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Report Year 2001 
Introduction 

Mechanism of Action of Substituted Indanones in Multidrug Resistant Breast Cancer 

Our laboratory has recently synthesized a series of novel substituted indanones that are selectively toxic to 
multidrug resistant cancer cells, including breast cancer cell lines. 
In this application we proposed to characterize the mechanism of action of indanocine and to assess the in 
vivo anti-tumor activity of indanocine. 
During the second year we: 

pubhshed the second report on the biological activity of indanocine (Cancer Res 2001 Oct 
l;61(19):7248-54) 
analyzed the indanocine-resistant stable cell line 
identified the potential indanocine-binding site on tubulin 
continued the animal testing of indanocine 
studies the pro-apoptotic mechanism of action in non-dividing tumor cells 

The results shown in this annual summary demonstrate that indanocine is a very promising new anti-cancer 
agent, with selective activity in slowly-dividing or quiescent tumor cells. The positive early animal models 
suggest that indanocine could be soon ready for clinical trials 
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Body 

Task 1 
In the first aim of our application, we proposed to characterize further the mechanism of action and the 
molecular targets of indanocine and related compounds in multidrug resistant breast cancer cell lines. 
Specifically, we plaimed to: 

9. Develop indanocine resistant breast cancer cell line mutant and assess its pattern of cross resistance 
to other agents (months 1-24) 

10. Characterize biochemically the resistant phenotype, emphasizing cytoskeletal and apoptotic 
regulatory proteins (months 7-18) 

11. Investigate differentially expressed genes in the resistant mutants by human cDNA expression 
chips (months 12-24) 

12. Test the role of the differentially expressed genes by transfection in the wild type cell lines 
(months 24-32) 

Almost all of the specific aims that we planned to investigate in this grant have been addressed by our 
recently published in Cancer Research (Cancer Res 2001; 61:7248-54). Since the published manuscript is 
included as an appendix to this annual report, I will refer to it for the experimental details and the major 
findings. 
The most important result in the manuscript is the identification of a tubulin mutation that confers 
resistance to indanocine in the selected cells. The observed mutation has allowed us to identify a novel 
tubulin-binding site of indanocine. We plan to use the information generated by these studies to optimize 
the synthesis of novel indanocine analogs using computer-aided modeling in collaboration with the 
medicinal chemistry group of Dr. Howard Cottam at UCSD. 

The Cancer Research manuscript also reports the surprising fmding that indanocine is selectively toxic to 
non-dividing primary leukemic cells isolated fi^om chronic lymphocytic leukemia (CLL) patients. Since we 
previously demonstrated that indanocine was able to induce apoptosis in quiescent multidrug resistant 
breast cancer cell lines (see J Nat Cane Inst, 2000. 92: 217-224), we decided to start studying the killing 
mechanism in primary tumor cells. 

Any anti-cancer agent that is able to selectively induce cell death to non-dividing or slowly dividing tumor 
cells would represent a great weapon in the cancer chemotherapy arsenal. Indanocine may be used to kill 
the "quiescent" subset of cancer cells that may not be affected by the conventional chemotherapy. 
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In the following section we demonstrate the pro-apoptoptic activity of indanocine in primary tumor cells, 
and we propose a mechanism of action for the killing of non-dividing cells. 
When quiescent primary tumor cells are incubated with indanocine, a rapid and potent apoptotic program 
was activated. Loss of mitochondria transmembrane potential was observed as indicated by the reduction of 
the DiOC6 staining (Figure 1). 

Control Indanocine 1 |J.M 24 hrs 

40 

1 
=- m ̂  ' 

Figure 1. Selective induction of apoptotsis by indanocine in primary 
tumor cells. Cells were then double stained with DiOC6 and PI, and 
subject to flowcytometry analysis. 

Caspase-3 was rapidly activated after only 2 hour of incubation time point (Figure 2), concomitantly to 
cytochrome c release from its mitochondrial compartment into the cytosol (dato not shown). 

(hr.) 

CLL#1 

CLL#2 

4    6    8 

<*—>| 1  Cleaved 
I caspase-3 

Figure 2. Time course of caspase-3 cleavage. CLL cells were incubated 
for indicated periods of time with 10/xM of indanocine. The cells were 
then lysed. Cleaved caspase-3 was visualized on Western Blotting using 
an antibody specific for active caspase-3. 

In order to identify the early events activated by indanocine responsible for the activation of the apoptotic 
program, we investigated the role of the p38 kinase signaling cascade. The p38 kinase has been shown to 
play an important role in inducing apoptotic cell death. p38 kinase is activated by phosphorylation by the 
MEK3/6 kinases. The active p38 can phosphorylated and activate transcription factors, such as ATF2. p38 
kinase may also activate apoptosis in an transcriptional independent mechanism affecting Bcl-2 family 
members such as Bax, or facilitating cytochrome c release from mitochondria. In order to test whether p38 
kinase was activated by indanocine, we used ATF2 phosphorylation as a surrogate marker of p38 kinase 
activity. We showed that ATF-2 was phosphorylated at 2 hours following indanocine incubation (Figure 3). 
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Figure  3.   Time  course of ATF-2 phosphorylation in tumor cells. 
Phosphorylation of ATF-2 was visualized by Western Blotting using phosphospecific antibodies (Cell 
Siganling Inc). Total ATF-2 protein was also shown as control. 

The ATF-2 phosphorylation was not observed when normal lymphocytes were incubated with indanocine. 
Since indanocine do not induce apoptosis in normal lymphocytes, a correlation between killing and ATF-2 
phosphorylation was established. This correlation was fiirther corroborated by the finding that paclitaxel, a 
potent microtubule binding agent, was unable to kill the indanocine-sensitive primary mahgnant leukemic 
cells and was also unable to induce ATF-2 phosphorylation (Figure 4). 

Paclitaxel 

P-ATF2 

0 5nM 10^M 

ATF2 -^^^^n^^^^^^^j    ^^^n^^^^^^.     ^iiiigiiiiijiiiiii^ii^ 

Figure 4.   Paclitaxel  do not  induce ATF-2  phosphorylation in primary 
leukemic  cells.   Phosphorylation of ATF-2 was visualized by Western Blotting using 
phosphospecific antibodies (Cell Siganling Inc). Total ATF-2 protein was also shown as control. 

p38 kinase can be phosphorylated and activated by MEK3/6, which is a MAPK kinase (MAPKK). In turn, 
MEK3/6 can be phosphorylated by mixed lineage kinases (MLK), including the apoptotic signal-regulating 
kinase 1 (ASKl). Over expression of ASKl causes apoptotic cell death, and kinase-inactive form of ASKl 
blocks the apoptosis induced by tumor necrosis factor-alpha. We discovered that indanocine can activate 
the ASKl-MEK3/6-p38 kinase cascade (Figure 5.) 
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Figure 5. Indanocine activates the ASKl-MEK3/6-p38 kinase-ATF2 signaling cascade. The measure ASKl 
activity, cell lysates were subject to immunoprecipitation followed by in vitro kinase assay using MB? as 
substrates. MBP was strongly phosphorylated at 4 hour. Anti-ASKl Western blot was also performed to 
show equal amounts of ASKl was precipitated. For the detection of MEK3/6, p38 kinase and ATF2, 
phospho-specific antibodies were used (Cell Signaling Inc). 

In living cells, ASKl is inhibited by thioredoxin. The oxidation of thioredoxin by reactive oxygen species 
can causes its dissociation from ASKl and may result in the induction of ASKl kinase activity. To test this 
hypothesis we analyzed the levels of reactive oxygen species (ROS) in primary tumor cells after incubation 
of indanocine. The results we obtained indicate that indanocine can rapidly increase the ROS in the tumor 
cells (Figure 6). 
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Figure 6. Indanocine increased intracellular 02- production in primary tumor cells. 
Tumor cells were incubated with medium alone, lOjiM of indanocine, or lOjiM indanocine with PDTC for 
2 hours. The generation of 02- was quantified by staining the cells with dihydroethidium and analysed by 
flow cytometry. 

In addition, the prevention of ROS formation using the free radical scavenger, Pyrrolidine dithiocarbamate 
(PDTC), was able to prevent the indanocine-induced ATF2 phosphorylation (Figure 7). 

Figure 7. Inhibition of 02- production prevents ATF2 phosphorylation. 
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Task 2 

In the second aim of the application we proposed to assess the in vivo antitumor activity of indanocine 
in nude mice bearing multidrug resistant human breast cancer cell lines. Specifically, we planned to: 

7. Determine the acute and chronic toxicity of indanocine and related compounds in nude mice. 
8. Establish human tumor models in nude mice using wild type, multidrug resistant, and indanocine 

resistant breast cancer cell lines. 
9. Test indanocine and related compounds in the estabUshed in vivo tumor models. 

The main problem we encountered when testing indanocine in animals was the poor water solubility of 
the compound. Indanocine can only be prepared in DMSO solutions at a concentration of up to 20 mM 
concentrations. The highest concentration achievable in acqueous solutions is 100 nM. In order to 
overcome this problem we generated an indanocine analog that can be solubilized in water and other 
acqueous solutions (Fig. 8). 

Indanorine phosphate can be solubilized in water solutions at concentrations up to 100 mg/ml. The in 

HsQ fi PO3H2 

Fig 8: Indanorine phosphate 

H3C1 

H3C0 

vitro activity of indanorine phosphate to cancer cell lines was similar, although reduced, to the 
parenteral compound, indanocine. The bulky and negatively charged phosphate group of indanorine 
phosphate do not allow the duect penetration through the cell membrane barrier. The difference 
between the two compounds may be due to the dephosphorylation kinetics. 

10 
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Cell line Indanorine phosphate Indanocine 
IC50, nM IC50, nM 

Jurkat 15 5 
MOLT-4 17 7 
MCF7 45 20 
MCF7/ADR 16 4 
MDA-MB-321 35 10 
HCT-116 100 55 
VM46 100 50 
AZ2780 45 30 
AZ2780/CD10 30 15 

Table 1. Growth-inhibitory activity of indanocine and indanorine phosphate in tumor cell lines. The 
cells were treated with various concentrations of the indicated drugs for 72 hours. Cell proliferation 
was assessed with the MTT assay. The resuhs represent the 50% growth-inhibitory concentrations 
(IC50) 

Indanorine phosphate also retained its activity against primary quiescent malignant lymphocytes (data 
not shown). 

We used indanorine phosphate for our in vivo assays. 

Maximum Tolerated Dose in Athvmic Nude Mice 

The toxicity of indanorine phosphate was determined in two stages. 
(1) The dosage range for the MTD study was determined in a one-mouse dose-escalating study. The drug 
was administered i.v. in a single dose to a single animal. The dose was then doubled successively for each 
of the following animals. (2) The MTD study employed two routes of administration, two dosing 
schedules, and three dosing levels and required twelve groups of mice. 
The MTD study indicated that Indanorine phosphate was well tolerated by the athymic nude mice. No 
MTD was achieved (following NCI guidelines) at concentrations of 100, 200, and 300 mg/kg given i.v. or 
i.p. at five daily doses (QD x 5) or at five doses given on alternate days (QOD x 5). 

