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Abstract: Rho GTPases play a key role in the regulation of multiple essential cellular processes, including actin dynamics, gene
transcription and cell cycle progression. Aberrant activation of Racl, a member of Rho family of small GTPases, is associated with
tumorigenesis, cancer progression, invasion and metastasis. Particularly, Racl is overexpressed and hyperactivated in highly aggressive
breast cancer. Thus, Racl appears to be a promising and relevant target for the development of novel anticancer drugs. We identified the
novel Racl inhibitor ZINC69391 through a docking-based virtual library screening targeting Racl activation by GEFs. This compound
was able to block Racl interaction with its GEF Tiam1, prevented EGF-induced Racl activation and inhibited cell proliferation, cell
migration and cell cycle progression in highly aggressive breast cancer cell lines. Moreover, ZINC69391 showed an in vivo antimetastatic
effect in a syngeneic animal model. We further developed the novel analog 1A-116 by rational design and showed to be specific and
more potent than the parental compound in vitro. We also showed an enhanced in vivo potency of 1A-116 analog. These results show that
we have developed novel Racl inhibitors that may be used as a novel anticancer therapy.
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INTRODUCTION

Rho-GTPases are molecular switches that cycle between two
conformational states: an inactive GDP-bound form and an active
GTP-bound form. This cycle is highly regulated by guanine
nucleotide exchange factors (GEFs) that catalyze nucleotide
exchange and mediate activation, and GTPase-activating proteins
(GAPs), that stimulate GTP hydrolysis and inactivate the GTPase
[1]. The active GTP-bound state binds preferentially to downstream
effector proteins and actively transduces signals [2].

Racl is one of the most studied members of Rho-GTPases
family and controls fundamental cellular processes. Racl is amajor
regulator in actin cytoskel eton reorganization; affecting endocytosis
and trafficking, cell cycle progression, cell adhesion and migration
[3l.

Accumulating evidence indicates that Racl is overexpressed
and/or hyperactivated in a wide range of tumors, including breast,
colorectal, gastric, testicular, lung and brain cancer [4-7]. Several in
vitro and in vivo studies indicate that Racl deregulation contributes
to transformation and tumor progression. Moreover, the regulatory
functions of Racl on cytoskeleton remodeling influence key
processes such as invasion, migration and metastasis of cancer cells
[8l.

Importantly, in vivo anayses indicate that Racl is
overexpressed in the early course of transformation and is
hyperactivated in patients with very aggressive breast cancers [9].
In addition, Racl plays an essentia role in Ras malignant trans-
formation, and overexpression of a constitutively activated Racl
causes malignant transformation in fibroblasts [10]. Considering
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the accumulating evidence implicating Racl in various cancer-
promoting processes, this GTPase may be considered as a
promising target for the development of novel anticancer drugs
[11]. In terms of druggability, strategies such as ATP-competitive
inhibitors developed to inhibit protein kinases are not applicable for
Rho GTPases due to the low picomolar binding affinity of small
GTPases for GTP and the millimolar cellular concentrations of GTP
[12].

Recently it has been described a gain-of-function mutation in
racl gene in sun-exposed melanomas, athough Racl has been
rarely found mutated in other human cancers [13, 14]. Racl
upregulation is mostly due to alterations of its regulatory proteins.
Interestingly, GEF activation is the most common mechanism for
signal-mediated GTPase activation. This activation is commonly
driven by aberrant signaling from growth factor receptors and
upregulation or mutation of GEFs [12,15]. In this regard, many
GEFs present a relevant role in cancer like Ect2, Tiam, Vav, P-
Rex1, among others [15-17].

Two structurally unrelated families of GEFs have been
described so far: the classica Dbl and the atypica Dock180-related
families. The mechanism by which different Dbl-GEFs bind and
activate Racl has been described in detail [18, 19]. Particularly,
Trp56 residue of Racl was identified as a critica determinant of
GEF specificity by Racl-GEFs such as Tiam1 and Trio. Recently, it
has been described that the unconventiona Racl-specific GEF
Dock180, also shares Trp56 of Racl as a determinant for specific
recognition [20]. This supports the idea of using the Racl surface
containing Trp56 as a target to develop novel Racl inhibitors.

Computational methodologies have become a crucial
component of drug discovery. Virtual screening is widely used to
predict the binding of a large database of ligands to a particular
target, with the goa of identifying the most promising compounds
from the database. Hundreds of thousands of compounds may be
evaluated in a virtua screen for further study [21, 22]. In order to
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identify novel Racl small molecule inhibitors targeting its surface
containing Trp56, we conducted a docking-based virtual screening
of more than 200.000 drug-like compounds obtained from ZINC
database [23, 24]. Here, we report the identification of the lead
Racl inhibitor ZINC69391. Importantly, ZINC69391 affected cell
proliferation, cell cycle progression and migration of highly
aggressive breast cancer cell lines. Moreover, ZINC69391 inhibited
lung metastasis in vivo. We also show a more potent new analog
derived by rational design, with higher docking scores than the lead
molecule. In vitro and in vivo studies confirmed 1A-116 analog as a
more potent inhibitor.

MATERIALSAND METHODS

Virtual Screening

To identify potential inhibitors of Racl, the crystal structure of
the protein at 1.38-A was retrieved from the Protein Data Bank
(PDB ID code 1MH1). The database used in our virtual screening
was the public available ZINC database [23, 24]. We screened
about 200.000 compounds of the drug-like subset. In this study the
Racl surface containing Trp56 was the target. eHITS (SimBioSys
Inc) [25] was used as docking based virtual screening software. The
chemical compounds displaying the highest docking scores in the
calculations were obtained from commercial vendors.

