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Abstract

Purpose Since anticancer agents that interfere with
microtubule function are in widespread use and have a
broad spectrum of activity against both hematological
malignancies and solid tumors, there is an urgent need to
develop novel tubulin inhibitors with broader activities and
avoiding drug resistance.

Methods and results In this study, we describe the charac-
terization of select lead compounds from a novel class of
indazole-based tubulin inhibitors. Three lead compounds,
TH-337, TH-482 and TH-494, exhibit potent antiprolifera-
tive activity against cell lines derived from human pancre-
atic carcinoma, human breast adenocarcinoma and human
colorectal adenocarcinoma cells. The three compounds
were also tested for cytotoxicity against a panel of clini-
cally relevant drug resistant cancer cell lines that either
overexpress the drug resistance pumps MDR-1, MRP-1 and
BCRP-1 or have altered Topoisomerase II activity. TH-482
and -494 retained cytotoxic activities against all of the
resistant cell lines tested; however, TH-337 exhibited
decreased cytotoxicity in the cell line overexpressing
BCRP-1, indicating that TH-337 is a substrate of that
pump. We show that TH-482’s antiproliferative activity is
due to cell cycle arrest at the G,/M phase. We demonstrate
that TH-482 binds specifically to the colchicine site of
tubulin and that it inhibits tubulin polymerization in vitro in
a concentration-dependent manner. The in vitro anti-vascu-
lar activities of TH-482 were assessed using the HUVEC-C
cell line. TH-482 inhibits in vitro neovessel formation and
disrupts pre-established vessels using HUVEC-C cells.
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TH-482 also increases permeability of vascular endothelial
cells in a concentration- and time-dependent manner.
Conclusions TH-482 demonstrates potent in vitro efficacy
as a novel tubulin-targeted anti-proliferative and anti-vas-
cular agent and notably is more potent in antiproliferative
assays than the benchmark compound combretastatin A-4.
These results identify TH-482 as a potent tubulin inhibitor,
and support the investigation of its in vivo efficacy and
pharmacokinetic properties as the prototype of a new class
of anti-tubulin agents.

Keywords Tubulin - Tubulin inhibitors - Cytotoxicity -
In vitro vessel-disrupting activity - Microtubules -
Cell cycle - Drug resistance

Abbreviation

MDR-1 Multi-drug resistant-1

MRP-1 Multidrug resistance-associated protein-1

BCRP Breast cancer resistant protein

CA-4  Combretastatin A-4

ITC Isothermal titration calorimetry

PEM  Pipes, EGTA and MgCl, (general tubulin buffer)

Introduction

Microtubules are highly dynamic cytoskeletal elements and
play a critical role in many processes in eukaryotic cells,
including mitosis, cell mobility, cell shape, intracellular
organelle transport and cell-cell interactions. Microtubules
are composed of two tubulin subunits, o tubulin and f§ tubu-
lin. Heterodimers of « and f tubulin assemble to form a
short microtubule nucleus. Nucleation is followed by rapid
elongation of the microtubule at both ends by addition of
tubulin heterodimers.
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Essential roles of microtubules in the process of mitosis
make them an attractive target for anticancer drugs [1, 2].
Tubulin targeting agents are broadly classified into two
classes according to their effect on tubulin-microtubule
equilibrium: microtubule stabilizers, such as taxol and epo-
thilone; and microtubule de-stabilizers, including vinca
alkaloids and combretastain A-4 (CA-4) [2]. In addition to
binding to tubulin, several microtubule targeting com-
pounds have been found to alter dynamic stability of micro-
tubules by binding to the microtubule associated proteins
(e.g. estramustine) [3], and motor proteins (e.g. monastrol)
[4].

Besides the ability to inhibit tumor cell proliferation,
microtubule-targeting drugs have also been shown to have
activity against the vasculature in tumors [5]. Tumor vascu-
lature differs from that normal tissues. Tumor vasculature is
organized in a chaotic fashion and does not follow the hier-
archical branching pattern of normal vasculature. Tumor
blood vessels have sluggish blood flow and lack the equi-
librium between vascular growth and cellular demands,
resulting in avascular and hypoxic regions of solid tumors
[6]. In addition, the structure of the tumor blood vessel wall
is also abnormal, which is evident by uneven vessel diame-
ter and defects in their endothelial lining, as well as the
presence of endothelial cells undergoing apoptosis [7]. In
contrast, normal vasculature is organized with vessels close
enough to each other to ensure adequate nutrient and oxy-
gen supply to all cells [5]. Recently, several antitubulin
agents (e.g. CA-4-phosphate, ZD6126, TZT-1027,
AVES8062, MN-029, NPI-2358, 2ME2 and diarylmalei-
mides) [2, 8—11] have demonstrated the ability to disrupt
tumor vasculature rapidly. The proposed mechanism of
CA-4-phosphate for rapid tumor vascular shutdown is via
compound-induced changes in endothelial-cell shape,
plasma membrane blebbing, and an increase in permeabil-
ity of cell monolayers. These changes in endothelial cells
result in increases in vascular resistance to blood flow and
increased vascular permeability and in vasoconstriction,
subsequently leading to vascular shutdown [5].

