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Background: Rac is a central regulator of cancer cell migration/invasion and metastasis.
Results: EHop-016 inhibits Rac activity with an IC;, of 1 um. EHop-016 blocks Rac interaction with the Rac exchange factor

Vav2, lamellipodia extension, and cell migration.
Conclusion: EHop-016 is an effective Rac inhibitor.

Significance: EHop-016 has potential as a metastasis therapeutic and for investigations of Rac-regulated cellular responses.

The Rho GTPase Rac regulates actin cytoskeleton reorganiza-
tion to form cell surface extensions (lamellipodia) required for
cell migration/invasion during cancer metastasis. Rac hyperac-
tivation and overexpression are associated with aggressive can-
cers; thus, interference of the interaction of Rac with its direct
upstream activators, guanine nucleotide exchange factors
(GEFs), is a viable strategy for inhibiting Rac activity. We syn-
thesized EHop-016, a novel inhibitor of Rac activity, based on
the structure of the established Rac/Rac GEF inhibitor
NSC23766. Herein, we demonstrate that EHop-016 inhibits Rac
activity in the MDA-MB-435 metastatic cancer cells that over-
express Rac and exhibits high endogenous Rac activity. The IC,
of 1.1 um for Rac inhibition by EHop-016 is ~100-fold lower
than for NSC23766. EHop-016 is specific for Racl and Rac3 at
concentrations of =5 um. At higher concentrations, EHop-016
inhibits the close homolog Cdc42. In MDA-MB-435 cells that
demonstrate high active levels of the Rac GEF Vav2, EHop-016
inhibits the association of Vav2 with a nucleotide-free
Racl(G15A), which has a high affinity for activated GEFs. EHop-
016 also inhibits the Rac activity of MDA-MB-231 metastatic
breast cancer cells and reduces Rac-directed lamellipodia for-
mation in both cell lines. EHop-016 decreases Rac downstream
effects of PAK1 (p21-activated kinase 1) activity and directed
migration of metastatic cancer cells. Moreover, at effective con-
centrations (<5 um), EHop-016 does not affect the viability of
transformed mammary epithelial cells (MCF-10A) and reduces
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viability of MDA-MB-435 cells by only 20%. Therefore, EHop-
016 holds promise as a targeted therapeutic agent for the treat-
ment of metastatic cancers with high Rac activity.

Rho family GTPases (Rho, Rac, Cdc42) are important intra-
cellular signaling proteins that control diverse cellular func-
tions, including actin cytoskeletal organization, migration and
invasion, transcriptional regulation, cell cycle progression, apo-
ptosis, vesicle trafficking, and cell-to-cell and cell-to-extracel-
lular matrix adhesions (1, 2). Consequently, Rho GTPases have
been implicated in cancer and in the progression of other dis-
eases by a large number of studies (3-9). Of the Rho family
GTPases, Racl and Rac3, the isoforms expressed in non-hema-
topoietic cells, have been specifically associated with the rear-
rangement of the actin cytoskeleton into cell surface protru-
sions called lamellipodia or invadopodia that are specific for
forward migration during invasion (10). Therefore, Racs have
been linked to promotion of metastasis (11-14). Racs have also
been shown to be essential for Ras and other oncogene-medi-
ated transformation (15, 16). We and others have implicated
hyperactive Racl and Rac3 with increased survival, prolifera-
tion, and invasion of breast and brain cancers (13, 17-21).
Recent reports have shown a role for Rac in mammalian target
of rapamycin (mTOR)*-mediated regulation of cancer malig-
nancy (22, 23) and anti-breast cancer therapy resistance (24).
Moreover, Racl was shown to increase estrogen receptor
a-mediated transcriptional activity in breast cancer (25). Stud-
ies have also demonstrated a cancer-promoting role for the
constitutively active Raclb splice variant that is overexpressed
in breast and colorectal cancer (21, 26 —29). Because the malig-
nant phenotype of Rac is associated with activation of its direct
downstream effectors p21-activated kinases (PAKs) (30, 31),

“The abbreviations used are: mTOR, mammalian target of rapamycin; 1C50,
half maximal inhibitory concentration; GTP, guanosine-5’-trisphosphate;
Cdc42, cell division cycle 42; PAK, p21-activated kinase; GEF, guanine
nucleotide exchange factor; p-Rex 1, phosphatidylinositol 1,4,5-trisphos-
phate-dependent Rac exchanger 1; DH, Dbl homology; PH, pleckstrin
homology; CRIB, Cdc42 and Rac interactive binding.
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much effort has been focused on the development of PAK
inhibitors as anti-cancer therapeutics (32, 33). However, in
addition to PAK, Racs have multiple downstream effectors,
such as WAVE (Wiskott-Aldrich syndrome protein family
member) and Mena/VASP (vasodilator-stimulated phospho-
protein) that contribute to cancer (34, 35). Therefore, targeting
Rac is a more viable approach for the development of antican-
cer drugs (36).

