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Abstract

Purpose Microtubules are one of the most useful sub-

cellular targets in chemotherapy. We identified a novel

indole, (3-(1H-indol-2-yl)phenyl)(1H-indol-2-yl)methanone

(15), that inhibits tubulin action and exhibits potent antitu-

mor activity in various preclinical models.

Methods In vitro cancer cell growth inhibition was

measured by SRB or MTT assay in human cancer cell

lines. Apoptosis induced by 15 was examined in LNCaP

and PC-3 cells. Effects of 15 on cell cycle distribution and

tubulin were investigated via in vitro models. In vivo

toxicity and xenograft efficacy studies were conducted in

mice.

Results Indole 15 inhibited the in vitro growth of a

number of human cancer cell lines, including drug-resistant

cell lines that over-express P-glycoprotein, multidrug

resistance-associated proteins, and breast cancer resistance

protein with IC50 values in the range of 34–162 nM.

Nanomolar concentrations of the compound caused down-

regulation of bcl-2, induced PARP cleavage, and induced

apoptosis in both LNCaP and PC-3 prostate cancer cells, as

confirmed by anti-histone ELISA and DNA laddering. In

vitro studies revealed that the compound inhibited poly-

merization of purified tubulin and induced a strong and

concentration-dependent G2M arrest in PC-3 cells. In vivo

studies in immunodeficient mice bearing PC-3 tumor

xenografts showed that the compound effectively inhibited

tumor growth.

Conclusions The potent in vitro and in vivo antitumor

activities of this novel indole suggest that drugs with this

novel chemical scaffold might be developed for treatment

of drug-resistant prostate cancer.

Keywords Indole � Tubulin � Prostate cancer �
MDR

Abbreviations

MRP Multidrug resistance-associated proteins

BCRP Breast cancer resistance protein

MDR Multidrug resistance

ABC ATP-binding cassette

SRB Sulforhodamine B

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide

FACS Fluorescence-activated cell sorting

MTD Maximally tolerated dose

T/C Treated over control tumor volume ratio 9 100%

Introduction

Tubulin inhibitors are a major group of antitumor agents.

Microtubules are critically important for the formation of
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the mitotic spindle, which dictates the proper segregation

of chromosomes during mitosis. It is generally accepted

that the anti-proliferative properties of microtubule-inter-

acting drugs arise largely from their interactions with

tubulin resulting in disruption of microtubule dynamics [1].

These drugs are commonly classified into two major

categories: the microtubule-destabilizing agents (i.e., the

vinca alkaloids and colchicines) and the microtubule-

stabilizing drugs (i.e., taxanes). The vinca alkaloids, tar-

geting the vinblastine-binding site, are effectively used to

treat a wide variety of human cancers including hemato-

logical malignancies, breast, non-small-cell lung, and

testicular carcinoma. Colchicine, which binds at a dif-

ferent site on b-tubulin, is used clinically for gout, but not

cancer. Taxanes are also widely used in ovarian, breast,

and non-small-cell lung carcinomas and bind to distinct

binding sites on tubulin other than the vinblastine and

colchicine sites. Docetaxel, a taxane analog, was the first

chemotherapeutic agent specifically approved for the

treatment of advanced prostate cancer by the US Food and

Drug Administration in 2004 [2]. The clinical success of

targeting tubulin for anticancer drugs has led to the search

for new agents that inhibit tubulin activity with an improved

safety profile. Tubulin inhibitors in human chemotherapy

have severe limitations such as high peripheral neurotox-

icity, low bioavailability, poor solubility, complicated

synthesis procedures, and drug resistance mediated by

multidrug resistance (MDR) transporters and tubulin

mutation [1, 3–5].

High levels of intrinsic MDR transporters and their

over-expression induced by long-term exposure to che-

motherapy have been recently suggested as one of the

reasons for the low chemotherapeutic responses in primary

cell cultures from prostate cancer patients [6]. P-glyco-

protein is a member of large family of ATP-binding cas-

sette (ABC) including multidrug resistance-associated

protein (MRP) and breast cancer resistance protein (BCRP)

that are responsible for drug efflux and MDR. Cancer cells

expressing P-glycoprotein are resistant to a number of

structurally unrelated agents including vinca alkaloids,

taxanes, colchicines, epipodophyhllotoxins, and anthracy-

clines with overlapping but not identical substrate speci-

ficity [7]. To date, no clinical solutions exist to overcome

MDR caused by P-glycoprotein expression, but many

research groups are actively pursuing different therapies to

diminish this dilemma. In vivo and in vitro studies using

some anticancer drugs that are not substrates of P-glyco-

protein and therefore are not susceptible to being extruded

from tumor cells have been reported. Epothilones, a new

class of microtubule stabilizers, and 2-aroylindoles, orally

active small molecule tubulin inhibitors, are recent exam-

ples of such agents [8–13]. Ixabepilone, an epothilone

analog, is currently in phase II clinical trials for hormone-

resistant metastatic prostate cancer, but thus far no results

have been reported as to the success of the trial in

http://clinicaltrials.gov.

The structural complexity of the vinca alkaloids, tax-

anes, and natural and marine-derived products [4] that

inhibit tubulin presents a formidable challenge to organic

medicinal chemists to develop feasible and high yield

syntheses. Therefore, this limits the use of conventional,

broad-scale screening approaches to characterize structure–

activity relationships, identify active compounds, and

proceed to preclinical and clinical evaluation.