Docking of ZINC69391 and 1A-116

Docking simulations were carried out using the program
Autodock4 [26] in the crystal structure of Racl (PDBID: 1MH1).
We used the Lamarckian genetic algorithm for the conformational
searches. The docking was centered in the region of the key residue
Trp 56, the grid size was define in order to include the residues
present in the binding cleft and to allow enough place to the
inhibitors to move during the docking process. The following
parameters were used for all the simulations: a population size of
300 individuals (the population size parameter is related to the
number of conformers that are used to start the simulation), 7.5
million energy evaluations, mutation rates of 0.02, crossover rate of
0.8 and an elitism value of 1. For each ligand, 250 independent
docking runs were performed and results differing by less than 0.5
A were clustered together.

Cell Lines

The mammary carcinoma cell line F3II is a highly aggressive
and metastatic variant, established from a clonal subpopulation of a
spontaneous hormone-independent Balb/c mouse mammary tumor
[27]. Human breast cancer cell lines MDA-MB-231 and MCF7, and
human embryonic kidney cell line HEK293T were purchased from
American Type Culture Collection. Cells were grown in Dulbecco’s
modified Eagle medium (DMEM) (Life Technologies)
supplemented with 10% heat-inactivated fetal bovine serum (FBS),
2mM glutamine and 80 pg/ml gentamicin at 37°C in 5% CO,
atmosphere. Cell cultures were routinely subcultured twice a week
by tripsinization using standard procedures.

Compounds

NSC23766 and ZINC69391 were purchased from Chembridge
(San Diego, CA). 1A-116 was synthesized as described in
Supplemental Data. ZINC69391 and 1A-116 analogs were
evaluated in the optimal dissolution conditions: DMSO and
aqueous solution pH 5.5 respectively.

Céll Proliferation Assays

2 x 10* cells were plated in 96-well plates and then treated with
different compounds for 72 hrs. Cell growth was measured by
colorimetric MTT assay (Sigma). The concentration producing 50%
inhibition (ICs,) was determined by non-linear regression function
of GraphPad Prism5®. Results shown correspond to the average of
three separate experiments.
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MDA-MB-231 were transiently transfected using a Racl-G12V
construct (cdna.org) or empty vector (pcDNA3) using
Lipofectamine 2000 (Life Technologies) according to manufacturer
instructions. This constitutively active Racl form was previously
described [28]. 2 x 10* transfected cells were plated and treated
with different concentrations of 1A-116 for 48 hs. Cell proliferation
was measured using the MTT assay.

Affinity Precipitation of Racl-GEFs

For Rac-Tiaml precipitation, Log phase growing HEK293T
cells were transfected using FUuGENE HD (Roche Applied Science)
with a HA epitope-tagged Tiam1(C1199) construct kindly provided
by Alfredo Caceres (INIMEC-CONICET, Coérdoba, Argentina),
which has been characterized previously [29, 30]. After 48 hs, cells
were lysed in lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 10
mM MgCI2, 1% NP-40 and 10% glycerol) supplemented with
protease inhibitor cocktail (Sigma). For Racl-P-Rex1 precipitation,
MCEF7 cells that express high endogenous levels of P-Rex1 [31].
were lysed in EDTA Buffer (25 mM Tris, pH 7.5, 150 mM NacCl, 5
mM EDTA, 0.5% NP-40, 5mM B-glycerophosphate) supplemented
with protease inhibitor cocktail. In both cases, the lysates were
cleared and 300 to 400 pg of total protein was used per condition.
Glutation Sepharose 4B beads (GE Healthcare) coupled with
bacterially expressed GST-Racl were preincubated with different
concentrations of ZINC69391 or 1A-116 for 30 or 15 min at 4°C
and then added to each protein extract in the presence or absence of
ZINC69391 or 1A-116, using vehicle as control. The beads were
washed twice with lysis buffer, resuspended in sample buffer and
boiled. The samples were analyzed by immunoblotting using mouse
monoclonal anti-HA antibody (Millipore) for Tiaml detection or
rabbit polyclonal anti-P-Rex1 antibody (Abcam). The integrity of
the purified fusion proteins was checked by SDS-PAGE and
Coomassie Blue staining prior to use in the assays described below.

Racl Pull Down Assay

Two different protocols were used. One consisted in plating
tumor cells were at a density 2.5x10° cells/well in 6-well tissue
plates and these cells were grown to 80% confluence and starved
for 48 h. The cells were then treated for 1 h with the compounds
and stimulated for 15 minutes with Epidermal Growth Factor (EGF)
100ng/ml (Life Technologies). The other experimental setting
consisted in plating the cells and treating them for 24 hs in full
growth medium conditions. Monolayers were washed with PBS and
lysed in 150-GPLB Buffer (20 mM Tris, pH 7.4, 150 mM NacCl, 5
mM MgCl12, 0.5% NP40, 10% glycerol, pH 7.4) supplemented with
a protease inhibitor cocktail (Sigma). Lysates were clarified and the
protein concentrations were normalized. An aliquot was removed
for determination of total Rac and the rest was incubated with
Glutathione Sepharose 4B Beads (GE Healthcare) coupled with
bacterially expressed GST-Pak. Bound complexes were washed
with lysis buffer, resuspended in protein sample buffer, boiled and
loaded onto a 12% SDS-PAGE gel. Proteins were transferred and
blotted with mouse monoclonal antibody against Racl (Sigma). The
same protocol was used for Cdc42 pull down assays using a
monoclonal antibody anti-Cdc42 (Santa Cruz Biotechnology).