In Vivo Evaluation of Indanorine Phosphate against the P388 Marine Leukemia Lines 

To evaluate the in vivo efficacy of indanorine phosphate, we tested indanorine phosphate in the P388 
murine leukemia model. Female B6D2F1 mice were inoculated on Day 0 with 1 x 106 P388 leukemia cells 
harvested fi:om tissue culture. As a positive control we used i.p. paclitaxel at 25 mg/kg on a qod x 5 
schedule. Indanorine phosphate was dosed at 300 and 500 mg/kg 5 doses QOD. Toxicity was observed at 
500 mg/kg and the dose was lowered at 400 mg/kg for the last 3 doses. 

u 
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Group n 
Primary Secondary 

Agent mg/kg Route Schedule Agent mg/kg Route Schedule 

1 10 No Treatment n/a 

2 10 Paclitaxel 20 IP Q0Dx5 

3 10 SDX-103 500 IP Dl,3,5 SDX-103 400 IP D7,9 

4 10 SDX-103 300 IP Q0Dx5 

Table 2. Protocol design of P388 animal model. 
Table 3. Summary of the results of P388 animal model. 

Group n 
Primary Secondary Mean Day of 

Survival %T/C # 30 Day 
Survival 

Max BW. Loss 

%; (Day) 

#of 
Toxic 

Deaths Agent mg/kg Agent mg/kg Mean±SEM(n) 

1 10 No Treatment n/a 20.7 ±1.3 (10) 100% 0 — 0 

2 10 Paclitaxel 20 27.1 ±0.8 (8) 131% 0 — 0 

3 10 SDX-103 500 SDX-103 400 24.2 ±1.3 (5) 117% 0 -5.4%; Day 4 2 

4 10 SDX-103 300 26 ±0.8 (9) 126% 0 -2.9%; Day 2 0 

Since the NCI cut-off for anti-leukemia activity of an agent in the P388 model is a 120% T/C value or a 
20% increase in life span (%ILS), Indanorine phosphate has to be considered active at a dose of 300 mg/kg 
(T/C 126%). Unfortunately, The T/C ratio is not as high as we may have expected based on the in vitro 
results. 
More assays are currently underway to assess the activity of Indanorine phosphate. In particular we are 
testing the possibility that indanorine phosphate may have a very short half-life, and therefore, may have to 
be delivered more frequently. In the current assays we are dosing the drug daily (QD) and twice daily 
(BID) at 300 mg/kg. 
If the resuhs of the current animal assays will be positive we plan to initiate pharmacokinetic and 
pharmacodynamic studies. Tumor Xenografts in Athymic Nude Mice using human breast cancer cells 
will then follow, as indicated in the original proposal. 
We do not plan to futher pursue assays to determine the in vivo anti-angiogenic or anti-vascular activity 
of indanocine, before obtaining positive resuhs m the "conventional" tumor models. 
Negative results on the new P388 assays (i.e. no increaese in the T/C ratio), will prompt us to test new 
indanocine analogs that have been prepared for us by the group of Dr. Cottam at UCSD. 

12 
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Reportable Outcome 

Manuscripts 
Cancer Res 2001 Oct l;61(19):7248-54. Biochemical genetic analysis of indanocine resistance in human 
leukemia.Hua XH, Genini D, Gussio R, Tawatao R, Shih H, Kipps TJ, Carson DA, Leoni LM. 

Patent 
# 09/148,576 Carson, Leoni, Cottam and Shih: Novel Anticancer Agents.   Claims indanocine and 
related agents. US Patent Application, European Patent Application # 98958023.8-2112 

13 
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Biochemical Genetic Analysis of Indanocine Resistance in Human Leukemia* 

Xuequn Helen Hua, Davide Genini, Rick Gussio, Rommel Tawatao, Hsien Shih, Thomas J. Kipps, Dennis A. Carson, 
and Lorenzo M. Leoni^ 
Department of Medicine and Vie Sam and Rose Stein Institute for Research on Aging, University of California. San Diego, La Jolla, California 92093-0663 [X. H H   D G 
R. T., H. S., T. J. K., D. A. C. L. M. L], and Target Structure-Based Drug Discovery Group, Information Technology Branch. National Cancer Institute. NIH, Frederick, Maryland 

21702 [R. G.l 

ABSTRACT 

Indanocine is a potent tubulin-binding drug tliat is cytotoxic to multi- 
drug-resistant cancer cell lines. We demonstrated that indanocine specif- 
ically induces apoptosis in malignant B cells from patients with chronic 
lymphocytic leukemia. To address the exact biochemical basis for indano- 
cine toxicity, an indanocine-resistant clone was selected from mutagenized 
CEM human iymphoblastoid cells. The resistant cells displayed a stable 
indanocine-resistant phenotype for at least 9 months in drug-free culture. 
The cloned cells are cross-resistant to colchicine and vinblastine, but not 
to paclitaxel, and do not have increased expression of the multidrug- 
resistant pl70 glycoprotein. In both parental cells and cell extracts, in- 
danocine treatment caused tubulin depolymerization. In contrast, the 
tubulin in the resistant clone did not depolymerize under identical condi- 
tions. Both extract mixing and cell fusion experiments suggested that a 
stable structural change in microtubules, rather than a soluble factor, was 
responsible for indanocine resistance. Sequence analysis of parental and 
resistant cells revealed a single point mutation in the M40 isotype of 
/3-tubulin at nucleotide 1050 (G-^T, Lys'^'^Asn) in the indanocine- 
resistant clone, in a region close to the putative colchicine binding site. 

INTRODUCTION 

Indanocine is a potent microtubule-depolymerizing agent with an- 
tiproliferative activity (I, 2). Indanocine induces apoptotic cell death 
in a broad range of human tumor cell lines, including several types of 
multidrug-resistant cells (2). Microtubules are vitally important for 
cellular functions such as motility, mitosis, and secretion. In cell-free 
assays using purified tubulin, we showed that indanocine competes 
with colchicine binding (2), suggesting that the binding sites for 
indanocine and colchicine are related to each other. 

Indanocine is different from many other microtubule-disrupting 
drugs, because it displays toxicity toward multidrug-resistant cells and 
kills nondividing or quiescent cells (2). These results suggest that 
indanocine might work through a mechanism independent of mitotic 
arrest. Treatment of human malignancies with antitumor agents often 
results in acquired resistance, which represents a major limitation to 
chemotherapy. Resistance to the tubulin-binding antimitotic drugs has 
been shown to be mediated by increased expression of a drug efflux 
pump, such as Pgpl70 (3), by detoxification of the drug in the cell, 
and by reduced drug influx (4). In addition to these mechanisms, 
mutational alterations in ^-tubulin have been found in paclitaxel- and 
epothilone-resistant cell lines (5, 6). 

To understand the mechanism of indanocine toxicity, an indano- 
cine-resistant clone was derived from the highly sensitive human 
T-lymphoblastoid CEM cell line. The resistant line displayed weak 
cross-resistance to colchicine and vinblastine but remained sensitive 
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to paclitaxel. Compared with parental cells, the resistant cells exhib- 
ited defective indanocine-driven tubulin depolymerization, both in 
intact cells and cell-free extracts. The resistant cells had a single point 
mutation in /3-tubulin cDNA that caused a Lys to Asn change at 
position 350, near the putative colchicine-binding site. These results 
suggest that altered tubulin structure is one primary cause of indano- 

cine resistance. 

MATERIALS AND METHODS 

Materials. Indanocine structure is shown in Fig. 2D. The compound was 
synthesized as described (7). Paclitaxel, vinblastine sulfate, colchicine, flu- 
darabine, doxorubicin, staurosporine, and cytochalasin B were purchased from 
Calbiochem (San Diego, CA) and Sigma Chemical Co. (St. Louis, MO). 
Unless otherwise designated, all antibodies were purchased from Santa Cruz 
Biotechnology, Inc. (Santa Cruz Biotechnology, Santa Cruz, CA). 

Primary Lymphocyte Assays. This study was approved by the Institu- 
tional Review Board of the University of California, San Diego, and all 
patients gave informed written consent to participation. Patients had to 
have B-CLL' according to National Cancer Institute criteria of any Rai 
stage. Peripheral blood from CLL patients or normal donors was layered on 
top of Ficoll-Paque Plus (Pharmacia, Peapack, NJ) and centrifuged at 
1200 X g for 20 min with break off. The enriched PBMCs were washed 
three times with Ca^*, Mg^*-free HBSS. Normal B cells were purified 
from buffy coats using the RosetteSep human B cell kit (StemCell Tech- 
nologies, Inc., Vancouver, British Columbia, Canada) per the manufactur- 
er's instructions. All primary cells were cultured in RPMI 1640 with 20% 
fetal bovine serum at a density of 2-5 X 10' cell/ml. Freshly isolated CLL 
cells or normal lymphocytes with viability exceeding 95% or frozen CLL 
cells with viability exceeding 75% at the time of incubation were used. 
Because CLL cells display a variable degree of spontaneous apoptosis and 
for the measurement of the IC50 of indanocine at 24 h of incubation, the 
control cells (treated with vehicle only) were normalized at 100%. With 
freshly isolated lymphocytes, the viability of die controls at 24 h always 
exceeded 85%, whereas with the frozen CLL samples the mean viability 
was 65% (range, 45-85%). 

Measurement of Lymphocyte Viability. Lymphocyte viability was as- 
sessed by enumeration of cells that excluded erythrosin B. In addition, the 
percentage of viable cells was assessed by flow cytometry. Briefly, cells were 
incubated for 10 min at 37''C in culture medium containing 40 nM DiOC^ 
(Molecular Probes, Eugene, OR) and 5 fig/ml propidium iodide (Molecular 
Probes), followed by analysis in a Becton Dickinson FACScalibur cytoflu- 
orometer. After suitable compensation, fluorescence was recorded at different 
wavelengths, DiOC^ at 525 nm (FL-1) and PI at 600 nm (FL-3). Viable cells 
were DiOC^-bright and PI-low. 

Cell Culture. The human T-lymphoblastoid CEM cell Une came from 
American Type Culture Collection (CRL-119; Rockwell, MD) and was prop- 
agated according to the supplier's instructions in RPMI 1640 supplemented 
with 10% fetal bovine serum. To select for indanocine-resistant clones, 
5 X 10*^ CEM cells were cultured for 18 h in the same medium containing 1 
mg/ml of the mutagen ethyl methanesulfonate (Sigma Chemical Co.). Ethyl 
medianesulfonate was then washed out, and the cells were culmred for 2 days 
in regular medium. After that the cells were put into medium containing 10 nM 
indanocine. The concentration of indanocine was raised gradually to keep 

' The abbreviations used are: CLL, chronic lymphocytic leukemia; PBMC, peripheral 
blood mononuclear cell; DiOC^, 3,3'-dihexyloxacarbocyanine iodide; PI, propidium io- 
dide; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylten-azolium bromide; Pgpl70, P- 
glycoprotein !70. 
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ANALYSIS OF INDANOCINE RESISTANCE IN LEUKEMIA 

Table 1 Differential sensitivity of normal and malignant B cells to indanocine 
Freshly isolated CLL and normal cells (viability £95%) or frozen CLL cells (viability 

£75%) were incubated with increasing concentrations of indanocine ranging from 0.1 to 
10 jiM for 24 h. The numbers and viabilities of the treated cells were assessed by 
microscopy and by flow cytometric analysis as described in "Materials and Methods." The 
IC50 is the drug concentration that kills -50% of the cells. Because CLL cells display a 
variable degree of spontaneous apoptosis and for the measurement of the IC50 of 
indanocine at 24 h of incubation, the control cells (treated with vehicle only) were 
normalized at 100%. 