During our studies to identify new pharmacophores for

prostate cancer, we identified a novel class of indoles that

act as potent anticancer agents. Indoles that inhibit tubulin

action but circumvent MDR represent a novel chemical

approach to this dilemma. We examined the sensitivity

of a variety of human cancer cell lines to our lead, (3-

(1H-indol-2-yl)phenyl)(1H-indol-2-yl)methanone (hereafter

referred to as 15; Table 1), and explored underlying

mechanisms to explain the ability of 15 to induce apopto-

sis. We further compared the anticancer activity and tox-

icity of 15 to vinblastine and docetaxel in a human prostate

cancer PC-3 xenograft model and provide compelling

evidence that 15 is the first member of a new class of

tubulin inhibitors that circumvent ABC transporter-medi-

ated drug resistance with an improved safety profile com-

pared to existing agents and other tubulin inhibitors in

development.

Materials and methods

Chemistry

All investigational compounds were made using the syn-

thetic scheme shown in Fig. 1, with compounds 7 and 10

serving as common intermediates. Two Suzuki coupling

pathways were used for the synthesis of the indole benz-

aldehyde 7. In Path A, 7 was prepared via the lithiation of

commercially available 1-(phenylsulfonyl)-1H indole, 2 by

lithium diisopropylamide (LDA) followed by bromination

with cyanogen bromide (BrCN) to produce 5 for coupling

with 3-formylphenylboric acid. In Path B, commercially

available indole boric acid, 6 and 3-iodophenylaldehyde

were coupled to yield 7. 10 was synthesized by coupling 7

with activated 2 using LDA. 11 was made using triethyl-

silane and trifluoroacetic acid at room temperature to

reduce the methanol linkage of 10, while 14 was made

from 10 via the oxidation of the methanol linkage with

pyridinium dichromate in DMF. 12, 13, and 15 were then

synthesized by de-protection of 10, 11 and 14, respectively,
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Table 1 IC50 values of different cancer cell lines treated with indoles by the SRB assay

Compound ID,

structure

IC50 (lM)

LNCaP PC-3 DU-145 PPC-1 TSU-Pr1 MCF-7 HT-29

Vinblastine 0.003 ± 0.001 0.001 ± 0.0003 0.003 ± 0.001 0.001 ± 0.0004 0.002 ± 0.0001 0.001 ± 0.0004 0.002 ± 0.0002

Docetaxel 0.005 ± 0.001 0.006 ± 0.0004 0.005 ± 0.001 0.003 ± 0.001 0.003 ± 0.001 0.004 ± 0.001 0.004 ± 0.0002

1 [34]
HN NH

5.8 ± 0.5 39.4 ± 1.7 39.7 ± 2.6 31.8 ± 1.1 45.7 ± 1.1 32.2 ± 2.7 [50

3 N
H

[100 [100 [100 [100 [100 ND ND

4a

N
P

B(OH)2

18.3 ± 1.4 59.9 ± 1.8 55.1 ± 2.5 41.1 ± 1.8 39.3 ± 1.6 ND ND

5a
N

Br

P
29.6 ± 2.2 69.3 ± 2.1 63.9 ± 1.9 52.1 ± 1.1 44.9 ± 2.0 ND ND

6a
N

B(OH)2

P
23.1 ± 4.0 73.9 ± 7.1 72.0 ± 3.4 80.8 ± 1.2 48.2 ± 3.4 ND ND

7a N
P

H
O 17.7 ± 1.2 23.2 ± 1.4 19.7 ± 1.3 13.9 ± 0.2 11.5 ± 0.1 ND ND

8 N
H

HO

23.8 ± 3.0 65.1 ± 5.3 ND ND ND ND ND

9
N
H

O
N

S
O

O
CH3 58.5 ± 14.3 90.4 ± 27.5 ND ND ND ND ND

10a
N
P OH

N
P [100 [100 [100 20–40 [100 ND ND

11a
N
P

N
P [100 [100 [100 [100 [100 ND ND

12
N
H

HN [50 [50 ND [50 20–50 10.4 ± 0.9 0.72 ± 0.02

13
N
H OH

HN 5.6 ± 1.1 13.5 ± 0.4 ND ND ND ND ND

14a
N
P O

N
P [100 [100 [100 [100 [100 [100 ND

15
N
H O

HN 0.044 ± 0.002 0.081 ± 0.010 0.138 ± 0.013 0.067 ± 0.001 0.034 ± 0.018 0.162 ± 0.010 0.062 ± 0.008

Each value represents the mean ± SD of three independent experiments

ND not determined
a In the structure: P = –SO2Ph
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with reflux under basic conditions. The yields of all prod-

ucts were excellent (83–95%). Structures and purity were

determined by NMR (1H and 13C), mass spectrometry and

elemental analysis.

