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Abstract

Tubulin dynamics is a promising target for new chemotherapeutic agents. The colchicine binding
site is one of the most important pockets for potential tubulin polymerization destabilizers.
Colchicine binding site inhibitors (CBSI) exert their biological effects by inhibiting tubulin
assembly and suppressing microtubule formation. A large number of molecules interacting with
the colchicine binding site have been designed and synthesized with significant structural
diversity. CBSls have been modified as to chemical structure as well as pharmacokinetic
properties, and tested in order to find a highly potent, low toxicity agent for treatment of cancers.
CBSis are believed to act by a common mechanism via binding to the colchicine site on tubulin.
The present review is a synopsis of compounds that have been reported in the past decade that
have provided an increase in our understanding of the actions of CBSlIs.
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INTRODUCTION

Drugs that disrupt microtubule/tubulin dynamics are used widely in cancer chemotherapy.
The vast majority of these molecules act by binding to the protein tubulin, an a, B-
heterodimer that forms the core of the microtubule. Microtubule targeting agents (MTA) are
also named antimitotic agents which perturb not only mitosis but also arrest cells during
interphase. MTAs are known to interact with tubulin through at least four binding sites: the
laulimalide, taxane/epothilone, vinca alkaloid, and colchicine sites (Fig. 1). Similar to
paclitaxel, Laulimalide can promote the tubulin-microtubule assembly, but binds to a
different site on the microtubules (1). Taxanes, including paclitaxel and docetaxel, bind to
polymerized microtubules at the inner surface of the B subunit, and are widely used in the
treatment of lung, breast, ovarian and bladder cancers. Taxanes promote tubulin
stabilization, thereby interfering with tubulin dynamics. Vinca alkaloids, including
vinblastine, vincristine, and vinorelbine, promote depolymerization of microtubules. They
generally bind with high affinity to one or a few tubulin molecules at the tip of microtubules
but do not copolymerize into microtubules. Indeed, vinblastine prevents self-association of
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tubulin by interacting at the interface between two ap-tubulin heterodimers (2). The fourth
group of microtubule interfering agents is represented by colchicine, which also induces
microtubule depolymerization. In contrast to agents binding to the other three sites,
colchicine binds with high affinity to tubulin that can become copolymerized into
microtubules. Colchicine binding to B-tubulin results in curved tubulin dimer and prevents it
to adopt a straight structure, due to a steric clash between colchicine and a-tubulin, which
inhibits microtubule assembly (3).

Given the success of the taxanes and vinca alkaloids, which have established tubulin as a
valid target in cancer therapy, research efforts have been focused on developing colchicine-
like compounds for cancer treatment.

COLCHICINE AS A MEDICINE

Colchicine was extracted from the poisonous meadow saffron Colchicum autumnale L. and
was the first tubulin destabilizing agent. It has been used for many years as an unapproved
drug to treat gout, familial mediterranean fever, pericarditis and Behcet’s disease. In 2009,
U.S. Food and Drug Administration (FDA) approved colchicine as a monotherapy drug to
treat familial mediterranean fever and acute gout flares. Colchicine can effectively inhibits
mitosis. Since cancer cells undergo mitosis at a significantly increased rate, this means that
cancer cells are more susceptible to colchicine poisoning than are normal cells. Therefore
colchicine is also being investigated as an anti-cancer drug. However, the therapeutic value
of colchicine against cancer is restrained by its low therapeutic index. Its toxicity includes
neutropenia, gastrointestinal upset, bone marrow damage and anemia.

Although colchicine is not used as an anticancer agent, there have been multiple efforts to
clinically develop colchicine binding site agents (CBSI). As microtubules are important
regulators of endothelial cell biology, one advantage of mechanism of actions of CBSIs is
targeting the tumor vasculature. CBSIs can prevent new blood vessels formation by
outgrowth from preexisting ones (angiogenesis inhibitors) or destroy the existing tumor
vasculature (vascular disrupting agents, VDA). The targeting of tumor blood vessels
introduces a therapeutically promising application for these compounds. Another favorable
factor is that most of these drugs have no multidrug resistance (MDR) issues. The major
limitation of using microtubule-targeting agents clinically is innate and acquired drug
resistance. The most common form of clinical resistance is overexpression of the MDR1
gene, which encodes the P-glycoprotein (Pgp) drug efflux pump. This membrane-associated
ATP-binding cassette (ABC) transporter is overexpressed in many tumor cell lines,
including tissues of the liver, kidney, and gastrointestinal tract. Over-expression of Pgp
decreases intracellular drug levels, consequently limiting drug cytotoxicity. In addition,
over-expression of Pgp is associated with poor response to microtubule-targeted agents
including taxanes and vinca alkaloids and subsequent treatment failure.

Besides over-expression of ABC transporters, other significant mechanism of resistance
including mutantions in tubulin and overexpression of Bl -tubulin isoform. Among eight
identified B-tubulin isotypes in human, overexpression of class 111 p-tubulin is an indicator
of resistance to tubulin targeting agents such as paclitaxel and vinorelbine. While the
efficacies of some CBSIs such as colchicines and 2-methoxyestradiol were not affected by
the expression pattern of p-tubulin (4,5). The clinical development of a microtubule-
targeting agent that circumvents both of these drug resistance mechanisms could have
advantages for patients with drug resistant tumors.

To overcome these resistance problems, many research efforts have concentrated on
developing CBSils, although to date no agent that binds within the colchicine binding site is
approved for use against cancer. Many CBSlIs have been identified as potential anticancer
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agents for clinical studies due to their ability to overcome Pgp/p-I11 tubulin mediated drug
resistance and their antiangiogenic or antivascular actions. Most CBSIs have small
molecular weight with chemically modifiable structures, thus they afford adequate space for
chemical modification to improve pharmacokinetic (PK) properties, efficacy and reduce
toxicity.

The current review searched the PubMed using key words “colchicine, tubulin and cancer”.
A total of 441 references were found from 1971 to 2010 and showed the trend of increasing
interests every decade (Fig. 2) in CBSls for treatment of cancer. In this article, we focus on
CBSI agents in current clinical trials and recently published research papers after 2000 (Fig.
2, total 296 publications) with high citation rates.

NATURAL PRODUCTS AND CBSI IN CLINICAL TRIALS

Many of the CBSls are based on natural products such as colchicinoids and combretastatins,
while others are synthetic compounds such as ABT-751. In this section, we will discuss the
well-known CBSls and recent progress of CBSIs in clinical trials (Fig. 3).

Colchicine (1) and ZD6126 (2)—A number of clinical trials have been done on
colchicine (1) for treatment of various diseases including cancer. However, the clinical use
in treatment of cancer was hampered by its significant toxicity. ZD6126 (2) is a water-
soluble phosphate prodrug of A-acetylcolchinol structurally very similar to colchicine with
potential antiangiogenesis and antineoplastic activities (6,7). ZD6126 was developed by
AstraZeneca for the treatment of metastatic colorectal cancer. However the study was
terminated at phase 11 due to apparent cardiotoxicity at pharmacological doses.

CA-4 and its Analogs (3—7)—Combretastatins are a class of stilbenoid phenols isolated
from Combretum caffrum. Combretastatin A-4 (CA-4, 3) is the most potent naturally
occurring combretastatin known in regards to both tubulin binding ability and cytotoxicity.
CA-4P (Zybrestat, fosbretabulin, and its salt fosbretabulin disodium, 3P) is the prodrug of
CA-4 developed by OxiGene. Currently it is being evaluated in clinical trials as a treatment
for solid tumors. /n vivo, it is dephosphorylated to its active metabolite CA-4. Several phase
Il studies using CA-4P have finished or are ongoing for different type of cancers including
anaplastic thyroid cancer, non-small cell lung cancer, relapsed ovarian cancer, éfc. (8).
Oxi4503 (4) is combretastatin A-1 diphosphate (CA-1P) targeting tumor vasculature. It is a
phosphorylated CA-4 analog developed by OxiGene for the treatment of solid tumors. A
phase | study is currently recruiting participants to determine the safety and maximum
tolerated dose of OXi4503 in patients with relapsed and refractory acute myelogenous
leukemia and myelodis-plastic syndrome.

AVEB8062 (ombrabulin, 5) is another CA-4 analog which exerts its anticancer activity
through disrupting the blood vessel formation in tumors. Compared with CA-4, it has
improved water solubility and is orally available. AVE8062 has enhanced antitumor activity
and decreased toxicity in a murine Colon 26 carcinoma model. It is also effective against a
number of cancer cells that are resistant to taxanes (9). In a phase | study, the combination of
AVEB8062 with docetaxel was well tolerated. A phase 111 study is currently ongoing for
advanced cancer treatment (10).

Phenstatin (6) is also a CA-4 analog with the double bond of CA-4 being replaced by a
carbonyl group. Phenstatin showed strong cytotoxicity and antitubulin activity similar to
CA-4, but it is more stable compare with CA-4 which is known to be unstable /n7 vivo due to
the transformation from the active cis-configuration to the more stable but inactive trans-
configuration (11). CC-5079 (7) belongs to 1,1-diarylethenes analogs of CA-4, which is

Pharm Res. Author manuscript; available in PMC 2013 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Luetal.

Page 4

called isocombretastatins A. CC-5079 is a dual inhibitor of tubulin polymerization and
phosphodiesterase-4 (PDE4) activity. It showed antiangiogenic and antitumor activities.
CC-5079 can arrest cell cycle in G2/M phase, increase phosphorylation of G2/M checkpoint
proteins, and induce apoptosis (12).

Podophyllotoxin (8), otherwise known as podofilox, is a non-alkaloid toxic lignan extracted
from the roots and rhizomes of Podophy/lum species. In 1890, Kiirsten isolated crystalline
podophyllotoxin (13). Podophyllotoxin competitively inhibits the binding of colchicine. It
binds to tubulin more rapidly than does colchicine. The utilization of 8 as a lead in
anticancer drug design has resulted in useful cancer fighting drugs such asetoposide,
teniposide, and etoposide phosphate (13).

Steganacin (9), a new lignan lactone from the alcoholic extract of Steganataenia araliacea
Hochest, has significant anti-tumor activity /n vivo against P388 leukemia in mice and /n
vitro against cells derived from a human carcinoma of the nasopharynx (KB) (14). It was
found that 9 prevented the formation of the spindle that forms prior to the first cleavage.
This suggested that steganacin, like other spindle poisons such as colchicine and
podophyllotoxin, exerts its antimitotic activity through an effect on spindle microtubules
(14).

Nocodazole (10) is a natural product which has been shown to have antimitotic and
antitumor activity. The action of this agent is readily reversible and relatively rapid. Like 8
and 9, this agent exerts its effect in cells by interfering with the polymerization of
microtubules. However, the full therapeutic efficacy of this agent is limited owing to the
development of various side effects in patients, including bone marrow suppression,
neutropenia, leukopenia and anemia (15). This agent is now often used as a lead compound
to discover novel CBSils or as a reference compound to study cell mitosis.