Céell Cycle Analysis

For cell cycle analysis by flow cytometry, cells were washed
and incubated in serum-free D-MEM for synchronization for 24 h.
Cells were then treated for 48 h with different concentrations of
ZINC69391 in D-MEM supplemented with 10% FBS and collected
by trypsinization. Cells were fixed in 70% Methanol in PBS and
stained with propidium bromide (Img/ml) (Life Technologies). Cell
cycle progression was analyzed in a BD FACSCaliburTM (BD
Biosciences) flow cytometer. Before recording 10000 events, the
verification of the doublet discrimination function of the flow
cytometer was performed with DNA QC Particles kit (BD
Biosciences).
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Actin Staining

Cells grown in glass coverslips were incubated overnight (16 h)
in serum free DMEM, treated for 1h with ZINC69391 and then
stimulated with EGF (100 ng/ml) (Life Technologies) for 15
minutes. Cells were fixed in 4% formaldehyde in PBS and stained
with AlexaFluor555 conjugated phalloidin (Molecular Probes, Life
Technologies) following the manufacturer's instructions. Images
were recorded in an inverted fluorescence microscope (Nikon
Eclipse T2000).

Wound Healing Migration Assay

Cell migration was measured using an in vitro wound healing
assay as described [32]. Briefly, in vitro “scratch” wounds were
created by scraping confluent F3II or MDA-MB-231 monolayers
with a sterile pipette tip. After 16 hour incubation in DMEM with
10% FBS in the presence or absence of ZINC69391, cells were
fixed and stained. Ten random micrographs per well were obtained
and migration area was quantified using NISElements 3.0 (Nikon)
software. Wound closure measurements were normalized to the
maximum scratch area.

Experimental Lung M etastases

All animal protocols were approved by the Universidad
Nacional de Quilmes institutional Animal Care Committee that
follow the procedures in accordance with the standards set forth in
the eighth edition of Guide for the Care and Use of Laboratory
Animals. Specific pathogen-free female BALB/c inbred mice from
UNLP (Buenos Aires, Argentina), with an age of 8-10 weeks and
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an average weight of 20 g, were used. They were housed in plastic
cages under standard conditions and had access to rodent chow and
water ad libitum. On day 0, 2x10° viable F3II cells in 0.3 ml
DMEM were injected into the lateral tail vein. Mice were injected
i.p at daily doses of 25 mg/kg body weight ZINC69391 or vehicle.
This dose was established using ICsy value in vitro as a reference
[33]. Treatment was carried out from day 0 to day 21. On day 21
mice were sacrificed and lungs were excised and immediately fixed
in Bouin’s solution. Superficial lung nodules were counted under
dissection microscope. The same protocol was carried out to
evaluate 1A-116 analog in vivo, but the treatment consisted in daily
doses of 3 mg/kg bodyweight.

RESULTS

Identification of ZINC69391 Through a Docking-Based Virtual
Library Screening

The Racl protein structure was extracted from PDB ID code
IMHI1, and docking-based virtual screening was done considering
the Racl surface area containing a critical tryptophane (Trp56) as
the target. We explored about 200.000 compounds of the drug-like
subset of ZINC database. Visual inspection of the top 100 hits was
used to select 12 compounds for further in vitro characterization.
From this small set of chemicals with high docking affinities the
compound ZINC69391 showed significant antiproliferative effect
on different cancer cell lines. Therefore, we continued our in vitro
characterization with this compound. Its chemical structure is
shown in Fig. (1A).
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Fig. (1). ZINC69391 is able to block Racl activation in breast cancer cells by interference of Racl-Tiaml interaction. A, Chemical structure of ZINC69391
(C14H15F3Ns; molecular weight, 310.303) B, Concentration-dependent blockade of Racl-Tiam1 interaction. Constitutive active Tiam1-HA tagged expressed in
HEK-293T cells was affinity-precipitated with bacterially expressed Racl immobilized in Glutathione Agarose Beads in the presence of varying
concentrations (100 and 200uM) of ZINC69391. Western blot analysis was carried out with antibodies for HA tag. The experiment was repeated 3 times. C,
Densitometric analysis on the Western blot showed in B ***, p<0.001 determined by ANOVA cont. Dunnett’s Multiple Comparison Test. Each bar represents
the media + SD considering the results of three independent experiments D, Concentration-dependent Racl inhibition by ZINC69391 in F3II cells. Serum-
starved F3II cells were treated for 1 hour at different ZINC69391 concentrations and stimulated with EGF (100ng/ml) for 15 minutes. E, Cdc42 was not
affected by ZINC69391 treatment. F31I cells were treated in full growth media conditions.
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ZINC69391 Decreases Racl Activation by Blocking Racl-GEF
Interaction in vitro

ZINC69391 showed high docking scores for Racl-GEF
interface, so we evaluated whether ZINC69391 was able to
interfere the Racl-GEF interaction in vitro. We performed an
affinity precipitation assay using lysates from HEK293T cells
overexpressing a constitutively activated mutant of Tiaml. We
tested Tiam1(C1199) ability to bind to Racl immobilized on
glutathione agarose beads in the presence of ZINC69391. As shown
in Fig. (1B and C), Tiaml interacted effectively with Racl and
ZINC69391 was able to significantly interfere this association in a
concentration-dependent manner.

ZINC69391 Interferes Racl Activation by EGF

EGF is one of the most described Racl activators in different
cell types [34] and this activation can be mediated by one or more
Racl-GEFs, such as Tiaml [35]. To evaluate the ability of
ZINC69391 to interfere the Racl activation by EGF, pull down
assays were carried out in serum-starved F3II cells after the
stimulation with EGF. Treatment with ZINC69391, prior to EGF
stimuli, dramatically impaired Racl pathway activation by this
growth factor in a concentration dependent manner; whereas total
Racl levels remained unchanged. Remarkably, high concentrations
of ZINC69391 reduced Racl activation below non-stimulated basal
levels (Fig. 1D).