Unlike the related small GTPase Ras, Racs are not mutated in
malignant cancers but rather overexpressed or hyperactivated
(21). Racs are activated by GTP/GDP exchange catalyzed by
guanine nucleotide exchange factors (GEFs) that are regulated
via a myriad of cell surface receptors (37). So far, over 60 poten-
tial Rac-GEFs have been identified (38 —40). Of these, Dbl fam-
ily GEFs, such as Tiam-1 (T-cell invasion and metastasis gene
product) and Vavs 1-3 have been implicated in cancer progres-
sion (41-44). Vav oncogenes play a central role in cancer and
are differentially regulated from Tiam-1 and Trio that contain
the Dbl homology (DH), pleckstrin homology (PH) domains
essential for GEF activity (45, 46). Vavs have additional Src
homology and cysteine-rich domains and activate Rac, Rho,
and Cdc42, whereas Tiam-1 and Trio are specific for Rac1 acti-
vation (47—-50). Recent reports have also shown that phosphati-
dylinositol 1,4,5-trisphosphate-dependent Rac exchanger 1
(p-Rex1) is up-regulated in breast cancer cells and breast cancer
patients with poor prognosis (51, 52). Elevation of Rac-GEF
expression and/or activity appears to be a common phenome-
non during cancer progression. Therefore, targeting the bind-
ing of Rac to GEFs is a rational strategy to inhibit Rac activity
and thus cancer invasion.

NSC23766 was identified as a small molecule that binds to a
putative binding pocket in the surface groove of Rac1 that inter-
acts with a subset of Rac-GEFs Trio and Tiam-1 but not Vav
(48, 53, 54). In breast cancer cells, inhibition of Rac activity by
NSC23766 was shown to induce G; cell cycle arrest or apopto-
sis (20). NSC23766 has been shown to inhibit the anchorage-
independent growth and invasion of human prostate cancer
PC-3 cells, Rac activation, and Rac-dependent aggregation of
platelets stimulated by thrombin, Racl, and Rac2 activities of
hematopoietic stem/progenitor cells and migration from
mouse bone marrow to peripheral blood (55, 56). NSC23766
has also been shown to inhibit invasion of chronic myelogenous
leukemia cells in vitro and in vivo in a mouse model (53). Thus,
such structure-function-based rational design appears to rep-
resent a new avenue for generating small molecule inhibitors of
Rac and its functions. However, NSC23766 is a moderately
active Rac inhibitor with a relatively high IC., of 50100 um in
fibroblasts, which limits its potential use as a therapeutic agent
(48). In addition, we have found that in the highly metastatic
cancer cell line MDA-MB-435, NSC23766 inhibits Racl by only
~20% at a concentration of 50 uMm and that at this concentra-
tion, there is no significant effect on lamellopodia formation
(57). Therefore, there is a need for more effective inhibitors of
Rac activity in highly metastatic cancer cells.

The identification of novel inhibitors of Rac that function via
different inhibitory mechanisms has been the subject of several
studies. Whereas NSC23766 inhibits the interaction of Racl
with several of its GEFs, the Rac inhibitor EHT 1864 interferes
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with the interaction of Rac with its downstream effectors at
concentrations of 1050 um (58, 59). A virtual screening of a
selected subset of compounds from the ZINC data base for
binding affinity to Racl based on the crystal structure of Racl
with NSC23766 identified several novel Racl inhibitors with
experimental IC, values ranging from 12.2 to 57 um (60). In
addition, a high-throughput flow cytometry bead-based multi-
plex assay identified MLS000532223 as a compound that pre-
vents GTP binding to Rac. However, other Rho GTPases, such
as Cdc42, are also affected by this compound. Small molecule
compounds have also been synthesized to specifically inhibit
the Raclb splice variant (61). Another report identified ITX3 as
a GEF inhibitor that targeted Rac and RhoG interaction with
Trio; however, this compound is effective at high 50-100 pum
concentrations (62). In an endeavor to develop novel more
potent Rac inhibitors with possible clinical applications, we
demonstrated that NSC23766 could be utilized as a lead struc-
ture for the design of compounds with 2—-3 times enhanced
potency (57). We now report the identification and character-
ization of the biological activity of EHop-016, a novel
NSC23766 derivative that inhibits Racl 100-fold more effec-
tively than the parent compound.

EXPERIMENTAL PROCEDURES

Synthesis of EHop-016—All chemicals were purchased from
Sigma-Aldrich. The synthesis of EHop-016 was performed in
two steps according to the reaction scheme provided in Fig. 1
and carried out analogous to the procedure described previ-
ously (58). (2-Chloro-pyrimidin-4-yl)-(9-ethyl-9H-carbazol-3-
yl)-amine was obtained as a pure compound in a yield of 53%.
The product was identified with TLC, NMR, and GC/MS. R,=
0.23 (3:1, hexane-ethyl acetate); 'H NMR (DMSO-d,, 400
MHz) §1.32 (t, ] = 6.9 Hz, 3H), 4.45 (q, ] = 6.6 Hz, 2H), 6.72 (s,
1H), 7.20 (t, J = 7.36 Hz, 1H), 7.47 (t, ] = 7.30 Hz, 1H), 7.56 (s,
1H), 7.62 (t, ] = 8.68 Hz, 1H), 8.11 (t, ] = 7.36 Hz, 1H), 8.27 (s,
1H), 10.1 (s, 1H); **C (DMSO-d,, 100 MHz) 8 13.7, 37.0, 109.2,
109.4, 115.0, 118.7, 120.3, 121.3, 121.9, 122.3, 125.9, 129.9,
136.9, 140.0, 156.9, 159.6, 162.4; LRGC-MS m/z (rel%):[M]*
276 (100), [M-CI] " 241 (40), [M-C.H.N,CI]* 134 (26). N*-(9-
Ethyl-9H-carbazol-3-yl)-N2-(3-morpholin-4-yl ~ propyl)-py-
rimidine-2,4-diamine (EHop-016) was obtained as a pure com-
pound in a yield of 93%. The product was identified to be
essentially pure by TLC and NMR: R, = 0.34 (9:1, CH,Cl,-
MeOH); '"H NMR (DMSO-d,, 400 MHz) § 1.31 (t, / = 7.0 Hz,
3H), 1.73 (m, 2H), 2.32 (m, 2H), 2.34 (t, / = 6.89 Hz, 8H), 3.52
(m, 2H), 4.42 (q,/ = 7.0 Hz, 2H), 5.98 (d, /] = 5.7 Hz, 1H), 6.69 (t,
J=5.3Hz,1H),7.16 (t,] = 7.4,1H),7.43 (t,] = 7.2 Hz, 1H), 7.53
(t,J= 9.0 Hz, 4H), 7.81 (d, ] = 5.4 Hz, 1H), 8.10 (s, 1H), 8.66 (s,
1H), 9.1 (s, 1H); *C (DMSO-d,, 100 MHz) § 13.7, 26.2, 36.9,
53.4, 56.3, 66.2, 108.9, 109.0, 118.2, 119.7, 120.2, 122.0, 122.2,
125.6,132.5,135.5,139.9, 159.8,160.9, 162.1. 'H and '>C NMR
spectra were recorded on a Bruker 400-MHz spectrometer.
Mass spectra were obtained on a Hewlett Packard 6890N
GC/MS spectrometer.