Curacin A (11), originally purified as a major lipid component from a strain of the cyano
bacterium Lyngbya majusculaisolated in Curacao, is a potent inhibitor of cell growth and
mitosis. It binds rapidly and tightly at the colchicine site of tubulin. A recurring structural
theme in the colchicine binding site agents has been at least one and generally two aromatic
domains (16), while 11, as a potent colchicine binding site antimitotic agent, is a major
exception to this structural generalization in that it has no aromatic residue. Poor water-
solubility and lack of chemical stability prevent the clinical development of curacin A, but
synthetic analogs with improved bioavailability may provide new promises.

2-Methoxyestradiol (2-ME, 12) is an endogenous estrogen metabolite, formed by hepatic
cytochrome P450 2-hydroxylation of B-estradiol and 2- O-methylation v7a catechol O-
methyltranseferase. This metabolite has attracted interest because of its potent inhibition of
tumor vasculature and tumor cell growth. Because solid tumor growth is dependent on
angiogenesis, the potent antiangiogenic activity and tubulin polymerization inhibition of 2-
ME /n vivo are of potential therapeutic value and have warranted further investigation in
clinical trials. A recent clinical study indicated that the main adverse effects of 2-ME
included fatigue, nausea, diarrhea, neuropathy, edema, and dyspnea (17). Studies have
shown that 2-ME is metabolized by conjugation at positions 3 and 17 and oxidation at
position 17. The conjugated forms of 2-ME are inactive, and oxidation to 2-methoxyestrone
results in 10- to 100-fold loss in activity /n vitro (18). In order to make metabolically stable
analogs with improved anti-tubulin properties, ENMD-1198 (13) was generated via
chemical modification at 3 and 17 position. This agent also binds to the colchicine binding
site in tubulin, induces G2/M cell cycle arrest and apoptosis, and reduces hypoxia-inducible
factor (HIF)-1a levels. Studies also showed that ENMD-1198 was very potent at inhibiting
endothelial cell proliferation, motility, migration, and morphogenesis. In addition,
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ENMD-1198 induced a significant decrease in vascular endothelial growth factor receptor
(VEGFR)-2 protein expression in endothelial cells. Furthermore, ENMD-1198 is able to
disrupt vascular structures very quickly (19).

ABT-751 (E7010, 14) is an orally bioavailable tubulin-binding agent that is currently in a
phase I clinical trial for cancer treatment. It is a novel sulfonamide antimitotic that binds to
the colchicine site on B-tubulin that leads to a block in the cell cycle at the G2/M phase,
resulting in cellular apoptosis. ABT-751 was investigated in a recent phase | clinical trial to
assess its PK profile and safety (20). The maximum tolerated dose for the daily schedule
was 250 mg/day. Dose-limiting toxicities included abdominal pain, constipation, and
fatigue. ABT-751 was absorbed after oral administration with an overall mean T,y 0f about
2 h. The PK properties of ABT-751 were dose-proportional and time independent. ABT-751
metabolism occurred primarily by glucuronidation and sulfation.

T138067 (15) was first reported by Shan et a/l. in 1999 as a novel antimitotic agent (21). This
compound has been shown to covalently bind to Cys239 on p-tubulin isoforms 1, 2, and 4
by way of a nucleophilic aromatic substitution reaction (21). The covalent modification of
B-tubulin prevents the polymerization of the a., B-tubulin dimers into microtubules. This
leads to cell cycle arrest at the G2/M phase followed by apoptosis (21). T138067 is effective
against a variety of tumors, including those that express the MDR phenotype (IC59=11-165
nM) (21). A phase Il clinical trial showed that treatment with T138067 was tolerable with
moderate hematologic and gastrointestinal toxicity. Neurotoxicity, an expected side effect,
was minimal.

BNC-105P (16) was developed by Bionomics (Australia) as a low-molecular-weight VDA
for treatment of cancers. BNC-105P is a phosphorylated prodrug which rapidly transforms
to the active form BNC-105 by nonspecific endogenous phosphatases in plasma and on
endothelial cells (22). BNC-105 exhibits selectivity (81 fold) for growth factor activated
endothelial cells compared to quiescent human umbilical vein endothelial cells (HUVECS).
A phase | study has been completed and the drug was shown to be generally well tolerated.
A phase Il study for BNC105P in combination with Everolimus for progressive metastatic
clear cell renal cell carcinoma is currently recruiting participants (23).

Indibulin (D-24851, ZI10-301, 17) is an orally active anti-mitotic drug that is effective
against various human tumor cell lines and xenografts, including taxane resistant tumors. In
preclinical studies indibulin lacks neurotoxicity which is largely associated with other
tubulin binding drugs. The antitumor activity against MDR cancers, the lack of
neurotoxicity, and the oral dosing make indibulin a promising candidate for further
development as an anticancer drug. Indibulin was reported not to overlap with the colchicine
site, and it was shown to partially compete for binding with “colchicine” site binders (40%
inhibition) (24). /n vivo, oral application of indibulin showed a remarkable efficacy in the
Yoshida AH13 rat sarcoma model without systemic toxicity being observed. Indibulin not
only inhibits growth of tumor cell lines with different resistance phenotypes including
MDR1 and multi-drug resistance-associated protein (MRP), but also retains its antitumor
activity against cancer cell lines with resistance to cisplatin, the topoisomerase-I-inhibitor
SN-38, and the thymidylate synthase inhibitors 5-FU and raltitrexed. Although indibulin
also alters microtubule function, no neurotoxic effects on rats was seen at curative doses
compared to paclitaxel and vincristine treatment groups.

EPC2407 (Crolibulin, 18), MPI-0441138 (19), and MPC-6827 (Azixa, Verubulin,
20)—The 4-aryl-4H-chromenes, which were developed by EpiCept Corp. in California,
inhibit tubulin polymerization and induce apoptosis. Through structure-activity relationship
(SAR) studies of the 4-aryl-4H-chromenes, the anticancer drug candidate EPC2407 with
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potent vascular disrupting activity and in vivo efficacy has been identified (25) and is
currently in phase Il clinical trial for the treatment of anaplastic thyroid cancer.
MP1-0441138 (19) is the lead compound for MPC-6827 (20) discovered by EpiCept and
identified as a highly active apoptosis inducer (ECsgq for caspase activation of 2 nM) and as a
potent inhibitor of cell proliferation (Glsg of 2 nM) in T47D cells (26). This compound
inhibits tubulin polymerization and growth of Pgp overexpressing cells, and shows efficacy
in the MX-1 human breast and PC-3 prostate cancer mouse models (26). A recent phase |
study indicated that MPC-6827 was well tolerated at the recommended dose. The most
common adverse events were nausea, fatigue, flushing, and hyperglycemia (27). However,
recent news (http://www.biopharmcatalyst.com/2011/09/myrxhalts-phase-2b-azixa-pphm-
pipeline-update-scmp/) released in Sep. 2011 reported that Myrexis, which has exclusive
rights to MPC-6827 from EpiCept discontinued development of MPC-6827 due to
“disproportionate investment of time and resources relative to its likelihood of technical and
regulatory success.”

CYT997 (21) is originally discovered as a structurally novel, orally active microtubule
targeting agent. It is now in phase Il clinical trials for the treatment of selected cancers.
CYT997 inhibits tubulin polymerization by binding at the colchicine binding site of tubulin.
CYT997 blocks the cell cycle at the G2/M phase, and western blot analysis indicates an
increase in phosphorylated Bcl-2, along with increased expression of cyclin B1 (28). This
compound also possesses favorable PK properties and is orally active in different tumor
models, including paclitaxel resistant cancer (28). CYT997 exhibits vascular disrupting
activity in vitro by effects on the permeability of human umbilical vein endothelial cell
monolayers, as well as /77 vivo on tumor blood flow (28).

MN-029 (denibulin, 22) is a novel benzoimidazole carbamate that reversibly inhibits
microtubule assembly, resulting in disruption of the cytoskeleton of tumor vascular
endothelial cells. MN-029 was found to demonstrate striking antivascular effects in tumors,
leading to the induction of necrosis and a consequential rapid loss of clonogenic neoplastic
cells. This VDA also was successfully incorporated into conventional cisplatin or radiation
therapy treatments (29). A recent phase | clinical study of MN-029 in patients with advanced
solid tumors showed that MN-029 was generally well tolerated and showed decrease in
tumor vascular parameters (30). The most common toxicities of MN-029 included nausea,
dose related vomiting, diarrhea, fatigue, headache, and anorexia. No significant
myelotoxicity, stomatitis or alopecia was observed in clinical (30).

CI-980 ((S)-(-)-NSC 613862, 23) is one of a novel class of 1, 2-dihydropyrido [3, 4-4]
pyrazines that inhibits tubulin polymerization presumably by interacting with the colchicine
binding site of tubulin. The (R)-(+)-isomer NSC 613863 showed potency in several
biological assays. However, the S-isomer is the more potent inhibitor on tubulin
polymerization and cell proliferation (31). CI-980 treated cells accumulate in the M-phase of
the cell cycle and subsequently die. In sensitive tumor models, the potency for this agent is
similar to that of vincristine, but the spectrum of antitumor activity is wider. CI-980 shows
activity against a variety of cancer cells /n vitro, including leukemia, melanoma, sarcoma,
mammary adenocarcinoma, and colon adenocarcinomas. CI-980 is currently in a phase Il
clinical trial (32). Neurotoxicity is the biggest problem for this agent. It can cause a
significant but reversible decline in recent memory functioning. So careful monitoring of
cognitive function in patients receiving this agent should be performed if dose or schedule
parameters are changed.

CP248 (24) and CP461 (25) are derivatives of Exisulind (Aptosyn, inhibitor of enzyme
cyclic guanosine monophosphate phosphodiesterase (cGMP-PDE)). Tubulin polymerization
is believed to be their target. Both CP248 and CP461 cause growth inhibition and apoptosis
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in several cancer cell lines. There are at least two modes of inhibiting tumor cells identified
for CP248. One is its inhibition of the cGMP-specific PDE2 and PDES5 and activate a
protein kinase G mediated signaling pathway that triggers apoptosis. The other is its ability
to bind to tubulin, inhibit its polymerization, and cause cells to be arrested in mitosis (33).
CP461 is a member of a class of novel proapoptotic drugs that inhibit cyclic GMP
phosphodiesterases specifically but not cyclooxygenase-1 or -2. It was in a phase | study for
the treatment of patients with advanced melanoma. CP-461 inhibits the growth of a broad
range of human tumor cell lines 7 vitro at micromolar concentrations. It selectively induces
apoptosis in cancer cells but not normal cells (34).

TN16 (26) is a tenuazonic acid derivative exhibiting anti-tumor effects /n vitroand in vivo
by inhibiting microtubule assembly and produces M phase arrest. TN16 has a structure
distinct from the representative microtubule inhibitor colchicine, and yet it inhibits
microtubule assembly, and prevents the stabilization of microtubules (35).