One of the challenges for successful clinical use of
microtubule targeting agents is drug resistance. Two major
mechanisms underlie the resistance of cancer cells to
microtubule-targeting agents: drug efflux transporter-medi-
ated mechanisms and microtubule-specific mechanisms.
Multidrug resistance pumps actively efflux drugs from
cancer cells and confer resistance to those agents. The best-
known mediators of resistance are members of the ATP-
binding cassette (ABC) family of membrane transport
proteins [12]. Forty-eight human ABC transporters grouped
into seven subfamilies have been identified and character-
ized [13, 14]. The major clinically relevant mechanisms of
multidrug resistance in cancer cells involve ABCB-1 (P-gly-
coprotein, multidrug resistant protein, MDR-1), ABCC-1
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(multidrug resistance associated-protein 1, MRP-1) or
ABCG-2 (breast cancer resistant protein, BCRP-1) [14].
Microtubule binding agents, such as paclitaxel and vinblas-
tine, have been reported to be substrates of ABCB-1 [15].
The activity patterns of those agents were negatively corre-
lated with the expression pattern of ABCB 1 across the NCI
60 cell line panel [16]. Alterations in tubulin and microtu-
bules represent another major resistance mechanism for
microtubule-targeting agents; such alterations include
altered microtubule dynamics [17], tubulin mutations [18],
changes in microtubule-regulatory proteins [19] and
expression of tubulin isoforms [20].

We have previously reported the synthesis of a novel
class of tubulin inhibitors [21]. In this study, we report that
TH-482, the prototypical member of this novel class of
antitubulin compounds, demonstrates cytotoxic activity
against multiple human cancer cell lines. TH-482 also
exhibits cytotoxicity in cells overexpressing the drug resis-
tant pumps MDR-1, MRP-1 and BCRP-1 and in cells with
altered Topoisomerase II activity. TH-482 binds to the col-
chicine binding site of tubulin, inhibits tubulin polymeriza-
tion and arrests cells at the G,/M phase of the cell cycle.
TH-482 inhibits in vitro neovessel formation, disrupts
pre-established vessel formation and increases vascular
endothelial permeability in vitro in a concentration- and
time-dependent manner.

Materials and methods
Cell lines

The following cells lines were obtained from the American
Type Culture Collection (ATCC; Manassas, VA): H460
(Human non-small cell lung carcinoma), MIA PaCa-2
(human pancreatic carcinoma), MCF-7 (human breast ade-
nocarcinoma), HT29 (human colorectal adenocarcinoma),
HUVEC-C (human umbilical vein vascular endothelium),
MESSA (human uterine sarcoma) and MESSA/DXS5 (the
drug resistant derivative), NCI-H69 (human small cell lung
carcinoma) and H69AR (the drug resistant derivative),
HL60 (human acute promyelocytic leukemia) and HL60/
MX2 (the drug resistant derivative). Cells were maintained
in the medium specified by the ATCC at 37°C in a humidi-
fied incubator containing 5% CO, BCRP overexpressing
cells (HEK293) were a gift from Dr. Rob Robey at the NIH
and were cultured under the conditions described by Robey
et al. [22].

Reagents and antibodies

[*H]-colchicine was purchased from GE Healthcare (Piscat-
away, NJ). AlamarBlue and goat anti-mouse FITC were
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purchased from Invitrogen (Carlsbad, CA). Tubulin poly-
merization kit, purified bovine brain tubulin, MCF-7 tubulin,
Hela tubulin and F-actin visualization biochem kit were pur-
chased from Cytoskeleton Inc. (Denver, CO). Matrigel and
fibronectin-coated plates were purchased from BD Trans-
duction Laboratories (San Diego, CA). FITC-dextran,
f tubulin antibody, calcein AM and Hoechst 33258 were pur-
chased from Sigma Aldrich (St Louis, MO). FGF-2 was pur-
chased from R&D system (Minneapolis, MN). DE81 filters
and tissue culture coverslips were purchased from VWR
International (West Chester, PA). TUNEL assay kit and cell
cycle reagents were purchased from Guava (Hayward, CA).
G418 was purchased from the ATCC (Manassas, VA).