Chemicals and animals

Monoclonal antibodies and horseradish peroxidase-conju-

gated secondary antibodies were purchased from Santa

Cruz Biotechnology, Inc. (Santa Cruz, CA). Bovine brain

tubulin protein was purchased from Cytoskeleton, Inc

(Denver, CO). [3H]vinblastine and [3H]podophyllotoxin

were purchased from Moravek, Inc (Brea, CA). Sephadex

G25 column and Cell Death Detection ELISA (anti-histone

ELISA) were purchased from Roche Applied Science

(Indianapolis, IN). All other chemicals were purchased

from Sigma (St. Louis, MO).

Four- to 5-week-old male ICR mice and male nu/nu

nude mice were purchased from Harlan Biosciences

(Indianapolis, IN). All animal protocols were approved by

the Animal Care and Use Committee at The Ohio State

University or the University of Tennessee.

Cell culture

All human cancer cell lines except K562/DOX, HEK293-

pcDNA3.1, HEK293-MRP1, HEK293-MRP2, HEK293-

pcDNA3-10 and HEK293-482R2 were obtained from

American Type Culture Collection (Manassas, VA). K562/

DOX, HEK293-pcDNA3-10 and HEK293-482R2 were

kindly provided by Dr. Duxin Sun (College of Pharmacy,

The Ohio State University). The plasmids for MRP1 and

MRP2 were kindly provided by Dr. Susan P. C. Cole

(Department of Pharmacology & Toxicology, Queen’s

University) [14]. K562/DOX was obtained by in vitro

selection of K562 in progressively increasing doses of

doxorubicin [15, 16]. HEK293-MRP1 and HEK293-MRP2

were transfected with the plasmid encoding the full-length

MRP1 and MRP2 genes, respectively, according to the

calcium phosphate transfection method [17]. HEK293-

pcDNA3.1 was transfected with empty pcDNA 3.1(-)

vector. HEK293-MRP1, HEK293-MRP2, and HEK293-

pcDNA3.1 cells were selected with 200 lg/mL G418

for 4 weeks after transfection. HEK293-pcDNA3-10 and

HEK293-482R2 were HEK293 cells transfected with

empty pcDNA3 vector and pcDNA3 vector containing full-

length BCRP, respectively [18]. Cells were maintained in

RPMI-1640 medium containing 2 mM L-glutamine sup-

plemented with 10% fetal bovine serum. All cells were

grown at 37�C in a humidified atmosphere containing 5%

carbon dioxide. RPMI-1640 media, trypsin–EDTA and

L-glutamine were purchased from Mediatech (Herndon,

VA). FBS was purchased from Invitrogen (Carlsbad, CA).

Growth inhibition assay

The cytotoxic or anti-proliferative activity of test com-

pounds was investigated in cancer cell lines using the

sulforhodamine B (SRB) assay. The (3-(4,5-dimethylthia-

zol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT) assay

was also used for the leukemia cell lines. Cultured cells

were plated into 96-well plates and incubated with medium

containing different concentrations of the test compounds

for 4 days. Cells were stained with SRB or MTT solution.

The optical density was determined at 540 nm on a

microplate reader (Dynex Technologies, Chantilly, VA).

Fig. 1 Synthesis scheme.

Reagents and conditions:

a i. LDA, THF, -78�C;

ii. BrCN; b Path A;

3-formylphenylboronic acid,

Na2CO3, Pd(PPh3)4, DME;

c Path B; 3-iodobenzaldehyde,

Na2CO3, Pd(PPh3)4, DME;

d LDA, compound 1, THF,

-78�C; e Et3SiH, CF3CO2H,

CH2Cl2, room temperature;

f aq. NaOH, EtOH, reflux;

g pyridinium dichromate, room

temperature
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The concentration that inhibited cell growth by 50% rela-

tive to the untreated control (IC50) was determined by

nonlinear least squares regression using WinNonlin soft-

ware (Pharsight Corporation, Cary, NC). WinNonlin was

provided by a Pharsight Academic License to The Ohio

State University.

Determination of DNA fragmentation by ELISA

Apoptosis was measured by quantitation of cytoplasmic

histone-associated DNA fragments using the cell death

detection ELISA kit. LNCaP and PC-3 cells were seeded in

six-well plates and exposed to 15 for 24 h at final con-

centrations of 100 and 200 nM (approximating the IC90

values in these cell lines), respectively. The quantitation of

DNA fragments was performed according to the manu-

facturer’s instructions.

DNA gel electrophoresis

Cells were treated with different concentrations of drugs.

The cell pellet was treated with lysis buffer (50 mM Tris–

HCl, pH 7.5, 20 mM EDTA, 1% NP-40) for 20 min at 4�C.

After centrifugation, the supernatant was treated with

RNase A (5 lg/lL) for 2 h at 56�C and proteinase K

(2.5 lg/lL) for 6 h at 37�C. The DNA was precipitated

with 100% ethanol (20�C). The pellet was then dissolved in

TE buffer and loaded on a 1.2% agarose gel containing

ethidium bromide. The apoptotic DNA was visualized by

placing the gel on a UV transilluminator.

Cell cycle analysis

Treated cells were washed with PBS and fixed with 70%

ice-cold ethanol overnight. Fixed cells were then stained

with propidium iodide (20 lg/mL) in the presence of

RNase A (300 lg/mL) at 37�C for 30 min. Cell cycle

distribution was analyzed by fluorescence-activated cell

sorting (FACS) analysis core services at The Ohio State

University, Columbus, OH.