COMPUTER MODELING STUDIES OF CBSI

Computer-aided drug design methodologies have been increasingly applied to drug
development and have already provided some useful directions in the design and discovery
of anticancer drugs. Along with the increased publications of crystal structures recently, an
increasing number of molecular modeling studies on tubulin have been reported.

A study published in 2000 by Hamel et al. (36) is considered the first report of structure-
based approach for the colchicine binding site agents. The authors tried to identify two
potential colchicinoids binding sites on tubulin with the aids of biochemical and molecular
modeling techniques. The colchicine binding site was identified by Ravelli ef a/. in 2004 by
the determination of a 3.5 A X-ray structure of a, B-tubulin complexed with N-deacetyl-N-
(2-mercaptoacetyl) colchicine (DAMA-colchicine) (3). Experimental data showed that
colchicine binds to B-tubulin at its interface with a-tubulin, resulting in inhibition of tubulin
polymerization. Colchicine and podophyllotoxin bind to B-tubulin at its interface with a.-
tubulin with a similar orientation. An X-ray diffraction study demonstrated that the
trimethoxyphenyl (TMP) groups of both DAMA-colchicine and podophyllotoxin are located
in the B-tubulin structure in the vicinity of the amino acid residue Cysp241 (note: In some
publications (36) this residue is numbered as Cysp239). The width of the colchicine binding
site is approximately 4-5 A, and the volume of this site is confined in B-tubulin by helix 7
(H7) containing Cysp241, loop 7 (T7) and helix 8 (H8).

In recent years, several molecules structurally distinct from colchicine have been
crystallized in the colchicine binding site. These X-ray structures show a new and interesting
binding mode of tubulin in complex with CBSlIs (Table I). ABT-751 (E7010, 14) interacts
with the colchicine binding site (37). The methoxy and pyridine groups of ABT-751
superimpose with the colchicine C and A rings, respectively; the sulfonamide bridge
overlaps with the B ring. ABT-751 interacts with p—strand S6 v7a a hydrogen bond between
Tyrp202 and the phenolic group. ABT-751 is more deeply buried than colchicine in p-
tubulin pocket and does not interact with the a-subunit. TN16 (26, Fig. 3) (37) competes
with colchicine for tubulin binding. It is even more deeply buried in the  monomer than
ABT-751. The tubulin residues involved in binding belong to B strands S4, S5, and S6 (van
der Waals contact with Thrp239, Valp238, Tyrp202, Glup200, and Phef169). T138067 (15,
Fig. 3) is a bi-aryl molecule sharing with ABT-751 a sulfonamide linker. T138067-tubulin
complex showed a dual binding mode with a covalent component (37). T138067 occupies a
site largely overlapping with that of colchicine while another mode is covalently linked to
Cysp241. In the latter case, only pentafluorophenyl ring A bound covalently to residue
Cysp241 of B-tubulin. When T138067 is not covalently linked to the protein, it interacts
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primarily with strand S9 (Leup313- Argp320) and loop T7 (Alap250-Phep244), that border
the colchicine binding site on the a-tubulin side. CI-980 (23, Fig. 3) and NSC-613863 are
enantiomers, which are also buried deeply into p-tubulin than colchicine (38). They show no
interactions with the a subunit. The molecular partially overlapped with the A ring of
colchicine. Glup200 has a hydrogen bonding interaction with the amino group of the
pyridine. The carbamate substituent is embedded in a hydrophobic pocket though van der
Waals contacting with residues of Thrp239, Tyrp202, Asnp167, GInp136, and llep4.

In order to rationalize their key common interactions at the colchicines binding site, many
pharmacophore models have been reported. Gussio et al. (39) employed docking studies and
molecular dynamics simulations to construct binding models for a set of structurally diverse
CBSis, using the a, B-tubulin: DAMA-colchicine X-ray structure as the template.
Examination of the binding models of a set of structurally diverse CBSls revealed common
pharmacophore groups for the CBSIs and extended the understanding of interactions at the
colchicine binding site. According to the report, the common pharmacophore of ligands of
the colchicine binding site contains the following seven pharmacophoric points (Fig. 4):
three hydrogen bond acceptors (Al, A2, and A3), one hydrogen bond donor (D1), two
hydrophobic centers (H1 and H2), and one planar group (R1). Hydrogen bond acceptor Al
is in contact with Vala 179, A2 is in contact with Cysp239, and A3 establishes one contact
mainly with AlaB248, Aspp249, and Leup250. Hydrogen bond donor D1 interacts with
Thra177. Drug activity requires one hydrogen bond acceptor, two hydrophobic centers, and
a planar group.

The above docking results provide explanations for many known and new CBSlIs on their
structure-binding interactions for the colchicine binding site. The fact that none of the
known structures of CBSIs contains all seven pharmacophore groups suggests that the
binding affinity of each chemotype can be improved by appropriate chemical modifications.
The binding models and pharmacophore may provide useful insights for rational structure-
based drug design.

The accuracy of computer models reported are growing, especially when relatively rapid
calculations such as molecular docking and pharmacophore queries are connected with more
advanced methodologies such as molecular dynamics. But there are still many challenges for
researchers in this research field. The fact that all the available crystal structures of tubulin
in complex with a CBSI have low resolution (3.5~4.0 A) should not be overlooked (Table I).
This can explain the poor performance of the scoring system and provide justification for
why molecular dynamics is necessary to improve accuracy of model. Another point to keep
in mind is that the various isoforms of tubulin and their specific roles. The tubulin
superfamily includes a-, B-, y-, 6-, e-, C-, and m-tubulin (40). Different isotypes for both a
and B subunits are present in human cells. p-tubulin represents the main binding domain for
CBSI and includes at least eight isotypes that are expressed in different human tissue/organs.
The discovery of novel CBSiIs that target specific isoforms selectively could have a
remarkable impact and molecular modeling could prove to be a very helpful tool in this
research area.

REPORTED CBSI IN PRECLINICAL STUDIES

Along with the rapid development of colchicine binding site inhibitors in the last decade,
especially with the elucidations of several tubulin colchicine pocket-ligand binding crystal
structures, more structures of CBSlIs were reported and many of them showed excellent
potency and drug-like properties for their preclinical applications. We now summarize
several classes of CBSIs with diverse chemical structures.
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Combretastatin A-4 and its Analogs

Combretastatin A-4 was shown to exhibit potent antiangiogenic and antitumor activities.
However, poor solubility of the drug impinged its clinical development and required the
preparation of more soluble derivatives such as CA-4P phosphate sodium salt (3P, Fig. 3)
and the amino acid hydrochloride salt (5). In addition, the activity of CA-4 is hampered by a
short biological half-life (41,42) and isomerization of the active c/s-olefinic conformation
into the corresponding inactive frans-analogs under the influence of heat, light, and protic
media (43,44). It could therefore be hypothesized that analogs that retain the potency and
efficacy of CA-4, but that have a different pharmacokinetic profile might be useful. To
overcome these problems, new analogs of CA-4 have been synthesized and developed in the
recent years.

The Ethenyl Bridge of the Stilbene Moiety (Fig. 5)—The olefinic bridge of CA-4
represents a weak point for metabolic stability. Sulfonate analogs of CA-4 have been
prepared by Gwaltney et al. (45) (7.e., 27). Compound 27 competitively binds with
colchicine and CA-4 for the colchicine binding site in tubulin and is potent inhibitor of
tubulin polymerization and cell proliferation. Importantly, this compound also inhibits the
proliferation of Pgp over-expressing cancer cells, which are resistant to many other
antitumor agents. Recently, Fortin et al. also reported that sulfonate and sulfonamide
moieties are bioisosteres of ethenyl bridge (PIB-SO: 28, PIB-SA: 29) (46,47). Quantitative
structure-activity relationships (QSAR) of 28 and 29 derivatives were established using
comparative molecular similarity indices and comparative molecular field analyses
(CoMSIA and CoMFA). Chick chorioallantoic membrane tumor assays show that active
PIB-SO and PIB-SA analogs efficiently block angiogenesis and tumor growth at similar
levels as CA-4 and exhibit low toxicity on the chick embryos. Interestingly, the SAR studies
of PIB-SO suggest that the phenylimidazolidin-2-one moiety was utilized to mimic the TMP
(A ring) moiety in CA-4, which is commonly found in the design of potent antimicrotubule
agents and described as a key structural element for the binding of antimitotics to the
colchicine binding site. Also, the other report from Simoni ef a/. (48) demonstrated that
benzo[ b]thiophene (30, 31) or benzofuran (32) could replace TMP in CA-4 structure and
keep antiproliferative and inhibition of tubulin polymerization activity. Compounds 30 and
31 have a binding affinity to colchicine site five times stronger than CA-4.

A number of heterocyclic ring bridging CA-4 analogs have been prepared to restrict the c/s-
configuration and provide optimal conformational geometry for interaction with the
colchicine binding site. Introducing the heterocycles in place of the double bond can prevent
the isomerization of the double bond from ¢/s-to trans-, and may improve the drug-like
properties. In 1998, Ohsumi er a/. reported using five-membered heterocycle rings such as
pyrazole, tetrazole, and thiazole as c/s-restricted bridges in combretastatin analogs which
showed potent antitubulin activity and cytotoxicity (49). Inspired by this strategy, more
CA-4 analogs were prepared and their activity was evaluated. Since 2000, imidazole (33-35)
(50), pyrazole (36) (50), 1,3-oxazole (37) (50), 2(5H)-furanone (38) (51), cyclopentenone
(39, 40) (52), oxazolone (41, 42) (53), 4-arylcoumarin (43) (54,55), furazan (44) (56),
triazoles (45) (57), 4,5-dihydroisoxazole (46) (58), 2,3-dihydrothiophene (47) (59),
azetidinone (48-52) (35,60), 2-aminothiazole (53-55) (61), and tetrazole (56-58) (62) have
been synthesized and appeared to elicit their tumor cytoxicity in a fashion similar to
combretastatin. Some compounds were found to be slightly more potent than combretastatin
itself (for example, 2-aminothiazole and tetrazole bridged compounds). Incorporation of an
N-methyl group into the bridging imidazole ring (35) improved PK profiles (larger oral
AUC, longer half-life, and higher bioavailability). It is also the first CA-4 analog showing
potent antitumor activity /n7 vivo orally (50). Another series of rigid analogs of CA-4, which
contain the 2-amino thiazole ring system in place of the ethylene bridge present in CA-4
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were reported recently (61). Compounds (53-55) with different A rings displayed
antiproliferative activity at picomolar concentrations against all tested cancer cell lines as
well as different drug resistant cell lines. Compound 53 was the most potent inhibitor of
tubulin polymerization and one of the most potent inhibitors of colchicine binding
(1C50=0.44 M for assembly, 88% inhibition of the binding of [?H]-colchicine). Compound
54 induced apoptosis and this was partially dependent on caspase activation. In 2012, a new
series of tetrazole analogs with 3, 5-dihalophenyl rings (57, 58) (62) were reported and that
it appearts that a dihalogen substitution can consistently increase potency by up to 5-fold
when compared to the TMP ring compound 56 on HUVECs and a range of cancer cells.
Similar studies show that a halogen substituted phenyl A ring could replace TMP and gave a
new vision for further modifying CA-4 (3) aryl moiety (/.¢. single halogen substituted
compounds 59 and 60 are more active on CA-4 resistant HT-29 cells at picomolar range
inhibition) (63). Tron et al. (64) synthesized rigid analogs of CA-4 (61-64) in two steps
exploiting a regioselective Suzuki coupling. Compound 63 displayed low nanomolar
cytotoxicity (IC50=9.4 nM) and proved to have no c¢/s-trans isomerization and a slower
phase Il glucuronidation compared to CA-4.

