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Abstract

The Rac inhibitor EHop-016 was developed as a compound with the potential to inhibit cancer
metastasis. Inhibition of the first step of metastasis, migration, is an important strategy for
metastasis prevention. The small GTPase Rac acts as a pivotal binary switch that is turned “on” by
guanine nucleotide exchange factors (GEFs) via a myriad of cell surface receptors, to regulate
cancer cell migration, survival, and proliferation. Unlike the related GTPase Ras, Racs are not
usually mutated, but overexpressed or overactivated in cancer. Therefore, a rational Rac inhibitor
should block the activation of Rac by its upstream effectors, GEFs, and the Rac inhibitor
NSC23766 was developed using this rationale. However, this compound is ineffective at inhibiting
the elevated Rac activity of metastatic breast cancer cells. Therefore, a panel of small molecule
compounds were derived from NSC23766 and screened for Rac activity inhibition in metastatic
cancer cells. EHop-016 was identified as a compound that blocks the interaction of Rac with the
GEF Vav in metastatic human breast cancer cells with an ICgg of ~1 uM. At higher concentrations
(10 uM), EHop-016 inhibits the related Rho GTPase Cdc42, but not Rho, and also reduces cell
viability. Moreover, EHop-016 inhibits the activation of the Rac downstream effector p21-
activated kinase, extension of motile actin-based structures, and cell migration. Future goals are to
develop EHop-016 as a therapeutic to inhibit cancer metastasis, either individually or in
combination with current anticancer compounds. The next generation of EHop-016-based Rac
inhibitors is also being developed.

1. INTRODUCTION

EHop-016 (N4-(9-ethyl-9H-carbazol-3-yl)-N2-(3-morpholin-4-yl-propyl)-pyrimidine-2,4-
diamine) is a small molecule compound that we recently characterized as an inhibitor of the
small GTPase, Rac. The relevance of developing EHop-016, and related Rac inhibitors,
stems from their potential as antimetastatic cancer therapeutics.

1.1. Relevance of developing targeted therapy for cancer metastasis

Despite recent progress in early detection and improved adjuvant therapy, the prognosis for
cancer patients is still limited by distant metastases [1]. During metastatic progression,
malignant cancer cells migrate from the primary tumor, invade the tumor microenvironment,
and enter the circulatory system to establish secondary tumors at distant sites, thus
complicating accurate diagnosis and treatment [2]. In addition to the dysregulated signaling
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in metastatic cancer cells, their interactions with the stromal cells in the tumor
microenvironment that infiltrate the tumor tissue, such as macrophages, myeloid-derived
suppressor cells, T lymphocytes, and adipocytes, increase tumor-associated inflammation
and invasion. Cancer and stromal cell crosstalk signaling also promotes invasion and
metastasis via cytokines, growth factors, and proteases that remodel the tumor
microenvironment [3]. In addition, stromal cells in specific organs such as bone and lung
(e.g., neutrophils and bone marrow-derived hematopoietic immune progenitor cells) signal
to the homing cancer cells to promote establishment of the premetastatic niche [4].
Therefore, a viable antimetastasis therapeutic should inhibit invasive/migratory signaling in
cancer cells, as well as those of the stromal cells that recruit them to invade the vasculature
and establish secondary tumors at vital organ sites.

For breast cancer, preventing metastasis is critical, because breast cancer can be cured if
detected at the early stages of the disease. Nevertheless, 30% of breast cancer patients can
develop stage IV metastatic disease in bone, liver, and lung with a 5-year survival rate of
20% [5-7]. Although current systemic metastatic cancer therapies are generally active at the
beginning of therapy, most patients develop resistance with time [5,8]. Therefore, improved
targeted and combinatorial therapeutic strategies are required to effectively combat
metastatic disease.

1.1.1 Regulating the actin cytoskeleton in cancer metastasis—Intravasation, the
first step of metastasis, involves migration away from the primary tumor employing
mechanisms similar to those used during normal cell migration [9]. Therefore, molecules
that regulate cell migration may become dysregulated during metastasis and act as
metastasis promoters [10]. Cell migration and invasion are guided by actin polymerization,
rearrangement of the actin cytoskeleton to extend motile structures, and the modulation of
cell—cell and cell-extracellular matrix adhesions. These activities require sophisticated
molecular coordination and signaling orchestrated by both cancer cells and the stromal cells
in the tumor microenvironment. The Rho family small GTPases have been implicated as key
regulators of the spatial and temporal activities of metastatic cancer cells, as well as stromal
cells, during invasion and directed migration [11-13].