To determine the specificity of ZINC69391 we tested the
activity of this compound on the closely related Cdc42 GTPase
activation. As shown in Fig. (1E), ZINC69391 had no effect on
Cdc42-GTP levels even at 50 uM concentration in full growth
media condition.

ZINC69391 Inhibits Proliferative Ability of Cancer Célls by
Arresting Cell Cyclein G1 Phase

The aberrant Racl activity has been correlated with several
aspects of malignancy in human cancers [8]. So we tested the effect
of ZINC69391 on a panel of breast cancer cell lines, where Racl is
important for transformation [36, 37]. After 72 hours treatment, cell
viability was measured using the MTT assay. As shown in Fig.
(2A), ZINC69391 was able to inhibit the cell proliferation capacity
on a panel of breast cancer cell lines in a concentration-dependent
manner. ZINC69391 showed IC50 of 48 uM for MDA-MB-231, 61
uM for F3II and 31 pM for MCF7 cells. Similar results were
obtained using trypan blue exclusion test of cell viability. We also
compared the antiproliferative effect of ZINC69391 with the
existing Racl inhibitor NSC23766 on F3II cells. NSC23766
inhibitor showed IC50 value of about 140 uM for F3II cells. This
value is in line with previously reported values [39], showing a
moderate antiproliferative activity in a highly aggressive tumor cell
line.

Because inhibition of Racl in breast cancer cell lines leads to
G1 arrest, we next assessed the effect of ZINC69391 on cell cycle
progression [40]. Log-phase growing MDA-MB-231 cells were
synchronized and treated for 48 hs with 10puM ZINC69391 in the
presence of FBS. As shown in Fig. (2B and 2C), ZINC69391
showed a significant increase of cells in G1 phase and a significant
decrease of cells in S and G2/M phase.

ZINC69391 Affected Actin Reorganization and Inhibited Cell
Migration

Cell migration and invasion are key processes in many
important pathological situations and are fundamental aspects of the
metastatic process. Members of the Rho family of small GTPases
are key regulators of cell movement and actin cytoskeleton
reorganization, particularly Racl drives cell motility by promoting
lamellipodia formation [41, 42]. Importantly, it is well established
that EGF induces cytoskeleton reorganization and cell migration
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Fig. (2). ZINC69391 affects cell viability and cell cycle progression of
aggressive breast cancer cells. A, ZINC69391 inhibits cell proliferation.
Breast cancer cell lines F3II (), MDA-MB-231 (m) and MCF7 (A) were
treated for 72 hours with different concentrations of ZINC69391. Cell
viability was measured using MTT assay. B and C, ZINC69391 arrest cell
cycle progression in G1 phase. MDA-MB-231 cells were synchronized and
treated for 48 hours with ZINC69391 10uM. Cells were fixed, stained with
propidium iodide and analyzed by FACS to estimate the percentage of cells
in G1 phase, S phase and G2/M phase. Columns, mean of a representative
experiment (n=3) of three independent experiments; bars, SD. *p<0.05.
*** p<0.001 determined by Student's t test versus control in each phase.

through Rho-GTPases signaling pathway [43]. To evaluate whether
ZINC69391 could interfere EGF-induced actin polymerization,
we treated serum-starved MDA-MB-231 and F3II cells with
ZINC69391 and then stimulated the cells for 15 minutes with EGF.
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As shown in Fig. 3A, EGF efficiently induced actin polymerization
in the two cell lines. However, in the presence of ZINC693291,
EGF-induced actin reorganization was significantly affected. This
effect was shown at 10 pM but was much more evident at a
concentration of 50 uM.

Thus, we next attempted to examine the effect of ZINC69391
on cell migration using a wound healing assay. In this assay, cells
sense the free space left by the scratch and migrate together as a
sheet. Racl is essential for forward movement in fibroblasts and
astrocytes [1]. We evaluated the effect of ZINC69391 on wound
closure with two highly invasive breast cancer cell lines. As shown
in Fig. 3B MDA-MB-231 cells treated with ZINC69391 50 uM and
10 pM significantly reduced cell migration by 100% and nearly
40% respectively compared to control. A similar effect was
observed on F3II cell line, where ZINC69391 50 uM inhibited 80%
and 10 pM inhibited 50% wound closure compared to control (Fig.
30).

Thus, non toxic concentrations of ZINC69391 effectively
inhibited actin reorganization and cell migration of MDA-MB-231
and F3II cells.

Racl Inhibition by ZINC69391 Impairs Metastatic Lung
Colonization in a Syngenic Animal Model

To extent our in vitro findings, we tested ZINC69391 effect in
an experimental metastasis animal model of breast cancer. On the
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designated day 0 of the experiment 2x10° viable F31I cells were
administered i.v to BALB/c mice and then injected i.p at daily
doses of 25 mg/kg body weight from day 0 to 21. At day 21, mice
were sacrificed and superficial lung metastases were counted under
a dissecting microscope.

Daily treatment of mice with compound ZINC69391 at
25mg/kg/day significantly reduced by about 60% the formation of
total metastatic lung colonies, as shown in Fig. 4A. The same
results were observed when we consider tumor metastases larger
than 1 mm diameter (Fig. 4B). As expected, compound ZINC69391
was well tolerated in adult female BALB/c mice. In all cases,
treatment caused no significant changes in animal weight when
compared to the control group (data not shown).