In contrast, some c/s-restricted bridging CA-4 analogs were observed with reduced activity
(Fig. 6). Three-membered cyclopropyl ring (65) (65) and anti-epoxide (66) (66) retained a
certain antiproliferative activity. Substituted five membered rings such as 3-aminopyrazole
(67) (67), 1,2,3-triazole (68) (68), imidazol-2-one (69) (69) showed decreased activity. Six-
membered pyridine (70) (58), cyclohexenone (71) (70), 1,2,3,4-tetrahydro-2-
thioxopyrimidine (72) (71) were also used to replace the olefinic moiety. A 3,5-pyrazoline
(73) (72) analog was also prepared, but it showed reduced cytotoxicity.

Overall, it can be concluded that certain five-membered ring systems seem to be the best
option for chemical modifications of CA-4 analogs. It is difficult to say if the decrease in
activity, observed in some cases, is due to steric interactions or an incorrect orientation of
the two phenyl rings in the binding site. In some cases, the two phenyl rings should have 1,
2-substituents to maximize the potency; while 1, 3- relationships (73) give a strong
reduction in potency. Moreover, the presence of an aromatic character does not seem to be
necessary (27-29, 46-52 and 64). An interesting investigation to rigidify the c¢/s-
conformation of CA-4 is to synthesize a para-cyclophane derivative. Although the idea of a
macrocyclic analog of CA-4 is quite attractive, the resulting compounds (e.g., 74, 75) did
not lead to biological activity on tubulin, precluding their anticancer applications (73).

Indole, Quinolone and Thiophene-Based CBSls

Many natural products such as alkaloids contain indole group showed a variety of biological
activities. The indole ring is a structural component of a large amount of antimitotic
compounds. A series of microtubule inhibitors and anti-cancer drugs bearing indole nucleus
are reviewed with their enhanced cytotoxic activity.

Arylthioindole (ATI, 76-81, Fig. 7) analogs, which possess a 3-(3,4,5-trimethoxyphenyl)thio
moiety at the 2-position of the indole ring were effective tubulin assembly inhibitors (74,75).
Sulfur bridging linker ATI along with the corresponding methylene (77) and ketone (78)
compounds were potent tubulin assembly inhibitors reported by Silvestri et al. (76). Sulfur
derivatives were superior or equivalent to the ketones for growth inhibition of MCF-7 breast
cancer cells, while the methylene derivatives were substantially less effective. These
compounds inhibited the growth of MCF-7, HEK, M14, and U937 cells with ICsq values in
the 13-220 nM range. All three linked (S 76, CH, 77, CO 78) analogs bearing either 5-Br or
5-OMe and a 2-COOMe of the indole were found to be potent inhibitors in both tubulin
polymerization and MCF-7 cell growth assays, with potencies comparable to that of CA-4.
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Further investigation of new ATIs by replacing the 2-ester in 76 with 5-membered
heterocyclic rings (79-81) improved their biological profile. New ATI agents were active in
the Pgp-overexpressing and human transformed cell lines with improved solubility. They
triggered caspase-3 activation and induced p53-independent apoptosis, differently from the
classical apoptotic response induced by DNA damage that requires functional p53. The
sulfur bridging ATI 79 showed satisfactory metabolic stability and PK properties (77).
Molecular modeling simulation from the most active to the least active analogs in ATI series
confirmed the importance of TMP by its interaction with Cysp241. The key role of H-bond
between the indole nitrogen atom and Thra 179 amide group was also confirmed by
molecular dynamics simulation (77).

2-Aroylindoles with 5-methoxy-1H-2-indolyl-phenylmethanone (D-64131, 82) were
discovered as tubulin inhibitors by high throughput screening from synthetic 2-aroylindole
derivatives (78). D-64131 arrests tumor cells in G2/M phase, interferes with the colchicine
binding site of tubulin, but does not affect p-tubulin GTPase activity. It is also cytotoxic
toward MDR/MREP resistant cell lines, depicts antiangiogenic activity and shows oral
bioavailability with marked /n vivo antitumor activity in the human MEXF 989 melanoma
xenograft model.

BPROLO75 (83) is a 3-indolyl-phenylmethanone with antimitotic activity in human cancer
cells. It exerts potent antitumor and antimitotic activities through the inhibition of tubulin
polymerization by binding to tubulin at the colchicine binding site. BPROL075 showed in
vitro anticancer activity against a variety of human tumor cell lines including glioblastoma,
breast, gastric, leukemia, liver, and colorectal cancer cells. Furthermore, phosphorylated
Bcl-2, perturbed mitochondrial membrane potential, and activation of the caspase-3 cascade
may be involved in BPROL0O75-induced apoptosis. Notably, BPROL075 can overcome
Pgp170/MDR and MRP mediated multidrug-resistant to vincristine, paclitaxel, and
colchicine. Moreover, BPROL075 shows potent activity against the growth of xenograft
tumors at /.v. doses of 50 mg/kg in nude mice (79).

N-Heterocyclic indolyl glyoxylamide BPROC261 (84) is an analog of indibulin (17) and
possesses /n vitro/in vivo anticancer activities (80,81). BPROC261 destabilizes microtubules
and blocks cell cycle transition specifically at G2/M phase. Moreover, apoptosis induction in
the cancer cells is another underlying mechanism for the anticancer effects of BPROC261.
Colchicine binding assay indicated BPROC261 at both 5 and 20 M competitively binds to
tubulin and strongly interferes with the colchicine binding to tubulin (80). In addition,
BPROC261 concentration-dependently inhibited the proliferation and migration of HUVECs
with an 1Cgq value of 1.6 nM and disrupted the endothelial capillary-like 2D tube formations
of HUVEC. Given orally, BPROC261 suppressed angiogenesis in a mouse model. It was
found orally absorbable in mice and showed a good oral bioavailability (F/=43%) in dogs.
Moreover, the combination of BPROC261 plus cisplatin synergistically prolonged the
lifespans of mice inoculated with murine leukemia cells.

1-Aroylindole, 1-aroylindoline, 1-aroyl-1,2,3,4-tetrahydroquinoline, and 2-, 3-, 4-, 5-, 6-, 7-,
8-aroylquinolines were synthesized and evaluated for anticancer activity as CA-4 derivatives
(82,83). Among these substituents, 1-aroylindoles with C4-amino (85) and C4-hydroxy (86)
substituents exhibited antitubulin activity superior or comparable to that of colchicine and
CA-4 with ICgq values of 0.9 and 0.6 LM, respectively. They also showed antiproliferative
activity with an ICsq range of 0.3-5.4 nM in a set of human cancer cell lines. In an
aroylquinoline series, only 2- and 6-aroylquinoline showed potency against five cancer cell
lines. 5-Amino-6-methoxy-2-aroylquinoline 87 has the most potent antiproliferative activity
(IC5p=0.2 to 0.4 nM) against various human cancer cell lines including a MDR-resistant
cancer cell line KB-vin10. Compound 87 exhibited more potent inhibition of tubulin
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polymerization (IC5p=1.6 M) than CA-4 (ICso= 2.1 uM) and showed strong binding
property to the colchicine binding site on microtubules. A continued modification of the
linkers (-O-, -NH-, -S-, -SO5-, and direct bond) between TMP and 5-amino-6-
methoxyquinoline identified active oxygen and sulfur atom linked analogs (88-90) (84).
Although less active than parent compound 87, the most potent compounds, sulfide 89 and
sulfone 90, still showed low nanomolar inhibition against cancer growth and revealed that
the linkage has a capacity for various bridging groups. Moreover, Compound 87
demonstrated the ability to overcome the efflux protein (MDR/Pgp or MRP) mediated drug-
resistance in human cancer cell lines (KB-Vin 10, KB-S15, and KB-7D) with ICgq values
ranging from 2.4 to 2.8 nM.

Florent’s group explored the possibility of replacing the usual TMP ring present in a large
majority of CA-4 analogs with a trimethoxyindole ring (91) to obtain substituted 2-
aroylindoles through a palladium-catalyzed domino reaction (85). Compound 91 only
displayed fair activity (IC5p= 4 wM). However, Liou et al. (86,87) successfully identified
potent 1-benzyl-4, 5, 6-trimethoxyindole (92 and 93, mean 1C59=26 and 27 nM,
respectively), 1-indolylindole (94) and 1-quinolinylindole (95) as a new class of colchicine
binding site microtubule destabilizing agents. 4, 6- or 5, 6-Dimethoxyindole analogs showed
dramatically reduced bio-activity indicating that the trimethoxyindole moiety in the 1-
benzylindoles series is critical for activity. Compounds 94 and 95 exhibited anti-
proliferative activity with ICsq values ranging from 11 to 49 nM in a diverse set of human
cancer cell lines, including MDR1-expressing cervical carcinoma cell line KB-VIN10.
These two compounds also demonstrated potent tubulin polymerization inhibitory activity
with 1Cgq values of 1.7 and 2.7 uM, respectively. Molecular modeling and docking studies
showed A-ring of 94 and CA-4 are located in a similar area and have hydrophaobic
interactions with Cys241, Leu248, Ala250 and Leu255. The Brings of both compounds also
occupied the same pocket and have hydrophobic interactions with Asn258, Met259, Lys352
and Val181.

Hu et al. (88) discovered 2-(2-amino-5-(1-ethyl- 7AH-indol-5-yl)pyrimidin-4-yl)phenol (97)
from 2-(2-amino-5-(4-(ethyl (methyl)amino)phenyl)pyrimidin-4-yl)phenol (96, ICsq range
from 90 to 550 nM) by forming a 5-indolyl substitution v7a cyclization of A-methyl to
phenyl ring. Compound 97 displays activity as an inhibitor of tubulin polymerization (ICgq
=0.79 pM, 3.39 fold more active than colchicine 1C5,=2.68 tM), and it possesses the ability
to arrest cells at the G2/M phase of the cell cycle and antiproliferative activities against
several tumor cell lines with 1Csq values ranging from 16 to 62 nM.