Cell type No. of samples IC50 (m) 

CLL 
CLL 
Normal PBMCs 
Normal B 

16 
10 
5 
3 

<1 
Between 1 and 10 

>10 
>10 

Table 2 Resistance profile of parental CEM and indanocine-resistant CEM-178 cells 
CEM and CEM-178 cells were continuously exposed to various dmgs at serial-diluted 

concentrations for 72 h. Viable cells were quantified using the MTT assay. The IC50 is the 
drug concentration that inhibited cell growth by 50%. 

Drugs CEM IC;o CEM-178 IC50 CEM:CEM-178 

Indanocine 1.79 UM 206 nM 115 
Paclitaxel 0.5 nw 0.5 nM 1 
Colchicine 2.0 nM 62.5 nM 31 
Vinblastine 0.1 UM 4.0 nM 40 
Rudarabine 5.8 ^iM 13.3 MM 2.3 
Doxorubicin 0.2 pM 0.4 nM 1.9 
Cytochalasin B 7.1 (XM 4.6 MM 0.6 

viable cells at ~ 10% of control, "the selection was stopped when the resistant 
variant was able to grow in 300 nM indanocine. The cells were cloned by 
limiting dilution to yield CEM-178. 

Assessment of Cell Growth. The cells were incubated with various con- 
centrations of drags for 72 h in 96-well plates. Viable cells were quantified by 
MTT assay, as described (2). The IC50 was defined as the concentration of drag 
required to inhibit cell growth by 50%. 

Cellular Assay for Caspase Activity. At the indicated time points, the 
cells were washed twice with PBS, and the pellets were resuspended in 
ice-cold caspase buffer [50 mM HEPES (pH 7.4), 100 inM NaCl, 1 mM EDTA, 
0.1% 3-[(3-cholamidopropyl)dimethylammonio]-l-propanesulfonate, and 5 
mM DTT] and incubated for 10 min on ice. The samples were then centrifuged 
at 4°C. Supernatant containing 10-20 ptg of total protein was aliquoted into 
96-well plates. Fifty /il of hypotonic extraction buffer (HEB, contains 50 mM 
PIPES, 50 mM KCl, 5 mM EGTA, 2 mM MgCl,, 1 mM DTT, and 1 mM 
phenylmethylsulfonyl fluoride) was mixed with lysates. The reactions were 
initiated by addition of 100 /iM of the specific substrate (Ac-DEVD-AMC for 
caspase-3 and Ac-LEHD-AFC for caspase-9) acquired from Calbiochem. After 
1-h incubation at 37''C, caspase activities were measured by monitoring the 
released fluorescence of AFC or AMC at excitation and emission wavelengths 
of 400 and 505 nm, and 380 and 460 nm, respectively. 

Measurement of Apoptosis by Cytochrome c Release. An early event in 
apoptosis induced by internal factors is the release into the cytosol of mito- 
chondrial cytochrome c (8). Cytosolic and mitochondria cytochrome c were 
separated by extracting cells in HEB buffer (see above) freshly supplemented 
with 0.1% digitonin (Sigma Chemical Co.). The lysates were vortexed briefly 
and incubated on ice for 10 min, followed by centrifugation at 16,000 X g at 
4°C for 5 min. The supematants and pellets represented cytosolic and mito- 
chondria-associated fractions, respectively. The fractions were then analyzed 
by Western blotting using anti-cytochrome c antibody (PharMingen, San 
Diego, CA). 

Tubulin Polymerization Assay. To quantify tubulin polymerization and 
depolymerization, an assay was developed by modifying the method of Gian- 
nakakou et at. (5). For each data point, 2 X 10' of cells were incubated in 2 
ml of regular medium containing drags for various periods of time. The cells 
were then washed twice at room temperature and resuspended in 50 jil of 
tubulin extraction buffer (1 mM MgCIs, 2 mM EGTA, 0.5% NP40, and 20 mM 
Tris-HCl, pH 6.8) supplemented with 2 mM phenylmethylsulfonyl fluoride, 
and a protease inhibitor cocktail (Sigma Chemical Co.). After a brief but 
vigorous vortex, the lysates were incubated at room temperature for 5 min and 
then centrifuged at 16,(X)0 X g for 5 min to separate the soluble from 

polymerized tubulin. The supernatant and pellet firactions were resolved on 
10-20% pre-cast Tris-glycine gels (Novex, San Diego, CA) and then subjected 
to Western blotting with a specific anti-a-tubulin antibody. 

Mixing Experiments. Parental CEM cells and the indanocine-resistant 
clone (CEM-178) were first incubated with 5 jiM paclitaxel for 1 h. The cells 
were then pelleted, washed twice with PBS, and lysed in tubulin extraction 
buffer. The lysates from CEM and CEM-178 cells were mixed at various 
proportions. Indanocine (200 im) was added to the mixed lysate, and the 
reactions were incubated for 2 h at 37''C. The samples were then spun at 
16,000 X ^ for 5 min. Supernatant and pellet fractions were collected and 
tested by Western blotting. 

Cell Fusion Experiment. A hypoxanthine phosphoribosyltransferase- 
negative and ouabain-resistant CEM cell line was selected as described pre- 
viously (9). For the ftision experiments, 40 X lO"* each of the ouabain-resistant 
CEM and indanocine-resistant CEM-178 lymphoblasts were mixed in a ratio 
of 1:1 in seram-free RPMI 1640. Cells were pelleted and incubated for 2 min 
at 37°C, in 1 ml 50% polyethylene glycol 1500 (PEG 1500; Boehringer 
Mannheim, Germany) as a fusing agent. Then 1 ml of seram-free RPMI 1640 
was dropwise added to the cells at 37°C over 1 min, followed by 7 ml of 
seram-free RPMI 1640 centrifugation and resuspension at a concentration of 
2.5 X 10' cells/ml in regular growth medium. Subsequently, 50 /il of cells 
were plated in a 96-well plate; the next day, 50 p,l of HAT medium (Sigma 
Chemical Co.) containing 1 /AM ouabain (Calbiochem) were added to the cells 
for double selection. When the cells started to grow, hybridomas resulting from 
the fusions were selected by limiting dilutions. 

Sequence Analysis of Expressed /3-Tubulin in CEM-178. Total RNA 
was extracted from both CEM and CEM-178 using Trizol reagents (Life 
Technologies, Inc., Gaithersburg, MD) and digested with RNase-free DNase I 
to eliminate any possible DNA contaminant. cDNA was synthesized by reverse 
transcription using the Superscript II protocol, followed by RNase H digestion 
(Life Technologies, Inc.). The cDNA was used as template in PCR reactions 
with primers specific for the b2 (BIF and B2R) and M40 (MIF and M2R) 
isotypes of j8-tubulin (GenBank accession numbers X02344 and J00314, 
respectively). The sequences of the primers are shown in Table 3. The PCR 
was carried out under the following conditions: initial denaturation of 94''C for 
12 min, 35 cycles of 94°C 30 s, 48°C (55''C for b2 primers) 30 s, 72^ 80 s, 
with a final extension at 72''C for 10 min. The resulting 1.2-kb products 
spanned the full length of the b2 and M40 coding region, except for 17 bp from 
the 5' and 3' ends. The PCR products were purified using Qiagen kits and 
sequenced by a core facility (The Scripps Research Institute, La JoUa, CA) 
using the overlapping primers as illustrated in Fig. 5. To avoid PCR errors 
introduced by Taq polymerase, each PCR reaction was repeated at least once. 
All of the sequences were verified in both directions. 

RESULTS 

Differential Sensitivity of Normal and Malignant B Cells to 

Indanocine. Because it has been reported previously that CLL cells 

but not normal lymphocytes are highly susceptible to microtubule- 

binding agents (10), we tested the short-term (24-h) toxicity of in- 

Table 3 Primers used in sequencing b2 and M40 ^tubulin isotypes 

Primer Sequence 

BIF 
B2F 
B3F 
B4F 
B5F 
BIR 
B2R 
B3R 
B4R 

MIF 
M2F 
M3F 
M4F 
MIR 
M2R 
M3R 

TTG CAG GCC GOG CAG TG 
AGT GGT GCT GGG AAC AAC T 
CTC GTA GAA AAC ACA GAC GA 
CAA ATG CTT AAT GTC CAA AAC AAA 
CAT GAA CAC GTT TAG TGT GG 
TCG TCT GTG TTT TCT ACG AG 
GGT ACT CGG ACA CCA GGT CA 
CTG ACC GAA AAC GAA GTT GT 
GAG TGG GTC AGC TGG AAA C 

ATC CAG GCT GGT CAA TG 
TCT GGG GCA GGT AAC AAC T 
TTG GTA GAG AAT ACT GAT GA 
CAG ATG CTT AAC GTG CAG AAC AAG 
TCA TCA GTA TTC TCT ACC AA 
GAT ACT CAG AGA CGA GGT CG 
ACC TGT GGC TTC ATT GTA GT 
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danocine using freshly isolated and frozen cells from 26 CLL patients 
and from 8 healthy volunteers. All CLL cells were sensitive to 
indanocine, with ICJQS <10 JU.M. NO differences in indanocine sensi- 
tivity were encountered between freshly isolated or frozen CLL cells, 
nor was there a correlation between the indanocine cytotoxicity and 
the rate of spontaneous apoptosis. In contrast, normal PBMCs or 
purified normal B cells were resistant to indanocine at concentrations 
as high as 10 ;nM (Table 1). The selective cytotoxicity of indanocine 
observed in CLL cells was attributable to apoptosis, as indicated by 
subdiploid DNA content, caspase-3 activation, and cytochrome c 
release (data not shown). The results obtained with CLL cells pressed 
us to study further the mechanism of action of indanocine, by devel- 
oping indanocine-resistant cells. 

Characterization of Indanocine-resistant Lymphoblasts. Com- 
pared with parental CEM cells, the CEM-178 clone was 100-fold 
more resistant to growth inhibition induced by indanocine, with ICJQS 

of 1.79 and 206 nM, respectively (Table 2). The resistant phenotype 
persisted when the mutant cells were culmred in drug-free medium for 
at least 9 months. CEM-178 cells grew slightly slower than parental 
CEM cells, with doubling times of 24 and 18 h, respectively. Quan- 
titative analyses of DNA content by flow cytometry, as well as 
karyotyping, showed no difference between CEM and CEM-178 (data 
not shown). 

Compared with indanocine, the CEM-178 cells displayed reduced 
cross-resistance to two other inhibitors of tubulin polymerization, 
vinblastine (40-fold) and colchicine (31-fold; Table 2). In contrast, 
CEM-178 was not resistant to the tubulin-polymerizing drug pacli- 
taxel, nor to the cytotoxic agents fludarabine, doxorubicin, and cy- 
tochalasin B. These results showed that CEM-178 is specifically 
resistant to microtubule-depolymerizing agents. Because paclitaxel is 
a substrate of gpl70, the results also suggest that increased drug efflux 
may not contribute to the resistance. In fact, other experiments 
showed that the expression of the MDP gpl70 was below detection 
levels in both parental CEM cells and the indanocine-resistant mutant 
(data not shown). 

Most of the CEM cells were killed by ^10 nM indanocine (48 h 
incubation), whereas CEM-178 cells remained viable after exposure 
to much higher concentrations (Fig. lA). Indanocine kills an array of 
cell lines by inducing mitochondria dysfunction, cytochrome c re- 

lease, caspase activation, and apoptosis (2). The drug failed to exert 
these effects in CEM-178 cells (Fig. 1, C and D), although the mutant 
retained functional apoptotic machinery as indicated by activation of 
caspases when treated with staurosporine (Fig. IB). These results 
suggest that signaling event(s) upstream of cytochrome c release and 
caspase activation are altered in CEM-178 cells. 