Western blot analysis

Treated cells were lysed in cold lysis buffer [20 mM Tris–

HCl, pH 7.5, 150 mM NaCl, 1 mM Na2–EDTA, 1% Tri-

ton-X 100, and freshly added Na3VO4 (2 mM), NaF

(20 mM) and complete protease inhibitor cocktail]. For

each sample, an aliquot (20–40 lg) of total protein was

loaded and run on a SDS-PAGE gel. Protein was trans-

ferred to nitrocellulose membranes (Bio-Rad Laboratories,

Hercules, CA), blocked with 5% non-fat milk, incubated

with primary antibody overnight at 4�C, and then incubated

with secondary antibody at room temperature for 1 h. The

ECLTM (GE Healthcare Bio-Sciences Corp., Piscataway,

NJ) was used for detection.

In vitro tubulin depolymerization assay

BK004 kits (Cytoskeleton, Denver, CO) were used to study

tubulin depolymerization. The reaction contained 50 lL of

4 mg/mL tubulin in PEM buffer (80 mM PIPES, pH 7.0,

0.5 mM EGTA, 2 mM MgCl2, 1 mM GTP, 10% glycerol).

The procedure was done according to the manufacturer’s

protocol. Tubulin polymerization was monitored in a UV

spectrophotometer for 40 min at 340 nm at 37�C.

Indirect immunofluorescence microscopy

PC-3 cells were plated on poly-D-lysine-coated glass cov-

erslips in six-well plates (2.5 9 104 cells/well) the day

before treatment. After cells were incubated with cytotoxic

agents at 37�C for 6 h, cells were fixed on coverslips with

4% formaldehyde in PBS for 10 min and permeabilized by

2% Triton-X in PBS for 5 min. They were blocked with

3% bovine serum albumin in TBST for 30 min and incu-

bated with anti-a-tubulin-FITC antibody (Sigma, St. Louis,

MO) used at 1:100 dilution at 4�C overnight. They were

mounted on slides and observed by a Zeiss Axioplan 2

fluorescent microscope (Carl Zeiss, Thornwood, NY).

Images were acquired with a Zeiss Axiocam HRc, using

Zeiss AxioVision.

In vitro binding assay by spin column

A spin column binding assay was used to determine whe-

ther 15 competes for either the vinblastine- or colchicine-

binding sites [19]. Tubulin (0.1 mg/mL) was incubated

either with 3 lM vinblastine containing [3H]vinblastine

(4 9 104 dpm/nmol) in the presence of different concen-

trations of vincristine or 15 in PEM buffer or with 3 lM

podophyllotoxin containing [3H]podophyllotoxin (4 9 104

dpm/nmol) in the presence of different concentrations of

colchicine or 15 in PEM buffer in a total volume of 140 lL

at 37�C for 1 h. Samples (120 lL) were then loaded onto

size-exclusion Sephadex G25 columns that were pre-washed

with 3 mL of PEM buffer. The columns were then placed

into empty tubes and centrifuged at 200g for 1 min and

radioactivity in the flow-through was analyzed by scintilla-

tion counting.

In vivo antitumor efficacy study

PC-3 cells (2.5 9 106 cells/site) were injected subcutane-

ously into the flanks of male nu/nu mice. Tumor size was
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measured using calipers every 3 days and calculated

as V = p/6 9 (length) 9 (width)2 [20]. When tumors

reached a volume of approximately 150 mm3, drug treat-

ment was initiated. The control group was treated with

vehicle (10% DMSO in PEG300) only. During the treat-

ment, tumor size and animal body weight were measured

twice per week. Relative tumor growths (%) were calcu-

lated considering the mean tumor volumes at day 0 as

100%.

Statistical analysis

The results (mean values ± SD) were subjected to statis-

tical analysis by single-factor ANOVA. The level of sig-

nificance was set at P \ 0.05.

Results

The effect of indoles on cell proliferation

Structural variations were introduced in the methylene

spacer (i.e. CH2, CH–OH or C=O) between the phenyl

group and indole-ring for analysis of structure–activity

relationships. 15, with a methanone linkage, demonstrated

the most potent growth inhibitory effects in several human

cancer cell lines of differing tissue origin, including pros-

tate cancer cell lines DU-145, LNCaP, PC-3, and PPC-1,

bladder cancer TSU-Pr1 cells, breast adenocarcinoma

MCF7 cells, and the colorectal carcinoma HT29 cell line

(Table 1). IC50 values for 15 ranged from 33.8 to 162 nM.

Reduction of the methanone linkage to an alcohol 13 sig-

nificantly reduced activity, with IC50 values over 100-fold

higher for 13 in LNCaP and PC-3 cells as compared to 15.

Complete reduction to a methylene linker 12 almost

completely abolished activity. Protected compounds (10,

11, and 14) were devoid of activity, while partial inter-

mediates (3 through 9) and a bis-indole with a simple

methylene linker 1 also demonstrated substantially reduced

activity in these cancer cell lines. Vinblastine and doce-

taxel confirmed the assay validity by exhibiting high

potency in cancer cell lines with IC50 values ranging from

1.05 to 6.3 nM.