El-Nakkady et al. (89) reported introduction of hydrazides at the 3 position of 2-
phenylindole. The most potent compound 98 exhibited an 1Csq value of 1.6 nM, being more
active than vincristine (IC5p=2.0 nM). Structures of compound 98 docked in the colchicine
binding site of tubulin showed a hydrogen bond between the indole NH and Asna101 in the
colchicine binding site of tubulin, suggesting that these phenolic indoles might act through
inhibition of tubulin.

T115 (99) is a recently reported N-substituted 1, 2, 4-triazole based colchicine binding site
tubulin inhibitor. It has potent and selective inhibitory effects against several cancer cell
lines and their corresponding drug resistance cells. T115 is devoid of the instability issue of
stilbene-like CA-4 analogs by introducing the triazole ring system as a bridge to retain the
cis-configuration which is the biologically active form. Acute toxicity studies showed T115
was well-tolerated /n vivo with a maximum tolerated dose of 400 mg/kg and showed no
cytotoxicity against normal fibroblasts cell lines. T115 significantly inhibited tumor growth
(7#.p.) in mouse xenograft HT-29 and PC-3 models (90).
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Compound 100 was originally designed by Kelly’s group (91) for a nuclear hormone
receptor program but it exhibited potent inhibition of mitosis at the G2/M stage and proved
to be a colchicine binding site tubulin polymerization inhibitor. The 4-indolyl group at the 1-
position of phenyl was found to be critical for potency. Compounds with NH/C=0 linkers or
without the linker at the 3-position all showed good activities against multiple cell lines (as
low as 0.01 wM). Replacement of the phenolic hydroxyl group in 100, which suffered from
rapid glucuronidation, with a sulfonylamide gave a potent compound LP-261 (101) with
significantly improved oral bioavailability in rat PK studies (F=24% vs. 80%).

NSC 664171 (102) is a quinolinone derivative that has demonstrated strong cytotoxic effects
with Glgq values in the nanomolar or subnanomolar range in many different tumor cell lines
such as lung, ovary, prostate, breast cancers. It is also a potent inhibitor of tubulin
polymerization with activity comparable to those of the other well-known antimitotic natural
products such as colchicine, podophyllotoxin, and CA-4 (92).

CHM-1 (103) was discovered via SAR studies of a series of 2-phenyl-4-quinolones as a new
class of antimitotic antitumor agents. It showed potent cytotoxicity with an average log Glgg
value of —6.47 (log of the concentration that reduced cell growth by 50%) in the National
Cancer Institute (NCI)’s 60 human tumor cell line (93). This compound was also a potent
inhibitor of tubulin polymerization with an 1Csq value of 0.85 M. Most importantly, it
demonstrated good /n vivo activity against the OVCAR-3 ovarian cell line, prolonging the
life span of mice bearing the tumor by 130%.

S9 (104) (94), a hybrid molecule of a-methylene-y-lactones and 2-phenyl indoles derived
from PI3K inhibitor wortmannin, is a multi-inhibitor simultaneously targeting both PI3K-
Akt-mTOR pathway and the microtubule cytoskeleton. S9 down-regulated phosphorylation
of Akt, mTOR, p70S6K and 4EBP1 through stimulation of EGF in Rh30 cells. It inhibited
the polymerization of tubulin by binding to the colchicine binding site and cause M phase
arrest. Dual mechanism of PI13k-Akt-mTOR signaling and tubulin inhibiting contributes to
cytotoxicity observed /n vitro against a panel of tumor cells including MDR tumor cells and
in vivo antitumor activity in human tumor xenografted mice models.

A series of thiophene derivatives (105, 106) have been synthesized and were found to be
potent inhibitors of tubulin polymerization (61,95). Compounds 105 and 106 inhibit cancer
cell growth at subnanomolar concentrations and interact strongly with tubulin by binding to
the colchicine site. Flow cytometry of these compounds had cellular effects typical of agents
that bind to tubulin, causing accumulation of cells in the G2/M phase of the cell cycle and a
substantial increase in the number of apoptotic cells.

Dodd’s group reported a series of fused indole ring compounds (107-109) (96,97), which
contain a seven-member amide ring. It showed similar effect with colchicine in potency and
inhibiting tubulin polymerization, by the interruption of cancer cell growth at the G2/M
stage. The ability of these compounds to promote apoptosis in the cancer cells studied was
also clearly demonstrated. Compound 108 was more effective than colchicine in causing
tumor volume regression after 7 days of treatment in a chick chorioallantoic membrane
model of transplanted human glioma (U87) tumor growth. The research group also
synthesized rigid analogs of these compounds by fusing another five-member ring between
the phenyl and seven member ring, but this led to a loss of activity (97).

Chalcone Compounds

Antitubulin activity was found in chalcone compounds which bears an aromatic ketone and
an enone as the central core. Chalcones are precursors of flavonoids and scaffolds for a
variety of important biological compounds. They are abundant in edible plants and display
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biological activities, including anti-cancer, anti-inflammatory, anti-tubercular, and anti-
fungal, efc. Their biological properties are largely due to the a, B-unsaturated ketone moiety.
Modifications on the two aromatic rings remains an area of pharmacological interest in the
screening of active chalcones, such as MDL-27048 (110, Fig. 8) and JAI-51 (111) (98). The
effects of MDL-27048 on microtubules are similar to those of colchicine or combretastatin
analogs. It represents a new type of antitubulin agent, which could prove to be valuable as
an experimental inhibitor in the study of microtubules and microtubule-mediated functions.

A series of aryl- and aroyl-substituted chalcone analogs of the tubulin binding agent CA-4
(3) were prepared by Flynn’s group (99). All compounds were assessed as inhibitors of
tubulin polymerization, but only E-31 (112) had activity similar to that of CA-4 (2.5 vs. 2.0
pwM). However, compound E-31 did not exhibit antiproliferative activity against the MCF-7
cell line.

Zhu’s group recently reported a series of novel antitubulin polymerization inhibitors
containing the chalcone skeleton and a sulfonamide moiety (113) (100) or containing the
resveratrol skeleton and chalcone moiety (114) (101). Compound 113 showed the most
potent inhibitory activity with an 1C5q value of 0.8 pg/mL and antitubulin polymerization
activity with an 1Csq of 2.4 pg/mL in the cinnamic acyl sulfonamide derivatives. Among the
resveratrol derivatives, compound 114 showed the most potent inhibitory activity. It
inhibited the growth of a number of cancer cell lines with 1Cgq values ranging from 0.1 to
1.4 pg/mL. It also inhibited the polymerization of tubulin with an 1Csq of 2.6 pg/mL.
Computational docking analysis of the binding conformation of compound 113 and 114 in
the colchicine binding site demonstrated that interactions with the protein residues in tubulin
led to the antiproliferative activity.

A series of dihalogenated chalcones and structurally related dienones have been synthesized
and showed fair cytotoxic activities (ICgq in low micromolar range) toward individual
cancer cell lines. Most of this series of compounds are tubulin polymerization inhibitors.
However, one dienone derivative (115) was found unexpectedly to stabilize tubulin similar
to docetaxel. This is the first reported chalcone derivative with microtubule-stabilizing
activity.

Sulfonanilides Compounds

The sulfonamides have been in clinical use for yearsdue to their biological activities such as
antibacterial, antidiabetic, antithyroid, antihypertensive, or antiviral activities. Recently,
many structurally novel sulfonamide derivatives have shown substantial antitumor activity.
Several CBSls containing the sulfonamide group were used in clinical studies such as
ABT-751 (14, Fig. 3) and T138067 (15). Sulfonamide analog ELR510444 (116, Fig. 9)
(102) has potent microtubule disrupting activity via direct interaction with tubulin at the
colchicine binding site. ELR510444 potently inhibited cell proliferation with an ICsg value
of 9.0 nM in MDA-MB-435 cells and did not serve as a substrate for the Pgp drug
transporter and it retains activity in class 111 Btubulin overexpressing cell lines, suggesting
that it circumvents both clinically relevant mechanisms of drug resistance to this class of
agents. ELR510444 also shows efficacy in the MDA-MB-231 xenograft model with at least
a 2-fold therapeutic window. Studies in tumor endothelial cells show that ELR510444 has
potential antivascular effects. ELR510444 also leads to caspase-3/7 activation and
subsequent apoptosis with cellular ECgq values of 50-100 nM. The compound induces an
initial cellular arrest in G2/M and a significant tubulin depolymerizing effect, followed by
an increase in a sub-G1 (apoptotic) population after 24 h.

J30 (117) is an orally active sulfonamide CBSI discovered by Liou’s group (103,104) and
shows strong antiproliferative activity with I1Csq values ranging from 8.6 to 11.1 nM against
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human tumor cell lines, as well as the ability to overcome drug resistance. J30
depolymerizes microtubules in the KB cell line, resulting in an accumulation of G2/M phase
cells. Further studies indicate that J30 causes cell cycle arrest, as assessed by flow analyses
and the appearance of MPM-2 (a specific mitotic marker), and is associated with up-
regulation of cyclin B1, phosphorylation of Cdc25C, and dephosphorylation of Cdc2. J30
also causes Bcl-2 phosphorylation, cytochrome C translocation, and activation of the
caspase-9 and caspase-3 cascades, suggesting it mediated apoptotic signaling pathway that
depends on caspases and mitochondria. J30 given orally inhibits tumor growth in NOD/scid
mice bearing human oral, gastric, and drug-resistant tumor xenografts.