In vitro proliferation assay

In vitro proliferation was conducted as described by Meng
etal. [23]. In brief, exponentially growing cells were
seeded at a density ranging from 4 x 10° to 6 x 10° cells
per well in a 96 well plate and incubated at 37°C in 5%
CO,, 95% air and 100% relative humidity for 24 h prior to
addition of test compounds. The cell population for each
cell line at the time of drug addition was measured using
the AlamarBlue assay (7},). Compounds were solubilized in
100% DMSO at 200 times the desired final test concentra-
tion. At the time of drug addition, compounds were further
diluted to four times the desired final concentration with
complete medium. Aliquots of 50 pl of compounds at spec-
ified concentrations were added to microtiter wells already
containing 150 pl of medium, resulting in the final drug
concentration reported. After drug addition, the plates were
incubated for an additional 72 h at 37°C, 5% CO,, 95% air,
and 100% relative humidity. At the end of this incubation,
the viable cells were quantified using AlamarBlue. Drug
concentration resulting in growth inhibition of 50% (ICs)
was calculated using Prism software (Irvine, CA) with the
results from three independent experiments.

Immunofluorescence microscopy

HUVEC-C cells were cultured on gelatin-coated coverslips.
Following overnight incubation, cells were treated with
vehicle or test compounds for 60 min. After fixation with
3.7% paraformaldehyde and permeabilization with 1% Tri-
ton X-100 (Kit obtained from Cytoskeleton, Inc.), the cells
were incubated with mouse f§ tubulin monoclonal antibody
(Sigma) or rhodamine phalloidin (Cytoskeleton, Inc.) for
1 h. For tubulin microtubule visualization, the cells were
subsequently incubated with goat anti-mouse-FITC for 1 h
in the dark. To visualize the nuclei, the cells were washed
and treated with Hoechst 33258 dye before mounting the
coverslip onto a microscope slide. The cells were imaged
using a 40x objective and fluorescent microscope (Nikon).

In vitro tubulin polymerization assay

In vitro tubulin polymerization assays were conducted as
described by the kit manufacturer (Cytoskeleton, Inc.) based
on the DAPI method of Bonne et al. [24]. In brief, TH-482
was incubated with purified bovine tubulin and buffer con-
taining 10% glycerol and 1 mM GTP at 37°C, and the effect
of TH-482 on tubulin polymerization was monitored kineti-
cally using a fluorescent plate reader (Tecan).

Tubulin binding

Test compounds at different concentrations were incubated
with purified tubulin derived from bovine brain, MCF-7
cells or Hela cells for 10 min at 37°C. [*H] colchicine was
then added to the samples, which were then incubated for
an additional 30 min at 37°C. To separate the bound from
unbound [*H] colchicine, the samples were spotted onto
DES81 filter paper, and washed three times to remove
unbound [°H] colchicicne. The bound colchicine on the
filter was quantified using a scintillation counter (Wallac
Microbeta). [*H] colchicine was added at non-depleting
concentrations to the assay (~5% bound).

Binding affinity by isothermal titration calorimetry (ITC)

ITC was performed on a VP-ITC calorimeter at MicroCal
(Northampton, MA). Tubulin was at 8 uM in PEM bulffer
(80 mM Na-PIPES pH 6.9, 1 mM MgCl, and 1 mM
EGTA) containing 0.05 mM GDP and 0.05 mM GTP and
1% DMSO. TH-482 and CA-4 were at 100 uM in PEM
buffer containing 0.1 mM GDP and 1% DMSO. Compound
solutions were titrated into 1 ml of the tubulin solution in
series of 20 injections of 10 pl each at 3 min intervals at
25°C. Thermodynamic binding parameters were deter-
mined after subtracting control injection heats and concen-
tration normalization. Data were fit to a single binding site
model with Origin software (MicroCal).

Cell cycle analysis

H460 cells were seeded at a density of 1.5 x 10° cells per
well in six well plates. After 24 h incubation for attach-
ment, TH-482 at different concentrations was added and
incubation for another 24 h. Cells were trypsinized, centri-
fuged, and fixed in 75% ethanol for 24 h. Cell cycle distri-
bution was determined using Cell Cycle reagent (Guava
Technologies) and flow cytometry (Guava EasyCyte).

Neovessel formation on a Matrigel matrix

Matrigel matrix was kept at 4°C for 16 h. Five hundred
microliter of Matrigel were added to each well of a 24-well
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plate. After gelling at 37°C for 30 min, gels were overlaid
with 500 ul of medium containing 3 x 10* HUVEC-C
cells. Five nanogram per milliliter of FGF-2 and different
concentrations of TH-482 were added and incubated for
6 h. The cells were stained with Calcein AM, and capillary
tube formation was assessed using an inverted fluorescent
microscope (Nikon). To explore the effect of TH-482 on
pre-established vasculature, HUVEC-C cells were seeded
and incubated over Matrigel for 6 h to allow the capillary
tubes to form. Then TH-482 was added and continuously
incubated for additional 2 h, the disappearance of existing
vasculature was monitored with fluorescent microscopy
(Nikon).