1.2. The small GTPase Rac as a central regulator of cell signaling to the actin
cytoskeleton

The Rho family, of which the most-studied members are Rho, Rac, and Cdc42, is a
ubiquitiously expressed and evolutionarily conserved family of Ras-related small GTP-
binding proteins that regulate actin dynamics and intracellular signaling. Rho GTPases
control diverse cellular functions related to cancer development, including actin cytoskeleton
organization, invasion and metastasis, transcriptional regulation, cell cycle progression,
apoptosis, vesicle trafficking, and cell-to-cell and cell-to-extracellular matrix adhesions. Rho
GTPases are activated during signaling from cell surface receptors that regulate GTP/GDP
cycling via a number of accessory proteins: Rho guanine nucleotide dissociation inhibitors,
Rho guanine nucleotide exchange factors (GEFs), and Rho guanine nucleotide activating
proteins (GAPSs) [11,14,15].
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Of the Rho family of GTPases, Rac proteins (Racs 1 and 3 expressed in nonhematopoietic
cells and Rac2 in hematopoietic cells) have been specifically implicated in organization of
the actin cytoskeleton into cell surface protrusions called lamellipodia that control directed
cell migration during leukocyte chemotaxis [16], as well as cancer cell invasion, and thus
metastasis [17-29]. The Rac homolog Cdc42 also modulates the actin cytoskeleton during
migration/invasion via de novo actin polymerization and extension of motile actin structures
called filopodia, and has been implicated in breast cancer malignancy [30,31].

Racs are also essential for Ras and other oncogene-mediated transformation via regulation of
Ras/mitogen activated protein kinase (MAPK) signaling [32-34]. Hyperactive Racl and
Rac3 have been implicated with increased survival, proliferation, and invasion of breast
cancer, gliomas, melanomas, and leukemia [20,35-41]. Wild-type Racl overexpression has
been associated with a range of human cancers: breast, brain, gastric, and pancreatic cancers,
as well as ulcerative colitis [36,37,42-46]. Studies have also demonstrated a cancer-
promoting role for the constitutively active Raclb splice variant that is overexpressed in
breast and colorectal cancers [39,47-50].

Although functionally relevant Racl mutations are rare, activating Racl mutations have been
found in melanoma [51]. A “Rac1 risk allele” has also been reported from patients at risk for
developing colon cancer [52]. More recently, fast cycler mutations of Rac, with
transformative ability, were reported from a range of human cancer cell lines [53]. However,
given their low frequency, and because these mutations were identified from cancer cell lines
that have been in culture for a long period, the importance of Rac mutants in human
carcinogenesis remains to be validated.

Rac and the close homolog Cdc42 are ideal therapeutic targets for metastatic cancer
prevention, especially in breast cancer for a number of reasons. Rac is a key downstream
effector of ErbB/epidermal growth factor receptors (EGFRS) that are often overexpressed in
metastatic breast cancer [9,26]. Overexpression of human epidermal growth factor receptor 2
(HER2) in mammary epithelial cells increased Racl activity, implicating Rac signaling in
the malignant phenotype of HER2-type breast cancer [54]. Moreover, Racl was recently
shown to regulate breast cancer cell proliferation and estrogen receptor (ER)a levels, thus
implicating Rac in modulating ER function in breast cancer [55]. Racs have also been
implicated with reversal of growth factor receptor (GFR) targeted therapy resistance
signaling pathways [56].

The malignant phenotype of Rac overexpression has been associated with the activity of the
Rac downstream effector p21-activated kinase (PAK) [57,58]. Moreover, elevated HER2
expression in human breast cancer specimens, an indicator of poor prognosis, has been
associated with PAK levels [59]. PAKs are central activators of several cancer pathways that
include not only actin cytoskeletal changes during migration, but also cell adhesion,
survival, and proliferation [60-62]. PAK and other downstream effectors of Racs regulate
cell proliferation, survival, angiogenesis, cell polarity, epithelial to mesenchymal transition,
cell-extracellular matrix adhesion, as well as migration/invasion via a number of signaling
sequelae [22,26,59,62-68]. Although Rac-mediated production of reactive oxygen species
(ROS) via NADPH oxidase activity is part of the innate immune response, Rac-mediated
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ROS production has also been shown to regulate the invasive potential of cancer cells [69-
72].

Rac action is implicated with cancer progression and acquisition of therapy resistance via
multiple pathways that include signal transduction to Rac. GEFs from integrin, G protein-
coupled receptors (GPCR), GFR/receptor tyrosine kinases (RTK), and cytokine/janus
kinase/signal transducer and activator of transcription (STAT) receptors. These cell surface
receptors regulate a myriad of cancer-promoting signal cascades that have also been
implicated with Rac/PAK activity. These pathways include: phosphoinositide 3-kinase (P13-
K)/Akt/mammalian target of rapamycin (mMTOR); MAPKSs: extracellular regulated kinase,
jun kinase (JNK), and p38 MAPK; protein kinas C e, and STATs (Fig. 6.1) [22,26,34,61—
67,73-80]. Recent studies have implicated Rac activity in mTOR signaling, where Rac
regulates both mTOR complex 1 (MTORC1) and mTORC2 activation during cancer cell
migration, cell size control, epithelial to mesenchymal transition, and metastasis [66—68].
Since mTOR signaling has emerged as a central regulator of cancer progression and
acquisition of therapy resistance [81], these studies suggest a key role for Rac in regulation
of cancer malignancy.