2-Methoxyestradiol and its Derivatives

2-Methoxyestradiol (2-ME, 12, Fig. 3) is the main metabolite of the hormone p—estradiol
and is a weak competitive inhibitor of colchicine binding to tubulin. 2-ME and its analog
ENMD-1198 (13, Fig. 3) are under clinical studies as promising anticancer agents with dual
activity against cancer cell proliferation and angiogenesis (17,19). Cushman and colleagues
have focused on changing substituents at the 2- and 6-positions (105) of 2-methoxyestradiol
to increase cytotoxicity and tubulin polymerization inhibition, and their efforts have
produced 2-ethoxyestradiol (118, Fig. 10), which was 17-fold more cytotoxic than 2-ME in
the whole panel of tumor cell lines in MGM value (Mean graph midpoint for growth
inhibition of all human cancer cell lines tested, 76 nM vs. 1.3 wM). Furthermore, molecules
carrying an NOH moiety in the 6-position with either CH3CH,0 or CF3CH0 in the 2-
position (119) were also superior to 2-ME in all three parameters (MGM=79 and 66 nM). A
2-ethoxyestradiol derivative with an additional ketone moiety in position 6 (120) was still
highly potent (MGM=130 nM). Later modifications at the 2-position by the same research
group resulted in some other potent compounds, although not superior to 2-ME, such as 2-
(E-3’-hydroxy-1’-propenyl) estradiol (121, MGM=1.1 uM) and 2-(1"-propynyl) estradiol
(122, MGM=1.7 M) (106). Additionally, the 17-position contributes significantly to the
anticancer activity and pharmacokinetic profile of 2-ME. Oxidation of the 17-OH of
estradiol to estrone is one of the main routes for metabolic deactivation and steroid
clearance. 2-Ethoxy-17-methylene analog of 2-ME (123, MGM=0.79 M) showed greater
tubulin polymerization inhibition and cytotoxicity than 2-ME and contained moieties that
are expected to inhibit deactivating metabolic processes (107). Agoston and colleagues
investigated whether substituents at the neighboring 16-position may inhibit this process
(108). Larger substituents tended to result in lower cytotoxicity, but a few 16-position
modified compounds including 124 were comparable to 2-ME in assays with HUVEC and
MDA-MD-231 cells. However, all these agents did not address the major problem of low
oral bioavailability. If sulfamate is introduced on the hydroxyl groups of the 3 and 17
positions (125 and 126), (109,110) the sulfamoylated compounds retained the ability to bind
to the colchicine site of tubulin, conferred superior biological activity and demonstrated
resistance to metabolism with a high bioavailability (85%). Most importantly, superior
biological activity /n vivowas found after oral application of bis-sulfamate (125) compared
to 2-ME at a daily dose of 20 mg/kg in mouse xenograft models of MDA-MB-435 and
MCF-7 cancer cells. Similar results were obtained in the MCF-7 model for a 17-
cyanomethyl analog (126). Given orally, 125 and 126 were also superior to 2-ME in an
assay testing the inhibition of blood vessel growth, and demonstrated a superior ability to
inhibit neovascularization. These agents work as inhibitors of tubulin polymerization and
inhibit the binding of radiolabeled colchicine to tubulin. The potential hydrogen bonding of
the terminal NH group of the sulfamate is not essential based on SAR studies of this series
of compounds. As illustrated by compounds 127 and 128 (111), when the NH,, is replaced
by a CH3 along with a 2-ethyl substituents, A 4-11 fold enhancement of anti-proliferative
activity was observed.
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Analogs of Natural Products

Natural products are excellent sources for drug discovery and development. A large amount
of anticancer drugs are either natural products or derivatives from natural sources including
plants, animals and microorganisms. Colchicinoids and combretastatins are isolated from
plants and are well-studied tubulin binding agents. Structure modification of natural
products which bind to the colchicine site are continually being performed and have
successfully generated plenty of synthesized derivatives.

Desmosdumotins and Analogs—Desmosdumotins AC (129-131, Fig. 11) are isolated
from the root bark of Desmos dumosus. These natural flavonoid and chalcone scaffolds
represent promising new lead structures for further new analog development as potential
antitumor agents. Lee’s group synthesized derivatives of desmosdumotin B and C with
improved anticancer activity and selectivity against Pgp overexpressing multidrug resistant
cell lines (112). Triethyl analogs with 4’ -alkyl desmosdumotin B (130) derivatives 132 and
133 showed significant selectivity with EDsgq values of 0.03 and 0.025 pg/mL, respectively,
against KB-VIN cells (MDR) with ratios of >460- and 320-fold compared with that of KB
(non-MDR) cells (113). Further modifications on B-ring systems with bicyclic or tricyclic
aromatic rings identified derivative 134 with a benzo[#]thiophenyl B-ring, which was highly
active with Glsg values of 0.06-0.16 .M over a panel of cancer cell lines including Pgp
expressed MDR cells. Furthermore, 134 inhibited tubulin assembly /n vitro with an ICs
value of 2.0 uM and colchicine binding by 78% as well as cellular microtubule
polymerization and spindle formation, which confirmed they are a new class of CBSIs
(114). Modifications of desmosdumotin C (131) led to 3,5,5-tripropyl-4’-bromo analog 135,
which possessed the most potent activity against A549, HCT-8, 1A9, PC-3, KB and KB-
VIN cells with EDsq values of 0.87-2.25 pg/mL (1.8-2.6 uM). A MeO- or PrO- group at
C-4 was generally preferred over other alkyl ether groups. Oligonucleotide microarray
studies showed that 135 may modulate spindle assembly checkpoint and chromosome
separation and arrest cells mainly in the G2/M phase (112,115).

Centaureidin (136, Fig. 11) is an O-methylated flavonol isolated from plants like fanacetum
microphyllum, brickellia veronicaefolia, bidens pilosa and polymnia fruticosa. Centaureidin
inhibits tubulin polymerization and competes with the binding of [?H]-colchicine to tubulin.
It can induce mitotic figure formation in whole cells at cytotoxic concentrations.
Centaureidin is the first known example of a flavone with anti-mitotic activity (116).

Noscapine (137, Fig. 11), an anti-cough opium alkaloid, binds to tubulin, alters its
conformation, affects microtubule assembly, and causes apoptosis in many cell types. Oral
administration of noscapine has potent antitumor activity against solid murine lymphoid
tumors and human breast and bladder tumors implanted in nude mice. Amino-noscapine was
designed and chemically synthesized following the guidance of a linear interaction energy
(LIE) method with a surface generalized Born (SGB) continuum solvation model. The
amino noscapine derivative 138 has higher tubulin binding activity with the binding pocket
of tubulin involved in three hydrogen bonds and they are distinct compared to noscapine
which involved only one hydrogen bond. The LIE-SGB model constitutes the first evidence
that this class of compounds binds to the colchicine binding site. Amino noscapine has
overall much stronger anti-tumor activity than noscapine against the NCI-60 cancer cells
panel (117).

Polygamain (139, Fig. 11): Lignan polygamain was recently isolated as the microtubule-
active constituent from the crude extract of the Mountain torchwood, Amyris madrensis
(118). Polygamain has structural similarities to podophyllotoxin (8, Fig. 3) and has potent
inhibition against a wide panel of cancer cell lines (average ICgg is 52.7 nM). It inhibits the
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tubulin assembly and interacts within the colchicine binding site. Molecular modeling
suggests that the benzodioxole group of polygamain occupies the same pocket as the TMP
group of podophyllotoxin, but has distinct interactions within the hydrophobic pocket.
Polygamain circumvents two common mechanisms of drug resistance for microtubule
targeting agents, the expression of Pgp pump and the class 1l isotype of tubulin.

Diketopiperazine—Cyclopeptides are known to exhibit biological activities ranging from
cell-cycle inhibition to specific enzyme-activity modulation. The smallest cyclopeptides
studied for their potential therapeutic effects are diketopiperazines. Tryprostatin A and B
(140 and 141, Fig. 11), diketopiperazines isolated from the fermentation broth of Aspergillus
fumigatus by Osada and co-workers in 1995, hold great anti-cancer promise (119).
Tryprostatin A reverses resistance against mitoxantrone in various breast cancer resistance
protein-expressing human cancer cells accompanied by a selective inhibition of the ATP-
dependent drug transport activity of breast cancer resistance protein (120). Phenylahistin
(NPI1-2350, 142), a metabolite isolated from Aspergillus ustus, is another fungal
isoprenylated diketopiperazine, composed of the phenylalanine and dehydrohistidine. The
fungus produces phenylahistin as a racemic mixture, but only the (-)-enantiomer proved to
be cytotoxic (121). Interestingly, (Z)-dehydrophenylahistin (143), in which chirality is lost
by dehydrogenation of the phenylalanine moiety, has also been reported as an antimitotic
agent being 1,000 times more active than (-)-phenylahistin toward the first cleavage of sea
urchin embryo (122). 143 also showed significant activity against human cancer cells lines,
with ICsq values in the nanomolar range. The isoprenyl group attached to the imidazole ring
was also indicated to be important for activity. A series of analogs of dehydrophenylahistin
was synthesized, resulting in the identification of plinabulin (NP1-2358, 144). Plinabulin is
a tert-butyl analog of phenylahistin with a colchicine-like tubulin depolymerization activity
and a potent microtubule-targeting diketopiperazine derivative with 1Csq values in the low
nanomolar range. Compound 144 is equally active against MDR tumor cell lines and is now
under phase 11 clinical trials as a vascular disrupting anti-cancer drug. To develop more
potent anti-microtubule and cytotoxic derivatives based on the dehydrophenylahistin
skeleton, Hayashi’s group performed further SAR study on the fertbutyl and the phenyl
groups of 144, and evaluated their cytotoxic and tubulin-binding activities (123).
Compounds 145 with a 2, 5-difluorophenyl and 146 with a benzophenone in place of the
phenyl group had both vascular disrupting and cytotoxic activities (5- and 10-times more
potent than that of CA-4, respectively). Compounds 145 and 146 exhibited a lowest
effective concentration of 2 nM and 1 nM for microtubule depolymerization, respectively.

Curacin A—The marine natural product curacin A (11, Fig. 3) is a potent inhibitor of
cellmitosis, binding quickly at the colchicine binding site of tubulin. The lipid structure of
curacin A differs greatly from that of colchicine and other CBSIs. Analog studies of curacin
A were made to simplify the structure and increase water solubility and chemical stability.
However, minor changes in the lipid chain or fragments of curacin A can lead to inactive
derivatives: opening of the thiazoline ring and longer chains or acyl groups as oxygen
substituents on C13 are not tolerated. The C7-C10 diene segment of curacin A is sensitive to
modification. Replacement of cyclopropyl ring with a fert-butyl group (147-150, Fig. 11)
leads to a>2-fold decrease in activity. The oxazoline and oxazole analogs 147 and 148 lack
any appreciable biological efficacy (124). Compound 151, with an ethylenedioxy bridge at
C13 causing loss of chirality, is equivalent to curacin A in potency. Classic TMP group
introductions provide effective replacements for the labile cyclopropyl thiazoline moiety in
analog 152. Further introducing the oxime ether linker to replace the (2)-C3-C4 alkene
moiety lead to discovery of analog 153, which is found to be more potent than curacin A in
inhibiting the assembly of purified tubulin and shows more chemical stability in the
presence of plasma (125).
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Agents Covalently Binding to the Tubulin Colchicine Binding Site (Fig. 12)

Other CBSI:

While most of CBSlIs reversibly bind to the tubulin pocket, design and synthesis of
irreversible CBSIs has aroused interest since covalent bond formation could circumvent the
resistance caused by the mutations of tubulin residues and trigger microtubule disruption. A
subset of irreversible CBSIs was reported, which formed covalent bonds with tubulin amino
acid residues, generally cysteines. Alkylation of Cysp239 caused loss of tubulin’s ability to
polymerize. As previously mentioned aryl-pentafluorosulfonamaide T138067 (15, Fig. 3), as
well as its analog T113242 (154, Fig. 12) (126), covalently alkylate tubulin Cys239 and
induce microtubule depolymerization. Colchicinoids 2-chloroacetyl-2-
demethylthiocolchicine (2CTC, 155) and 3-chloroacetyl-3-demethylthiocolchicine (3CTC,
156) resemble colchicine in binding to tubulin and react covalently with p—tubulin, forming
adducts with Cysp239 and Cysp354 (127).