The effect of 15 on growth of cells that over-express

P-glycoprotein, MRPs, and BCRP

We next determined whether cells that over-express

P-glycoprotein, MRP1, MRP2, and BCRP were resistant

to 15. To examine the P-glycoprotein-induced drug

resistance, the parental K562 leukemia cell line and its

doxorubicin-resistant sub-line (K562/DOX) that over-

expresses P-glycoprotein were co-incubated with different

concentrations of 15, doxorubicin, docetaxel, paclitaxel,

and vinblastine. It is well established that doxorubicin,

docetaxel, paclitaxel, and vinblastine are substrates for

P-glycoprotein [21]. The IC50 values for doxorubicin,

vinblastine, docetaxel, and paclitaxel were increased 32-,

191-, 203-, and 121-fold, respectively, in the K562/DOX

cell line as compared to parental K562 cells, while 15

demonstrated equal potent anticancer activity in the two

cell lines (Table 2).

Studies were performed using MDR-expressing

HEK293-MRP1 and HEK293-MRP2 cells treated with 15

to determine if 15 is a substrate for MRP1 and MRP2.

Vinblastine, doxorubicin, SN-38, and docetaxel were sub-

stantially less effective in HEK293-MRP1 and HEK293-

MRP2 (Table 2). IC50 values for vinblastine, doxorubicin,

SN-38, and docetaxel were 4.9-, 3.7-, 2.1- and 7.2-fold

greater in cells with high MRP1 expression and 3.7-, 2.2-,

1.5-, and 7.6-fold greater in cells over-expressing MRP2

than in HEK293-pcDNA3.1 empty vector cells. 15, how-

ever, demonstrated similar IC50 values in HEK293-

pcDNA3.1 and HEK293-MRP1 and HEK293-MRP2 cells.

For the BCRP transporter, HEK293 cells transfected

with pcDNA3 empty vector and HEK293-482R2 trans-

fected with the vector including BCRP gene were used.

Upon treatment with SN-38 and vinblastine, significant

differences between the IC50 values in HEK293-pcDNA3-

10 and HEK293-482R2 cell line were seen (Table 2). IC50

values for SN-38 and vinblastine were 33- and 4-fold

greater, respectively, in cells with high BCRP expression

as compared to nonexpressing cells. 15, however, retained

similar potency in HEK293-482R2 cells, as well as K562/

DOX, HEK293-MRP1, and HEK293-MRP2 cell lines as

compared to the control cell lines. These data indicate that

15 is not a substrate for P-glycoprotein, MRP1, MRP2, and

BCRP, while other chemotherapeutic agents that target

tubulin (vinblastine, docetaxel, and paclitaxel) or other

cellular mechanisms (SN-38 and doxorubicin) are sub-

strates for these ABC transporters.

Apoptotic effect induced by 15

In the apoptosis study using the cell death detection ELISA

kit, 15 increased the enrichment factor (absorbance in

treated cells/absorbance in control cells) 4.5- and 4-fold in

LNCaP and PC-3 cells, respectively (P \ 0.05; Fig. 2a).

The extent of apoptosis was greater in LNCaP as compared

to PC-3 cells, which is consistent with the lower IC50 value

of 15 in LNCaP (44 nM) versus PC-3 cells (81 nM). DNA

laddering results also suggested that 15 induced significant

apoptosis in both cell lines (Fig. 2b). After a 48-h incu-

bation of 15 (100 nM) in LNCaP cells, a similar extent of

DNA laddering was observed as compared to that induced

by 50 nM paclitaxel (Fig. 2b). As a whole, these studies
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provide persuasive evidence that 15 potently induces

apoptosis in prostate cancer cell lines, with potency similar

to but slightly less than paclitaxel.

To further elucidate the apoptotic mechanism of 15, we

examined its effects on PARP cleavage, a marker of

apoptotic cell death, and the expression of the anti-

apoptotic protein bcl-2 in PC-3 cells after 24-, 48-, and

72-h treatments (Fig. 2c). Lysates of PC-3 showed no

cleavage of PARP and a high expression of bcl-2 before

drug treatment. PARP cleavage was observed after 48-h

exposure with 15 (200 nM; approximate IC90 value in PC-3

cell growth inhibition study). Bcl-2 expression decreased in

Table 2 Effect of 15 and other agents on the growth of cells expressing ABC MDR transporters

Resistance phenotype

and cell line

IC50 (nM)

15 Doxorubicin Vinblastine SN-38 Docetaxel Paclitaxel

P-glycoprotein

K562 63.6 ± 2 27.1 ± 6 1.4 ± 0.4 ND 2.7 ± 1.0 12.2 ± 0.2

K562/DOX 78.2 ± 3 (1.2) 859 ± 27 (31.7) 268.1 ± 48 (191) ND 548.5 ± 76 (203) 1480 ± 479 (121)