Because the malignant phenotype of Rac is closely associated with activation of its direct
downstream effectors PAKs [57,58], much effort has been focused on the development of
PAK inhibitors as anticancer therapeutics [82—84]. However, in addition to PAK, Racs have
multiple downstream effectors, such as WASP family verprolin-homologous protein
(WAVE) and mammalian-enabled (Mena)/vasodilator-stimulated phosphoprotein, that
contribute to cancer [85,86]. Therefore, targeting Rac activation is a more viable approach
for the development of anticancer drugs [87].

1.3. Rac.GEFs in cancer metastasis

So far, over 60 potential Rac.GEFs have been identified [88-90]. A large subset of the
Rho.GEFs is characterized by a Dbl homology (DH) domain, followed by a pleckstrin
homology domain that forms the structural basis for the guananine nucleotide exchange
activity [91]. DH domains are present in a number of proto-oncogenes such as T-cell
invasion and metastasis gene product (Tiam-1), Trio, Vav, and PIP3-dependent Rac
exchanger 1 (p-Rex1) that have been implicated in cancer progression [24,26,92-97].

1.3.1 Vav/Rac signaling in cancer metastasis—Of the Rho GEFs, Vav is of note
due to its importance in both hematopoietic (Vavl) and nonhematopoietic (Vav2, 3)
signaling to activate Rac2 (in immune cells) and Racl and Rac3 in cancer cells. Vav
isoforms have also been implicated in tumor growth, angiogenesis, and metastasis in a
number of cancers including breast cancer [24,93-95,98-105], as well as immune and
stromal cell signaling relevant for recruitment of cancer cells in the tumor microenvironment
[106-108]. Although Vav2 can act as a GEF for RhoA, Racl, and Cdc42 in vitro, its
transforming activity has been ascribed primarily to its ability to activate Racl [93].
Therefore, cell surface receptor-activated or oncogenic Vav has been shown to regulate
tumor progression, invasion, and angiogenesis via Rac-regulated activation of downstream
cancer-promoting molecules such as PI3K, PAK, p38 MAPK, and JNK [93-95,105,109—
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113] (Fig. 6.1). Moreover, Rac and Cdc42 have been shown to be necessary for Vav-induced
cell transformation, migration, and metastasis [93,112,114-120]. Vav/Rac signaling is also
significant during the development of breast cancer therapy resistance [54,121-123]. Recent
studies have shown that Vav2 and Vav3 regulate a lung metastasis-specific gene signature in
breast cancer cells, thus implicating Vav/Rac signaling in the control of specific steps of
metastasis to the lung at the transcription level [24,98]. Significantly, the current literature
on cell signaling during cancer metastasis strongly implicates Vav/Rac signaling in
promoting cancer malignancy both via signaling in cancer cells as well as in stromal and
immune cells in the tumor microenvironment. Thus, our recent characterization of
EHop-016 as a specific inhibitor of the Vav/Rac interaction has direct implications for its
further development as an anticancer metastasis therapeutic [124].

2. DEVELOPMENT OF Rac INHIBITORS TO IMPEDE METASTATIC CANCER
PROGRESSION

Using the rationale that a structure—function-based design to block the signaling step of Rac
activation by GEFs is a viable strategy for inhibiting Rac functions, Gao et al. [125]
identified a small chemical compound from the National Cancer Institute chemical database,
NSC23766, as a Racspecific inhibitor. This compound fits into a surface groove of Racl
known to be critical for GEF specification, and was shown to inhibit Rac1 binding and
activation by a subset of Rac-specific GEFs, that is, Trio and T-cell invasion and metastasis
gene product (Tiam1l), in a dose-dependent manner. The interaction between NSC23766 and
Rac is specific and does not affect Cdc42 or RhoA binding or activation by their respective
GEFs, interaction of Racl and GAPs, or other downstream effectors [126,127]. NSC23766
has been used to demonstrate the significance of Rac activity in cancer cell proliferation,
migration, invasion, metastasis, and therapy resistance, as well as platelet aggregation and
hematopoietic cell migration [122,126,128-134]. However, the high effective concentrations
(IC50>75 uM) of NSC23766 limit its use as a therapeutic agent [125].

Other known Rac inhibitors, including NSC23766 derivatives, have 1Cgps of 10-50 pM
[135,136]. Virtual screening of NSC23766 in a ZINC database identified improved
structures with 1Cggs from 12 to 57 uM [135]. EHT 1864, a recently described inhibitor that
selectively blocks the interaction of Rac with its downstream effectors, is also effective at
10-50 uM and is, therefore, more useful than NSC23766 at inhibiting a number of Rac
functions [136,137]. Accordingly, EHT 1864 has been successfully used to demonstrate the
role of Racl in growth and inflammatory responses in human endothelial cells,
medulloblastoma migration, ER expression and spread of breast cancer, platelet activation,
and lymphoma development [22,55,138-141].