Effect of Indanocine on Tubulin Depolymerization. Immuno- 
blotting data indicated that the expression levels of a-tubulin protein 
were similar between CEM and CEM-178 cells (Fig. 2A). To test the 
possibility that altered tubulin structure might confer indanocine re- 
sistance, we evaluated the effect of the drug on the relative levels of 
polymerized and soluble tubulin in parental and resistant cells. In 
untreated cells, >99% of the tubulin was in a free, soluble form (Fig. 
2A). In unmanipulated cells, therefore, it was not possible to quantify 
an increased amount of soluble form induced by indanocine treatment. 
However, treatment with 5 JU,M paclitaxel for 1 h converted all of the 
tubulin in both CEM and CEM-178 cells into a polymerized form 
(Fig. 2A, + paclitaxel). On the basis of these observations, we 
pretreated the two cell hnes with paclitaxel, washed out the drug, and 
then assayed the effect of indanocine exposure. CEM and CEM-178 
cells were preincubated with 5 /iiM paclitaxel for 1 h, washed twice 
with drug-free medium, and then incubated with or without 10 /HM of 
indanocine for 2 more h. After harvesting, soluble and polymerized 
tubulin were separated by centrifugation and assayed by immunoblot- 
ting. In wild-type CEM, -50% of the polymerized tubulin underwent 
depolymerization after removal of paclitaxel (Fig. 2B, sample #1). In 
CEM-178 cells, the majority of mbulin remained in the pellet fraction, 
and no spontaneous depolymerization occurred (Fig. 2B, sample #3). 
When the paclitaxel-treated parental CEM cells were incubated with 
indanocine, almost all of the tubulin was converted to soluble forms 
(Fig. 2B, sample #2). In contrast, paclitaxel-pretreated CEM-178 cells 
were resistant to the depolymerization effects of indanocine, with 
>95% of tubulin remaining in the polymerized form (Fig. 2B, sample 
M). To confirm visually the immunoblotting results, the treated cells 
were also stained with a specific anti-tobulin antibody. Parental CEM 
and CEM-178 displayed a similar network structure of microtubules 
after treatment with paclitaxel (Fig. 2C, panels 1 and 3). Indanocine 
induced a morphological change only in the parental CEM line, which 
displayed a diffuse pattern of microtubules, consistent with depoly- 

Fig. 1. CEM-178 is resistant to indanocine- 
induced apoptosis. A, CEM wild-type (■), indano- 
cine-resistant CEM-178 out of selection (•) and 
CEM-178 under selection with indanocine (▼) 
were treated with increasing concentrations of in- 
danocine for 3 days. Viable cells were assessed by 
MTT assay. The results are expressed as the per- 
centages of the control values without drug treat- 
ment. Bars. SD. B, CEM wild-type and CEM-178 
were assayed for caspase activity after treatment 
with increasing concenu-ations of indanocine for 
4 h and staurosporine for 16 h. Cells were lysed, 
and caspase activities were measured by cleavage 
of specific fluorimetric substrates for caspase-3 and 
caspase-9. Activities were represented in relative 
units to the control without treatment. Bars. SD. C, 
CEM and CEM-178 cells were each incubated with 
10 im of indanocine for 16 h. The cells were then 
fractionated into cytosolic and membrane-bound 
firactions and analyzed by Western blotting. After 
indanocine treatment, CEM wild-type cells re- 
leased a significant amount of cytochrome c into 
the cytosol but CEM-178 did not. Cyto C. cyto- 
chrome C; 5. sample; P. paclitaxel. D, CEM and 
CEM-178 cells were incubated with 10 iiM indano- 
cine for the indicated periods of time, lysed, and 
assayed for caspase-9 cleavage. Whereas indano- 
cine induced caspase-9 cleavage at 4 h, no 
caspase-9 cleavage was observed for CEM-178. 

A. B 

—*- CEM-178 grown in control medium 
~*~ CEM-178 grown with indanocine 

k. 
Caspase-9 CasDase-3 

1 1  CfcM 
■■■  CEM 178 fi ? 
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m Hi III Hi 1 M 1   " 
Isoo 
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B. 

paclitaxel 
SPSPSPSP 

IB ^^ ^A 

Sample #    _1_ 2 3 4 
paclitaxel       + + + + 

indanocine       - + - + 
SPSP SPSP 

CEM CEM-178 CEM 

c. D. 

CEM-178 

H3C OH 

HaCO 

Fig. 2. Indanocine induces tubulin depolymerization in CEM but not CEM-178 cells. A, CEM and CEM-178 cells were incubated in medium with or without paclitaxel for 1 h. In 
both cell types, tubulin existed in a free, cytosolic form. Paclitaxel converted tubulin into polymerized form. S, sample; P, paclitaxel. B, CEM and CEM-178 cells were treated with 
5 MM of paclitaxel for 1 h and then washed twice with medium. The cells were then incubated with 10 iiM indanocine for 2 h. Soluble and polymerized tubulin were assayed as descnbed 
in "Materials and Methods." In wild-type CEM cells, polymerized tubulin underwent spontaneous depolymerization, and indanocine treatment completely depolymerized tubuhn. In 
CEM-17B cells, there was no spontaneous depolymerization, and incubation with indanocine depolymerized only a small fraction of tubulin. S, sample; P, paclitaxel. C, CEM and 
CEM-178 cells were treated as in B. The cells were spun onto coverslips and stained for a-tubulin with a monoclonal antibody and with Alexa-568 conjugated secondary antibody 
(red). DNA was visualized with 4',6-diamidino-2-phenylindole {blue). Sample numbers correlate with those of B. D, structure of indanocine. 

merization (Fig. 2C, panel 2). The CEM-178 line did not show any 
visible changes in the microtubule network (Fig. 2C, panel 4). Col- 
lectively, these results demonstrate that the microtubules in parental 
CEM and CEM-178 cells react differently to indanocine, and they are 
consistent with the hypothesis that there is a difference in tubulin 
structure between CEM and CEM-178 cells. 

Cell-free Tubulin Polymerization Assays. To rule out the possi- 
bility that CEM-178 resistance might be attributable to a deficiency in 
drug uptake or active drug metabolism, tubulin depolymerization 
assays using a cell-free system were performed. Specifically, cells 
were incubated for 1 h in medium containing 5 ^M paclitaxel, washed 
and lysed in tubulin extraction buffer, and incubated at 37°C for 2 h 
with 200 /xM indanocine, followed by centrifugation and immunoblot- 
ting. In parental CEM cells, -40% of the tubulin was depolymerized 
by indanocine (Fig. 3A, CEhf). In contrast, almost all of the tubulin 
remained in a polymerized form in drug-resistant CEM-178 cells (Fig. 
3A, CEM-178). It is important to emphasize that the tubulin extracted 
from CEM-178 cells did not lose its intrinsic ability to depolymerize, 
because incubation on ice induced a complete depolymerization (data 
not shown). Because incubating the cell lysate with indanocine made 

the drug du-ectly accessible to mbulin, this experiment eliminated the 
possibility that drug uptake or metabolism contributed to indanocine 
resistance. To determine whether a soluble factor required for tubulin 
depolymerization was missing or defective in CEM-178 cells, mixing 
experiments were carried out. After preincubation with paclitaxel, 
parental CEM and CEM-178 cells were lysed in tubulin extraction 
buffer containing indanocine. Then, the whole cell lysates from CEM 
cells were added to a CEM-178 lysate at ratios of 1:1, 1:5, and 1:10. 
The mixed lysates were incubated at 37°C for 2 h before tabulin 
depolymerization was assayed. Control experiments confirmed that 
indanocine induced tubulin depolymerization in the parental CEM 
lysate (Fig. 3B, 1:0) but not in the CEM-178 lysate (Fig. 3B, 0:1). 
When the lysates were mixed, the quantities of soluble tubulin de- 
creased proportionally as the fraction of parental lysate decreased 
(Fig. 3B, 1:1, 1:5, 1:10). Thus, the indanocine-resistant cells did not 
contain a soluble inhibitor of tubulin polymerization. 

Cell Fusion Studies. Cell fusion experiments between CEM-178 
and an indanocine-sensitive CEM were carried out to confirm the 
cytosol mixing experiments. An ouabain-resistant, hypoxanthine 
phosphoribosyltransferase-negative CEM cell line was hybridized to 

7251 



ANALYSIS OF INDANOCINE RESISTANCE IN LEUKEMIA 

A. 
indanocine 

B. 
CEM/CEM-nS 

CEM CEM-178 

SPSPSP     SP 

1:0     1:1       1:5      1:10      0:1 
S  P   S S   P   S   P 

hi 
Fig. 3. Mixing experiments. A, parental CEM and CEM-178 cells were preincubated 

with 5 /j,M paclitaxel for 1 h. The cells were harvested and lysed in a buffer containing 200 
liM indanocine and incubated for another 2 h. Then, cytosolic and polymerized tubulin 
were assayed. Indanocine depolymerized tubulin in vitro in CEM cells but not in 
CEM-178 cells. S, sample; P, paclitaxel. B, CEM and CEM-178 cells were pretreated with 
paclitaxel and lysed in tubulin extraction buffer with indanocine as in A. The lysate from 
parental CEM cells was mixed with that of CEM-178 at the indicated ratios. The mixed 
lysates were incubated at 37°C for 2 h and then centrifuged to separate soluble and 
polymerized tubulin. Tubulin content in each fraction was quantified by Western blotting 
with a specific anti-a-tubulin antibody. S. sample; P, paclitaxel. 

CEM-178, and heterokaryons were selected and cloned in ouabain- 
HAT medium. Tlie toxicity of indanocine to several hybridoma clones 
was between CEM and CEM-178 (Fig. 4/1). Cross-resistance was 
partially maintained in the hybridomas (Fig. 4B) in that both vinblas- 
tine and colchicine were less toxic to the fused cells than to wild-type 
CEM. These resulu indicated that the resistance phenotype of the 
CEM-178 was retained in the fusion cells in a codominant fashion and 
suggested the possibility of a tubulin mutation. 

Sequencing of P-Tubulin b2 and M40 Isotypes. To determine 
whether a mutation in tubulin was responsible for indanocine resist- 
ance, the cDNAs for the two predominant isotypes of j3-tubulin, M40 

and b2, were sequenced in both directions in both parental CEM and 
CEM-178 cells. The cDNA sequence of the b2 isotype was identical 
in the two cell lines and was identical to the GenBank sequence 
(accession number X02344). In contrast, one point mutation was 
identified in the cDNA of the M40 isotype, with a G to T substitution 
at nucleotide 1050 (Fig. 5B), which converts amino acid 350 from 
lysine (AAG) to asparagine (AAU). The mutation was confirmed in 
two separate amplification and sequencing experiments. The M40 
cDNA clone sequence in parental CEM cells was the same as that 
reported in GenBank (accession number J00314). 

DISCUSSION 

Indanocine selectively kills malignant B cells at doses that do not 
affect normal B cells. The CEM-178 mutant lymphoblastoid cell line 
is resistant to the toxic effects of the tubulin-binding drugs indanocine, 
vinblastine, and colchicine but is sensitive to paclitaxel. Consistent 
with this phenotype, CEM-178 cells do not overexpress the multidrug 
resistance-associated efflux pump Pgpl70. Cells that overexpress 
Pgpl70 are indanocine sensitive but paclitaxel resistant (2). Indano- 
cine failed to depolymerize tubulin both in intact CEM-178 cells and 
in cell-free extracts. Data from extract mixing and cell fusion exper- 
iments ruled out the possibility of a missing soluble factor in CEM- 
178 that is required for indanocine killing but suggested instead that 
a structaral change in tubulin conferred resistance to the drug. In 
support of this conclusion, a point mutation in ^-tubulin, at amino 
acid 350, was detected in the indanocine-resistant CEM-178 mutant 
but not in parental cells. The mutation caused a lysine to arginine 
substitution in the /3-tubulin molecule. 