Docking of EHop-16 into Crystal Structure of Racl—For
molecular docking, Autodock 4.0 with AutodockTools 1.5.4 as
the graphical user interface was used (63, 64). The coordinates
of the crystal structure from the Rac1-NSC23766 complex were
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obtained from Ref. 65. EHop-016 was drawn using ChemDraw
Ultra 7.0 and energy-minimized with MOPAC AMI in
Chem3D Ultra 7.0. After removing NSC23766 from the crystal
structure, AutodockTools was used to prepare the GEF-inter-
acting region of Rac and EHop-016 for docking and to create a
grid of 60 X 60 X 60 A with a grid spacing of 0.375 A centered
on the original position of NSC23766. A flexible docking of 100
GA runs was performed with the number of individuals in the
population set to 200 and the maximum number of energy eval-
uations set to 25,000,000, with other parameters accepted as
suggested by AutodockTools, which was also used for cluster-
ing (root mean square deviation = 2 A) of the results obtained.

Rac Activity Assays—Rac activity was determined from
lysates of the MDA-MB-435 and MDA-MB-231 human meta-
static cancer cell lines (from ATCC). Cancer cells in culture
medium (DMEM, 10% FBS, pH 7.5) were treated with vehicle
(0.1% DMSO) or varying concentrations of EHop-016 (0—-10
mm) for 24 h. Racl activity was determined as described previ-
ously (57), using the G-LISA Racl activation assay kit (Cyto-
skeleton, Inc., Denver, CO).

For generation of IC, curves for each inhibitor (EHop-016
or NSC23766), data from three independent duplicate experi-
ments were pooled, and four-parameter dose-response curves
were fitted using the non-linear regression function of
GraphPad Prism®.

Rho GTPase Activity Assays—Rho, Rac, and Cdc42 activities
were analyzed from MDA-MB-435 and MDA-MB-231 cell
lysates by pull-down assays following treatment with EHop-016
for 24 h. The GST-Rho binding domain from rhotekin was used
to isolate active GTP-bound Rho, and a GST-Cdc42 and Rac
interactive binding (CRIB) domain of PAK1 was used to isolate
active Rac-GTP or Cdc42-GTP, as described previously (17,
18). Active and total Rho GTPases were identified by Western
blotting with specific antibodies.

Western Blotting—Cell lysates or pull-downs were Western
blotted using routine laboratory procedures as described previ-
ously (17, 18). Anti-RhoA, -Rac (Racl, -2, and -3), -Cdc42, and
-phospho-PAK™ %23 antibodies were from Cell Signaling
Technology, Inc. (Danvers, MA). Anti-Vav2 antibodies were
from Zymed Laboratories Inc., and Rac3, PAK1, Tiam-1, and
Trio antibodies were from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA).

Precipitation of Activated GEFs with Recombinant Mutant
Racl(G15A) Protein—MDA-MB-435 cells in culture medium
were lysed in 1% Triton X-100, 20 mm HEPES, pH 7.4, 150 mm
NaCl, 5 mm MgCl,, and protease inhibitors and processed as
described (66). Equal amounts of protein from cleared lysates
were incubated for 1 h at 4 °C with glutathione-agarose beads
conjugated to GST-Rac1(G15A) nucleotide-free mutant (Cell
Biolabs, San Diego, CA) that were preincubated (for 1 h) with
vehicle or 2 or 4 um EHop-016. The beads were washed, and the
lysates and pull-downs were immunoblotted for Tiam-1, Trio,
or Vav2.

Interaction of Tiam-1 DH/PH Domain with Racl(G15A)—
His-tagged Tiam-1 DH-PH pET construct (a kind gift of Dr.
Ernesto Fuentes, University of lowa, lowa City, IA) was trans-
formed into Rosetta DE3 Escherichia coli cells, and clarified lysates
were purified by batch affinity chromatography using His-Select
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nickel affinity gel (Sigma). Tiam-1 was eluted with 300 mMm im-
idazole and separated by an FPLC size exclusion Superdex 200
column. Purity of the Tiam-1 fraction at 1.7 mg/ml was observed
tobe >95% by SDS-PAGE. GST-Rac1(G15A) glutathione-agarose
or glutathione-agarose beads alone were preincubated with vary-
ing concentrations of EHop-016 or NSC23766 for 1 h in lysis
buffer (1% Igepal, 20 mm HEPES, 150 mm NaCl, 5 mm MgCl,, pH
7.5). Purified His-Tiam-1 DH/PH domain was added at a concen-
tration of 2:1 Rac1(G15A)/Tiam-1 and incubated for another 1 hat
4.°C. Pull-downs were washed three times in 1% Igepal buffer and
1 time in HEPES buffer and Western blotted with an anti-His anti-
body to visualize His-Tiam-1 DH/PH domain protein.

