. Two um actin (Actin) or actin in the presence of 13 um
Arp2/3 complex (Arp2/3) and 100 nm VCA domain of n-WASp protein (VCA) were incubated with DMSO, 50 or
100 uMm of either CDDO-Im (Im) or CDDO-Me (Me). Actin polymerization was measured by pyrene fluorescence
and graphed as fluorescence intensity (arbitrary units) versus time (min).
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many cellular assays (7, 13, 17, 24,
54), compared with the weaker
CDDO parental compound.

Synthetic Triterpenoids Inhibit
Cell Migration and Localize to the
Leading Edge of Migrating Cells—
We first set out to establish the
effectiveness of the CDDO-Me com-
pound in cell migration by comparing
its rate of cell migration with CDDO-
and CDDO-Im-treated cells (Fig. 1).
Briefly, Rat2 fibroblasts were grown
to confluence before a “wound” was
created by scratching the cells off of
the surface of the culture dish. The
cells were treated with varying con-
centrations of synthetic triterpe-
noids (Fig. 1). Brightfield images
were taken at zero time and again
after 16 h of incubation at 37 °C to
examine whether the rate of cell
migration would be affected by
CDDO, CDDO-Im, and CDDO-Me
(Fig. 1). We observed that cell
migration remained relatively un-
altered in the presence of 1 um
CDDO, whereas cell migration was
inhibited >50% in the presence
of either 1 wum CDDO-Im or
CDDO-Me (Fig. 1). Indeed, at 1.5
uM, the rate of cell migration in
CDDO-Im- and CDDO-Me-treated
cells was reduced to 80%, whereas
the rate of migration in CDDO-
treated cells did not differ from con-
trol. Compared with the imidazol-
ide and methyl ester derivatives,
the parental CDDO is inactive at
1 pM in inhibiting cell migration
and was used as a inactive control
in subsequent studies. To address
cell toxicity, the drugs were washed
out using PBS and the cells were
incubated with medium for an ad-
ditional 24 h. We observed that
cells incubated with <5 um CDDO
and =125 uM CDDO-Im and
CDDO-Me migrated and filled the
wound (data not shown). This fur-
ther confirmed that CDDO is ~10
times less potent than the CDDO-Im
and -Me derivatives. These more
potent triterpenoids also acted in
similar concentration ranges to
reduce cell migration.

We previously demonstrated that
CDDO localizes to the leading edge
of migrating cells (49) and may tar-
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FIGURE 5. Synthetic triterpenoids affect the localization of Arp3 and n-WASp at the leading edge of
polarized cells. A, Rat2 fibroblasts were scratched and incubated for 4 h at 37 °C to establish cell polarity and
then treated with control medium (Control; top), 1 um CDDO-Im (CDDO-Im; middle panel), or 1 um CDDO-Me
(CDDO-Me; bottom panel) for an additional 2 h. The cells were then fixed, permeabilized, and immunostained
with anti-Arp-3 (Arp3; green), phalloidin for stress fibers (Phalloidin; red), and anti-n-WASp (n-WASp; blue)
antibodies. The scratches were made in the horizontal plane above the cells. Arp-3, actin, and n-WASp proteins
at the leading edge of migrating cells are indicated by green, red, and blue arrowheads, respectively. The white
arrowheads indicate the co-localization of all three proteins. White arrows indicate the direction of cellular
movement. DIC microscopy was included to visualize the leading edge of migrating cells. Bar = 10 um.
B, quantitation of cells containing Arp-3 or n-WASp at the leading edge of migrating cells was carried out using
ImagePro software and graphed as localization at the leading edge (% of cells) versus treatment (n = 3 = S.D.).
aand b, p < 0.05 of Arp3 and nWASp, compared with respective controls.