Selective inhibitors for the Rac1B GTPase, which is an alternatively spliced constitutively
active form Rac1, have also been designed with specificity for Rac1B inhibition over Racl
or Cdc42 [142]. However, the Rac1B-specific inhibitors are not universally applicable to
inhibit invasive cancers with overactive Rac or Cdc42.
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Design and synthesis of NSC23766 derivatives

A rational Rac inhibitor should be effective at physiologically relevant concentrations (in the
nM range), be specific to Rac activation by a range of Rac.GEFs, have high solubility and
bioavailability, and be nontoxic in cell and animal models. To determine the effective
concentration of NSC23766 in invasive cancer cells, we first tested the effect of this
compound on the Rac activity of a highly metastatic human cancer cell line, MDA-MB-435.
Using metastatic variants of this MDA-MB-435 cell line, we previously reported that
hyperactive Rac is associated with high invasive and metastatic efficiency [36]. In MDA-
MB-435 cells, the 1Cgq for Rac activity inhibition by NSC23766 is as high as ~100 uM
[124,143]. Therefore, we used NSC23766 as a lead structure for the synthesis of new
derivatives with the potential for improved Racl inhibitory activity.

2.1.1 Synthesis of NSC23766 derivatives—As described in our strategy for the
development of Racl inhibitors with increased potency, we utilized NSC23766 as a template
in which the three major chemical building blocks were substituted with commercially
available heteroarylamines, dichloropyrimidines, and primary or secondary aliphatic amines
with tail-end amino-substituents [143]. The central building block of NSC23766, the
pyrimidine core (B1-B2) that binds a critical tryptophan residue (Trp56) of Racl [125], was
maintained in our design (Fig. 6.2). The second group of building blocks (C1-C8) consisted
of heterobicyclic arylamino groups that were connected to the 4-position of the pyrimidine
ring, thereby mimicking the substituted aminoquinoline group of NSC23766. The third
group of building blocks contained primary or secondary aliphatic amine with a tail-end
amino group (A1-A8), mimicking the substituent on the 2-position of the pyrimidine ring of
NSC23766. The new NSC23766 derivatives were prepared via a facile two-step synthesis by
reacting dichloropyrimidines (B1-B2) with (hetero)-arylamines (C1-C8) to provide a 3:1 to
5:1 mixture of the 4-substituted and 2-substituted products. After silica gel chromatography,
the pure 4-substituted product was reacted with amines (A2—A8) to produce the desired
novel derivatives (Fig. 6.2). Detailed synthetic methods are described in Ref. [143]. Out of
the 128 possible combinations, 32 compounds were randomly selected for synthesis and
subsequently screened for activity.

2.1.2 Initial screening of novel Rac inhibitors—To screen for the relative efficiency
of the new NSC23766 derivatives, we used The G-LISA Rac Activation Assay
(Cytoskeleton, Inc., Denver, CO), as described in Ref. [124,143]. This assay detects the
activated (GTP bound) Rac1, 2, and 3 isoforms from cell lysates by their specific interaction
with the Cdc42 and Rac interactive binding domain (CRIB) from PAK [144].

In the highly metastatic MDA-MB-435 cells, NSC23766 inhibited Rac with an 1Csq of 95
UM. Therefore, we compared the effect of the 32 new compounds at 50 uM, following a 24-
h incubation in MDA-MB-435 cells, in the presence of serum. At this concentration,
NSC23766 inhibits Rac by 20% compared to vehicle controls. In Fig. 6.2, the range of Rac
inhibitory activities for compounds with the C1-C8 building blocks is provided. Each range
represents at least two compounds with these fragments that in addition have different
building blocks selected from B1 to B2 and Al to A8. In the series of compounds with C2
and C4 blocks, the most active compounds are approximately 50% more active than
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NSC23766 (30-31% versus 20% Rac inhibition, respectively). In addition, the most active
compound in the series with C3 is two times more active than NSC23766 (44% versus 20%
Rac inhibition). Significantly, all of the four compounds in the series with the carbazole
fragment C8 were found to inhibit Rac at a higher efficiency than NSC23766. Initially, the
Rac inhibitory potential of these compounds was thought to result partially from interference
of cytotoxicity and (or) inhibition of Rac-induced effects on cell viability. Nevertheless,
upon lowering the assay concentration of the most active compound (EHop-016) to
noncytotoxic levels, this compound was indeed found to inhibit Rac with an ICgy ~1 mM
[124].