Fluorescence Microscopy—As described previously (57),
MDA-MB-435 or MDA-MB-231 cells in culture medium were
treated with vehicle (0.1% DMSO) or EHop-016 at 2 and 4 um
for 24 h. Cells were fixed, permeabilized, and stained with rho-
damine phalloidin to visualize F-actin. Fluorescence micro-
graphs were acquired at X600 magnification in an Olympus
BX40 fluorescence microscope using a Spot digital camera.

Cell Migration Assays—As described previously (57), quies-
cent MDA-MB-435 cells were treated with vehicle or varying
concentrations of EHop-016 (05 um) for 24 h. Exactly 2 X 10°
cells were placed on the top well of Transwell chambers (Corn-
ing Glass) with culture medium containing 10% FBS in the bot-
tom well. The number of cells that migrated to the underside of
the membrane following a 4-h incubation was quantified for
each treatment. Fixed cells were stained with propidium iodide
to visualize nuclei. For each treatment (three biological exper-
iments with two technical replicates each), cells in 20 micro-
scopic fields were quantified at X200 magnification in a Olym-
pus CKX41 inverted fluorescence microscope.

Cell Viability Assays—As described previously (57), MDA-
MB-231, MDA-MB-435, or MCF-10A mammary epithelial
cells (from ATCC) were incubated in vehicle (0.1% DMSO) or
varying concentrations of EHop-016 (0—10 um) for 24 h. Cell
viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide cell survival and proliferation
kit (Millipore, Inc., Billerica, MA) according to the manufactur-
er’s instructions.

RESULTS

Synthesis of EHop-016—The inhibition of Racl activity has
been proposed as a strategy for the prevention of cancer metas-
tasis. However, the frequently utilized small molecule Racl
inhibitor NSC23766 only has a moderate biological effect on
the highly metastatic cancer cell line MDA-MB-435, even at
high concentrations, thus illustrating the need for more potent
and effective inhibitors. We recently reported the synthesis of
novel NSC23766 derivatives that were more efficient than the
parent compound in MDA-MB-435 cells with a considerable
reduction of cell functions regulated by Rac (57). Further opti-
mization of the NSC23766 lead structure led to the identifica-
tion of EHop-016, which was synthesized according to the pro-
cedure described in the legend to Fig. 1.

Briefly, 2,4-dichloropyrimidine (1) was reacted with 3-ami-
no-9-ethylcarbazole (2) by heating in isopropyl alcohol in the
presence of N,N-diisopropylethylamine. Separation of the
regioisomers provided the pure 4-substituted pyrimidine deriv-
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FIGURE 1. Synthesis and docking of EHop-016 into the putative GEF bind-
ing pocket of Rac1. A, synthetic scheme for the preparation of EHop-016.The
synthesis was performed by a two-step approach as described (57). B, EHop-
016 docked into the GEF binding pocket of Rac1 and its comparison with the
position of NSC23766 in the crystal structure of the Rac1-NSC23766 complex.

ative (3), which was reacted with 4-(3-aminopropyl)morpho-
line (4) in sec-butanol under microwave heating in the presence
of N,N-diisopropylethylamine to provide EHop-016 (5).
Molecular Docking of EHop-016—NSC23766 was designed
to prevent the activation of Racl by binding to the region where
several GEFs interact with Racl, thus inhibiting its activation.
This mode of action was recently confirmed via analysis of the
crystal structure of Racl with NSC23766. For the design of
novel, more potent inhibitors, we wished to improve the activ-
ity and maintain the selectivity profile of NSC23766. Therefore,
in order to obtain a similar binding interaction for the new
inhibitors, the core structural features of NSC23766 were main-
tained, including a central pyrimidine core with an aromatic
4-substituent and an amino group-containing 2-substituent,
both connected to the pyrimidine core via nitrogen atoms.
Molecular docking, to study the binding interactions of EHop-
016 with Racl, demonstrated that EHop-016 can bind to Racl
in different orientations into the cleft formed by amino acids
Pro-34, Thr-35, Val-36, Phe-37, Asp-38, Asn-39, Trp-56, Asp-
57, Thr-58, Ala-59, Tyr-64, Leu-67, Arg-68, Leu-70, and Ser-71.
Clustering of the docking results revealed that the largest clus-
ter (size = 29) also had the docking conformation with the
lowest energy (—7.91 kcal/mol), and the most favorable confor-
mation is illustrated in Fig. 1B, together with the position of
NSC23766 in the crystal structure of the Rac1-NSC23766 com-
plex. Whereas NSC23766 is stretched over the surface of Racl,
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FIGURE 2. Effect of EHop-016 and NSC23766 on Rac activity. MDA-MB-435
cells were treated with vehicle (0.1% DMSO) or varying concentrations of
EHop-016 (0-10 um) or NSC23766 (0-100 um) for 24 h. Cell lysates were sub-
jected to the G-LISA Rac1 activation assay (Cytoskeleton, Inc.). ICs, curves for
percentage Rac activity are relative to vehicle from three biological replicates
each with two technical replicates. Error bars, S.D. Four-parameter dose-re-
sponse curves generated using GraphPad Prism® are shown.