get proteins involved in the polarity
complex at this cellular locus. We
therefore assessed if CDDO-Me
also targets the leading edge of
migrating cells using immunofluo-
rescence microscopy. We observed
that b-CDDO-Me localizes to the
leading edge of migrating cells, sim-
ilar to biotinylated CDDO (Fig. 2).
These results demonstrate that the
subcellular localization of CDDO
and CDDO-Me is similar.
Identification of Triterpenoid-
binding Proteins—Because CDDO-
Im and CDDO-Me exhibited simi-
larities in cellular localization and
inhibition of cell migration, we used
b-CDDO-Me to identify potential
synthetic triterpenoid targets using
two proteomic approaches (Fig. 3).
In the first approach, we utilized a
mass spectrometry-based method
and proteins that precipitated with
b-CDDO or b-CDDO-Me were
processed by SDS-PAGE followed
by silver staining and trypsiniza-
tion before being sent for ESI-MS
analysis (Fig. 34). This mass spec-
trometry method was compared
with a protein array approach,
which was purchased from In-
vitrogen. The slide, containing
>8000 human purified proteins,
was incubated with biotin, bio-
tinylated CDDO, or biotinylated
CDDO-Me followed by Alexa Fluor
647-labeled streptavidin. The triter-
penoid-binding proteins were then
visualized and proteins that bound
the biotinylated-CDDO-Me =2-
fold higher than biotin alone were
counted as potential triterpenoid-
binding targets (data not shown).
Using two different proteomic ap-
proaches and by comparative analy-
sis, several proteins involved in
cytoskeletal organization and cell
migration were identified (Fig. 3B).
To ascertain that the identified
binding partners are also bona fide
cellular interacting proteins, we
incubated cells with b-CDDO or
b-CDDO-Me, lysed the cells, and
precipitated b-CDDO or b-CDDO-
Me with neutravidin beads and
Western blotted the precipitates
with antibodies against tubulin and
actin (Fig. 3C). Consistent with pre-
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FIGURE 6. CDDO-Im and CDDO-Me do not affect stress fibers or focal adhesions but reduce branched
actin at the leading edge of migrating cells. A, Rat2 fibroblasts were scratched and incubated for 4 h at 37 °C
to establish cell polarity and then treated with control medium (Control; top), 1 um CDDO-Im (middle panel), or
1 um CDDO-Me (bottom panel) for an additional 2 h. The cells were then fixed, permeabilized, and immuno-
stained with anti-paxillin (paxillin; green), phalloidin for stress fibers (phalloidin; red), and anti-actin (actin; blue)
antibodies. The scratches were made in the horizontal plane above the cells shown and the leading edge of
migrating cells containing paxillin, stress fibers, and actin were indicated by green, red, and blue arrowheads,
respectively. The white arrowheads indicate co-localization and the white arrows indicate the direction of
cellular movement. DIC microscopy was included to visualize the leading edges of migrating cells. Bar = 10
mum. B, quantitation of cells containing actin at the leading edge of migrating cells was carried out using
ImagePro software and graphed as localization at the leading edge (% of cells) versus treatment (n = 3 £ S.D.).
* p < 0.05.

viously published results (55), we
found that tubulin interacts with the
b-CDDO-Me and was also detected
to interact with b-CDDO, albeit to a
much lower extent. Interestingly,
actin, a large component of the
cytoskeleton, and actin-related pro-
tein 3 (Arp3), were also found to
associate with b-CDDO-Me (Figs.
3C and 4A4).

Another group of proteins identi-
fied in our proteomic approaches
were modulators of the Rho GTPase
family (Fig. 3B). Rho GTPases are
a group of G-proteins extensively
involved in the establishment of
cell polarity and orientation of the
cytoskeletal dynamics during cell
migration. They are regulated by
guanine exchange factors, which
promote the activation of small Rho
GTPases, and by GTPase activating
proteins, which render the protein
into its inactive state.

The possibility that triterpenoids
affect the activity of one or more of
the numerous guanine exchange
factor and GTPase activating pro-
teins (56) was assessed by directly
testing the GTP-bound state of
Racl, RhoA, or Cdc42. We observed
that CDDO-Im only moderately
increased Racl activity but was inef-
fective in altering Cdc42 and RhoA
activities (supplemental Fig. S1, A
and B). In addition, affinity pull-
down assays using specific antibod-
ies against Racl, Cdc42, and RhoA
indicated that b-CDDO-Me does
not bind to these small GTPases
(supplemental Fig. 1C).