Since the preliminary screening experiments indicated that derivatives with fragment C8
were cytotoxic, we initially focused our attention on the compounds with C2, C3, or C4
building blocks. The most active compounds of these series inhibited Rac approximately
1.5-2 times more potently than NSC23766, and demonstrated higher efficiency at reducing
cell spreading, extension of lamellopodia, and directed migration toward serum at 50 uM
concentrations [143]. In addition, although Rac is only inhibited by 30-44% at this
concentration, cell migration was reduced by 80-90%. Therefore, it may be hypothesized
that partial inhibition of Rac, or localization at different compartments, is sufficient to
produce a dramatic effect on Rac-regulated cell functions. Nevertheless, preliminary data
also demonstrated that at least one of the compounds inhibits Cdc42 to a similar extent as
Rac. Thus, Cdc42 inhibition may also contribute to the effects of NSC23766 derivatives on
cell functions relevant for metastasis. Although selectivity for specific GTPases is important
for the development of biochemical probes, for therapeutic purposes, it will be more
advantageous to develop dual inhibitors, where dual Rac—Cdc42 inhibitors are expected to
be synergistic and interfere with multiple steps in the metastatic process. Consequently,
among the future goals in our laboratories is the development of prospective dual Rac—
Cdc42 inhibitors.

Identification of EHop-016 as a Rac inhibitor

From the screening results described above, EHop-016 appeared to demonstrate complete
inhibition of Racl at a concentration of 50 pM. As shown in Fig. 6.3, the decreased Rac
activity in response to 50 UM EHop-016 may at least be partially due to the reduced MDA-
MB-435 cell viability (~40%) at this concentration. Therefore, we subsequently determined
the Rac inhibitory activity of EHop-016 at concentrations at which EHop-016 was not
cytotoxic (<5 uM). Serendipitously, EHop-016 specifically inhibited Rac activity at these
lower concentrations, and the 1Csq for Rac inhibition in this cell line was subsequently
determined to be ~1 uM [124]. In conclusion, we identified EHop-016 as a novel inhibitor of
Rac, at 100-fold more potency than the parent compound NSC23766 and 10-50-fold more
effective than other available Rac inhibitors [135,137,145].

Figure 6.2 demonstrates that all compounds containing C8 (four derivatives were tested)
were more potent Rac inhibitors than the parent compound, indicating that this carbazole
group is key to increased Rac inhibitory activity. To explain the marked difference in
inhibition potency between the carbazole unit and the other arylamine fragments C1-C7,
molecular docking studies were conducted utilizing the crystal structure of the Rac—
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NSC23766 complex [126,146] as a template. Figure 6.3 demonstrates that the energetically
most favorable position of EHop-016 in Racl is in the area around Trp56, which has been
shown to be critical for binding of Rac to its GEFs, similar to the region of NSC23766
interaction. However, the crystal structure of the Rac effector region and NSC23766
demonstrates that NSC23766 is stretched linearly on the surface of Rac [125,132]. Our
calculations with EHop-016 in the same Rac effector region indicate a bent U-shape that
places the carbazole group (C8) of EHop-016 (or its analogs) with relatively lipophilic
residues in a more efficient configuration. In addition, unit A4 of EHop-016 provides
additional binding energy via hydrogen bonding with Asn39 [124].

In light of our finding that EHop-016 inhibits the VVav2—Rac interaction [124], it is notable
that Ehop-016 interacts with residues Thr35, Val36, Asn39, Alab9, and Tyr64, which have
been demonstrated to be relevant for binding of the closely related GEF Vav1 to Racl.
Attempts to further elucidate binding interactions via cocrystallization of EHop-016 with
Rac are ongoing.

Functional characterization of EHop-016

2.3.1 EHop-016 inhibits Rac activity at 0.5-5 uM and Cdc42 at concentrations
>5 uM—As shown in Fig. 6.4, the 100% inhibition of Rac activity in response to 50 uM
EHop-016 may partially be due to the reduced MDA-MB-435 cell viability (~40%) at this
concentration. We subsequently determined that in this highly metastatic HER2
overexpressing cancer cell line, EHop-016 inhibited Rac activity at low physiologically
relevant concentrations (<5 pM) with an 1C50 of ~1 uM [124]. Therefore, EHop-016 is 100-
fold more potent than the parent compound NSC23766 and 10-50-fold more effective than
other available Rac inhibitors [135,137,145]. EHop-016 also inhibited the Rac activity of the
HER2 (-) (triple negative) metastatic breast cancer cell line MDA-MB-231; however, the
ICsq for Rac inhibition by EHop-016 in this cell line was higher (~3 pM) [124].
Additionally, we have determined that the MDA-MB-435 cell line expresses three to four
times more Vav2 than MDA-MB-231 cells (data not shown). Therefore, the increased
EHop-016 potency in the MDA-MB-435 cells may indicate that EHop-016 action depends
on inhibition of HER2 and (or) Vav signaling.