Rational Design of ZINC69391-Derived Novel Analog 1A-116

Employing ZINC69391 as lead structure, a series of derivatives
were designed varying the structure of the pyrimidine ring that is
believed to be crucial in the interaction with Racl (data not shown).
From this group, analogue 1A-116 (Fig. 5A) was selected for
further studies due to its enhanced predicted binding free energy
(-6.77 Kcal/mol for 1A-116 vs -5.86 Kcal/mol for ZINC69391). As
it can be seen in Fig. (5C and 5D), both compounds share the same
pose and key interactions. A detailed analysis of the protein-drug
interaction shows that in both cases several hydrogen bonds are
established between the guanidine nitrogen atoms and residues
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Fig. (3). ZINC69391 blocks actin cytoskeleton reorganization and inhibits cell migration. A, Representative micrographs taken at 1000X showing inhibition of
EGF-induced actin reorganization by ZINC69391 in F3II and MDA-MB-231 cells. Cells were grown on coverslips, serum-staved for 16 hs (untreated panel)
and treated for 1 hour with ZINC69391 10 uM and 50 uM. After 15 minutes stimulation with EGF (100 ng/ml) (EGF control), cells were fixed and actin
filaments were visualized with AlexaFluor555-phalloidin. B, Confluent monolayers of F3II cells were scratched and treated with ZINC69391 10 pM and 50
UM in presence or FBS. After 16 hours incubation, cells were fixed and stained. Wound closure was analyzed using NISElement 3.0. Experiments were
carried out in triplicate plates. Results are expressed as percentage of wound closure, expressed as mean (n = 10). Bars, S.E.M. *** p<0.001. ANOVA cont.
Dunnett’s Multiple comparison test C, The same experimental design was carried out with MDA-MB-231 cells. Results are expressed as percentage of wound
closure, and expressed as mean (n = 10), bars S.E.M. ** p<0.01; ***, p<0.001. ANOVA cont. Dunnett’s Multiple Comparison Test.
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Fig. (4). Anti-metastatic effect of ZINC69391 on F3II cells. A, 2x10° viable
F3I1 cells were injected into the lateral tail vein and the mice were treated
i.p with a daily dose of 25 mg/kg. On day 21 mice were sacrificed and
superficial lung nodules were counted. Each data point represents the
number of total lung nodules per mouse in each treatment group (n=10
control group, n=8 treated group) **, p < 0.01. Mann-Whitney test. B,
Experimental formation of lung macronodules (>1 mm in diameter).
**p< 0.01 Mann-Whitney Test C, Representative left lung lobes were
photographed.

Asp57 and Ser71. Moreover, pi-stacking interactions are observed
between the methylated aromatic ring of the drugs and the aromatic
ring of Trp56. Probably, the increase in the predicted binding
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affinity and experimenta inhibitory potency of 1A-116 can be
attributed to differences in water solvation and in the interaction
with Trp56. We expect a decrease on the free energy of water
solvation (AGsw) for 1A-116. Whereas ZINC69391 has arelatively
polar pyrimidine ring that can perform hydrogen bond with a protic
solvent like water, 1A-116 has a more hydrophobic benzene ring.
Indeed, the predicted Log P [44] is greater for 1A-116 than
ZINC69391 (4.41 vs. 3.85). This will indicate that the penalty to
become bound is greater for ZINC69391 as compared to 1A-116.
Findly, pi-stacking interactions with Trp56 are expected to be
stronger because of the replacement of the pyrimidine ring with a
benzenic one.

Compound 1A-116 was synthesized (see supplementary
material) and experimentaly evaluated. Interegtingly, in agreement
with predicted properties, we found that 1A-116 is increased
compared to ZINC69391 in the experimental inhibitory potency as
described in the following section

1A-116 Inhibited Racl-M ediated Tumoral Cell Proliferation

To evauate the effect of 1A-116 on cedl proliferation of F3lII,
we measured cell viability by the MTT metabolic assay. 1A-116
inhibited cell proliferation in a concentration-dependent manner and
showed a more potent antiproliferative activity than the parental
compound. As shown in Table 1, 1A-116 showed a significant
increase in antiproliferative activity compared to ZINC69391 on
F3Il cells, showing an ICsq value of 4 uM, a 15-fold reduction
compared to the parental ZINC69391 compound and a significantly
lower value compared to the Racl inhibitor NSC23766. In line with
this evidence, 1A116 aso showed to be more potent on MDA-MB-
231 cells. On these cells, 1A-116 showed an |1Cso vaue of 21 pM,
while ZINC69391 showed a |C50 vaue of 48 uM.

To further demonstrate that the in vitro antitumora activity of
1A-116 depends of Racl signding inhibition, we evaluated the
effect of 1A-116 on MDA-MB-231 breast cancer cells transiently
overexpressing the congtitutively active variant Racl-G12V. As
show in Fig. (6) overexpresson of Racl-G12V significantly
attenuated the inhibitory effects of 1A-116 on cell proliferation
compared to empty-vector transfected cells. This same effect was
observed in F3II mammary carcinoma cells overexpressing Racl-
G12V (datanot shown).

1A-116 is Able to Interfere Racl-P-Rex1 Interaction and
Reduce Racl Activation at Lower Doses Compared to the
Parental Compound

In the last years compelling evidence indicated that P-Rex1 is a
Racl-GEF relevant in breast cancer [31,45]. For this reason we
evauated weather 1A-116 was able to intefere this Rac-GEF
interaction, using a affinity precipitation assay. As shown in Fig.
(7A), 1A-116 was able to block Racl-P-Rex1 interaction in vitro .