CDDO-Im and CDDO-Me Inhibit
Branched Actin Polymerization by
Targeting Arp3—We next directed
our attention to molecules that are
downstream of GTPases and alter
the cytoskeleton and cell migra-
tion: molecules that alter the actin
cytoskeleton. There are two differ-
ent actin assembly machineries
involved in the formation of actin
with different properties in different
areas of migrating cells. Arp2/3
complex is involved in the assembly
of branched actin at the leading
edge of migrating cells, whereas
formin is involved in the formation of
unbranched actin such as stress fibers
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Arp3 interacted with CDDO-Me
in vitro (Fig. 4A). To confirm this
interaction in cells, we incubated
Rat2 fibroblasts with b-CDDO-
Me, precipitated, and immuno-
blotted for Arp3 (Fig. 4B). These
two approaches confirmed our pro-
teomic analyses and indicate that
Arp3 associates with triterpenoids.

For the formation of branched
actin to occur, Arp2/3 must inter-
act and work closely with not only
actin itself, but also n-WASp.
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FIGURE 7. Silencing Arp3 expression reduces cell migration. A, Rat2 fibroblasts were transfected with con-
trol siRNA (scrambled), or two siRNA specific for Arp3 (Arp3 siRNA 1 and 2). When the cells reached confluence,
they were scratched to create a wound. Brightfield images (X 10 magnification) were taken at the beginning of
the experiment (0h) and after 12 h (12h) of incubation at 37 °C. The white dotted lines indicate the edge of the
leading edge of migrating cells. B, representative immunoblots of the cells described in panel A probed with
Arp3 antibodies (top panel) or GAPDH (bottom panel). C, quantitation of cell migration described in panel A was
carried out using ImagePro software and graphed as cell migration (percentage of control) versus siRNA treat-

ment (n =3 = S.D.).* p <0.05.

(3). We have previously observed that the actin stress fibers are
largely unaffected by triterpenoid treatment (49), so we examined
whether synthetic triterpenoids have any effect on branched actin
formation by studying actin and Arp2/3 complex.

Arp2/3 is a stable complex composed of five subunits:
ARPC1, ARPC2, ARPC3, ARPC4, and ARPC5 and two actin-
related proteins Arp2 and Arp3. In particular, studies have
shown that Arp3 is involved in the nucleation process of
branched actin formation (3). We first attempted to confirm
whether Arp3 was a direct target of the synthetic triterpenoid
through affinity pulldown assays by using both purified Arp2/3
complex protein as well as in Rat2 cells (Fig. 4). Briefly, Apr2/
3-purified protein was incubated with DMSO (control), bio-
tin, biotinylated CDDO, or biotinylated CDDO-Me for 2 h
and precipitated with neutravidin beads followed by immu-
noblotting with anti-Arp3 antibody. Our results showed that
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triterpenoid may inhibit cell migra-
tion by targeting Arp3 directly and
affecting the association of Arp3
with actin and/or n-WASp. To
assess this, co-immunoprecipita-
tion assays were done using Rat2
fibroblasts. Cells were treated with
DMSO, 1 um CDDO-Im or CDDO-
Me, immunoprecipitated with anti-
Arp3 antibody, and immunoblotted
for actin, n-WASp, and Arp3 anti-
bodies. Results showed that Arp3
remained associated with both
n-WASp and actin upon CDDO-Im
or CDDO-Me incubation (Fig. 4C).
These results suggest that the asso-
ciation between Arp3 and n-WASp
is unaffected by the synthetic triter-
penoids in cells or in vitro (Fig. 4D).

The identification that subunits
of the Arp2/3 complex are direct
triterpenoid-binding proteins next
led us to study the effect of branched
actin polymerization in the presence of CDDO-Im and CDDO-
Me. We examined the rate of actin polymerization in the pres-
ence of actin alone or actin and the VCA domain of n-WASp
and Arp2/3, in the absence or presence of different concentra-
tions of CDDO-Im and CDDO-Me (Fig. 4E). We observed that
the rate of actin polymerization was reduced by both
CDDO-Me and CDDO-Im, with 50 um of either compound
effectively reducing the rate of actin polymerization by about
50%. At 100 uMm, both triterpenoids were able to greatly reduce
Arp2/3/VCA-dependent actin polymerization but did not alter
actin polymerization in the absence of Arp2/3-VCA (Fig. 4E
and data not shown). Our results suggest that triterpenoids tar-
get Arp2/3/n-WASp-mediated branched actin polymerization.