2.3.2 EHop-016 reduces cell viability at concentrations >5 pM—At
concentrations <5 pM, EHop-016 is specific for Rac, and has no effect on Rho or the close
homolog Cdc42. However, at concentrations >5 pM, EHop-016 inhibits Cdc42 activity with
a 75% inhibition at 10 uM [124]. Interestingly, MDA-MB-435 cell viability was not
significantly affected at the concentrations that inhibited Rac activity (<5 pM), while
significant effects on cell viability were observed at EHop-016 concentrations that also
inhibit Cdc42 activity (Fig. 6.4), suggesting that the reduced cell viability in response to
EHop-016 may be due to inhibition of Cdc42 activity or a combination of reduced Rac and
Cdc4z2 activities.

2.3.3 EHop-016 inhibits the interaction of Vav2 and Rac—To identify upstream
effectors of Rac that are inhibited by EHop-016, MDA-MB-435 cell lysates were incubated
with glutathione beads coupled to a GST-tagged nucleotide-free form of Racl, Rac1(G15A),
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with a high affinity for Rac GEFs. Vav2 specifically associated with Rac1(G15A), while
neither Tiam-1 or Trio-bound Rac1(G15A) from MDA-MB-435 cells in serum [124].
EHop-016 (4 pM) inhibited the association of Vav2 with Racl (G15A) by 50% (Fig. 6.5).
Since 4 yM EHop-016 results in ~100% inhibition of Rac activity [124], EHop-016 may
also inhibit the interaction of GEFs that have yet to be identified. Moreover, EHop-016 at
>40 PM inhibited the interaction of a purified active domain of Tiam-1 with Rac1(G15A)
([124], demonstrating that at high concentrations, EHop-016 may inhibit other GEFs.

Vav is a GEF for RhoA, Racl, and Cdc42; however, Vav-mediated cell transformation has
been ascribed mainly to its ability to activate Racl [93]. At higher concentrations (=10 uM),
EHop-016 also inhibits Cdc42, but not RhoA, indicating a potential inhibition of Cdc42
activity either via blocking the interaction of Cdc42 with Vav or alternative GEFs. Taken
together, our results agree with the reports of Racl and Cdc42 mediating the constitutively
active Vav2 phenotype, with Rho A playing an antagonistic role [147].

2.3.4 EHop-016 inhibits Rac signaling to PAK, the actin cytoskeleton, and
cancer cell migration—The downstream effector of Rac, PAK, is a key regulator of the
Rac-mediated actin cytoskeletal changes that direct forward migration during cancer
invasion, as well as cell adhesion, survival, and proliferation [60-62]. Therefore, we
determined the effect of EHop-016 on PAK activity. As shown in Fig. 6.5, 4 uM EHop-016
reduced PAK activity by ~80%. We also reported that at similar concentrations, EHop-016
significantly reduced the extension of Rac-directed maotile actin structures called
lamellipodia (~70%) in both MDA-MB-435 (Fig. 6.5) and MDA-MB-231 cells [124]. Since
leading edge lamellipodia are important for directed migration, we tested the effect of
EHop-016 on cell migration by a Transwell assay. At the concentrations of EHop-016 that
inhibit Rac activity, EHop-016 significantly reduced directed cell migration by ~60% (Fig.
6.5) Therefore, inhibition of Vav interaction with Rac and Cdc42 by EHop-016 results in
reduced metatstaic cancer cell viability, lamellipodia extension, and cell migration,
implicating EHop-016 as a viable antimetastatic cancer therapeutic.

2.3.5 Summary—The working model that the Rac inhibitor EHop-016 can impede
breast cancer metastasis is based on our data that EHop-016 inhibits the interaction of Vav
with Rac, PAK activity, and decreases invasive actin structures and migration [124] (Fig.
6.6). Inhibition of the Vav/Rac interaction may not only impede PAK signaling to the actin
cytoskeleton, it also has the potential to block effects of PAK on cell survival and
proliferation [60-62]. Moreover, our data suggest that EHop-016 may block GEFs other
than Vav. These may be oncogenic GEFs, such as p-REX that is regulated via GPCR-
mediated activation of PI3-K that has been implicated in Rac-mediated cell migration/
invasion, tumorigenesis, and metastasis [23,25].

3. FUTURE DIRECTIONS

EHop-016 in metastatic cancer therapy

Future directions include the identification of the role of Vav and other GEFs that may be
inhibited by EHop-016, and a comprehensive analysis of all of the molecular mechanisms
that are inhibited by EHop-016. As shown in Fig. 6.1, EHop-016 may impede cancer
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progression via multiple mechanisms as a result of the specific inhibition of the interaction
of Vav with Racs and Cdc42, as well as other Rho.GEFs that will be identified in future
studies. Vav/Rac signaling is critical for normal immune function [148], and EHop-016
administration for long periods may have adverse effects on the immune system. In
preliminary studies, we determined that administration of EHop-016 (10 mg/kg BW) by
weekly oral gavage to athymice nude mice for ~2 months did not affect average mouse
weight (see supplementary data [124]). Although athymic nude mice lack T lymphocytes,
they possess B cells, macrophages, and neutrophils, whose activities are modulated by Vavl/
Rac?2 signaling [149-152]. Since macrophages and neutrophils within the breast tumor
microenvironment promote cancer cell invasion [3,153,154], inhibition of Vav/Rac signaling
in immune cells may in fact enhance the antimetastatic effects of EHop-016. Therefore, the
importance of Vav/Rac signaling in both hematopoietic and nonhematopoietic cell signaling
offers the potential for targeted delivery of EHop-016 to impede both cancer cell and
stromal/immune cell crosstalk signaling and invasion in the tumor microenvironment.