We next assessed weather 1A-116 was able to inhibit Racl
activation more effectively. To this end, we determined intracel lular
Racl-GTP levels in the highly aggressive breast cancer cell line
F3Il by pull down assay in full growth media. As shown in Fig.
(7B), 1A-116 was able to reduce Racl-GTP intracellular levelsin a
concentration-dependent manner. Moreover, 1A-116 dramatically
impaired Racl activation a low micromolar range (1 pM). In
contrast, ZINC69391 showed no effect in 1 pM and a modest effect
in 10 uM under these experimental situations. Total Racl levels
remained unchanged in &l conditions. Thus, 1A-116 is a more
potent Racl inhibitor in vitro than the parenta compound,
particularly at low concentrations.

We aso evaluated the specificity of 1A-116 analog. We
determined the effect of this compound on the closely related
Cdc42 GTPase activation. As shown in Fig. (6B), 1A-116 analog
had no effect on Cdc42-GTP levels even at 10 pM, concentration
where Racl is dramatically affected (Fig. 7C).
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Fig. (5). Best docking poses of ZINC69391 and its derived novel analog 1A-116 over Racl. A Chemical structure of 1A-116 (C;H;sF3N3; molecular weight,
307.31) B, Cartoon representation of the structure of Racl showing the binding site defined by Tryptophan 56. C, The binding pocket of ZINC69391 (Drawn
with ball and sticks representation) depicting key interactions with Racl (Structure drawn in cartoon and residues drawn in Licorice representation). D, Racl

surface with 1A-116 docking pose (Drawn in ball and sticks).

1A-116 Analog Showed Improved Antimetastatic Activity in
Vivo

We tested 1A-116 effect on in vivo lung colonization of F3II
cells by carrying out an experimental metastasis protocol as
previously described. Daily treatment of mice with compound 1A-
116 at 3mg/kg body weight/day reduced about 60% the formation
of total metastatic lung colonies, as shown in Fig. 8A. A significant
antitumor activity was obtained for macronodules (more than 1 mm
in diameter) by treatment with 1A-116 in this highly aggressive
breast cancer model (Fig. 8B). We also weighted lungs corresponding
to both groups. The treatment with 1A-116 reduced the total lung
weight compared to the control group, leading to a total weight
similar to the average pulmonary weight of Balb/c mice [46].

Remarkably, 1 A-116 analog demonstrated a higher antimetastatic
activity compared to the parental compound ZINC69391, showing
similar lung colonization reduction using an 8-times lower dose.

No apparent toxicity was evidenced after this 21-day protocol.
The body weight of all the living mice (n=10) were measured and
there was no statistical difference between the groups (data not
shown).

Table 1. ICsovalues of the different compoundson F3I1 cells.
NSC27366 (Reference) ZINC69391 (Parental) 1A-116 (Analog)
140 uM 61 uM 4uM

DISCUSSION

The Rho-GTPase Racl plays an important role in the regulation
of fundamental cellular processes such as actin cytoskeleton
reorganization, cell migration and proliferation [1]. This regulation
is achieved through a variety of activators and inhibitors, such as
GEFs and GAPs. It is well established that Racl aberrant regulation
or expression is associated with oncogenic transformation and
metastasis in various cell types, including breast cancer. Importantly,
a part of this aberrant signaling is driven by alterations in its
regulatory proteins [4]. Two lines of evidence support that Racl
expression correlates with tumor histological grade but not to Her2
status. Fritz et al., [6] first showed this correlation in 50 breast
cancer specimens, also Ma et al., [47] showed that high levels of
Rac1/Cdc42 expression in 339 breast cancer specimens significantly
correlated with breast cancer staging, proliferation index (Ki67),
lymph node metastasis, tumor invasion and low ER expression.

Other studies show that Racl is found to be higher expressed in
breast tumors than in the surrounding normal breast tissue,
presenting a therapeutic opportunity for the development of novel
therapies [9, 48].

Several studies have described that a Racl splice variant,
designated Raclb, is expressed in breast cancer specimens and cell
lines [9, 49, 50]. Raclb has shown to have a high intrinsic guanine
nucleotide exchange activity and this activity was not further
stimulated by Tiam!1 and Vav2 [51].

To date, there are many therapeutic strategies based on
signaling inhibitors in breast cancer. Targeting HER2/neu receptor
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Fig. (7). 1A-116 interferes P-Rex1-Racl interaction, being a more potent Racl inhibitor than ZINC69391. A, Affinity precipitation showing that 1A-116 is
capable of blocking P-Rex1-Racl interaction. B, F3I1 cells were treated for 12 hour with ZINC69391 and 1A-116 in full growth conditions. Pull down assays
were carried out and then were analyzed by Western blot. 1A-116 markedly reduced Racl-GTP levels compared to ZINC69391 C, 1A-116 had no effect on

Cdc42 activation.

by monoclona antibodies and tyrosine kinase inhibitors has been
one of the most successful strategies developed in the last 20 years
[52]. There are also other molecular targets being evauated in
breast cancer such as mTOR and HSP90, among others [53, 54].
Molecular targeted therapies offer an interesting perspective in
current breast cancer treatments, adding novel options to traditional
therapeutics such as surgery, chemotherapy, radiotherapy and
hormone-based therapies.

Numerous studies have provided compelling evidence in
support of the critical role of Racl in many cancer-associated
processes. We have previoudy described that the expression of the
catalytic domain of beta2-chimaerin, a protein with Racl-GAP
activity, in F3Il cels markedly affected proliferation, migration,
invasion and metagtasis. Thus, inactivation of the Racl pathway by
beta2-chimaerin affects the dissemination of cancer cells in vivo
[35].