The pronounced effect of the point mutation on indanocine toxicity 
can be explained in at least two ways: (a) it is possible that positively 
charged Lys'^° represents an important interacting site for indanocine 
that is lost when changed to Asn; and (b) alternatively, it is possible 
that this mutation changes the overall organization of tubulin, making 
the microtubule network more rigid. As a result, higher concentrations 

-CEM 
-CEM-178 
- HYBRIDOMA #1 
-HYBRIDOMA #2 

Fig. 4. Indanocine toxicity in hybridoma cell lines and cross- 
resistance to other drugs. A, wild-type CEM (■), indanocine-resistant 
CEM-178 (•). and two different hybridomas (▼, D) resulting from 
the fusion of CEM and CEM-178 were assayed for indanocine 
toxicity. Bars, SD. B, ICjo (in nw) for CEM, CEM-178, hybridoma 
#1, and hybridoma #2 were plotted for different drugs. 

staurosporlne 

1=1 CEM 
■■ Hybridoma #1 
^ Hybridoma #2 
■■ CEM-178 
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BIF BSF 

b2 
B3F B4F^ 

B3R B4R     BIR B2R 

Fig. 5. Sequencing of ^-tubulin in CEM-178 
. reveals a point mutation in the M40 isotype. A, 
schematic diagram of primers used in sequencing 
of b2 and M40 tubulin. Vertical arrow, location of 
the point mutation. B, sequence readout showing 
that a G residue in position 1050 in wild-type CEM 
is converted to T in CEM-178. 

MIF M21^ 

M40 

M3R 

B. 

WOd-type CEM 

MSF M3I \a^ M-^F 

MIR 

F*- 

M2R 

1050 

fCMTOaGC 
150 

CEM-178 

of indanocine are required to depolymerize the microtubule and to 
induce cell death. We favor the fu-st mechanism for the following 
reasons: (a) CEM-178 grew normally in regular medium, suggesting 
that the overall microtubule organization was adequate for rapid cell 

division; (b) Western blot analysis showed that in both CEM and 
CEM-178 cells, tubulin existed largely in a depolymerized form 
(Fig. 2A). No increased polymerized tubulin was observed in CEM- 
178; (c) if the mutation caused a more rigid microtubule network, it 

Fig. 6. Proposed electrostatic stabilization of the GTP phosphates by P-K350 of tubulin. The first phosphate is stabilized by the |3-K350 (carbons in cyan) side chain, the second 
by /3-K252 (caitmns in yellow) at the shown distances. The terminal phosphate along with the carboxylate of a-E71 (carbons in yellow) is stabilized by a Mg *. 
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should have increased the threshold for all depolymerizing agents. 
Therefore, the resistant line should exhibit similar degrees of cross- 
resistance to other depolymerizing drugs. This is not the case, because 
CEM-178 is 115-fold more resistant to indanocine but only 40- and 
31-fold resistant to vinblastine and colchicine, respectively. Prelimi- 
nary experiments also have shown that tubulin depolymerization 
induced by cold temperature occurs at equivalent rates in CEM and 
the indanocine-resistant mutant (data not shown). Collectively, these 
results suggest strongly that the identified point mutation on /3-tubulin 
represents a specific interaction site for indanocine. 

Increasing evidence from several laboratories suggests that alter- 
ations in tubulin primary sequence can play a role in resistance to 
antimitotic agents. For example, mutations in /3270 and ^364 have 
been shown to confer paclitaxel resistance in human ovarian cancer 
cells (5). Cell lines resistant to epothilone A and B have mutations at 
^74 and j3282 (6). 

In contrast to the accumulating knowledge of the paclitaxel-binding 
site on ^-tubulin, the binding sites for colchicine and vinblastine have 
not been mapped by mutational/molecular modeling approaches. By 
using light-activated colchicine analogues, Uppuluri et al. identified 
amino acids 214-241 as a probable site for colchicine interaction (11). 
Other indirect evidence suggests that Cys-354 and Cys-239 play a role 
in the colchicine binding site (12, 13). 

Our results suggest that Lys^'" might be an important interaction 
site for indanocine and colchicine. On the basis of the crystal structure 
of tubulin (14), the a carbon on J3-K350 is located only 10 angstroms 
from the fu-st phosphate group of GTP, which binds near the interface 
of the a and j3 monomers. Therefore, we investigated the possibility 
that j3-K350 might provide some functional interaction with GTP, 
such as charge stabilization. For a fully charged nucleotide or charged 
amino acid side chain to exist deeply in the interior of a protein, there 
must be some form of neutralizing bridge. We first observed that the 
second phosphate group of GTP was akeady neutralized by the 
epsilon amino group of /3-K252, which is only 4.67 angstroms away. 
Next, we found that the terminal phosphate of GTP is located very 
close (4.4 angstroms) to the carboxylate of a-E71 in the Nogales 
tubulin model (14). On the basis of this observation, as well as the fact 
that no other basic residues are in the vicinity of a-E71, we formed a 
model that demonstrates the possibility that a Mg^* can bind and 
neutralize both a-E71-carboxylate and GTP-terminal phosphate an- 
ions. Finally, we were able to modify the dihedral angle of the 
j3-K350, enabling its epsilon amino group to be within 5.48 angstroms 
fi-om the first phosphate, a distance that favors a stable, neutralizing 
salt bridge between these two groups. On the basis of the results of 
these modeling studies, we propose that the )3-K350, j3-K252 side 
chains may serve to neutralize the charges of the first two phosphates 

of GTP at the non-exchangeable site, and that the terminal phosphate 
along with the carboxylate of a-E71 charges are coneutralized by a 
Mg^"^. Fig. 6 illustrates the results of this model. 

Taken together, the results reported in this study explain in part 
the molecular mechanism of action of indanocine and should 
facilitate the rational design of other tubulin-binding agents with 
anticancer activity. 
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ARTICLES 
Iiidanocine, a Microtubule-Binding Indanone and a 
Selective Inducer of Apoptosis in Multidrug-Resistant 
Cancer Cells 

Lorenzo M. Leoni, Ernest Hamel, Davide Genini, Hsiencheng Shih, Carlos J. 
Carrera, Howard B. Cottam, Dennis A. Carson 

Background: Certain antimitotic drugs have antitumor ac- 
tivities that apparently result from interactions with nontu- 
bulin components involved in cell growth and/or apoptotic 
cell death. Indanocine is a synthetic indanone that has been 
identified by the National Cancer Institute's Developmental 
Therapeutics Program as having antiproliferative activity. 
In this study, we characterized the activity of this new anti- 
mitotic drug toward malignant cells. Methods: We tested 
antiproliferative activity with an MTT [i.e., 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] as- 
say, mitochondrial damage and cell cycle perturbations with 
flow cytometry, caspase-3 activation with fluorometry, alter- 
ations of the cytoskeletal components with immunofluores- 
cence, and antimicrotubule activity with a tubulin polymer- 
ization assay. Results/Conclusions: Indanocine is a cytostatic 
and cytotoxic indanone that blocks tubulin polymerization 
but, unlike other antimitotic agents, induces apoptotic cell 
death in stationary-phase multidrug-resistant cancer cells at 
concentrations that do not impair the viability of normal 
nonproliferating cells. Of the seven multidrug-resistant cell 
lines tested, three (i.e., MCF-7/ADR, MES-SA/DX5, and HL- 
60/ADR) were more sensitive to growth inhibition by in- 
danocine than were their corresponding parental cells. Con- 
fluent multidrug-resistant cells (MCF-7/ADR), but not drug- 
sensitive cancer cells (MCF-7) or normal peripheral blood 
lymphocytes, underwent apoptotic cell death 8-24 hours af- 
ter exposure to indanocine, as measured by sequential 
changes in mitochondrial membrane potential, caspase ac- 
tivity, and DNA fragmentation. Indanocine interacts with 
tubulin at the colchicine-binding site, potently inhibits tubu- 
lin polymerization in vitro, and disrupts the mitotic appara- 
tus in dividing cells. Implications: The sensitivity of station- 
ary multidrug-resistant cancer cells to indanocine suggests 
that indanocine and related indanones be considered as lead 
compounds for the development of chemotherapeutic strat- 
egies for drug-resistant malignancies. [J Natl Cancer Inst 
2000;92:217-24] 

Antimitotic drugs are a major group of antitumor agents, 
whose varied mechanisms of action have been only partly elu- 
cidated (1). Derivatives of natural products, such as the vinca 
alkaloids, colchicine, cryptophycin, the combretastatins, and re- 
lated compounds (2,3), as well as several different synthetic 
heterocyclic compounds (4,5), inhibit tubulin polymerization 
and prevent microtubule assembly. The taxanes, on the other 
hand, prevent the depolymerization of tubulin, resulting in the 

rearrangement of the microtubule cytoskeleton (6). Although 
some of the antimitotic agents have broad-spectrum cancer che- 
motherapeutic activity, others, such as colchicine and noco- 
dazole, have no selectivity toward malignant cells. In general, 
antimitotic agents take advantage of kinetic abnormalities of 
cancer cells, such as their increased proliferation rate or loss of 
mitotic checkpoints. Many newer antineoplastic agents focus on 
biochemical abnormalities that differentiate malignant tumors 
from most normal tissues (7-9). 

The multidrug-resistant phenotype, although not strictly spe- 
cific for cancer cells, is an attractive target for anticancer drugs 
because it develops during chemotherapy with bulky hydropho- 
bic antineoplastic agents, limiting their efficacy (10). Several 
mechanisms may contribute to intrinsic and acquired cross- 
resistance to multiple antineoplastic agents (clinical drug resis- 
tance). They include decreased drug accumulation due to over- 
expression of the P-glycoprotein drug efflux pump encoded by 
the mdrl gene (11,12), the multidrug resistance-associated pro- 
tein (MRP) (13), and the pi 10 major vault glycoprotein (14). In 
addition, multidrug resistance has been linked to decreased ex- 
pression of topoisomerase Ila (15), to altered expression of 
drug-metabolizing enzymes and drug-conjugate export pumps 
(16,17), and to modification of the apoptotic machinery (18,19). 

Various hydrophobic drugs with low toxicity for tumor cells 
can partially reverse multidrug resistance in vitro and in vivo. In 
contrast, cytotoxic compounds that preferentially target multi- 
drug-resistant cells are not well described, but such agents 
should be very useful in the treatment of cancer. The National 
Cancer Institute's Developmental Therapeutics Program has 
identified indanocine, a newly synthesized indanone, as a com- 
pound with antiproliferative activity. 