We then assessed whether the cellular localization of Arp3
was also affected by triterpenoid treatment (Fig. 5). Confluent
Rat2 fibroblasts were scratched and cells were then allowed to
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FIGURE 8. Docking of CDDO-Me to the Arp2/3 complex. The surface and internal cavities of the Arp2/3 complex (PDB code 3DXM (52)) were used to find low
energy binding sites for CDDO-Me and CDDO-Im with the program Autodock (51). A, a hydrophobic pocket provided the lowest energy binding site for
CDDO-Me; the same pocket is predicted to bind CDDO-Im in an identical position and orientation, but with even greater affinity (not shown). The pocket is
formed by a B-sheet and two a-helices, with the methyl ester moiety of CDDO-Me buried deeply in the pocket. In this situation, the site of attachment for the
biotin tag (which was not included in the docking experiments) is solvent exposed and accessible. Thus, the best binding site found by in silico docking is
consistent with the biochemical experiments. In unliganded Arp3 structures, a loop comprising residues 79 to 84 (in magenta) closes over the hydrophobic
pocket, blocking access to the site. The change in conformation of this loop represents the only structural difference associated with drug binding to the
hydrophobic pocket (52). B, the internal surface of the hydrophobic pocket is outlined, with CDDO-Me in the low energy docked position. CK-869 is also shown
in a docked position that is essentially identical to the position of CK-548 (not shown) in the crystal structure of the Arp2/3-CK-548 complex (52). CDDO-Me
presents a greater contact surface and is much more rigid than CK-869, and its predicted affinity for Arp3 is higher. C, a comparison of the chemical structures
of the three compounds used in the docking experiments; CK-548 was also co-crystallized with Arp3 (52). In docking experiments, both CK-548 and CK-869
were predicted to bind with highest affinity to the hydrophobic pocket, in an orientation and position that is virtually identical to that observed for CK-548 in
the Arp3-CK-548 crystal structure (52). D, competitive binding of b-CDDO-Me with CK-869. Purified Arp2/3 complex (2.5 ng) was incubated with 10 um
biotinylated CDDO-Me in the absence or presence of increasing concentrations of CDDO-Me or CK-869 (10-100 um). The biotin-CDDO-Me-bound Arp3 was
precipitated with neutravidin beads, processed for SDS-PAGE, and immunoblotted with Arp3 antibodies. Fifty percent of the input was also blotted with Arp3
antibodies and shown on the right.
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Having observed that triterpe-
noids inhibit Arp2/3 activity and
branched actin formation, we next
assessed if knockdown of the Arp3
protein would inhibit Rat2 cell
migration (Fig. 7). We observed that
a 65—70% silencing of Arp3 protein
levels (Fig. 7B), reduced Rat2 cell
migration by ~35% (Fig. 7C).

These results suggest that the
inhibition of Arp3 activity may be a
mechanism whereby triterpenoids
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inhibit cell migration. To lend addi-
tional support for this hypothesis,
we used in silico docking to identify
potential high affinity triterpenoid
binding sites in Arp3.

Identification of a CDDO-Me-
binding Site on Arp3—To put our
observations in the context of the
B recently characterized Arp2/3 in-
hibitors (52), docking experiments
were carried out using the crystal
structures of Arp2/3 (PDB code
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FIGURE 9. CK-869 inhibits cell migration. A, confluent Rat2 fibroblasts were scratched to create a wound and
treated with DMSO (Control), 5 um CK-312 (inactive control), or 5 um CK-869 for 12 h. Brightfield images (X 10
magnification) were taken at the beginning of the experiment (0 h) and after 12 h (72 h) of incubation at 37 °C.
The white dotted lines indicate the leading edge of migrating cells. B, cells were treated with increasing con-
centrations of CK-312 (inactive control) or CK-869 (1-10 um) and imaged. Cell migration was quantified using
ImagePro software and graphed as cell migration (percentage of control) versus Arp3 inhibitor concentration

(n=3=SD.).%p<0.05.

polarize and establish a leading edge before being treated with
DMSO, 1 um CDDO-Im or CDDO-Me. The cells were then
fixed, permeabilized, and stained for Arp3, n-WASp, and phal-
loidin. We observed that Arp3 and n-WASp co-localized at the
leading edge of polarized cells in the absence of CDDO-Im;
however, when treated with CDDO-Im, both proteins were dis-
placed from the leading edge and appeared diffused throughout
the cytoplasm of the cell (Fig. 5). CDDO-Me gave similar, albeit
slightly reduced, effects as the CDDO-Im compound.