MRP

HEK293-pcDNA3.1 60.2 ± 7 80.6 ± 3 5.0 ± 1 8.4 ± 1 4.4 ± 2 ND

HEK293-MRP1 89.9 ± 13 (1.5) 298.1 ± 16 (3.7) 24.3 ± 2 (4.9) 17.7 ± 1 (2.1) 31.3 ± 5 (7.2) ND

HEK293-MRP2 90.4 ± 2 (1.5) 177.6 ± 11 (2.2) 18.1 ± 4 (3.7) 12.4 ± 1 (1.5) 33.1 ± 4 (7.6) ND

BCRP

HEK293-pcDNA3-10 91.6 ± 10 ND 4.04 ± 0.8 2.9 ± 0.3 ND ND

HEK293-482R2 105 ± 4 (1.15) ND 15.7 ± 2 (3.89) 94.3 ± 20 (32.5) ND ND

P-glycoprotein, MRP1, MRP2, BCRP were over-expressed in K562/DOX, HEK293-MRP1, HEK293-MRP2 and HEK293-482R2. The resistance

factor (in parentheses) was calculated as the ratio of IC50 values for the resistant cell sub-line to that of the parental cell line. All experiments

were performed at least in three replicates

ND not determined

B
6

E
n

ri
ch

m
en

t 
fa

ct
o

r

0

1

2

3

4

5

6

control PC-3 LNCaP

200 nM
Vinblastine

200 nM
15

PARP

-actin

(hr)             0     24    48    72    24     48     72

200 nM
Vinblastine

200 nM
15

Bcl-2

24    48    72    24     48     72

-actin

A

C

Fig. 2 Apoptosis induced by 15 treatment. a 15 induces histone and

DNA fragmentation in LNCaP and PC-3 cells. Cells were incubated

with 15 at a concentration of IC90 to each cell line for 24 h. The

extent of apoptosis (i.e., the enrichment factor) was determined using

a commercially available anti-histone ELISA. b DNA ladder from

LNCaP cells treated with different concentrations of drugs for

different time was obtained by 1.2% agarose gel electrophoresis.

1 100 bp DNA marker, 2 vehicle-treated, 3 50 nM paclitaxel (72 h),

4, 5 100 nM 15 (48, 72 h), 6, 7 500 nM 15 (48, 72 h). c PARP

cleavage and decreased expression of Bcl-2 were observed in PC-3

cells treated with 200 nM of vinblastine and 15 for 24, 48 and 72 h by

Western blot analysis
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a time-dependent manner after treatment with 15

(200 nM), suggesting that 15-induced apoptosis is at least

partially mediated by down-regulation of bcl-2.

Effect of 15 in cell cycle distribution

As an initial step to understand the mechanism of action

of 15, we determined the effect of 15 on the cell cycle.

The percentage of PC-3 cells in G2M phase increased

(Fig. 3a) from 13% (control) to 24, 46, and 73% at 15

concentrations of 100, 300, and 500 nM, respectively,

indicating that PC-3 cells were significantly arrested in

the G2M phase in a concentration-dependent manner, a

pattern that is commonly observed with taxanes and vinca

alkaloids. When the percentages of cells in G2M phase

were plotted against different concentrations of the com-

pounds (0.1 nM–1 lM), vinblastine, docetaxel, and 15

arrested the cell cycle with EC50 values of 7, 14, and

282 nM, respectively (Fig. 3a). The effect of these drug

arresting cells in the G2M phase is closely related to their

IC50 values of cytotoxicity in PC-3 cells (1, 6, and

81 nM, respectively; Table 1), suggesting that this is a

direct link to their mechanism of action.

The effect of 15 on microtubule polymerization

Vinblastine and 15 were compared for their ability to

inhibit tubulin polymerization at different concentrations

of the compounds. Microtubule polymerization was

measured by absorbance over time since assembled

microtubules cause turbidity in the assay solution

(Fig. 3b). These data indicate that 15 mimics the effects

of vinca alkaloids on tubulin polymerization to reduce

polymerization and destabilize microtubule formation as

is evident by the decrease in absorbance with increasing

concentration. 15 suppressed tubulin polymerization in a

concentration-dependent manner with an IC50 of 554 nM,

whereas the IC50 of vinblastine was 283 nM (Fig. 3b). In

order to visualize the microtubule changes in the cells,

immunofluorescence microscopy was used. Vinblastine

inhibited microtubule polymerization with the appearance

of short microtubule fragmentations in the cytoplasm. In

contrast, treatment with docetaxel resulted in stabilization

of microtubule with an increase in the density of micro-

tubules. Treatment with 15 induced similar changes to

microtubules as compared to vinblastine (Fig. 3c).

In vitro competition of binding of vinblastine

or podophyllotoxin to tubulin by 15

Antimitotic agents are known to bind at different binding

sites in the tubulin protein. Since microtubule polymeri-

zation inhibitors usually bind to the vinblastine- or

colchicine-binding sites, we assessed the binding of 15

to tubulin with [3H]vinblastine and [3H]podophyllotoxin

(binds to the colchicine site) in a competition binding assay

using vincristine and colchicine as positive control inhibi-

tors. When depolymerized tubulin was incubated with

radiolabeled vinblastine in the presence of different con-

centrations of the unlabeled vincristine, a known com-

petitor of vinblastine binding to tubulin, the amount of

protein-bound [3H]vinblastine found in the flow-through

was strongly reduced (Fig. 3d). Thus, vincristine competes

for the binding of vinblastine to tubulin. However, when

different concentrations of 15 instead of vincristine were

used, no effect on binding of [3H]vinblastine to tubulin was

observed (Fig. 3d). When tubulin was incubated with

[3H]podophyllotoxin in the presence of different concen-

trations of unlabeled colchicine, the amount of [3H]podo-

phyllotoxin in the flow through the column was reduced

(Fig. 3d). Thus, podophyllotoxin competes for the binding

of colchicine to tubulin. Increasing concentrations of 15

also decreased [3H]podophyllotoxin binding to tubulin,

indicating that 15 binds to the colchicine-binding site to

induce disassembly of microtubules (Fig. 3d).