EHop-016 as a chemosensitization agent

Our initial characterization of EHop-016 was conducted with two human metastatic breast
cancer cell lines: the ER (=) HER2 (++) MDA-MB-435 high metastatic cells and the ERa
(-) MDA-MB-231 pplowthat metastatic cells do not express a functional HER2. The marked
inhibitory effects of EHop-016 on the MDA-MB-435 cells that have high intrinsic Rac and
Vav activities [36,124] suggest that HER?2 signaling to Vav and Rac, or oncogenic Vav
activity of the MDA-MB-435 cell line is inhibited by EHop-016.

EGFR1 and HER?2 are often upregulated in metastatic breast cancers and HER2
amplification is a prognostic factor for metastatic breast cancer [155,156]. Such
overexpression of HER2 occurs in 30% of breast cancer patients and leads to increased
metastasis and reduced disease-free survival [157-159]. Intriguingly, a number of studies
have linked HER2 signaling with Rac activity in metastatic cancer. Rac activity is associated
with trastuzumab resistance and inhibition of Rac has been shown to reverse trastuzumab
resistance [122,123]. Moreover, overexpression of HER2 in mammary epithelial cells
increased Racl activity [54]. HER2 expression has also been correlated with the activity of
the Rac downstream effector PAK in human breast cancer specimens [59].

The current therapies for HER2 type breast cancer are the monoclonal antibody trastuzumab
(Herceptin) and the tyrosine kinase inhibitor lapatinib [160]. Unfortunately, patients often
present with intrinsic or acquired resistance to these anti-EGFR therapeutics [161,162].
Trastuzumab resistance has been attributed to many factors, including bypass signaling
through other receptors and activation of downstream signaling pathways independent of
HER?2 [157,163]. Therefore, a viable strategy to overcome resistance to HER2-directed
therapy is combinatorial therapies targeting HER2, as well as downstream resistance
pathways [164].

Elevated downstream signaling in trastuzumab-resistant breast cancers has been attributed to
MAPK and PI13-K/Akt/mTOR signaling pathways [121,163,165-168]. As discussed in
Section 1, PI3-K signaling activates Rac GEFs, such as Vav, p-REX-1, and Tiam-1, that have
been implicated in increased metastatic properties and survival of HER-2 overexpressing
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cells [114,115,117] (Fig. 6.1). Moreover, receptor-activated or oncogenic Vavs regulate
tumor progression, invasion, and angiogenesis via Rac-mediated activation of PAK, p38
MAPK, and JNK [109-113].

Our initial studies to test the potential of EHop-016 to sensitize the trastuzumab-resistant
MDA-MB-435 cell line to trastuzumab therapy are promising. As shown in Fig. 6.2A,
following a 24-h treatment, trastuzumab did not affect MDA-MB-435 cell viability at
concentrations as high as 20 pg/ml. As previously reported by us [124] and shown in Fig.
6.3, MDA-MB-435 cell numbers decreased ~20% and 50%, respectively, in response to 5
and 10 uM EHop-016. Interestingly, MDA-MB-435 cell viability decreased to a higher
extent, that is, ~40% and 80%, respectively, when 5 or 10 pM of EHop-016 was combined
with 5 or 10 pg/ml trastuzumab (Fig. 6.7). These data indicate a synergistic effect of
EHop-016 and trastuzumab on inhibition of MDA-MB-435 cell viability.

A recent paradigm shift in effective aggressive breast cancer therapy is to mitigate the high
prevalence of intrinsic and acquired resistance to singleagent regimens by dual anti-HER2
therapy of trastuzumab and other inhibitors [169,170]. Therefore, our characterization of
EHop-016 offers a timely alternative to effective combinatorial therapy. We are currently
testing the pharmacodynamics, pharmacokinetics, toxicity, and efficiency of EHop-016 in
mouse models.