Calcein AM cell viability assay

The viability of HUVEC-C cells following either 6 hor 2 h
exposure to compounds was determined using the Calcein
AM assay. HUVEC-C cells were seeded in 96 well plate
and incubated at 37°C for 24 h. Cells were treated with
vehicle or compounds at the indicated concentrations for
either 2 h or 6 h. 1 uM of Calcein AM staining solution in
Hank’s balanced salt solution (HBSS) was prepared, and
added to each well. After incubation at 37°C for 30 min, the
fluorescent intensity was measured at a wavelength of
530 nm.

Endothelial cell monolayer permeability assay

HUVEC-C cells were seeded at a density of 3 x 10* cells
per well into 24-well insert wells and incubated for 3 days
to allow a confluent cell monolayer to form. TH-482 at
varying concentrations was added to the cells at the upper
chamber and incubated for 15 min at 37°C. Subsequently,
FITC-dextran was added to the upper chamber. The effect
of TH-482 on HUVEC-C monolayer permeability was
monitored using a fluorescent plate reader as measured by
increased fluorescent signal in the lower chamber as a func-
tion of time.

Fig. 1 Structure of TH-337 (a), TH-482 (b) and TH-494 (c)
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Results

TH-337, TH-482 and TH-494 inhibit in vitro proliferation
of multiple tumor cell lines

As previously described [21], TH-337, TH-482 and TH-494
(Fig. 1) inhibited proliferation of select human cancer cell
lines with IC of low nanomolar concentration. To explore
the general antiproliferative activity of these three com-
pounds, we extended our observation to three additional
human cancer cell lines: human pancreatic cancer cells
(MIA PaCa-2), human breast cancer cells (MCF-7) and
human colorectal cancer cells (HT29). As shown in Table 1,
TH-337, TH-482 and TH-494 and CA-4, a known tubulin
inhibitor, exhibited cytotoxic effects against MIA PaCa-2
and MCF-7 cell lines. TH-337 and TH-482 displayed
greater potency than TH-494 and CA-4. TH-337, TH-482
and TH-494 also exhibited potent cytotoxic activity against
the human colon cancer cell line HT29, which is highly
resistant to CA-4. The CA-4 data are consistent with the
National Cancer Institute (NCI) screening data generated
from the Developmental Therapeutics Program (DTP) 60
cell lines (NSC613729 for CA-4) and published data [25].

Multiple drug resistant cell lines are sensitive
to TH-482 and TH-494, but TH-337 is a substrate
of ABCG2 efflux pump

To investigate whether TH-337, TH-482 and TH-494 are
substrates of drug efflux pumps, the compounds were tested
against a panel of drug resistant cell lines which either over-
express P-glycoprotein (ABCB-1; MDR-1), multidrug resis-
tance-associated protein (ABCC-1; MRP-1), breast-cancer
resistant protein (ABCG2; BCRP-1) or are associated with
altered Topoisomerase II catalytic activity. The MESSA/
DXS5 cell line is highly resistant to daunorubicin, paclitaxel
(Taxol) and colchicine due to overexpression of MDR-1
[26]. HG69AR is highly resistant to daunorubicin due to over-
expression of MRP-1 [27]. HEK293 cells stably transfected




Cancer Chemother Pharmacol (2008) 61:953-963 957
efectsof e somponnds ICsy(nM)
against a panel of human cancer Compound MIA PaCa-2 MCEF-7 HT29 PC3 Hela H460
cell lines (IC5, nM)
TH-337 12402 1.140.1 17405 1.0+02 09402 77424
TH-482 1.1£03 0.6+0.1 1.0+02 1.1+£02 0.8+ 0.1 11403
TH-494 3.6+0.9 21403 3.0+0.1 3.0+04 23405 13402
ICyy values are the mean + SD CA-4 29+0.8 25405 >1000 32405 27402 15402
of three independent experi- Reference This study This study This study [21] [21] [21]