In vivo pharmacology of 15

The acute toxicity (as measured by changes in morbidity in

24 h) of vinblastine and 15 was examined in ICR mice via

IV injection to identify the maximally tolerated dose

(MTD). The acute MTD of vinblastine was 25 mg/kg,

whereas 15 did not induce any severe acute toxicity at

doses up to 500 mg/kg. For sub-chronic toxicity, doses

were administered via IP injection (5 days/week) in ICR

mice. The positive control group was divided into groups

of five and received vinblastine doses of 25, 5, 2.5, 1, and

0.5 mg/kg. For 15, mice were divided into four groups that

received 250, 125, 50, and 25 mg/kg. There was no sig-

nificant difference in morbidity in 2.5, 1, and 0.5 mg/kg

vinblastine or in any 15 treatment groups. These results

suggest that 15 was well tolerated with up to 4-week

treatment.

We further examined the effects of 15 (5 and 25 mg/kg,

i.p., 2 days/week and 10 mg/kg, i.p., q2d) on in vivo tumor

growth for 4 weeks in a PC-3 xenograft model. Vinblastine-

(0.5 mg/kg) and docetaxel-treated (5 mg/kg) mice were

included as a positive control. Tumor size in the vehicle

control group increased seven- to eightfold over a period of

4 weeks. 15 (25 mg/kg) and vinblastine (0.5 mg/kg)

twice weekly treatment resulted in 40 and 50% T/C (treated

over control tumor volume ratio 9 100%), respectively

(Fig. 4a). Also with this dosing regimen, 5 mg/kg doce-

taxel inhibited tumor growth with 21% T/C, but induced

a greater than 15% body weight loss after 2 weeks. In

addition, the survival rate of docetaxel treated mice was
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70% after 3 weeks and less than 30% after 4 weeks, while

15- and vinblastine-treated groups had 100% survival. A

second xenograft study with q2d dosing schedule resulted

in comparable efficacy of the 10 mg/kg 15 and 0.5 mg/kg

vinblastine (Fig. 4b) with 42 and 38% T/C, respectively.

Unfortunately, docetaxel (5 mg/kg) treatment following

every other day dosing was too toxic. 15 was also well

tolerated with no signs of toxicity with an increased dosing

schedule. Loss of body weight after treatment was\15% of

the initial body weight in all treatment groups receiving 15
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Fig. 3 Effect of 15 on cell

cycle and tubulin. a PC-3 cells

were treated with different

concentrations (0–1.5 lM) of

15, vinblastine, or docetaxel for

24 h, and DNA content of the

cells was analyzed by FACS.

The percentage of cells in G2M

phase of the cell division cycle

was quantified. Selected FACS

histograms (left panel) and dose

response curves (right panel)
were shown. b The microtubule

polymerization was monitored

by measuring the turbidity at

340 nm in the absence or

presence of drugs (right panel).
Representative experiment.

Control (filled circles); 15,

0.1 lM (open circles); 15, 1 lM

(filled triangles); 15, 5 lM

(open triangles); 15, 10 lM

(filled squares). Data shown are

the mean of duplicate reaction.

Dose-dependent curve was

shown (left panel). c PC-3 cells

were treated with 2 lM of

antimitotic agents for 6 h. Fixed

cells were reacted with anti-a-

tubulin-FITC antibody and the

cellular microtubules were

observed by a Zeiss Axioplan 2

fluorescent microscope.

d Competition of 15 for

colchicine- or vinblastine-

binding sites on tubulin was

investigated in spin column

assay. [3H]vinblastine was

incubated with tubulin in the

presence of different

concentrations of vincristine or

15 (left panel).
[3H]podophyllotoxin was

incubated with tubulin in the

presence of different

concentrations of colchicine or

15 (right panel). Tubulin-bound

[3H]vinblastine and

[3H]podophyllotoxin were

plotted against the

concentrations of the

competitors
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(Fig. 4). Thus, 15 exerts potent antitumoral efficacy

toward PC-3 solid tumor xenografts without any general

toxicity.

Discussion

Indole derivatives have been a major interest in anticancer

drug development for decades. Indole-3-carbinol and

diindolymethane demonstrated apoptotic effects in human

breast and prostate cancer cell lines in vitro [22, 23] and a

great number of novel indole compounds have been

investigated for antimitotic effects such as BpR0L075,

D-24851, aroylindoles, tryprostatin A, and 2-acyl-1H-

indole-4,7-diones [11, 19, 24–29]. During drug screening

efforts, we identified a series of novel indoles that exhibit

potent anticancer activities. These indoles were synthesized

by Suzuki coupling pathways, oxidation, and de-protection

and their activity evaluated against of a variety of human

cancer cell lines. The most active compound, 15, (3-(1H-

indol-2-yl)phenyl)(1H-indol-2-yl)methanone was further

studied to understand its basic mechanism of action and its

potential use in vivo.