To confirm that the action of triterpenoids was specific to
Arp3 and branched actin, we examined the effect of the syn-
thetic triterpenoids on stress fibers and focal adhesions using
immunofluorescence studies (Fig. 6). Stress fibers are one of the
most common and indicative unbranched actin structures in
the cell and paxillin is a marker of focal adhesions. Confluent
Rat2 cells were scratched and treated with the synthetic triter-
penoids for 2 h before fixation and permeabilization. Fluores-
cently tagged antibodies and phalloidin were used to stain for
paxillin, stress fibers, and actin, respectively. We found that the
structures of both stress fibers and focal adhesions were not
diminished by CDDO-Im or CDDO-Me treatment (Fig. 6).
However, consistent with our in vitro data, branched actin
staining was reduced at the leading edge of migrating cells after
the incubation with triterpenoids (Fig. 6B).
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3DXM (52)). The structure used for
the docking experiments had been
solved with a small molecule inhib-
itor, CK-548, bound to a hydropho-
bic pocket in Arp3. We tested the
docking procedure using this inhib-
itor. The two top solutions corre-
sponded to binding of CK-548 in the
same hydrophobic pocket, but in
two different orientations, which
were the same in terms of predicted interaction energy (—8.9
kcal/mol, corresponding to a K of 315 nm). One of these solu-
tions was identical to the position and conformation observed
in the Arp3-CK-548 crystal structure, validating the accuracy of
the docking procedure. A closely related compound, CK-869,
docked to an identical position, with a slightly higher predicted
K, of 460 nMm. This docked position for CK-869 corresponded
very closely to the model for the Arp3-CK-869 complex pro-
posed by Pollard and co-workers (52).

Interestingly, we observed that the triterpenoid CDDO-Me
docked to Arp3 in the same hydrophobic pocket (Fig. 8, A and B).
The docked position shown in Fig. 8 has a binding energy of —13.3
kcal/mol and predicted K of 180 pw; this was the lowest energy
solution obtained for the surface encompassing the Arp2 and Arp3
interface regions, including all of the internal cavities. CDDO-Im,
which has an imidazole group attached to the acid in place of the
methyl in CDDO-Me, docked to the same pocket on Arp3, but
with an even higher predicted affinity (K; of 27 pm). It is notewor-
thy that the lowest energy docked positions for both CDDO-Me
and CDDO-Im exposes C23 of the triterpenoid to the solvent: this
is the site of attachment for the biotin label used for isolating the
Arp2/3 complex from Rat2 fibroblasts, and therefore the lowest
energy docked position is fully consistent with binding of the bio-
tinylated CDDO-Me derivative. As can be seen in Fig. 8B, the posi-
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FIGURE 10. CK-869 affects the localization of Arp3 and n-WASp at the leading edge of polarized cells.
A, Rat2 fibroblasts were scratched and incubated for 4 h at 37 °C to establish cell polarity and then treated with
control medium (Control; top), 10 um CK-312 (middle panel), or 10 um CK-869 (bottom panel) for an additional
2 h. The cells were then fixed, permeabilized, and immunostained with anti-Arp-3 (Arp3; green), phalloidin for
stress fibers (phalloidin; red), and anti-n-WASp (n-WASp; blue) antibodies. The scratches were made in the
horizontal plane above the cells. Arp-3, actin, and n-WASp proteins at the leading edge of migrating cells are
indicated by green, red, and blue arrowheads, respectively. The white arrowheads indicate the co-localization of
all three proteins. White arrows indicate the direction of cellular movement. DIC microscopy was included to
visualize the leading edge of migrating cells. Bar = 10 um. B, quantitation of cells containing Arp-3 or n-WASp
at the leading edge of migrating cells was carried out using ImagePro software and graphed as localization at
the leading edge (% of cells) versus treatment (n = 3 = S.D.). aand b, p < 0.05 of Arp3 and n-WASp, compared
with respective controls.