A screening program aimed at the discovery of new antimicrotubule agents yielded
RPR112378 (ottelione A, 157), a natural inhibitor of tubulin polymerization, first isolated
from the fresh water plant Ottelia alismoides. RPR112378 is an efficient inhibitor of tubulin
polymerization (ICsg =1.2 wM) and a highly cytotoxic compound with an 1Csq of 0.02 nM
against KB cell growth. The cytotoxicity of RPR112378 is probably caused by an addition
reaction of ethylenic bond with sulfhydryl of cysteine residues (128).

BCEU (158), a derivative of N-aryl-N’-2-chloroethylurea (CEU), was reported to react
exclusively with Cysp239. Further modification of CEU by introducing a branched ~-alky!l
chain (159, 160) led to enhanced cytotoxicity (including cell line with mutations in tubulin)
and rapid alkylation of p-tubulin in cells. It is speculated that the active site of the p-tubulin
is stereo selective and the R-isomer of the branched chloroethyl group allowed a sterically
favored orientation of the alkylating moiety, promoting the approach of the chlorine atom
toward the sulfhydryl of Cysp239 residue. However, subsequent work using mass
spectrometry has identified that the Glup198, which is adjacent to the colchicine binding site
behind the two potent nucleophilic residues, Cysp239 and Cysp354, has been shown to
covalently react with CEU (129,130). None of the cysteine residues of B-tubulin was linked
to the alkylating agent. This result is contrary to the previous hypothesis that the reacting
amino acids in tubulins would be mainly the cysteine residues.

Screened and Synthesized

Anthracenone—Antimitotic anthracenone-based molecules (161-168, Fig. 13) that inhibit
tubulin polymerization have been reported (131). The majority of these compounds possess
an unsaturated bond between the anthracenone and the terminal aromatic ring. The
modifications of the linker between the anthracenone and the terminal phenyl ring were
performed with the benzylidene C=C double bond (161, 162), chalcone (165), oxime (166)
and a C=N bond (167, 168). The active anthracenone analogs inhibit the growth of various
tumor cell lines in the G2/M phase with a cell cycle dependent manner by interacting with
tubulin at the colchicine binding site.

Chromene—4-Aryl-4 H-chromenes (169, Fig. 13) are identified as apoptosis-inducing
agents, possessing vascular disrupting activity through a cell-based apoptosis screening
assay (25,132). One chromene lead compound EPC2407 (crolibulin, 18, Fig. 3) has been
used in clinical trials. The 4-aryl-4H-chromenes inhibit tubulin polymerization and bind at
or close to the binding site of colchicine. The cells treated with these agents undergo a G2/M
arrest prior to caspase activation. They are also active in the multidrug resistant MES-SA/
DX5 tumor cells and are highly active as single agents (subnanomolar range potency) and in
combination with other anticancer agents such as cisplatin in several tumor xenograft
models. SAR studies of the 4-aryl group with 5-, 6-, 7-, 8-substituents and fused 7,8-
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chromene rings were carried out and led to the discovery of a 7-methyl-4H-pyrrolo[ 2, 3-
H]chromene analog with low nanomolar potency (Glsg=0.3 nM against T47D colon cancer
cells) (133).

The small-molecule fluorenone UA62784 (170, Fig. 13) was first reported by Henderson et
al. in 2009 (134) from a high throughput cytotoxicity screening that selectively targeted
DPC4-deleted pancreatic cancer cells. UA62784 shows cytotoxic in the nanomolar range,
causes G2/M arrest, induces apoptosis, and prevents the formation of a functional bipolar
spindle during mitosis by inhibiting the microtubule-associated ATPase activity of the
CENP-E kinesin-like protein, but it shows no effect on tubulin polymerization. Continued
research by Abrieu et al. (135) on this molecule revealed an alternative mechanism of
antitumor action that showed UA62784 interacts with tubulin at or near the colchicine
binding site, not via inhibiting ATPase activity of kinesin CENP-E. Immunofluorescence
and live cell imaging indicate that UA62784 perturbs the mitotic spindles. It also shows
additive effects with some known microtubule-depolymerizing drugs including vinca
alkaloids, colchicine, or nocodazole, but not paclitaxel.

JG-03-14 (171, Fig. 13) (136,137), a tetra-substituted brominated pyrrole, has been shown to
have broad cytotoxic and antiproliferative effects against cancer cells 7n vitro (1C5p=36-80
nM, including drug-resistant cell line) and /n vivo activity due to its ability to potently bind
at or near the colchicine binding site on tubulin. JG-03-14 can cause dose-dependent loss of
cellular microtubules and it can phosphorylate Bcl-2, arrest cells in the G2/M phase and it is
a poor substrate of Pgp (137). JG-03-14 has direct effects on endothelial cells that could be
indicative of therapeutically useful anti-vascular actions. Molecular modeling studies have
indicated that while the dimethoxyphenyl group of JG-03-14 occupies a space similar to that
of the TMP group of colchicine and interacts with Cysp241, the fefra-substituted pyrrole
group interacted with both a.- and p-tubulin in space not shared with colchicine. The side
chain ethoxy oxygen forms a bifurcated H-bond interaction with the NH, of Asna101. This
may suggest significant differences as compared to colchicine in the mechanism of binding
to tubulin.

MT119 (172, Fig. 13) is a planar-structured compound, which was optimized as a new CBSI
from a combinatorial library (138). MT119 inhibit tubulin polymerization significantly both
in tumor cells and in cell-free systems, which is followed by the disruption of mitotic
spindle assembly. It arrests different tumor cells at the G2/M phase, and inhibits the
proliferation of ten tested tumor cells with 1Csgs ranging from 0.06 uM to 0.53 pM. MT119
is also cytotoxic to cancer cells resistant to vincristine, adriamycin or mitoxantrone.

NSC 676693 (173, Fig. 13) is a novel antimitotic compound based on the
arylthienopyrrolizinone molecular skeleton. It has strong anticancer activity in human cancer
cells with 1Cgq in the nanomolar range and it interacts with tubulin in the micromolar range.
Based on the structure of NSC 676693, a series of it analogs have been synthesized and the
best compound shows 10-fold improvement of potency compared with NSC 676693 (139).

Indanocine (174, Fig. 13) is a synthetic indanone that was first identified by the NCI’s
Developmental Therapeutics Program as an antiproliferative agent. It is a tubulin inhibitor as
well as an apoptosis inducer in certain cancers. The activity of indanocine on multidrug-
resistant cancer cells indicates that indanocine could be a potential lead compound for the
development of chemotherapeutic strategies for drug-resistant cancers (140).

IRC-083927 (175, Fig. 13) is an orally available synthetic imidazole derivative, which was
developed by ISPEN, and inhibits tubulin polymerization by binding to the colchicine site. It
shows highly potent antiproliferative activity on human tumor cell lines including taxane,
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vinca alkaloid, or epothilone resistant cells due to the presence of efflux pumps (Pgp, MRP)
and/or mutated tubulin (141). IRC-083927 displayed cell cycle arrest in G2/M phase in
tumor cells and inhibited endothelial cell proliferation /in vitro and vessel formation in the
low nanomolar range supporting an antiangiogenic action. Furthermore, the oral
administration of IRC-083927 in athymic mouse models showed a significant /in vivo
antitumor activity without apparent toxicity (141). The antitumor effect induced by
IRC-083927 supports its potential for the treatment of advanced cancers, particularly those
resistant to current clinically available drugs.

XRP44X (176, Fig. 13) is a pyrazole derivative reported by Wasylyk et al. Itintergrates two
anticancer mechanisms: antimitotic and inhibition of MAPK/ERK signaling pathway. It
binds to the colchicine binding site of tubulinand depolymerizes the microtubules, thus
affects the morphology of the actin cytoskeleton. It also inhibits fibroblast growth factor 2
(FGF-2)-and phosphorylation by the Ras-Erk signaling upstream from Ras (142). XRP44X
also inhibits the growth of transformed cells in culture and angiogenesis in an ex vivo assay
of endothelial cell sprouting (142).

KRIBB3 (177, Fig. 13) is a novel microtubule inhibitor with an isoxazole moiety in the
structure. It can induce mitotic arrest and apoptosis in human cancer cells. It was first
developed by Korea Research Institute of Bioscience and Biotechnology. KRIBB3 exerts
significant antitumor activity against a variety of cancer cells such as colon, prostate, breast,
and lung by inhibiting tubulin polymerization. KRIBB3 selectively arrests cell cycle at the
mitotic phase. /n vivo, KRIBB3 decreased tumor volume by 49.5% (50 mg/kg) and 70.3%
(100 mg/kg) compared to control mice (143).

A-105972 (178) and A-204197 (179, Fig. 13) are both oxadiazoline analogs identified by
Abbott Laboratories from a high throughput screening of 60,000 compounds. The two drugs
have the exact same scaffold and the only difference is a functional group in the aromatic
ring. They are potential anticancer agents and were undergoing preclinical development by
Abbott Laboratories (144). A-105972 inhibited the growth of several tumor cell lines,
including breast, central nervous system, colon, liver, lung, and prostate cancer cell lines, as
well as multidrug-resistant cells with 1Csq in between 20 and 200 nM depending on specific
cell types, but its utility /n vivowas limited by a short half-life. A-105972 and A-204197
interact with tubulin and induce apoptosis and Bcl-2 phosphorylation. A-204197 has shown
high potency /n vitro (ICgy 36—48 nM) and is especially effective against MDR cancer cell
lines. These results indicate A-204197 is a promising antimitotic agent that has potential for
treating neoplastic diseases with great efficacy (145).

A-289099 (180, Fig. 13) is an indolyloxazoline derivative with antimitotic activity
developed also by Abbott Laboratories. It was discovered as a result of structural
optimizations of the lead compound A-105972 (146). A-289099 exerts its anticancer activity
by inhibition of tubulin polymerization and by binding at the colchicine binding site.
A-289099 has high anti-proliferative activity in a number of cancer cells with ECsg values
ranging from 5.1 to 12.8 nM. A-289099 is orally active in a syngeneic M5076 murine
reticulum sarcoma flank tumor model. Pharmacokinetic study showed that the
bioavailability of A-289099 in monkey is 18.6%. The half-life ranges from 1.1 hto 3.3 h
depending on species (146,147).

2-Indolinones (181-183, Fig. 13), a series of methylene-bridged heterocycles discovered by
Andreani et al. (148,149) have similar inhibitory effects on colchicine binding site and
tubulin polymerization. These compounds arrest the cells in the G2/M phase of the cell
cycle, and are associated with activation of apoptosis, disrupt the mitochondrial membrane
potential, and increase ROS production and Bax translocation into mitochondria. The
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apoptosis in the HT-29 cells is accompanied by caspase activation and phosphatidylserine
externalization. Interestingly, the most potent compounds 181 and 183, which show more
potent mean Glsg (40-70 nM in NCI screening) than vincristine (Glsg=200 nM), strongly
inhibit the activation of the kinase Akt associated with cell survival and proliferation.