Apoptosis was induced by 15 at nanomolar concentra-

tions in several prostate cancer cell lines including LNCaP,

PPC-1, DU-145, and PC-3. Like other microtubule-desta-

bilizing agents, 15 arrested cancer cells at the G2M phase

in a concentration-dependent manner by binding to the

colchicine-binding site and preventing tubulin polymeri-

zation (Fig. 3).

P-glycoprotein is thought to be one of the major causes

of failure of cancer therapy in the clinic. As such, the

search has turned toward the identification of cytotoxic

compounds that are not substrates for P-glycoprotein. 15

showed potent cytotoxic effects in cells expressing P-gly-

coprotein, as well as MRP1-, MRP2- and BCRP-positive

cell lines (Table 2). These data suggest that 15 is a poor

substrate of P-glycoprotein, MRP1, MRP2, and BCRP. The

ability to retain activity in MDR over-expressing cell lines

strongly supports the potential use of 15 in taxane- and

vinca alkaloid-resistant cancer diseases.

We also investigated the involvement of 15 in an

important cell survival pathway. It is known that micro-

tubule damage leads to cancer cell apoptosis through

inactivation of bcl-2, an important guardian of microtubule

integrity [30]. In our Western blot study using PC-3 cells,

vinblastine and 15 reduced the level of bcl-2 in a time-

dependent manner (Fig. 2c). These agents, however, also

induced cytotoxicity in DU-145 prostate carcinoma, which

does not express bcl-2. The IC50 value of 15 in DU-145

cells was somewhat higher (138 nM) than the IC50 values

in other prostate cancer cell lines (44–81 nM). These data

suggest that microtubule-damaging agents induce apoptosis

in connection with bcl-2 down-regulation, but that

decreases in bcl-2 are not the only anticancer mechanism of

antimitotic drugs. Docetaxel, a microtubule stabilizer, has
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Fig. 4 Efficacy of 15. a PC-3

xenografts were treated with

vehicle control, vinblastine

(0.5 mg/kg, i.p.; 2 days/week),

docetaxel (5 mg/kg, i.p.; 2 days/

week), and 15 (5 and 25 mg/kg,

i.p.; 2 days/week). b PC-3

xenografts were treated with

vehicle control, vinblastine

(0.5 mg/kg i.p.; q2d), docetaxel

(5 mg/kg, i.p.; q2d), and 15
(10 mg/kg, i.p.; q2d). The

relative tumor growths (%) and

body weights were plotted

against time and are the

mean ± SD from six to eight

animals
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also been shown to be an effective inhibitor of tumor

growth in DU-145 xenograft model, thus supporting a bcl-2

independent mechanism for tubulin inhibitors [31].

The in vivo toxicity study in ICR mice showed no severe

toxicity of 15 at doses up to 250 mg/kg, the maximum dose

tested. Since vinca alkaloids are widely used antimitotic

agents in clinical chemotherapy, we used vinblastine as one

of the positive controls during in vivo efficacy and toxicity

studies. In addition, 15 was compared to docetaxel, a

antimitotic taxane analog, which is the first approved

chemotherapy for the treatment of advanced prostate

cancer. A 25-fold lower dose of 15 (10 mg/kg) was shown

to be as effective in the PC-3 xenograft model as 0.5 mg/kg

vinblastine, a dose only fivefold lower than the sub-chronic

MTD of vinblastine in the q2d regimen. Docetaxel showed

severe body weight loss, as well as tumor growth inhibi-

tion. The body weight loss ([15%) in docetaxel group

(5 mg/kg, i.p., 2 days/week) was observed with 33% T/C

after 2-week treatment. Docetaxel was very efficacious

(21% T/C) but less than 30% of the mice survived by the

end of this study. 15 (10 mg/kg, i.p., q2d) induced tumor

growth inhibition (42% T/C) with no signs of general

toxicity. Ixabepilone (BMS-247550), the most widely

clinically investigated epothilone, produced significant

antitumor activities at doses between 6.6 and 15 mg/kg

(q4d 39, i.v.), but the MTD of ixabepilone was between 10

and 16 mg/kg (q4d 39, i.v.) in several mice xenograft

models [10, 32, 33]. Our data suggest that 15 may also

provide a wider therapeutic window between efficacy and

toxicity than available agents or ixabepilone, perhaps due

to its utilization of the colchicine-binding site in tubulin.

More definitive animal studies to examine the general

safety and neurotoxicity of indole 15 are on-going in our

laboratory.

Clinical use of indole alkaloids is currently restricted to

vinblastine, vincristine and vinorelbine, all of which target

the vinca alkaloid binding site in tubulin. Although a

number of agents are undergoing early clinical trials, there

are no therapies available for clinical use that bind the

colchicine-binding site and avoid MDR. The relatively

large structural complexity of vinca alkaloids and taxanes

has remained a challenge for industry to develop a feasible

synthesis. In this study, we show that a simple molecule,

15, elicits high anticancer activity by targeting the colchi-

cine-binding site in a broad spectrum of human cancer cells

including ABC transporter positive cell lines. As a whole,

our pilot in vivo anticancer activity and MDR insensitivity

of 15 validates the development of structurally related

antimitotic agents against prostate cancer and other pac-

litaxel, vinca alkaloid or MDR cancers.
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