ments

with ABCG-2 are highly resistant to mitoxantrone and topo-
tecan [22]. HL-60/MX2 is resistant to mitoxantrone due to
altered Topoisomerase II catalytic activity and reduced levels
of topoisomease II « and f [28]. As shown in Table 2, TH-
482 and TH-494 exhibited cytotoxic activity across all four
of these clinically relevant drug resistant cell lines, which
indicates that TH-482 and TH-494 are not substrates for the
drug resistant pumps examined. BCRP-1 overexpressing
cells were 30-fold more resistant to TH-337 than cells trans-
fected with vector only, suggesting that TH-337 is a substrate
of the BCRP efflux pump. The resistant properties of these
cell lines were confirmed using the corresponding positive
control compounds (Table 2). Daunorubicin, a known sub-
strate of P-glycoprotein (MDR-1) and multiple resistant pro-
tein (MRP-1), demonstrated less activity against the drug
resistant derivative cells relative to the sensitive parental
cells. Mitoxantrone and topotecan, known substrates for
BCRP-1 efflux pump, exhibited 40-fold less activity against
cells overexpressing BCRP relative to cells transfected with
empty vector. The topoisomerase II-targeting agent mitoxan-
trone showed less activity against drug resistant HL-60/MX?2
relative to the parental sensitive cell line HL-60 (Table 2).

Concentration-dependent microtubule depolymerization
by TH-482

Proliferating HUVEC-C cells were treated with varying
concentrations of TH-482 for 24 h, and then, microtubules

and F-actin filaments were visualized by fluorescence
microscopy. As shown in Fig. 2a and b, TH-482 at concen-
trations as low as 3 nM was able to disrupt polymerization
and actin organization in proliferating HUVEC-C cells, as
demonstrated by the disruption of the microtubule network
and F-actin filamentous structures. A higher concentration
(10 nM) of the known tubulin inhibitor CA-4 was required
to disrupt the microtubule network and actin filaments
(Fig. 2c and d).

We also used a cell-free tubulin polymerization assay to
examine the effects of TH-482 on microtubule formation; in
this assay microtubule formation in vitro is monitored by
the increase in fluorescent intensity of the reaction mixture.
As shown in Fig. 3a, in the absence of TH-482, fluorescent
intensity increases as the tubulin polymerization reaction
proceeds. In contrast, addition of TH-482 inhibits tubulin
polymerization in a concentration-dependent manner, with
an ICy, value of approximately 6 pM, and demonstrates
complete inhibition at 20 pM. CA-4 displays a similar inhi-
bition of in vitro tubulin polymerization, also in the low
micromolar range (Fig. 3b).

TH-482 arrests cell cycle at G,/M phase

The ability of TH-482 to modulate cell cycle progression
was evaluated. H460 cells were exposed continuously to
TH-482 for 24 h and the effects on cell cycle distribution
were analyzed using flow cytometry. Treatment with varying

Table 2 Characterization of lead compounds against a panel of clinically relevant drug resistant cell lines (IC5, nM)

Compound ~ MDRI pump MRP1 pump BCRP pump Top II related resistance
Sensitive Resistant RR* Sensitive Resistant RR* Sensitive Resistant RR* Sensitive Resistant RR*
MESSA DX5 NCI-H69 NCI-69AR pcDNA HEK293 BCRP HEK293 HL-60 HL-60/MX2
TH-337 1.2+0.1 1.9+05 1.6 09+03 0.8+03 09 08=+0.1 24+ 64 30 0.8+0.1 0.7+£0.1 0.9
TH-482 1.1 £0.2 1.5+03 14 09+04 09402 1 0.8 +0.1 0.9 +0.1 1.1 1.2+£0.1 07+02 0.6
TH-494 27+£08 24+£06 09 1.7+£05 1.5+02 09 19+0.6 25403 1.3 23+£0.1 1.8£0.1 0.8
CA-4 22+0.1 20+06 09 22+0.1 1.9+03 09 23+£0.1 20+0.1 09 25+£01 19+£02 038
Daunorubicin 20 £ 0.6 >400+ 1.2 >20 100+£2.2 1000+5.6 >10 23+0.1 20+0.1 09 25+£01 19+£02 038
Mitoxantrone 1.3+0.1 31+1.2 24 40 £0.5 160 £2.3 4.1

*RR: relative resistance. ICy, values are the mean £ SD of three independent experiments
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Fig. 2 Concentration-depen-
dent disruption of microtubules
and actin filaments. Proliferating
HUVEC-C cells were treated
with various concentrations of
either TH-482 (a and b) or CA-4
(c and d) for 24 h. Microtubules
(a and ¢) and actin filaments (b
and d) were visualized using
fluorescence microscopy.
Magnification: x40. Scale bar,
10 um. The data are the
representative of three
independent experiments
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Fig. 3 Inhibition of in vitro tubulin polymerization and induction of
mitotic arrest by TH-482 (a and ¢) and CA-4 (a and d). Purified tubulin
and tubulin inhibitors were preincubated together for 10 min and then
tubulin polymerization was monitored kinetically using the DAPI
fluorophore as a probe and a fluorescence plate reader (a and b).