In line with this idea, Racl is a validated and promising target
for novel therapeutic approaches in cancer [55, 11]. Severa
strategies have been reported to target the Racl signaling pathway.
One of the most studied strategies is to inhibit C-terminal
isoprenylation of Racl by affecting different enzymes involved in
the biosynthetic pathway: HMGCOoA reductase inhibitors (statins)
or geranylgeranyl-transferase | inhibitors [56]. Because this strategy
focuses on isoprenylation of GTPases, these inhibitors are not

specific to Racl, affecting other GTPases such as Cdc42 and Rho.
There has al so been reported that low concentration of azathioprine-
generated 6-Thio-GTPs inhibits the intracellular activation of Racl
in T-lymphocytes and breast cancer cells, but this strategy seemsto
be nonspecific, especially a high concentrations [57-59]. More
interestingly are the molecules described to inhibit specifically
Racl signaling pathway by inhibiting Racl-GEF interaction. At
present we can mention Racl inhibitor NSC23766 and other
analogs such as EHop-016 [38, 60-62]; compounds that inhibit GEF
activity [63-65]; compounds that displace the guanine nucleotide
such as EHT 1864 [66]; compounds that inhibit Racl-effector
interaction, such as Phox-11 [67], and molecules that inhibit Racl
effectors, such as the Pak inhibitor PF-3758309 [68].

In this study, we identified ZINC69391, a structuraly simple
dialkylated guanidine derivative Racl inhibitor, by docking-based
virtual library screening. We screened 200.000 molecules of the
drug-like subset of the public available ZINC database using e
HITS® software for the structure-based in silico screening. We
sought compounds able to block Racl activation by different GEFs,
including Dbl and Dock180 GEF families. We identified a new
family of Racl inhibitors, introducing a novel chemica backbone
as a lead compound for drug development. In this regard, we
designed and synthesized a first group of analogs derived from the
parental ZINC69391 compound. As a first lead-derived compound,
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we selected and evaluated 1A-116 analog showing enhanced
antitumoral activity.

A

70+
60 -
7] -
] 50 .l *
=
=
= 304
g . "
5 204 [ ] Ak
Ay
104 A A
--
n T L]
B Control 1A-116
E 801
3
b -
A 50
—
E 40+
=
= u *
E 3o Ny
E ]
H 20+ A
| |
E " "
o 104 sk
5 " -
3 a0 L] Ak
Control 1A-116
0,25-
] **
=
-
@ 020+ e
=
=] .ﬂ\'!rlﬂ!' normal
c lung waight
-
- |
0,15+ 1
Control 14-116

Fig. (8). Effect of 1A-116 treatment on experimental lung tumor formation.
F3I1 cells were injected intravenously in mice (n=10), as described in
“Materidls and Methods.” A, Total lung tumor nodules experimentally
formed. The control group was treated with vehicle and the second group of
animals was treated with 1A-116 analog with a 3 mg/kg body weight/day
dose. ).* p< 0.05 Mann-Whitney Test. B, Experimental formation of lung
macronodules (>1 mm in diameter)..* p< 0.05 Mann-Whitney Test. C,
Total weight of lungs corresponding to both groups. The continuous line
represents the average pulmonary weight of Balb/c mice described by Han
etal., [64]. **p<0.01 Mann-Whitney Test.
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Data published by Schnelzer [9] and Singh [50], described
Raclb as a splice variant with a C-termind 19-residue insertion,
that confers a high exchange activity compared to Racl and is
unaffected by Tiaml and Vav2 interaction. In line with this
evidence, we hypothesize that molecules with the ability to interfere
Racl-GEF interaction would have no effect on Raclb variant
activation in contrast to other inhibitors that present a mechanism
tha involves guanine nuclectide displacement, such as the EHT
1864 inhibitor [66].

Our results showed that ZINC69391 was capable to interferein
vitro Racl interaction with its GEF Tiam1 as predicted by docking
scores. Since Trp56 is a key residue in Racl recognition by
different GEFs, we expected this new family of compounds to
interfere the interaction of Racl with other GEFs that share the
same Racl activation mechanism. In this regard, P-Rex1 has been
strongly associated with invasion and metastasis in breast cancer
[45]. We show here that 1A-116 anadlog was able to interfere P-
Rex1-Racl interaction, potentialy affecting cancer-related cellular
functions regulated by P-Rex1 signaling, such as proliferation,
motility, and invasion. P-Rex expression has been correlated with
patient outcome in breast cancers, and reduction of P-Rex
expression has been shown to restrict proliferation and/or metastatic
dissemination [31, 45].Therefore, targeting P-Rex proteins may be
therapeutically relevant in neoplasias in which those proteins play
an important role in regulating their growth or dissemination.

We showed that ZINC69391 was able to impair Racl activation
by EGF, a described activator of Racl signaling pathway [34].
Notably, this Racl inhibitor is able aso to reduce basal Racl-GTP
levels. This is particularly important in the context of tumor
biology, where a targeted inhibitor is required to be effective in a
congtitutively hyperactivated signaling pathway.

Cdc42 and Racl share about 70% structure homology but they
have different specific GEFs and effectors. It has aso been
described that Cdc42 presents different key residues involved in
GEF interaction. Cdc42 presents a Phe in the crucial 56 position.
[37]. Therefore, we expected ZINC69391 not to have any effect on
CdcA42 activation, given the change in residue identity. Remarkably,
ZINC69391 showed to be a Racl specific inhibitor, having no
effect on the closely-redlaed GTPase Cdc42 in full growth
conditions.