CBSI with Improved Solubility and PK Profiles

A major problem with CBSls is their limited aqueous solubility that substantially reduces
absorption of a drug. Problems with the delivery of drugs to the tumor occur also when the
active agent has a high molecular weight which limits tissue penetration. Various strategies
and structural modifying approaches have been investigated to solve this problem.

Prodrugs have been successfully used to increase aqueous solubility. For example,
phosphate prodrugs are typically converted to the parent molecule v/a non-specific alkaline
or acidic phosphatases. This approach has allowed intravenous administration of phosphate
prodrugs to overcome otherwise bleak pharmacokinetic profiles. In particular, CA-4 has
recently benefited from a phosphate prodrug administration (3P). Similarly, Cushman’s
group also addressed the issue of low water solubility by producing water soluble 2-ME
derivatives by coupling phosphate to the hydroxyl groups in positions 3 and 17 (150). The 3-
phosphate (184, Fig. 14) exhibited similar properties as compared with the parental drug 2-
ME. As expected, in rats the 3- phosphate was metabolized rapidly (within one hour) to the
active drug 2-ME. However, the oral administration of the 3-phosphate did not enhance 2-
ME plasma levels in rats relative to 2-ME feeding. But the enhanced water solubility
facilitates intravenous application. Similarly, hydrophilic monosodium phosphate prodrug
(185) of CHM-1 (103, Fig. 7) was prepared, and possesses improved pharmacological
effects over CHM-1, and readily converts to its parent molecule during both /v. and p.o.
administration, and shows antitumor activity in the SKOV-3 xenograft mouse model.

Another strategy to increase aqueous solubility of CA-4 is replacing the C-3 hydroxyl group
in ring B with an amine substituent as an HCI salt (AC-7739, 186, Fig. 14). The L-serine
amide HCI salt (AC-7700, 187) has also been prepared. Both compounds showed enhanced
aqueous solubility over CA-4 and were efficacious /n vivo (49). On the basis of these
results, a variety of amide prodrugs of irreversible tubulin inhibitor T138067 (15) were
prepared. T138067 has the ability to penetrate the blood brain barrier (BBB). While
compounds that have the ability to penetrate the BBB are promising candidates for treating
brain tumors, it brought the main dose-limiting side effect of central nervous system (CNS)
toxicity. Amides 188-191 showed no detectable or extremely small amounts of crossing the
BBB. The /n vivo efficacy of amide 191 approached that of T138067 and was better
tolerated when administered to athymic nude mice bearing MX-1 human mammary tumor
xenografts (151).

A PEG-based polymeric nanomedicine prodrug (192, Fig. 14) of colchicine was synthesized
to increase its aqueous solubility, reduce systemic toxicity and to enhance its therapeutic
window in a recent study (152). Cell viability studies with human umbilical vein endothelial
cells demonstrated the degradation kinetics of the prodrug accordingly. It was observed that
distinct vascular disruption and consequent tumor necrosisin the prodrug treatment but not
for free colchicine at an equivalent dose by 7 v. treatment in the B16F10 melanoma-bearing
mouse model. Furthermore, a five-times-higher dose of the prodrug is well tolerated with
reduced toxicity. The polymeric conjugated prodrug is another potential strategy to improve
solubility/efficacy/toxicity compared with the parent drug, and it appears to be a promising
approach for the application of CBSIs in cancer therapy.

Liposome based drug delivery possesses advantages including their prolonged circulation
Kinetics, passive targeting properties, and the ability to encapsulate both hydrophobic and
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hydrophilic drugs. However, colchicinoids are difficult to retain in liposomes due to their
physicochemical properties. Two hydrolysable PEGylated derivatives (153) of colchicine
were developed for encapsulation into the aqueous core of long-circulating liposomes with
glycolic acid linker (193), and a lactic acid linker (194, Fig. 14). Hydrolysis studies at 37°C
and pH 7.4 showed that 193 possessed a relatively rapid half-life (5.4 h) whereas 194
hydrolyzed much slower (T, =217 h). The parent drug, colchicine, was released rapidly
after encapsulation into liposomes, whereas both PEGylated colchicine prodrugs were
efficiently retained and released only after cleavage of the PEG-linker. Unlike colchicing,
these PEGylated colchicine-derived prodrugs are retained within the aqueous interior after
encapsulation into liposomes, and the release of colchicine can be controlled by using
different biodegradable linkers.

Chemical Structure Modifications—Our groups (154) discovered a series of 4-
substituted methoxybenzoyl-aryl-thiazoles (SMART, 195, Fig. 15) as a result of structural
modifications of the lead compounds 2-arylthiazolidine-4-carboxylic acid amides (ATCAA).
The antiproliferative activity of the SMART agents against melanoma and prostate cancer
cells has been improved from micromolar to low nanomolar range as compared to the early
ATCAA series. Preliminary mechanism of action studies indicated that the SMART
compounds exert their anticancer activity through inhibition of tubulin polymerization via
the colchicine binding site, overcome the Pgp mediated MDR and show lower neurotoxicity
as compared to vinblastine (155). In order to improve the poor aqueous solubility of
SMART, it was formulated in polyethylene-b-poly(D,L-lactide) (PEG-PLA) micelles. The
solubility of SMART was increased by more than 1.1x10° fold (156). In a continuing effort
at chemical structure modifications to improve the poor aqueous solubility and
bioavailability, an imidazole B ring analog (ABI, 196) and a phenyl-aminothiazole (PAT,
197) template have been designed in which an amino linkage was inserted between the “A”
and “B” rings of compound 195. The most potent ABI analogs possess low nanomolar
activity and have substantially improved aqueous solubility by 50-fold (157). The PAT
analogs maintained nanomolar range potency against cancer cell lines via inhibiting tubulin
polymerization and markedly improved solubility and bioavailability (R=Fluoro, /=21%)
compared with the SMART template (F=3.3%).

Lee’s group (158,159) developed a series of acetylated (198) and methylpyrazoline (199,
Fig. 15) analogs of CA-4 with the intention to improve solubility of the CA-4 analogs.
Compound 199 has aqueous solubility of 372 M, which is slightly higher than that for
CA-4 (350 wM), but they also lost the potency.

Gangjee et al. (160) reported water soluble colchicine binding site inhibitor and microtubule
depolymerizing agents (200-201, Fig. 15) that inhibited the growth of cancer cells with Glgg
values in the nanomolar range. This molecule contains a chiral center and both the Rand S
enantiomers cause a G2/M cell cycle arrest and circumvent tumor resistance due to
overexpression of Pgp and pl11 tubulin. The Sisomer (200) is a single digit nanomolar
inhibitor in 51 cancer cell lines and is 10- to 88-fold more potent against most of the cell
lines than either the racemate or the /R isomer (201).

CONCLUSION

Tubulin targeting agents have played a key role in cancer treatment since the approval of
vincristine by FDA in 1963, and research in this field maintains active. Among the different
types of anti-tubulin agents, only CBSIs have not yet reached the commercial phase.
Literature searching shows hundreds of potential CBSIs have been synthesized and tested
with the hope to find a better clinical drug for cancer therapy. A large number of structurally
diverse CBSI molecules display their anticancer activity through their abilities to arrest cell
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cycle and to kill cancer cells viaboth mitotic and apoptotic pathways, thus hold great
promise for new family of anticancer drugs. Over the last decade, the potential of CBSlIs to
act as selective VDAs and overcome efflux pump/mutant tubulin/gIII tubulin
overexpression mediated multidrug resistance has been recognized. A number of agents
have been examined in clinical studies, and their capacity to inhibit growth of the tumor
vasculature and resistant tumor has been confirmed. The current drawbacks in developing
this series of agents as anticancer drugs exist in several areas including narrow therapeutic
windows and lack of oral bioavailability. The side effects such as neural toxicity,
cardiovascular and thromboembolic events remain major concerns and their therapeutic
efficacy as single agents has been disappointing to this point. However, combination
strategies of established anticancer drugs with CBSls suggest that targeting the vascular
tissue may be a profitablet direction for the further development of CBSlIs as anti-cancer
drugs. Furthermore, many CBSIs have limited clinical application due to their poor aqueous
solubility, inadequate metabolic stability, and unsatisfactory pharmacokinetic profiles.
Future new CBSIs will concentrate on the design of metabolically stable analogs and
pharmacokinetic optimization will focus on how to improve their oral bioavailability as well

as to increase their potency. With the new insights into the design of new agents, there is
hope that CBSlIs will move from basic research to clinical practice.
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ABBREVIATIONS
2-ME 2-methoxyestradiol
ABC ATP binding cassette
BS binding site
CA-4 combretastatin A-4
CBSI colchicine binding site inhibitors
cGMP cyclic guanosine monophosphate
CNS central nervous system
CoMFA comparative molecular field analyses
CoMSIA comparative molecular similarity indices analyses

DAMA-colchicine
FDA

N-deacetyl-N-(2-mercaptoacetyl) colchicine
Food and Drug Administration

FGF fibroblast growth factor

HIF hypoxia-inducible factor

HUVEC human umbilical vein endothelial cell
LIE linear interaction energy

MDR multidrug resistance

MRP multidrug resistance-associated protein
MTA microtubule targeting agent

NCI National Cancer Institute
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PDE phosphodiesterase

Pagp P-glycoprotein

PK pharmacokinetic

QSAR quantitative structure-activity relationships

SAR structure-activity relationship

SGB surface-generalized Born

TMP trimethoxyphenyl

TNF-a tumor necrosis factor-a

VDA vascular-disrupting agent

VEGFR vascular endothelial growth factor receptor
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Publications related to CBSIs over last decades from PubMed (data entry implementation
date until Dec 30th, 2011).
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Chemical structures of chemical modified CA-4 analogs.
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Chemical structures of chemical modified CA-4 analogs (continued).
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Fig. 7.
Chemical structures of indole, quinolone and thiophene-based CBSls.
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Fig. 8.
Chemical structures of chalcone analogs.
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Chemical structures of sulfonamide CBSls.
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Chemical structures of CBSls derivatives of natural products.
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Fig. 12.
Chemical structures of CBSls covalently binding to tubulin colchicine binding site.
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Fig. 13.
Chemical structures of screened and synthesized CBSls.
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Chemical structures of CBSIs with improved solubility.
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Reported X-ray Structures of Tubulin in Complex with CBSlIs

Table |

CBSls, Compd ID PDBcode Res(A) Year(Ref)
Colchicine (1) 1SA0 3.58 2004 (57)
Podophyllotoxin (8) 1SAl 4.20 2004 (4)

ABT-751 (14) 3HKC 3.80 2009 (58)
T138067 (15) 3HKE 3.60 2009 (58)
TN16 (26) 3HKD 3.70 2009 (58)
C1-980 (23, S-isomer) 3N2K 400 2010 (59)
NSC613863 (~-isomer of 23)  3N2G 4.00 2010 (59)
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