concentrations of TH-482 (Fig. 3c) and CA-4 (Fig. 3d) also
led to the accumulation of cells at the G,/M. Under these
conditions of mitotic arrest, cells were rounded in appear-
ance and loosely adherent, indicating a disruption of the
cytoskeleton. In contrast, cells treated with lower concen-
trations of TH-482 (1.2 nM or less) or with vehicle-only
remained strongly adherent and normally distributed
throughout the cell cycle. As shown in Table 3, the concen-
tration required for TH-482-induced cell cycle arrest is
lower than that required for CA-4. Nocodazole, used as a
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Compound effects on cell cycle distribution were characterized using
cell cycle reagent and flow cytometry (¢ and d) after H460 cells treated
with compound for 24 h. The data are the representative of three inde-
pendent experiments

positive control, arrested 80% of the cells at G,/M phase
(data not shown).

TH-482 specifically binds to the colchicine site of tubulin

To identify the TH-482 binding site on tubulin, the ability
of TH-482 to compete with [3H] colchicine binding to tubu-
lin was examined. As shown in Fig. 4a, TH-482 inhibited
colchicine binding to bovine brain tubulin in a concentration-
dependent manner (ICs, of 47 nM). In the same experiment,
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Table 3 Effect of TH-482 and CA-4 on cell cycle distribution

oM TH482 CA-4
%GyG, %S  BG/M  %GyJG, %S  BG,/M

0 52 19 30 52 19 30
04 52 18 31 58 17 25
12 53 18 29 59 16 26
37 24 2 59 59 17 24
11 9 9 82 12 12 76
3310 9 8l 11 15 74
100 10 179 12 17 70

CA-4 inhibited colchicine binding with lower potency (ICs,
of 181 nM; Fig. 4a). Similarly, TH-482 was also able to
compete with [*H] colchicine binding to purified tubulin
derived from Hela cells and MCF-7 cells. As shown in
Fig. 4b, TH-482 inhibited colchicine binding to Hela tubu-
lin and MCF-7 tubulin with ICs, values of 32 and 56 nM,
respectively.

Binding affinity of TH-482
The binding affinity of TH-482 to tubulin was determined
by isothermal titration calorimetry (ITC) [29]. As shown in

Fig. 4c, a binding constant (K) of 4.3 x 10° M™!
(K4=10.23 uM) was obtained. The binding enthalpy (AH)

® TH-482

% control

T T T
10 108 107 106 105

[Compound], M
C o1
c
L
27
£
S 2
K}
]
g -3 1
[
[
3
'4 T T T 1
0.0 0.5 1.0 15 2.0
Molar Ratio

Fig. 4 Inhibition of colchicine binding by TH-482 and CA-4 (a and b)
and tubulin binding properties of TH-482 (¢) and CA-4 (d) as mea-
sured by ITC. Purified bovine brain tubulin (a) was preincubated with
TH-482 (IC5, of 47 nM) or CA-4 (ICs, of 181 nM) for 10 min at 37°C.
Purified tubulin from either Hela cells (ICs, of 32 nM) or MCF-7 cells
(ICs, of 56 nM), was preincubated with TH-482 (b). [’H] colchicine
was then added to the reaction. The samples were spotted on DE81

was estimated to be —3.2 kcal/mole. The binding entropy
(AS) was calculated to be 19.6 cal mol 'K~'. Thus the
binding of TH-482 is driven by both favorable enthalpy and
entropy changes. Compared to TH-482, the binding affinity
of CA-4 to tubulin was nearly identical (K = 0.29 uM)
(Fig. 4d). For CA-4, the binding enthalpy (AH) was
—7.3 kcal/mole and the binding entropy (AS) was 5.5 cal
mole™! K~!. The larger positive entropy change for TH-
482 binding suggests that positive entropy changes play a
greater role in TH-482 binding.

TH-482 inhibits neovessel formation and disrupts
pre-established vessels in vitro

In vitro vascular tube formation is reflected by the migra-
tion and alignment of vascular endothelial cells in a capil-
lary-like structure and involves multiple steps, including
morphological change, cell migration and cytoskeleton
reorganization. As shown in Fig. 5A, when HUVEC-C
cells were plated on Matrigel in the absence of TH-482,
they migrated and aligned with one another and formed
capillary tube-like structures. In contrast, addition of TH-
482 at 2.7 nM or higher concentrations resulted in a com-
plete inhibition of tube formation after 6h treatment
(Fig. 5a). Cells remained isolated, and few aggregated cells
were observed. A similar effect with CA-4 was also
observed, although a higher concentration was required to
achieve the same effect (Fig. 5b).