The cancer metastatic process involves a series of coupled
events. These include detachment of the cells of the primary tumor,
migration of these cells and dissemination through blood vessels.
Finally, the cells arrive to the secondary site, adhere and proliferate.
Racl plays a key role in most of these biological processes.
ZINC69391 showed antiproliferative activity in a concentration-
dependent manner on different breast cancer cell lines, where Racl
isrelevant [36-38]. This antiproliferative effect was measured using
the indirect MTT method and these results correlated with data
obtained by the trypan blue exclusion assay. This effect was at least
in part due to asignificant G1 phase arredt, a a concentration lower
than the ICsg value. In thisregard, it was previoudly established that
Racl inhibition by overexpression of R2-chimaerin is related with
cell cycle arrest. Particularly, Racl modulation affects cyclin D1
expression in breast cancer cell lines, reducing cell proliferation
[38]. Coincident with these findings, we showed cell proliferation
and cell cycle arrest with a novel pharmacological Racl inhibitor.
Moreover, we sought for the effect of 1A-116 on Racl-mediated
cell proliferation. We transfected the congtitutively active Racl-
G12V mutant in two breast cancer cell lines. Rac1-G12V is a GEF-
independent Racl variant, that activates condtitutively the Racl
pathway. As expected, 1A-116 was unable to reduce cell
proliferation on these GEF-independent breast cancer cells,
evidencing the link of antiproliferative activity of the compound
with the modul ation of the intracelullar Racl signaling.
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Rho GTPases and Racl in particular, have long been
recognized as key molecules in actin cytoskeleton remodeling and
cell migration regulation. ZINC69391 effectively inhibited actin
reorganization and cell migration in highly aggressive breast cancer
MDA-MB-231 and F3II cells. Since these biologicd events play a
significant role in invasion and metastasis, we further investigated
the activity of this new Racl inhibitor on an established highly
aggressive experimental disease by intravenous lung colonization
by breast cancer cells. Although the tail-vein cell injection
experimental metastasis model does not measure the early steps of
the cancer metastatic process, it is a validated method to study the
capabilities of cancer cels to form secondary tumors [69]. Our
results showed that a daily treatment with ZINC69391 after the i.v
injection of cells significantly reduces lung colonization about 60%.
Hence, we show for the first time that a small Racl inhibitor is able
to impair significantly in vivo lung metastasis of highly aggressive
breast cancer cells using atherapeutic treatment schedule. Although
we showed that ZINC69391 inhibits metastasis by its inhibition of
Racl, we have not yet defined the Racl signature. Only microarray
analysis can provide quantitative gene expression information
alowing for the generation of a molecular signature. However,
from previous works we can speculate what kind of genes will be
affected. Racl activation promotes changes related to cytoskeleton
reorganization and other responses through multiple mediators.
Rac-GTP induces the activation of WAV E through either 1rsp53 or
Nap125-PIR121 complexes. WAVE activates Arp2/3, leading to
changes in actin cytoskeleton. Rac also activates PAK, which exerts
its effects through Arp2/3 and LIMK activation or MLCK
inhibition. In addition, Rac forms part of the NADPH oxidase
complex that generates reactive oxygen species. Rac/PAK activates
MAPKs implicated in stress response, mitogenesis, and survival
[70].

Employing ZINC69391 as a lead structure several analogues
were designed and synthesized in order to optimize potency and
establish structure-activity relationships. 1A-116 was selected from
this group because of its better docking scores that correlated with
better in vitro inhibitory activity when compared to parental
compound ZINC69391. Indeed, 1A-116 proved to be a more potent
Racl inhibitor in vitro, with enhanced antiproliferative activity on
highly aggressive breast cancer cells. In this regard, we were able to
reduce the 1Csy values 15 times comparing to the parental
compound, showing an inhibitory effect in the low micromolar
range. The parental ZINC69391 compound and the 1A-116 analog
were found to be much more potent than the previoudy reported
Racl inhibitor NSC23766, showing an important difference in 1IC50
values.

Remarkably, low concentrations such as 1 and 10 micromolar
of 1A-116 anaog were able to reduce Racl activation in normal
full growth media condition. Under these full growth conditions,
ZINC69391 was aso able to reduce modestly Racl-GTP levels,
assessing the effect of the parentd compound on Racl activation,
which  was previously showed under an EGF-induction
experimental setting. This improved potency did not affect Racl
specificity, since Cdc42-GTP levels were not affected by 1A-116
treatment. To further investigate the improvement of 1A-116
activity, we tested the analog in vivo using a lower dose compared
to the parental compound. We correlated the change in potency in
vitro with the in vivo dose, using 3 mg/kg body weight/day. These
experiments showed a similar reduction of lung colonization
compared to the parenta compound but using an 8 times lower
dose. This tendency is showed in both tota lung nodules and
macronodules counts, confirming that 1A-116 is a more potent
Racl inhibitor in vitro and in vivo.

CONCLUSIONS

In summary, we have identified ZINC69391, a novel Racl
inhibitor, by docking-based virtual library screening. This compound
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affected Racl activation in vitro and many Racl-driven cellular
processes involved in cancer progression, such as proliferation, cell
cycle progresson and migration. ZINC69391 adso showed a
significant antimetastatic activity in vivo. We further designed and
synthesized 1A-116, a more potent Racl inhibitor anaog that
showed an enhanced antiproliferative activity and elicitsasmilar in
Vivo response as its parental compound, using a significantly lower
dose. Because Racl activity is central to cancer cell migration and
invasion the novel, less toxic, and more specific Racl inhibitors
presented here appear to be promising candidates for further
development. Currently we are carrying out a more detailed
characterization of them in order to proceed with preclinical studies
in cancer models.
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