similar to the other novel Racl inhibitors that were recently
identified (60), EHop-016 appears to favor a bent conformation
that binds to a deeper binding pocket similar to the N,N-dieth-
ylamino group of NSC23766. In its energetically most favorable
conformation, the binding of EHop-016 is strengthened by two
hydrogen bonding interactions with residues Asp-38 and Asn-
39. Furthermore, EHop-016 has a close interaction with Trp-
56, which has been shown to be critical for binding of Rac to its
GEFs (48, 53, 54). Two smaller clusters (sizes = 13 and 21) with
lowest energy conformations of —7.61 and —7.41 kcal/mol,
respectively, dock into the same cleft, albeit in a somewhat dif-
ferent mode (supplemental Fig. S1). Based on the above molec-
ular docking results, structural similarity to NSC23766, and the
biological activity profile described herein, it is reasonable to
postulate that EHop-016 also interferes with binding of Racl
with its GEFs via binding to the three-way junction site that
contains the switch I, switch II, and B loops of the effector
region of Rac that interacts with the DH domain of Rac GEFs
(67). The crystal structures of a complex of the binding domains
of the homologous GEF Vavl with Racl were described
recently (49, 68). Using this information, analysis of binding
interactions indicates that unlike NSC23766, EHop-016 inter-
acts with several of the amino acid residues that form the puta-
tive binding pocket of Vavl with Racl. More specifically, of the
residues that are calculated to interact with EHop-016, Vavl
interacts with residues Thr-35, Val-36, and Asn-39 of switch I
and with residues Ala-59 and Tyr-64 of switch II (Fig. 1B).
Therefore, it is suggested that EHop-016 binds tightly to key
amino acid residues of Racl, potentially inhibiting interaction
with Vav.

EHop-016 Is Potent Inhibitor of Racl—The potential of
EHop-016 to inhibit Rac activity was determined in the highly
metastatic human cancer cell line MDA-MB-435, which was
previously reported by us to contain high endogenous Rac
activity (18). MDA-MB-435 cells were treated for 24 h with
varying concentrations of EHop-016 and, for comparison,
NSC23766. Rac activity from cell lysates was measured using
the G-LISA Racl activation assay. The concentration curves in
Fig. 2 demonstrate that EHop-016 inhibits Racl activity in
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FIGURE 3. Effect of EHop-016 on Rho GTPase activity.Aand B, MDA-MB-435
cells were treated with vehicle (0) or EHop-016 at the indicated concentra-
tions (1, 2,4, 5, or 10 um) for 24 h. Cell lysates were subjected to a pull-down
assay using a GST-CRIB domain of PAK and Western blotted for Rac3 or Cdc42.
C, a GST-RBD domain of rhotekin was used to pull down Rho-GTP and
detected by Western blotting with anti-RhoA antibody. The average percent-
age of Rho GTPase activity was calculated from the integrated density of
positive bands of Rho GTPase-GTP from a pull-down/total Rho GTPase in cell
lysate for each treatment and each Rho GTPase (Rac3, Cdc42, or RhoA) relative
to vehicle controls. A, representative Western blot of pull-downs immuno-
stained for Rac3-GTP (top row) or total Rac3 in cell lysate (bottom row) (n = 3).
B, representative Western blots (from the same experiment) of pull-downs
immunostained for Cdc42-GTP (top row) or total Cdc42 in cell lysate (bottom
row) (n = 2). C, representative Western blots of pull-downs immunostained
for RhoA-GTP (top row) or total RhoA in cell lysate (bottom row), n = 3. Western
blots show positive bands for Rho GTPases at ~21 kDa.
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MDA-MB-435 cells with an IC,, of 1.1 um, whereas the IC,, for
NSC23766 in the same cell line was 95 um. Thus, EHop-016 is
~100 times more potent than NSC23766 and 10-50 times
more potent than other currently available Rac inhibitors.
Effect of EHop-016 on Activity of Other Rho Family GTPases—
In order to investigate the selectivity of EHop-016, we studied its
effect on other Rho family GTPases. Similar to Racl, the Rac iso-
form Rac3 that is also overexpressed in cancer cells was inhibited
by 58% at a concentration of 1 um EHop-016 (Fig. 34). This is
expected because Racl and Rac3 demonstrate significant struc-
ture similarity and are activated by the same GEFs. EHop-016 did
not affect the activity of the Rac homolog Cdc42 at 2 or 4 um but
inhibited Cdc42 activity by 28% at 5 um and 74% at 10 um (Fig. 3B).
Therefore, EHop-016 may not bind the similar DH-interacting
domain of Cdc42 as tightly as Rac but is able to inhibit Cdc42
activity at higher concentrations. In contrast, the activity of the
closely related Rho GTPase RhoA was increased ~1.3-fold in
response to 2, 4, 5, or 10 um EHop-016. Increased Rho activity,
when Rac is being inhibited by EHop-016, may be a compensatory
mechanism. This is expected to increase Rho-regulated assembly
of F-actin into stress fibers and further inhibit Rac-mediated
lamellipodia formation and directed migration (1, 4, 10).
EHop-016 Inhibits Association of Active Vav2 with
Racl(G15A) Mutant Fusion Protein—To investigate a mecha-
nism for the inhibition of Rac by EHop-016, the active Rac GEFs
in MDA-MB-435 cells were detected from pull-downs of a glu-
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tathione-agarose-conjugated GST fusion protein of a Racl
nucleotide-free mutant Rac1(G15A) that has a high affinity for
activated GEFs (66, 69). As shown in Fig. 44, in the highly
metastatic MDA-MB-435 cell line with elevated Rac activity,
Vav2 appears to be more abundant compared with Tiam-1 and
Trio. Although equal amounts of total protein were used for
Western blotting, it is possible that the differences in GEF
expression may reflect the relative affinities with their specific
antibodies. Moreover, in MDA-MB-435 cells growing in 10%
serum, only active Vav2 was pulled down with the GST-
Racl(G15A) and not Tiam-1 or Trio (Fig. 4A). We show that
the association of Vav2 with Rac1(G15A) was inhibited by 4 um
EHop-016 to ~50% compared with controls in a statistically
significant manner (p < 0.005) (Fig. 4, B and C). Because we did
not detect association of Tiam-1 with Rac1(G15A) under our
experimental conditions, the effect of EHop-016 on the inter-
action of Racl and Tiam-1 could not be measured in vivo.