tion that CDDO-Me is predicted to
occupy matches closely to the docked
position of CK-869, which in turn is
virtually identical to the position of
CK-548 in the actual crystal structure
(52). Compared with unliganded
Arp3 structures, both CDDO-Me and
CDDO-Im require a localized confor-
mation change in the loop comprising
residues 79 to 84, which opens the
pocket to allow binding (Fig. 8A).
The much tighter predicted binding
for CDDO-Me compared with
CK-869 is consistent with the lower
concentrations of CDDO-Me re-
quired for biological effects.

To confirm that CDDO-Me and
CK-869 bind to the same site in
Arp3, binding competition assays
were carried out with CK-869 and
non-biotinylated CDDO-Me as a
control (Fig. 8D). With increasing
concentrations of CDDO-Me or CK-
869, the amount of Arp3 that precip-
itated with biotinylated-CDDO-Me
was reduced (Fig. 8D). This is con-
sistent with our docking analysis
that indicates that CK-869 and
CDDO-Me bind in the same hydro-
phobic pocket.

Inhibition of Arp3 Attenuates Cell
Migration and Cell Polarity—To
assess if the inhibition of Arp3 using
CK-869 could also abrogate cell
migration, we incubated cells with
increasing concentrations of CK-
869 (Fig. 9). We observed that 7.5
uM CK-869 was able to inhibit cell
migration by 50% (Fig. 9B). The neg-
ative control, CK-312, which was
characterized to bind to Arp3 but
not inhibit its function, did not alter
cell migration at the concentration
range tested (Fig. 9B). An interest-
ing observation of the cells treated
with the CK-869 Arp3 inhibitor was
that the cells adopted a rounded up
morphology and gave the appear-
ance of detaching. However, over
time the cells flattened (supplemen-
tal Movie S1). This suggests that the
cells may undergo cyclical rounding
up and flattening in the presence of
an Arp3 inhibitor.

Finally, we assessed if incubat-
ing polarized cells with CK-869
would affect branched actin poly-
merization in a manner similar to
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FIGURE 11. CK-869 does not affect stress fibers or focal adhesions but reduces branched actin at the
leading edge of migrating cells. A, Rat2 fibroblasts were scratched and incubated for 4 h at 37 °C to establish
cell polarity and then treated with control medium (Control; top), 10 um CK-312 (middle panel), or 10 um CK-869
(bottom panel) for an additional 2 h. The cells were then fixed, permeabilized, and immunostained with anti-
paxillin (green), phalloidin for stress fibers (phalloidin; red), and anti-actin (blue) antibodies. The scratches were
made in the horizontal plane above the cells. Paxillin, branched actin, and actin proteins at the leading edge of
migrating cells are indicated by green, red, and blue arrowheads, respectively. The white arrowheads indicate
the co-localization of all three proteins. White arrows indicate the direction of cellular movement. DIC micros-
copy was included to visualize the leading edge of migrating cells. Bar = 10 um. B, quantitation of cells
containing actin at the leading edge of migrating cells was carried out using ImagePro software and graphed
as localization at the leading edge (% of cells) versus treatment (n = 3 = S.D.). *, p < 0.05.

the triterpenoids. Rat2 fibroblasts
were scratched and cells were then
allowed to polarize to establish a
leading edge before being treated
with DMSO or 10 um CK-869. The
cells were then fixed, permeabilized,
and stained for Arp3, n-WASp, and
phalloidin. We observed that Arp3
and n-WASp co-localized at the
leading edge of polarized cells in the
absence of CK-869, however, both
proteins were displaced from the
leading edge and appeared diffused
throughout the cytoplasm of the cell
(Fig. 10). We also observed that
phalloidin staining at the leading
edge of polarized cells as well as
actin staining were reduced in the
CK-869-treated cells suggesting that
the inhibition of branched actin
polymerization alters cell polarity
(Fig. 11). Taken together, our results
suggest that synthetic triterpenoids
target Arp2/3-dependent actin po-
lymerization, which contributes to
the inhibition of cell migration.