In this article, we investigate the action of indanocine on 
cultured multidrug-resistant cancer cells and their corresponding 
parental (wild-type) cells. 
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MATERIALS AND METHODS 

Materials 

Indanocine. NSC 698666 (Fig. 1, A), is one of a series of synthetic indanones 
with antiproliferative activity (Shih H, Deng L, Carrera CJ, Adachi S, Cottam 
HB, Carson DA: unpubHshed data). Solid idanocine is a white powder that is 
stable when stored dry at room temperature or when dissolved in dimethyl 
sulfoxide or in water containing cyclodextrins. Paclitaxel, vinblastine .sulfate, 
and nocodazole were from Calbiochem (San Diego, CA). Electrophoretically 
homogeneous bovine brain tubulin was prepared as described previously (20). 
Media and tissue culture supplies were purchased from Irvine Scientific (Santa 
Ana, CA) and Fisher Scientific (San Diego, CA). All radiochemicals were from 
^fEN-Dupont (Boston, MA). Unless otherwise indicated, all other reagents were 
obtained from Sigma Chemical Co. (St. Louis, MO). 

Cell Culture 

Cell lines from the American Type Culture Collection (Manassas, VA), prop- 
agated according to the instructions of the supplier, were as follows: MES-SA 

B 

HL-60wt 

HL- 
60/ADR 

P^fi^ J^^   ^^   ^g^  J/^^ ^i^ ^fl^ ^i^ ^1^ ^^^ w W 7'W ^^P^P^^P.^ 
^-^'^ • '^ I^^^^^Ji^'iiktf^     Indanocine 

■Ijf .••♦••<•••<•*  *   »    I 
,-_   ~    ■    "  _.    "  ^    ■ Paclitaxel 

^ i;; * ; ;^;, « ; I '"danocinc 

2AAAS22222£" p^ciitaxci 

2    3    4    5    6    7    8    9    10   II   12 

1000    250     62.5     15.6    3.91 

Indanocine, nM 
0.98 

Fig. 1. A) Structure of indanocine. In panels B and C, HL-60 and HL-60/ADR 
cells display collateral sensitivity to indanocine; i.e., the multidrug-resistant cell 
line was substantially more sensitive to the growth-inhibitory effects of indano- 
cine than the original parental cell line. B) Cytotoxic MTT [i.e., 3-(4,5- 
dimethylthia7.ol-2-yl)-2,5-diphenyl tetrazolium bromide] assay of HL-60 cells. 
Parental wild-type HL-60 and HL-60/ADR multidrug-resistant cells were plated 
at low density (<5000 cells per well), and indanocine and paclitaxel were added 
at 1 :2 serial dilutions from column 2. Column 1 is the control without drugs. 
The initial concentrations were 1 (xW for indanocine and 10 p.M for paclitaxel, 
and the concentrations in column 12 were 1 nM and 10 nM, respectively. After 
3 days, the MTT assay was used to quantitate viable cells. The picture of the 
plate was obtained by optically scanning the 96-well plate. Dark wells represent 
metabolically active cells, and clear wells represent metabolically inactive 
cells. C) Graphic representation of the scanned plate for parental wild-type 
HL-60 cells, with the calculated 50'^ inhibitory concentrations (IC,o) shown {see 
Table I). 

(human uterine .sarcoma) and its multidrug-resistant variant MES-S^/DX5 
raised against doxonibicin (21). monkey COS-!, and Hep-G2 (human hepato- 
cellular carcinoma). KB-3-1 (human carcinoma) and KB-GRC-1 (a tran.sfe(Joma 
expressing high levels of the MDRl-encoded 170-kd P-glycoprotein) were'pro- 
vided by Dr. Stephen Howell (University of California San Diego. La Jolla)'-and 
have been described previously (22). Dr. Michael J. Kelner (University of Cali- 
fornia San Diego) provided the following cell lines: MV522 (human metastatic 
lung carcinoma) and MV522/Q6 (a transfectoma expressing high levels of the 
MDRl gene-encoded 170-kd P-glycoprotein); MCF-7/ADR. a human breast 
adenocarcinoma multidrug-resistant line selected against doxorubicin (express- 
ing both gpl70 and the embryonic glutathione transfera.se IT isoform). and MCF- 
7/wt, the parental (wild-type) line; MDA-MB-231, a human breast adenocarci- 
noma line, and MDA3-l/gpl70+, the doxorubicin-resistant daughter line 
expressing the 170-kd P-glycoprotein; and HL-60, a human acute promyelocytic 
leukemia line, and HL-60/ADR. the multidrug-resistant variant line selected 
against doxorubicin and expressing the MRP/gpl80 protein. Dr. William T. 
Beck (Cancer Center, University of Illinois at Chicago) provided CEM. a human 
lymphoblastoid line, and CEMA'LBIOO. a multidrug-resistant line selected 
against vinblastine and expressing the 170-kd P-glycoprotein. 

We incubated cells for 72 hours in 96-well plates with the test compounds and 
then measured cell proliferation by reduction of the yellow dye MTT [i.e., 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] to a blue forma- 
zan product. The cleavage is performed by the "succinate-tetrazolium reductase" 
system, which belongs to the respiratory chain of the mitochondria and is active 
only in viable cells. Therefore, the amount of formazan dye formed is a direct 
indication of the number of metabolically active cells in the culture. The optical 
density of the blue formazan product was measured at 570 nm with a Thermo- 
Max (Molecular Devices, Sunnyvale CA) and analyzed with the Vmax Program 
(BioMetallics, Princeton. NJ). 

Cell Cycle Analysis 

Cells were harvested, fixed in ice-cold 707f ethanol, treated with ribonuclease 
A at 100 jjLg/mL, and stained with propidium iodide at 50 jig/mL for 1 hour at 
37 "C. The DNA content of the cells was analyzed by flow cytometr)- (FACS- 
calibur; Becton Dickinson Immunocytometry Sy.stems. San Jose. CA). and the 
cell cycle distribution was calculated with the ModFit LT 2.0 Program (Verity 
Software House, Topsham, ME). 

Caspase Analysis 

Extracts were prepared by the suspension of 5 x 10"* cells in 100 |JLL of a lysis 
buffer (i.e., 25 mWTris-HCl [pH 7.5], 150 mM KCl. 5 mM EDTA, 17r Nonidet 
P-40, 0.5% sodium deoxycholate. and 0.195- sodium dodecyl .sulfate). incubation 
on ice for 10 minutes, and then centrifugation at 14 000g for 5 minutes at 4''C. 
The resulting supematants were collected and frozen at -80 °C or used imme- 
diately. Lysates (20 |xL containing 5-10 |xg of total protein) were mixed with 30 
H,L of assay buffer [50 mM piperazine-A',A''-bis(2-ethanesulfonic acid). 50 mM 
KCl, 5 mM ethylene glycol bis(P-aminoethyl ether) N.N.N'.N'-tetraacetk acid, 
2 mM MgCl,, 1 mM dithiothreitol, and 0.1 mM phenylmethylsulfonyl fluoride], 
containing 100 jiW of Z-DEVD-AFC (where DEVD is Asp-Glu-Val-Asp, Z is 
benzyloxycarbonyl, and AFC is 7-amino-4-trifluoromethyl coumarin). Caspase- 
3-like protease activity was measured at 37 °C with a spectrofluorometric plate 
reader (LS50B; The Perkin-Elmer Corp., Fester City. CA) in the kinetic mode 
with excitation and emission wavelengths of 400 nm and 505 nm. respectively. 
Activity was measured by the release of 7-amino-4-methyl coumarin (AMC) 
from the synthetic substrate Z-DEVD-AFC (Biomol. Plymouth Meeting, PA). 

IVIitochondrial Analysis 

Cells were treated with the indicated amount of drug and 10 (i/W Ac-DEVD- 
fmk (A/-acetyl-Asp-Glu-ValAsp-fluoromethylketone; Enzyme System Prod- 
ucts, Livermore, CA), the cell-permeable ca.spase-3/caspase-7-selective inhibi- 
tor. Cells were then incubated for 10 minutes at 37 °C in culture medium 
containing 40 nM 3,3'-dihexyloxacarbocyanine iodide (DiOC6; Molecular 
Probes, Inc., Eugene, OR), followed by immediate analysis in a FACScalibur 
cytofluoromcter. Fluorescence at 525 nm was recorded. 

Immunofluorescence Assays 

Hep-G2 (human hepatocellular carcinoma) cells were grown on glass cover- 
slips in the presence or absence of drugs for 16 hours. Cells were fixed in 
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paraformaldehyde, permeabilized in Triton X-100, and stained with an anti-|3- 
tubulS monoclonal antibody, followed by tetramethyl rhodamine B isothiocya- 
natejconjugated anti-mouse immunoglobulin G (IgG). To visualize filamentous 
actin filaments, we stained the cells with fluorescein isothiocyanate-conjugated 
phdiloidin, as described previously (23). The type I nuclear mitotic apparatus 
protein was detected with monospecific human autoantibodies, as described 
previously by Andrade et al. (24). The secondary antibody was fluorescein 
isothiocyanate-labeled goat anti-human IgG (Tago, BurUngame, CA). Nuclei 
were stained with the DNA-binding dye 4',6-diamidino-2-phenylindole dihy- 
drochloride (Molecular Probes, Inc.) according to the manufacturer's instruc- 
tions. 

Tubulin Assays 

Assessment of the inhibition of tubulin polymerization and the evaluation of 
the inhibition of pH]colchicine binding to tubulin were performed as described 
previously (25). In all experiments, tubulin without microtubule-associated pro- 
teins (20) was used. In brief, for inhibition of assembly, 10 \i,M (1.0 mg/mL) 
tubuhn was preincubated with various concentrations of drug (4% [vol/vol] 
dimethyl sulfoxide as drug solvent) and 0.8 M monosodium glutamate for 15 
minutes at 30 °C. The reaction mixture was placed on ice, and guanosine 5'- 
triphosphate (0.4 mAf) was added. Reaction mixtures were transferred to cuvettes 
at 0 °C in Gilford 250 spectrophotometers (Beckman-Gilford, FuUerton, CA), 
baselines were established, and the temperature was increased to 30 °C with 
electronic temperature controllers (over a period of about 60 seconds). The ICjg 
value is the drug concentration required to inhibit 50% of the assembly, relative 
to an untreated control sample, after a 20-minute incubation. It should be noted 
that the bulk of polymer formed in the presence of glutamate consists of sheets 
of parallel protofilaments. The drug effects in this system are similar to those 
observed with a preparation containing tubulin and microtubule-associated pro- 
teins (i.e., microtubule proteins). The chief advantage of the glutamate system is 
that it unambiguously establishes tubulin as the drug target. For the colchicine- 
binding assay, reaction mixtares contained 1.0 |xM (0.1 mg/mL) tubulin and 5.0 
IX.M pH]colchicine and were incubated for 10 minutes at 37 °C before filtration 
through a stack of two DEAE-cellulose filters. At this time in reaction mixtures 
without inhibitor, binding is 40%-50% of maximum, so that the inhibition of the 
rate of colchicine binding to tubulin can be measured accurately. 