When Racl(G15A) beads were incubated with a purified
Tiam-1 DH/PH domain as described previously (67, 70), the
active Tiam-1 was associated with the Racl(G15A) beads.
However, EHop-016 inhibited the interaction of Tiam-1
DH/PH domain with Rac1(G15A) at concentrations of =40 um
(supplemental Fig. S2). At 5 um, EHop-016 did not affect the
interaction of Tiam-1 DH/PH domain with Rac1(G15A) beads.
At 50 um EHop-016, there was a statistically significant 64%
inhibition of Tiam-1/Rac1(G15A) interaction. In contrast, the
parent compound NSC23766 inhibited the Rac1(G15A) inter-
action with purified Tiam-1 DH/PH domain at both 5 and 50
uM. Therefore, the concentrations at which EHop-016 inhib-
ited Tiam-1/Racl interaction were 10 times higher than the
physiological concentrations (2—4 um) at which EHop-016
inhibited Rac activity or the interaction of Rac1(G15A) with
Vav2 in MDA-MB-435 cell lysates.

EHop-016 Reduces Rac-regulated Cell Functions—Rac is a
central regulator of lamellipodia and invadopodia that control
directed mesenchymal migration and invasion of cancer cells
(4). Therefore, we investigated the effect of EHop-016 on Rac
activity and lamellipodia formation in the metastatic breast
cancer cellline MDA-MB-231 and the highly metastatic variant
of MDA-MB-435. As shown in Fig. 54, for equal amounts of
total protein, Rac expression and activity in MDA-MB-231 cells
were less when compared with MDA-MB-435 cells. EHop-016
at 2 uM (double the IC,, for Rac inhibition) inhibited the Rac
activity of MDA-MB-435 cells by 79% and by 93% at 4 um. The
Rac activity of MDA-MB-231 cells was also inhibited by EHop-
016 with an IC,, of ~3 um (Fig. 54). Therefore, EHop-016 is
more efficient at inhibiting MDA-MB-435 cells with elevated
Rac activity. Lamellipodia extension was determined in cells
stained with rhodamine phalloidin to localize F-actin. Treat-
ment for 24 h with EHop-016 at 2 and 4 uM inhibited lamelli-
podia formation in both MDA-MB-231 and MDA-MB-435
cells. Results show that close to 100% of control cells demon-
strated lamellipodia and membrane ruffles. Following EHop-
016 treatment, at 4 uM in MDA-MB-231 cells and both 2 and 4
uM in MDA MB-435 cells, only ~30% of the cells extended
lamellipodia. Therefore, EHop-016 at concentrations that
inhibit Rac activity significantly inhibited lamellipodia exten-
sion to a similar extent, indicating a direct regulatory effect of
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FIGURE 4. Effect of EHop-016 on Rac/Rac GEF interaction. MDA-MB-435 cells were lysed and incubated with glutathione-agarose-coupled GST-Rac1(G15A)
beads to pull down activated Rac GEFs. A, a representative Western blot (from the same experiment) of GST-Rac1(G15A) pull-down, supernatant (sup) from the
incubation, and cell lysates, immunostained for Trio, Tiam-1, or Vav2. B, GST-Rac1(G15A) beads were preincubated with vehicle (0), or 2 or 4 um EHop-016 prior
to incubation with MDA-MB-435 cell lysates. A representative Western blot (from the same experiment) (n = 3) immunostained for Vav2 is shown. Top row,
pull-down; bottom row, total cell lysate. C, quantification of the percentage of average Vav2 (two bands at ~100 kDa) associated with the Rac1(G15A) beads
from pull-down assays in the presence or absence of EHop-016.ImageJ software was used to quantify the integrated density of positive bands (~100 kDa) from
Vav2 Western blots of pull-downs. Data are represented relative to vehicle controls (100%). D and E, purified His-tagged Tiam-1 DH/PH domain was added at
a concentration of 2:1 to Rac1(G15A) beads that were preincubated with vehicle (Veh) or Ehop-016 or NSC23766 at the indicated concentrations for 1 h at 4 °C.
Pull-downs were washed and immunoblotted with an anti-His antibody to detect His-Tiam-1 as a ~45 kDa band. D, a representative Western blot (from the
same experiment). Top, GST-Rac1(G15A) pull-downs; bottom, supernatants. E, quantification of percentage of Tiam-1 (DH/PH) domain associated with
Rac1(G15A) beads in the presence or absence of EHop-016 or NSC23766. n = 3. Error bars, S.D. *, statistical significance compared with vehicle controls (p =

0.05).

Rac activity on lamellipodia extension (Fig. 5B). However,
EHop-016 did not affect the extension of filopodia that are reg-
ulated by Cdc42 (71). These data indicate a specific role for
EHop-016 in inhibiting Rac-directed actin structures.