3.3. Development of next-generation inhibitors

EHop-016 fits some of the criteria for a specific inhibitor of metastasis by demonstrating an
ICsq of 1 uM and being specific for the activation of Rac by Vav. Moreover, EHop-016 does
not affect cell viability at <10 pM, and is relatively soluble in aqueous solutions. However,
the micromolar effective concentrations of EHop-016 may prove to be physiologically
insufficient for development as a viable cancer therapeutic. Therefore, plans are underway to
develop the next generation of EHop-016 compounds that are expected to be effective at
lower (nanomloar) concentrations with a tighter and more energetically favorable binding at
the GEF interaction site of Rac.
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Figure6.1.
Simplified scheme of the major signaling pathways of Rac activation in human cancer. Cell

surface integrin receptors, G protein coupled receptors (GPCR), receptor tyrosine kinases
(RTK), cytokine receptors, and nonreceptor tyrosine kinases activate Ras/mitogen activated
protein kinase (MAPK), phosphoinositide 3-kinases (P13-K), and signal transducers and
activator of transcription (STAT) pathways. PI3-K phosphorylates phosphatidy! inositol
biphosphate (PIP2) to form the signaling intermediate PIP3 that recruits phospholipid-
dependent kinase and Akt/protein kinase B. Akt activates the mammalian target of
rapamycin (MTOR), a central regulator of protein synthesis and metabolism. P13-K
signaling also modulates Vav and other Rac.GEFs such as p-REX that exchange the GDP on
Rac for GTP, thus activating Rac. Rac action is implicated with signaling to PAK, mTOR
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complexl (mTORC1), mMTORC2, MAPKSs: extracellular regulated kinases (ERK1/2), p38
MAPK, Jun kinase (JNK), and STATSs to control cancer progression to metastasis.
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Representation of the building blocks (A,B,C) utilized to prepare a small library of
NSC23766 derivatives. Indicated in italics are the percentages of Rac inhibition of a group

of compounds containing units C1-C8.
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Figure6.3.
EHop-016 docked into the GEF-binding pocket of Racl. AutodockTools were used to

prepare the GEF-interacting region of Rac and EHop-016 for docking, centered on the
original position of NSC23766 on the crystal structure of the GEF-interacting surface of
Rac. In this configuration, Ehop-016 interacts with residues that have been shown to interact
with the Rac guanine nucleotide exchange factor Vav.
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Figure 6.4.
Effect of EHop-016 on cell viability and Rac activity. MDA-MB-435 cells were treated with

vehicle (0.1% DMSO), or varying concentrations of EHop-016 (0-10 uM) for 24 h. Cell
viability was measured using the MTT cell survival and proliferation kit (Millipore, Inc).
Rac activity was measured from cell lysates by a G-LISA Racl Activation Assay
(Cytoskeleton, Inc., Denver, CO). The mean values SEM (/N = 3) are presented relative to
vehicle (100%). All data points for Rac activity > 0.5 uM EHop-016, and for viability at
>5.0 uM EHop-016, were statistically significant compared to vehicle controls (p<0.05).
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Figure 6.5.
Effect of EHop-016 on Rac activation and downstream activities in highly metastatic MDA-

MB-435 cells. (A) GST-Rac1(G15A) (mutant form of Rac that selectively binds active
GEFs) beads were preincubated with vehicle (0), or 4 uyM EHop-016 prior to incubation with
MDA-MB-435 cell lysates. A representative western blot (/= 3) immunostained for Vav2 is
shown. Top row, pulldown; bottom row, total cell lysate. (B) MDA-MB-435 cells treated
with vehicle (0) or EHop-016 (4 uM) for 24 h were lysed and subjected to a pulldown assay
for Rac.GTP using a GST-CRIB domain of PAK and western blotted with a pan Rac
antibody (Racl,2,3). Representative western blot (V= 3) is shown. Top row, pulldown;
bottom row, total cell lysate. (C) MDA-MB-435 cells were treated with vehicle (0) or 4 uM
EHop-016 for 24 h and the cells lysed and western blotted for active P-1" 423 PAK (upper
band) or total PAK (lower band). Representative western blot (V= 3) is shown. (D) MDA-
MB-435 metastatic breast cancer cells were treated with vehicle or EHop-016 at 4 uM for 24
h. Cells were fixed, permeabilized, and stained with Rhodamine phalloidin to visualize F-
actin. Representative micrographs are shown. Arrows indicate lamellipodia. (E) MDA-
MB-435 cells treated with vehicle (0) or EHop-016 (4 uM) for 24 h were subjected to a
Transwell migration assay. The cells that migrated to the underside of the membrane of the
top well (through 8 UM diameter pores) were stained with propidium iodide and quantified.
Representative micrographs of cells that migrated for each treatment are shown.
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Figure 6.6.

Effects of EHop-016 on Rac signaling. EHop-016 inhibits the Vav2/Rac interaction, Rac and

PAK activities, lamellipodia formation, and metastatic cancer cell migration. Thus,

EHop-016 holds promise as an anticancer metastatic agent.
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Figure6.7.
Effect of EHop-016 and trastuzumab on MDA-MB-435 cell viability. Trastuzumab-resistant

MDA-MB-435 cells were treated with 0, 5, 10 uM EHop-016 (rows) or 0, 5, 10 pg/ml
trastuzumab (columns) for 24 h, fixed and stained with propidium iodide. Representative
micrographs from duplicates are shown.
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