120
B MCF-7
100 4 O Hela
S 80 1
]
S 604
o
® 40
20 4
0 T T T = 1
109 108 107 10 10
[TH-482], M
D 0.0 q
c
o
8
= 2.5 1
k]
o
o
.5_0 -
£
8
£
7.5 T T T 1
0.0 0.5 1.0 1.5 2.0
Molar Ratio

filters, and bound and unbound [*H] colchicine separated by washing
three times. The bound [*H] colchicine was quantified using a scintil-
lation counter. The binding properties of TH-482 (¢) and CA-4 (d) to
tubulin were studied by ITC. Both purified tubulin and compounds
were diluted in PEM buffer. ITC was performed in a series of 20 injec-
tions of 10 pl each at 3 min intervals at 25°C. The data are the repre-
sentative of two independent experiments
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A

TH-482

CA-4

TH-482

D

CA-4

Fig. 5 Inhibition of neovessel formation and pre-established vascula-
ture by TH-482 (a and ¢) and CA-4 (b and d). Matrigel was layered into
the well, and HUVEC-C cells were seeded on top of it. Tubulin inhibi-
tors were added at the indicated concentrations, and incubated with
HUVEC-C cells for 6 h. To study the effect of TH-482 on pre-established

To explore the effect of TH-482 and CA-4 on established
vessels, we formed vessels in vitro and treated them with the
tubulin inhibitors. As shown in Fig. 5c, TH-482 disrupted
the pre-established capillary-like structures in a concentra-
tion-dependent manner after 2 h treatment. A similar effect
was observed in cells treated with CA-4 (Fig. 5d). Under the
similar experimental conditions, no cytotoxic effects of TH-
482 and CA-4 on HUVEC-C cells were observed using a
Calcein AM viability assay (data not shown).

TH-482 increases permeability of the vascular endothelial
monolayer

Changes in endothelial cell monolayer permeability also
provide an in vitro model of tumor vascular disruption. The
compound-induced increase in permeability of a confluent
HUVEC-C monolayer was monitored with FITC-dextran.
As shown in Fig. 6a, vehicle-alone treatment did not dis-
rupt the integrity of the HUVEC-C monolayer, which was
evident by the low fluorescent signal from the lower well
throughout the experimental time of 120 min. In contrast,
significant increases in endothelial cell permeability were
observed when the confluent monolayers were treated with
10 and 100 nM TH-482 (Fig. 6a). TH-482 increased perme-
ability of the vascular endothelial monolayer in a concen-
tration- and time-dependent manner. CA-4 displayed a
similar profile (Fig. 6b), although with lower potency.

@ Springer
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vasculature, HUVEC-C cells were seeded on matrigel, and cultured to
form vessel-like capillary structures (6 h). Cells were then treated with
TH-482 and CA-4 for 2 h. The effect of tubulin inhibitors was visual-
ized using Calcein AM as stain and fluorescence microscopy. The data
are the representative of three independent experiments

Discussion

In this study, we show that TH-337, TH-482 and TH-494
are potent cytotoxic agents against the human cancer cell
lines MIA PaCa-2, MCF-7 and HT29. TH-482 and TH-494
also exhibit cytotoxic activity in cell lines overexpressing
the drug efflux pumps MDR-1, MRP-1 and BCRP-1 and in
cells with altered topoisomerase activity. In contrast, TH-
337 shows decreased cytotoxicity in a cell line overexpress-
ing BCRP-1, suggesting that TH-337 is a substrate of
BCRP-1 efflux pump. TH-482 is the most potent antiprolif-
erative compound in all eleven cell lines examined to date.
TH-482 binds to the colchicine site of tubulin, disrupts
tubulin polymerization in vitro and arrests cell cycle at the
G,/M phase. In addition, TH-482 inhibits in vitro formation
of a capillary-like structure formed by an endothelial cell
line, disrupts pre-existing vessels, and increases permeabil-
ity of vascular endothelial cells.

TH-482 exhibited potent antiproliferative activity
against HT-29 cells, which are highly resistant to CA-4.
One hypothesis for the CA-4 resistance in HT29 is signifi-
cant glucuronidation of CA-4 by glucuronosyl transferase.
It has been reported that high glucuronosyl transferase
activity is observed in colorectal cancer cells and contrib-
utes to resistance to drugs such as mycophenolic acid [30].
To address whether TH-482 is a substrate for drug efflux
pumps, we selected a panel of resistant cell lines with
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Fig. 6 Concentration- and time-dependent induction of HUVEC-C
monolayer permeability by TH-482 (a) and CA-4 (b). HUVEC-C cells
were seeded into fibronectin-coated insert well and incubated for
3 days to achieve a confluent cell monolayer. TH-482 and CA-4 at the
indicated concentrations were added and incubated for 15 min at 37°C.