The effect of EHop-016 on Rac action was also determined by
analyzing the activity of the Rac downstream effector PAK that
regulates Rac-mediated lamellipodia extension and directed
cell migration (4). By Western blotting with a specific antibody
to the kinase active form of PAK1 with a phospho-Thr-423 (72),
we show that EHop-016 dramatically inhibits PAK activity at
both 2 and 4 um (Fig. 6A). Because Rac/PAK signaling regulates
directed cell migration, the effect of EHop-016 at 0—5 um was
determined on migration of MDA-MB-435 cells by using a
Transwell assay. As shown in Fig. 6B, treatment with 2and 5 um
EHop-016 reduced directed cell migration by ~60% at concen-
trations that reduced Rac activity by ~80% (Figs. 2 and 4). It is
possible that Rac may not be the only regulator of cell migration
in this highly invasive cancer cell line. Because equal cell num-
bers were placed on the top wells of the Transwell chambers
and the migration assays were conducted for only 4 h, we do not
expect effects of reduced cell viability or cell death to affect data
interpretation.

These experiments were conducted in culture medium con-
taining 10% FBS to recapitulate the endogenous cellular envi-
ronment. Because serum contains activators of Rac, Rho, and
Cdc42, this experimental design does not allow for the analysis
of Rac regulation in the absence of other cytoskeletal regulators.
Experiments testing the effect of Rac-specific regulators, such
as epidermal growth factors (EGFR and HER2), are in progress.

APRIL 13,2012+VOLUME 287+-NUMBER 16

Effect of EHop-016 on Cell Viability—W e tested the viability
of MDA-MB-231 and MDA-MB-435 cancer cells and MCF10A
transformed mammary epithelial cells in the presence of EHop-
016.EHop-016atanIC,,of 1 or 2 um did not significantly affect
mammary epithelial or cancer cell viability (Fig. 7). At 5 um,
EHop-016 decreased MDA-MB-435 and MCF-10A cell num-
ber by 30% compared with controls, which was further
decreased to 50% at 10 um. Therefore, further inhibition of Rac
and Cdc42 activity by EHop-016 at concentrations above 5 um
may lead to additional inhibition of Rac-mediated effects on cell
cycle progression and growth.

DISCUSSION

Herein, we describe the synthesis and characterization of a
potent and specific small molecule inhibitor of Rac, a key sig-
naling protein that regulates cancer progression and metasta-
sis. Recent studies have demonstrated that inhibition of Rac
activity and thus cancer cell invasion is a viable strategy for the
treatment of breast cancer metastasis (73, 74). Current small
molecule inhibitors of Rac activity, such as NSC23766 and EHT
1864, are effective at high concentrations, ~50-100 um for
NSC23766 and 10 um for EHT 1864, and the inhibitory effi-
ciency appears to be dependent on cell type. As we have previ-
ously shown, high metastatic variants of MDA-MB-435 dem-
onstrate high endogenous Rac activity, without changes in Rac
expression (18). Therefore, high Rac-GEF activity may explain
the moderate biological activity of NSC23766 in metastatic
cancer cells.
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total Racin cell lysate (bottom row). n = 3. B, MDA-MB-231 or MDA-MB-435 metastatic breast cancer cells were treated with vehicle or EHop-016 at 2 or 4 um for
24 h to determine changes in actin cytoskeletal structures. Cells were fixed, permeabilized, and stained with rhodamine phalloidin to visualize F-actin. Top,
representative micrographs are shown at X600 magnification. Arrows, lamellipodia; arrowheads, filopodia. Bottom, percentage of cells that demonstrated
lamellipodia was quantified for each treatment from 10 representative microscopic fields. Error bars, S.E. *, statistical significance compared with vehicle

controls (p = 0.001).

Our objective was to utilize the structure of NSC23766 as a
lead for the development of a novel, more potent inhibitor that,
similar to NSC23766, binds specifically into a surface groove of
Racl known to be critical for GEF interaction (75). Docking
studies demonstrated that EHop-016 binds to the effector
domain of Racl with a deeper interaction in the switch 1 and
switch I regions than NSC23766. Therefore, EHop-016 has the
potential to block Rac GEFs distinct from the action of
NSC23766. Moreover, EHop-016 was found to be a ~100-fold
more potent inhibitor of Rac activity than NSC23766 in the

13234 JOURNAL OF BIOLOGICAL CHEMISTRY

metastatic MDA-MB-435 cancer cell line. EHop-016 is also a
10-50-fold more effective inhibitor of Racl than the recently
reported NSC23766 derivatives (60). Our data demonstrate
that EHop-016 is specific for Rac isoforms Racl and Rac3.
Cdc42, a close homolog that is not activated by the Rac GEFs
Tiam-1, Trio, or P-Rex1 but is activated by Vav2 (46, 51, 67), is
inhibited by EHop-016 at higher concentrations. Therefore,
EHop-016 may be specific for Rac at lower physiologically rel-
evant concentrations when Racl is the preferred partner of
Vav2. Because of its structural similarity to NSC23766 as well as
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its biological activity profile and molecular docking findings, it
is proposed that EHop-016 also interacts with the effector

140
®MDA-MB-231 region of Rac, where it inhibits the binding of GEFs (48, 67, 70).
120 1 BMDA-MB-435 In fact, we found that EHop-016 at 50 uM, a concentration
g’ 100 - OMCF-10A much higher than its physiologically effective 2 um concentra-
.‘-3 - tion, may impede the interaction of active Tiam-1 with
> Racl(G15A) in vitro. However, the Tiam-1-specific inhibitor
§ 60 - NSC23766 blocked the interaction of Tiam-1 and Rac1(G15A)
R 40 to a similar extent at a lower (5 wM) concentration compared
with EHop-016, thus indicating that EHop-016 is not specific to
20 - Tiam-1. Similarly, EHop-016 is probably not specific to Trio, a
0 GEF that shares the amino acid residue Trp-56 in Racl with