RESULTS 

Inhibition of Cell Growth 

In an initial screen performed by the National Cancer Insti- 
tute's Developmental Therapeutics Program, the mean 50% 
growth-inhibitory concentration (GI50) of indanocine was less 
than or equal to 20 nM. In 29 of 49 cell lines, including a 
doxorubicin-resistant breast cancer line, the GI50 for indanocine 
was less than the lowest concentration tested (10 nM). Because 
the indanone is hydrophobic, its activity toward the multidrug- 
resistant cells was surprising. To confirm this result, we com- 
pared the effects of indanocine on the growth of the following 
pairs of parent and corresponding multidrug-resistant lines 
(Table 1): MCF-7 and MCF-7/ADR, MES-SA and MES-SA/ 
DX5, MDA-MB-321 and MDA3-1/GP170-1-3-1, HL-60 and HL- 
60/ADR, CEM and CEMA^LBIOO, KB-3-1 and KB-GRC-1, and 
MV522 and MV522/Q6 cells. The multidrug-resistant cell Unes 
have different multidrug resistance mechanisms, including alter- 
ations of gpl70 (mdrl gene), gpl80 (MRP gene), and the glu- 
tathione transferase ir isoform. In several of the cell lines tested, 
the antiproliferative concentrations of indanocine were equiva- 
lent or lower in the multidrug-resistant cells than in the corre- 
sponding parent cells. Three of the cell lines tested (i.e., MCF-7, 
MES-SA, and HL-60) showed collateral sensitivity; i.e., the 
multidrug-resistant cell line was substantially more sensitive to 
the growth-inhibitory effects of indanocine than the parental cell 
line. An example of collateral sensitivity is shown in Fig. 1, 
where HL-60 and HL-60/ADR cells were plated in a 96-well 
plate and then treated for 3 days with decreasing (1:2 dilutions) 

Table 1. Growth-inhibitory concentrations of indanocine and paclitaxel in 
seven multidrug-resistant cell lines* 

GI50 (indanocine), nM GI50 (paclitaxel), nM 

Mutidrug Multidrug 
Cell line Wild type resistant Wild type          resistant 

MCF-7 20 ±5 4±lt 50 ±6             >10000 
MES-SA 85 ±6 12±3t <1                     >1000 
MDA-MB-321 10 ±3 25 ±2 50 ±2               >1000 
HL-60 40 ±3 2±0.2t <1                     >1000 
CEM 12 + 2 20±1 <1                  606 ± 20 
KB-3-1 7 + 2 7±3 7 ± 3               >1000 
MV522 13 ±3 8 + 2 15 ±4            358 + 58 

*The cells were treated with various concentrations of indanocine or paclitaxel 
for 72 hours. Cell proliferation was assessed by the MTT [i.e., 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyl tetrazoUum bromide] assay. The results rep- 
resent the 50% growth-inhibitory concentrations (GI50) (mean ± standard devia- 
tion; n > 5). The human breast adenocarcinoma MCF-7/ADR cell line was 
selected against doxorobucin and expresses both gpl70 and the embryonic glu- 
tathione transferase IT isoform. The human uterine sarcoma line MES-SA/DX5 
line was selected against doxorobucin (21). The doxorubicin-resistant human 
breast adenocarcinoma cell line MDA3-l/gpl70+ expresses the 170-kd P- 
glycoprotein. The human acute promyelocytic leukemia line HL-60/ADR was 
selected against doxorobucin and expresses the MRP/gplSO protein. The human 
lymphoblastoid CEMA'LBIOO line was selected against vinblastine and ex- 
presses the 170-kd P-glycoprotein. The transfectoma KB-GRC-1 expresses high 
levels of the MDRl-encoded 170-kd P-glycoprotein (22). The metastatic human 
lung transfectoma MV522/Q6 expresses high levels of the MDRl-encoded 170- 
kd P-glycoprotein. 

t/'<.001 versus wild-type value by Wilcoxon signed rank test. 

concentrations of indanocine (from 1 |JLM) or paclitaxel (from 10 
|JLM). The MTT assay was then performed at day 3. To prove that 
P-glycoprotein expression did not confer resistance to the inda- 
none, we compared its effects on two carcinoma cell lines, KB- 
3-1 and MV522, and their corresponding transfectoma clones 
that overexpressed P-glycoprotein (the mdrl gene product), KB- 
GRC-1 and MV522/Q6 (22). These transfectomas were resistant 
to pacUtaxel, as expected, but retained complete sensitivity to 
indanocine (Table 1). 

Effect of Indanocine on Stationary-Phase Cells 

The results obtained with the actively growing parent and 
multidrug-resistant cell lines led us to test indanocine in station- 
ary-phase cell lines. As determined by flow cytometry after 
propidium iodide staining, up to 81% of stationary MCF-7/ADR 
cells (1 week in confluent culture) were in the Gj phase of the 
cell cycle (Fig. 2, B; middle panel). Remarkably, indanocine 
treatment of stationary-phase multidrug-resistant cells, but not 
parental cells, resulted in cell death (IC50 = 32 nM) (Fig. 2, A). 
The cytotoxic effect of indanocine in noncycling MCF-7/ADR 
cells was confirmed by the detection of an apoptotic sub-Go/Gi 
population by flow cytometry and by the activation of caspase-3 
(Fig. 2, B; left panel). Parental (wild-type) MCF-7 cells were 
similarly growth arrested but did not show apoptotic features 
(data not shown). In addition, normal peripheral blood lympho- 
cytes exposed to 1000-fold higher concentrations of indanocine 
for 72 hours showed no loss of viability (data not shown). 

Apoptosis 

The study described above demonstrated that stationary 
MCF-7/ADR cells, but not wild-type MCF-7 cells, were sensi- 
tive to treatment with indanocine. To test this observation in 
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Fig. 2. Effect of indanocine on resting multidrug-resistant 
cells. A) Toxicity of indanocine on resting MCF-7 cells. 
Parental wild-type MCF-7 and MCF-7/ADR multidrug- 
resistant cells were maintained in a confluent state for 7 
days by daily replacement of the medium. Indanocine was 
then added at 10 p.M in wells in column 2 and serially 
diluted 1 :2 in each successive column (reaching 10 nW in 
column 12). Column 1 is the control, without indanocine. 
After 3 days, the MTT [i.e., 3-(4,5-dimethylthia7.oI-2-yl)- 
2,5-diphenyl tetrazolium bromide] assay was used to 
quantitate viable cells. B) DNA content and caspase ac- 
tivity of indanocine-treated cells. MCF-7/ADR multidrug- 
resistant cells were harvested, permeabilized, and stained 
with propidium iodide. The DNA content of cells was 
established by flow cytometry. Solid peak = cells in the 
Gc/G, phase; cross-hatched peak = cells in the S phase; 
hatched peak = cells in the G^/M phase; shaded peak 
(present only in the right panel) = hypodiploid, apoptotic 
cells, as modeled with the ModFit Program. At the left are 
normally proliferating cells, in the middle are confluent 
cells (7 days), and at the right are indanocine-treated, 
growth-arrested confluent MCF-7/ADR cells. The per- 
centage of cells that are in Go/G, phase or that are apop- 
totic is indicated. The relative caspase activity is the fluo- 
rometric measurement of the caspase-3-like activity 
normalized to the control cells (left). For normally prolif- 
erating MCF-7/ADR cells, the relative caspase activity is 
100; for 7-day confluent MCF-7/ADR cells, it is 100; for 
growth-arrested, confluent MCF-7/ADR cells treated with 
indanocine, it is 450. 
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another cell line pair that displayed collateral sen.sitivity to in- 
danocine in the multidrug-resistant derivative line, we selected 
HL-60 and HL-60/ADR cells because of the exquisite sensitivity 
of HL-60/ADR cells to indanocine. In the experiment shown in 
Fig. 3, we tested the ability of indanocine to activate caspase-3 
in parental and multidrug-resistant HL-60 cells. Caspase-3, con- 
sidered an "executioner" caspase, is implicated in the last and 
irreversible phase of the apoptotic caspase pathway and is acti- 
vated by upstream "initiator" caspases, such as caspase-8 and 
caspase-9 [reviewed in (26)]. Caspase activity was measured by 
use of the fluorogenic caspase-3-specific substrate DEVD- 
AMC. HL-60/ADR cells incubated with 10 nM indanocine 
showed a time-dependent increase in caspase-3 activity com- 
pared with untreated cells, reaching a maximum at 24 hours. In 
contrast, wild-type HL-60 cells showed only a slight increase in 
caspase-3 activity, about 25% of that obtained in the multidrug- 
resistant cells (Fig. 3, A). 

To determine the effect of indanocine treatment on the mi- 
tochondrial transmembrane potential of multidrug-resistant and 
wild-type cells, we used the fluorochrome DiOC6 (Fig. 3, B). In 
apoptosis induced by various stimuli, a decrease in the mito- 
chondrial transmembrane potential has been shown to precede 
nuclear DNA fragmentation (27). The flow cytometry results 
showed a visible reduction in DiOC6 fluorescence for HL-60/ 
ADR cells incubated with indanocine for 8 hours, indicating that 
the mitochondrial transmembrane potential in these cells was 
reduced. After 16 hours, the percentage of cells with reduced 
DiOC6 fluorescence had reached 44%. HL-60 wild-type cells 
incubated with the same amount of indanocine did not display 
the same strong reduction in DiOC6 fluorescence. 

Effect on Tubulin Polymerization 

Indanocine did not change the flow cytometry profile of sta- 
tionary-phase cells stained for DNA, other than to cause the 

appearance of hypodiploid apoptotic cells in multidrug-resistant 
cultures (Fig. 2). However, concentrations of the drug that in- 
hibited cell proliferation caused a rapid increase in the number of 
cells in Gj/M phases in growing cultures (data not presented). 

Antimitotic drugs usually interfere with cellular microtubules 
by interacting with tubulin (3). Using glutamate-induced assem- 
bly of purified tubulin (containing no microtubule-associated 
proteins) as our assay, we found (Fig. 4, A) that indanocine 
inhibited tubulin assembly in a manner comparable to that of 
nocodazole rather than inducing polymerization as would pacli- 
taxel. This observation led us to perform a quantitative analysis 
(Fig. 4, B), in which we found that indanocine was neariy as 
potent as combretastatin A-4 (a gift of Dr. G. R. Pettit, Arizona 
State University, Tempe, AZ) as an inhibitor of tubulin assem- 
bly. We measured the extent of tubulin assembly after a 20- 
minute incubation at 30 °C and determined that the IC50 of com- 
bretastatin A-4 was 1.20 ± 0.03 |xM (mean ± standard deviation; 
n = 4) and that the IC50 of indanocine was 1.7 ± 0.1 JJLA/ (n = 
3). Both compounds practically eliminated the binding of 5 \j.M 
[■^HJcolchicine to 1 |xA/ tubulin when present at 5 |xA/— 
combretastatin A-4 inhibited 98% ± 4% of colchicine binding (n 
= 4), and indanocine inhibited 95% ± 2% of colchicine binding 
(n = 4). The effects of various concentrations of the two drugs 
on colchicine binding are shown in Fig. 4, C. Neither agent 
inhibited the binding of [^H]vinblastine to tubulin (single ex- 
periment). 

Cytoskeletal Effects of Indanocine 

COS-1 and Hep-G2 cells were grown on glass coverslips and 
treated with various concentrations of indanocine, nocodazole, 
or vinblastine sulfate. The microtubule network was then visu- 
alized by indirect immunofluorescence with an anti-^-tubulin 
antibody, and the microfilament network was stained with fluo- 
rescein isothiocyanate-coupled phalloidin. COS-1 and Hep-G2 
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Fig. 3. Indanocine induces apoptosis in multidrug-resistant cells. A) 
Activation of caspase-3 by indanocine. HL-60 wild-type (wt) and mul- 
tidrag-resistant (ADR) cells were treated with 10 nM indanocine; at the 
indicated times, caspase-3-like activity was measured with the specific 
fluorogenic substrate DEVD-AMC (Asp-Glu-Val-Asp coupled to 
7-amino-4-methyl coumarin). The results are expressed as the means ± 
standard deviation (error bars) and are representative of up to four 
experiments. B) Reduction of mitochondrial transmembrane potential 
by indanocine. HL-60 cells were treated with and without indanocine at 
10 nM. After 16 hours of incubation, cells were incubated with 40 nM 
3,3'-dihexyloxacarbocyanine iodide (DiOC6), followed immediately 
by flow cytometry in a FACScalibur. The jr-axis represents the DiOC6 
fluorescence. Thej^-axis represents the number of cells. The percentage 
of low-DiOC6 fluorescence-gated cells is indicated. 
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cells were used for these studies because of their clearly defined 
microtubule and microfilament networks, respectively. Un- 
treated cells had extensive microtubule systems with perinuclear 
organizing centers (Fig. 5, a and b) and had microfilament 
bundles and stress fibers that were predominantly aligned with 
the major axis of the cell (Fig. 6, a and b). 