DISCUSSION

Cell migration plays an essential
role in development, immune sur-
veillance, and cellular repair. In can-
cer, it is the precursor event prior
to most advanced cancer metasta-
ses. The diverse roles of cell migra-
tion make it difficult to under-
stand its mechanisms of action
clearly especially in the context of
cancer, an illness that is made of
multiple different diseases. There-
fore, one of the major focuses in
chemotherapy is to study the means
of targeting cell migration to block
tumor cells from migrating and
invading other parts of the body.
Here we show that synthetic triter-
penoids, which are effective at in-
ducing apoptosis and modulate
reduction-oxidation reaction bal-
ance, are also effective at inhibiting
cell migration. We observed that
cell migration is inhibited by
CDDO-Meand CDDO-Iminadose-
dependent manner, with 1 um being
most effective without inducing
apoptosis over 16 h (Fig. 1). We also
found that Arp3 was a novel triter-
penoid-binding protein (Figs. 3 and
4). Arp3 is an important subunit of
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the Arp2/3 complex, which is involved in the nucleation pro-
cess of branched actin polymerization. Interestingly, the con-
centration of triterpenoids necessary to inhibit branched actin
polymerization in vitro (50 um) was higher than the concentration
necessary to inhibit cell migration (1 um). This may reflect the
possibility that the relative ratios of purified proteins in vitro ren-
dered the inhibiting compounds less active or that there are other
triterpenoid targets in the cell that have yet to be identified. This
second possibility is supported by our previous observation that
the microtubule cytoskeleton is affected by CDDO-Im (49).

The knockdown of Arp2/3 using siRNA has been observed to
reduce cell migration (Fig. 7). Our studies further show that the
triterpenoids target Arp3 and inhibit cell migration by specifi-
cally affecting branched actin polymerization (Figs. 4—6).
Branched actin polymerization is essential for the formation of
the lamellipodia at the leading edge of migrating cells, which in
turn allows for proper cell migration. Therefore, the reduction
of branched actin polymerization by synthetic triterpenoids via
Arp3 may provide a novel mechanism for which anti-cancer
agents may be able to hinder cell migration and metastasis.

In this study, we also investigated whether the activities of
small Rho GTPases would be affected by triterpenoid treat-
ment. Although small Rho GTPases play a large role in cell
migration, they do not seem to be major triterpenoid targets
(supplemental Fig. S1). Interestingly, we found that Rac1 activ-
ity was slightly elevated by CDDO-Im, whereas the activities of
the other Rho GTPases were not altered. This is contrary to
what was expected with respect to the inhibition of cell migra-
tion. We reasoned that this could be due to a by-product of
another triterpenoid-specific phenomenon that has yet to be
determined.

Recently, Arp2/3 inhibitors have been characterized by Pol-
lard and colleagues (52). These inhibitors bind to different sites
of the Arp2/3 complex, thereby, inhibiting its nucleating func-
tion. Specifically, CK-636 binds between Arp2 and Arp3; con-
sequently, preventing Arp2 and Arp3 from forming an active
complex for nucleation. CK-548 and CK-869 associate with
Arp3 at its hydrophobic core, resulting in a conformation
change that blocks nucleation of branched actin. This novel
insight on how the binding of Arp2/3 inhibitors modulates acti-
vation of the Arp2/3 complex may possibly be transferred to the
synthetic triterpenoids. Indeed, we observed that CDDO-Me
docked to Arp2/3 in the same hydrophobic pocket as CK-869
and was displaced in binding assays (Fig. 8). This was further
corroborated with functional assays where bona fide Arp3 inhi-
bition blocked cell migration and polarity (Figs. 9-11). We
therefore conclude that CDDO-Im and CDDO-Me inhibit
Arp2/3 function in a similar manner as the Arp3 inhibitors.
Taken together, this suggests that a combined inhibition of
microtubule and branched actin cytoskeletal dynamics are
involved in triterpenoid-mediated reduction of cell migration.
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