Tiam-1, as a critical determinant for their activity (75).
The significant finding that EHop-016 inhibits the interac-
tion of Vav2 with Racl at physiologically relevant concentra-
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FIGURE 7. Effect of EHop-016 on cell viability. Cell viability of MDA-MB-231,

MDA-MB-435, or MCF-10A cells was measured using the 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide cell survival and proliferation kit
(Millipore, Inc.). The mean values = S.E. (error bars) (n = 3) are presented
relative to vehicle (100%). *, statistical significance compared with vehicle
controls (p = 0.05).
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tions is central to the further development of this compound as
an inhibitor of cancer malignancy. Both Vav2 and Tiam-1 have
been implicated in Rac-mediated transformation and invasion/
metastasis (76, 77). To our knowledge, no specific inhibitors for
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Vav2/Rac interaction have been described. Using an estab-
lished method for detecting active Rac GEFs from cell lysates
(66, 69), we found that Vav2, and not Tiam-1 or Trio, was active
in the MDA-MB-435 cell line in culture. It is possible that low
active levels of Tiam-1 and Trio were not detected due to the
limited sensitivity of immunoblotting. Another alternative is
that the serum in culture medium activated Vav2 preferentially,
and future studies will be conducted in quiescent cells following
epidermal growth factor receptor/human epidermal growth
factor receptor 2 stimulation, which is expected to activate both
Vav2 and Tiam-1.

Vav2 has been shown to act as an exchange factor for Rac,
Rho, and Cdc42 in vitro (50, 78). The increased Rho activity
following EHop-016 treatment may be due to a complex bio-
logical response to Rac inhibition. Studies have shown that Rac
activation can inhibit Rho activity and vice versa (1, 4, 10).
Indeed, disparate roles have been proposed for Vav2-activated
Rho and Rac in mammary epithelial cells (79), thus suggesting
that EHop-016-mediated inhibition of Rac/Vav2 interaction
may result in enhanced Vav2 availability for Rho activation.
Binding studies of Rho and EHop-016 will be conducted in
future studies to rule out a role for EHop-016 in direct activa-
tion of Rho.

We also show that cancer cell viability is not affected by
EHop-016 at concentrations that inhibit Rac and actin cyto-
skeletal changes. Racs have been shown to affect cell survival via
a number of signaling pathways, including phosphoinositide
3-kinase (PI3K), nuclear factor kB (NF-kB), and Jun kinase
(INK)/p38 mitogen-activated protein kinases (MAPK) (80).
However, at the concentrations that inhibit Rac-mediated
lamellipodia extension, we do not see significant effects of
EHop-016 on cell viability. Cell viability may be affected at
higher concentrations (=5 mm), when EHop-016 inhibits both
Rac and Cdc42 activities. This is expected because in addition
to regulation of cell migration, Rho GTPases have also been
implicated in regulation of the cell cycle (10). Our data demon-
strating that EHop-016 does not affect the viability of mam-
mary epithelial cells at effective concentrations suggest its util-
ity as a viable anti-metastatic cancer therapeutic agent with
only minor toxicity to normal cells. In preliminary studies, we
have tested the effect of oral administration of EHop-016 to
athymic nude mice at 1 mg/kg body weight once a week for 9
weeks and found no change in body weight or gross indications
of toxicity (supplemental Fig. S3). Therefore, EHop-016 holds
promise as a non-toxic and specific Rac inhibitor for further
development as an anti-cancer metastasis therapeutic.

Results show that EHop-016 reduced lamellipodia and
directed cell migration by 60-70% at concentrations that do
not affect cell viability but inhibit Rac activity by ~80%. At a
concentration of 2 um, EHop-016 exerted a dramatic reduction
in lamellipodia formation without affecting Cdc42-induced
filopodia extension. The concentration at which EHop-016
inhibited lamellipodia extension and cell migration is ~10-50-
fold less than the reported concentrations of NSC23766 and
EHT 1864 required to inhibit lamellipodia extension and cell
migration (48, 57, 81). This result is similar to our previous
report of decreased MDA-MB-435 cell migration in the pres-
ence of other NSC23766 derivatives that inhibit Rac activity
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(57). Although a single report demonstrated increased migra-
tion of MDA-MB-435 and MDA-MB-231 metastatic breast
cancer cells following 50-100 um NSC23766, in our hands,
treatment with 100 um NSC23766 for 24 h resulted in a 75%
decrease in MDA-MB-435 cell migration (data not shown).
Moreover, there are several reports of decreased cell migration
in metastatic breast cancer cells following direct inhibition of
Racl and Rac3 by expression of dominant negative Rac and
siRNA knockdown of Rac expression or by indirect inhibition
of Rac by blocking upstream effector activity (13, 18, 57,
82-87).

In conclusion, we have shown that EHop-016 is an effective
Rac-specific inhibitor at micromolar concentrations. EHop-
016 substantially inhibits Vav2 interaction with Rac, Rac-acti-
vated PAK1, lamellipodia formation, and cell migration.
Because Rac/PAK activity is central to cancer cell migration
and invasion (30), EHop-016 appears to be a promising candi-
date for further development as a pharmacological inhibitor of
Rac activity in metastatic cancer cells. In addition, EHop-016
could prove to be a valuable, more potent probe for the study of
Rac-regulated cellular processes.
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