differential resistant mechanisms, including cell lines over-
expressing MDR-1, MRP-1 and BCRP-1 and cell lines with
altered Topoisomerase II activity. It has been reported that
vinblastine, paclitaxel and their respective analogs are sub-
strates of MDR-1 [13]. Our data showed that there were no
differential cytotoxic activities observed between sensitive
and resistant cell lines overexpressing MDR-1, MRP-1 or
cell lines with altered Topoisomerase II for TH-337, TH-
482 and TH-494, suggesting that they are not substrates for
those drug resistance mechanisms. However, TH-337 is a
substrate of the BCRP pump, as apparent by its exhibiting
30 fold less activity against cells overexpressing BCRP. In
contrast, TH-484 and TH-494 maintain their efficacy in the
BCRP overexpressing cell line.

Inhibition of cellular activities, including cell prolifera-
tion, cell cycle arrest and disruption of microtubule net-
works and actin filaments require only low nanomolar
concentrations of TH-482. In contrast, the concentration of
TH-482 required for inhibition of in vitro microtubule poly-
merization is in the micromolar range. Similar observations
have been reported for other tubulin inhibitors, including
epithilones [31], paclitaxel [32], CA-4 sulfonate analogs
[33], 2-(3',4',5'-trimethoxybenzoyl)-3-amino 5-aryl thi-
ophenes [34, 35] and T138067 [36]. The basis for this
difference has been attributed to intracellular retention of
the compounds, leading to higher intracellular concentra-
tions [32]. It has also been proposed that the cellular
response depends more on microtubule dynamics effects
than solely on the inhibition of tubulin polymerization [2].
In addition, the difference between long-term continuous
treatment in the cell-based assay and instantaneous mea-
surements in the biochemical tubulin polymerization assay
can theoretically explain such potency differences [37]. We
hypothesize that similar mechanisms underlies the
observed TH-482 potency differences between cell-based
and cell-free assay formats.

Abnormal vasculature is a hallmark of solid tumors [5].
Tumor vascular networks are disorganized, and the vessel

O CA-40nM
8000
B . castonm
v CA-4100 nM
6000 -
2 4000 -
oc

2000

0 30 60 90 120
time (min)

Subsequently, FITC-dextran was added to the upper chamber. The flu-
orescence within the lower chambers was monitored kinetically using
fluorescence plate reader. The data are the representative of three inde-
pendent experiments

walls are poorly developed and highly permeable, with
irregular and abnormal basement membranes. Endothelial
cells in tumor blood vessels do not express common endo-
thelial markers and undergo apoptosis [38]. In addition,
tumor blood vessels are often far from each other and have
sluggish blood flow. Tubulin-binding agents have selec-
tively damaging effects on tumor vasculature and can cause
hemorrhage and tumor necrosis [39]. For example, vinblas-
tine, vincristine and colchicine administered intraperitone-
ally to B6D2F1 mice with advanced subcutaneous colon 38
tumor substantially reduced tumor blood flow and tumour
growth [40]. A similar observation was reported with the
murine carcinoma CaNT model [41]. A moderate dose of
CA-4 caused a significant reduction in tumor blood flow
within 5 minutes of drug administration, and almost com-
plete vascular shutdown was achieved within 20 minutes
[42]. The effects of CA-4-P resembled an acute inflamma-
tory reaction, resulting in a visible loss of a large proportion
of the smallest blood vessels, and hematocrit and tumor
vascular permeability were increased [42]. We explored the
antivascular effect of TH-482 using the HUVEC-C model
system. The HUVEC-C cell line shares many characteris-
tics with primary endothelial cells, including in vitro capil-
lary formation and proliferative and differentiative response
to growth factors [43]. The formation of capillary tubes
in vitro involves cell—cell interactions, the reorganization of
the cytoskeleton, cell migration and alignment [44]. In this
study, we show that TH-482 blocks formation of capillary
tube networks in a concentration-dependent manner. In
addition, TH-482 is also able to disrupt a pre-established
in vitro vasculature in a concentration-dependent manner.
TH-482 not only inhibits vascular endothelial cell tube
formation but also increases endothelial cell monolayer
permeability. The vascular permeability effects in this study
mimic some the effects of tumor vascular collapse in vivo
[9]. The endothelial cell lining of the internal vasculature
defines a semi-permeable barrier between the blood and the
interstitial spaces of the body. Disruption of the barrier
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integrity is manifested as microvascular hyperpermeability.
When confluent monolayer HUVEC-C cells were treated
with TH-482, a concentration- and time-dependent increase
in permeability was observed. The ability of TH-482 to
inhibit vessel formation and induce vascular permeability is
consistent with anti-vascular cancer agent utility and war-
rants further testing of this compound in preclinical in vivo
cancer models.
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