Treatment of COS-1 cells with 0.5 or 5 JJLM indanocine for 1 
hour depleted the cells of microtubules, resulting in diffuse cy- 
toplasmic staining with anti-P-tubulin antibody (Fig. 5, c and d). 

Treatment with 0.55 JJLM (0.5 jxg/mL) vinblastine sulfate (Fig. 5, 
f) for 1 hour had a similar effect. Modifications induced by 3.3 
|xM (1 |JLg/mL) nocodazole (Fig. 5, e) for 1 hour were less 
pronounced, and some of the perinuclear organizing centers 
were still visible. 

Indanocine-treated Hep-G2 cells had a rounded shape, and 
the microfilament cytoskeleton in these cells was disorganized, 
characteristic of treatment with a depolymerizing agent (Fig. 6, 
c). After a 1-hour incubation in 0.5 |JLM indanocine, some cells 

0.4 

0.2 

Fig. 4. Effect of indanocine on tubulin polymerization 
and binding of [^HJcolchicine to tubulin. Absorbance was 
measured at 350 nm (A350). Inhibition of tubulin poly- 
merization (A and B) and inhibition of pHJcolchicine 
binding to tubulin (C) by indanocine and by combreta- 
statin A-4. Panel A: For the tubulin polymerization as- 
say, tubulin (10 iiM) was incubated with indanocine at 
the following concentrations: 0 for curve 1, 1.0 (jiAf for 
curve 2,1.5 JJLM for curve 3,2.0 (JLM for curve 4, and 3.0 
[iM for curve 5. At 0 time, the temperature controller was 
set at 30 °C for 20 minutes to measure polymerization; at 
20 minutes, the temperamre controller was set at 0 °C to 
measure the amount of cold-reversible tubulin polymer 
formation. Panels B and C: Concentrations of indanocine 
(A) and combretastatin A-4 (O) were as indicated. Panel 
B: Values obtained for the inhibition of tubulin polymer- 
ization in all experiments were averaged. For 1.0, 1.5, and 2.0 \i.M drug, there 
were four values for combretastatin A-4 and five for indanocine. There were 
fewer experimental values for the other concentrations. The mean control A350 
value in these experiments was 0.382. Panel C: Indanocine inhibition of 
[^H]colchicine binding to tubulin. In this assay, indanocine was added at various 

concentrations to a reaction mixture containing purified tubuUn and pH]colchi- 
cine and incubated for 10 minutes at 37 °C. The amount of [^H]colchicine bound 
to tubulin was then measured after filtration on DEAE-cellulose. The experiment 
shown in panel C was performed once with dupUcate samples for each data 
point. 
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Fig. 5. Effect of indanocine on the microtubular network. COS-1 cells were 
incubated for 2 hours with dimethyl sulfoxide (a) or ethanol (b), 5 |xM and 500 
nM indanocine (c and d, respectively), 3.3 (JLM (1 jjig/mL) nocodazole (e), or 
0.55 (xM (0.5 [Xg/mL) vinblastine sulfate (f). The cells were fixed, microtubules 
were labeled (red) with an anti-p-tubulin antibody, and nuclei were stained 
(blue) with 4',6-diamidino-2-phenylindole dihydrochloride. 

Fig. 6. Effect of indanocine on the microfilament network. Hep-G2 cells were 
incubated for 2 hours with dimethyl sulfoxide (a) or ethanol (b). 5 jiM and 500 
nM indanocine (c and d, respectively), 3.3 (jiW (1 (ig/mL) nocodazole (c), and 
0.55 jiM (0.5 (jLg/mL) vinblastine sulfate (f). Cells were fixed, microfilaments 
were stained with fluorescein isothiocyanate-coupled phalloidin (green), and 
nuclei were stained with 4',6-diamidino-2-phenylindole dihydrochloride (blue). 

had a characteristic rounded shape, but other cells had normal 
microfilament bundles (Fig. 6, d). A similar effect was observed 
after exposure to nocodazole (Fig. 6, e) or vinblastine sulfate 
(Fig. 6, f). This is probably an indication that the microfilament 
breakdown observed at 5 [iM indanocine is not a direct effect but 
rather is a consequence of the rapid and potent disruption of the 
microtubule network. 

After treatment of Hep-G2 cells with 100 nM indanocine, the 
subcellular localization of the mitotic apparatus (as shown by 
human autoantibodies against the type 1 nuclear mitotic appa- 
ratus protein) was determined by immunofluorescence. In con- 
trol cells undergoing mitosis, the type 1 nuclear mitotic appara- 
tus protein was localized at the poles of the mitotic spindle (Fig. 
7, a). In cells exposed to 100 nM indanocine and arrested in the 
M phase, type 1 nuclear mitotic apparatus protein was distrib- 
uted in spots scattered over the nucleus (Fig. 7, b). A similar 
effect was observed with 3.3 |xAf nocodazole (Fig. 7, c). Pacli- 
taxel treatment did npt interfere with the subcellular distribution 
of the type 1 nuclear mitotic apparatus protein, although it af- 
fected the formation of a functional mitotic spindle (Fig. 7, d). 

DISCUSSION 

Indanocine is a derivative of indanone with antiproliferative 
activity (Shih H, Deng L, Carrera CJ, Adachi S, Cottam HB, 
Carson DA: unpublished data). An initial screen of malignant 
cell lines performed by the National Cancer Institute's Devel- 
opmental Therapeutics Program and the COMPARE Program 
(28) suggested that these compounds had tubulin-binding prop- 
erties. In this screening, the indanones, including indanocine, 
retained activity toward multidrug-resistant breast cancer cells. 
Indanocine interacts with tubulin at the colchicine-binding site, 
and it inhibits tubulin polymerization with an IC50 value equiva- 
lent to values obtained with podophyllotoxin and combretastatin 
A-4 (29). Consistent with these biochemical effects, in intact 
cells, indanocine disrupts intracellular microtubules including 
those of the mitotic spindle and leads to redistribution of the 
components of the nuclear mitotic apparatus. The discrepancy 
between the micromolar concentration of dnig required for in 
vitro inhibition of tubulin polymerization and the nanomolar 
concentrations of drug that blocked cell proliferation has been 
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Fig. 7. Effect of indanocine on type 1 nuclear mitotic apparatus protein. Hep-G2 
cells were incubated for 16 hours with dimethyl sulfoxide (a), 0.1 [iM indano- 
cine (b), 3.3 JJLM (1 (j,g/mL) nocodazole (c), or 0.1 iiM paclitaxel (d). Cells were 
fixed and labeled with monospecific human autoantibodies to type 1 nuclear 
mitotic apparatus protein. 

observed with other antitubuHn agents (5,25,29). This discrep- 
ancy may indicate that indanocine interacts with other nontubu- 
lin cellular components to produce a cytotoxic response. This 
hypothesis is supported by the ability of short-term treatment 
with indanocine to trigger apoptosis in stationary multidrug- 
resistant cancer cells (whose survival should not depend on 
DNA synthesis or an intact mitotic apparatus) but not in control 
cells. 

Modification of the apoptotic machinery has been proposed 
as an explanation for the de novo and acquired cross-resistance 
to multiple antineoplastic agents. It has been shown that the 
Bcl-2 protein may protect cancer cells from drug-induced apop- 
totic cell death (18,30,31). Microtubule-disrupting drugs, such 
as vincristine, vinblastine, and colchicine, and microtubule- 
stabilizing drugs, such as paclitaxel and doxetaxel, induce 
growth arrest, which is followed by phosphorylation and inac- 
tivation of Bcl-2, which eventually leads to apoptotic cell death 
in the Gj/M phase of the cell cycle (32-34). In contrast, cells in 
the stationary phase are generally resistant to many of these 
agents, and phosphorylation of Bcl-2 in the GQ/GI phase is gen- 
erally not observed. This property limits the utility of tubulin- 
binding drugs for the treatment of malignant tumors containing 
only a few proliferating cells (i.e., tumors with a low S-phase 
fraction). 

As with other microtubule-damaging drugs, indanocine ar- 
rested the growth of multidrug-sensitive cancer cells at the Gj/M 
boundary and induced apoptotic cell death. The nanomolar con- 
centrations of indanocine that induced apoptosis in multidrug- 
resistant cells did not kill wild-type Gj-phase cancer cells or 
quiescent normal peripheral blood lymphocytes. Nanomolar 
concentrations of indanocine forced stationary, multidrug- 

resistant cells into the apoptotic program. That these cells were 
arrested in the GQ/G] phase of the cell cycle was confirmed by 
cytofluorometric analysis. Apoptosis, in these cells, was con- 
firmed by the appearance of a subdiploid-DNA flow-cytometry 
peak and by caspase-3 activation. Compared with their respec- 
tive parental lines, five multidrug-resistant cell lines displayed 
higher or indistinguishable sensitivity to indanocine toxicity. 

The cell lines hypersensitive to indanocine have modified 
various systems for multidrug resistance. MES-SA/DX5 cells 
overexpress P-glycoprotein, and MCF-7/ADR cells overexpress 
P-glycoprotein and also have an embryonic IT isoform of gluta- 
thione transferase (35). HL-60/ADR cells express the MRP/ 
gpl80 protein. The other two cell lines that we examined, with 
unaltered sensitivity to indanocine, only express P-glycoprotein. 

The fact that sensitivity to indanocine was retained by all of 
the multidrug-resistant cells tested, including both KB-3-1 and 
MV522 transfectomas that overexpress the P-glycoprotein, sug- 
gests that this agent acts independently of the P-glycoprotein 
hydrophobic multidrug transporter and/or that the cytoskeletal 
disorganization induced by the indanone interfered with P- 
glycoprotein functions. In other experiments, indanocine did not 
alter the rate of rhodamine efflux from loaded cells (data not 
shown). Thus, it seems probable that the uptake and regulation 
of indanocine do not depend on or directly influence the P- 
glycoprotein multidrug transporter. 

Several different microtubule-disrupting agents have been de- 
veloped that do not depend on the 170-kd P-glycoprotein and 
that display antiproliferative activity against multidrug-resistant 
cancer cells (23,36). It should be of interest to determine whether 
any of these agents, like indanocine, are cytotoxic to noncycling 
mdrl-expressing cells. Such comparative studies could answer 
the question whether the mechanism of action of indanocine is 
related only to inhibition of microtubule function. If indanocine- 
induced cell death involves another intracellular target, then 
other microtubule-disrupting agents with antiproliferative activ- 
ity toward multidrug-resistant cells should not be able to induce 
apoptosis in the GQ/GJ phase. 

The observation that indanocine kills noncycling, multidrug- 
resistant cells has practical implications. The low percentage of 
cycling cells in many human soUd tumors limits the potential of 
antimitotic drugs. The combination of a drug that is selectively 
cytotoxic to nondividing, multidrug-resistant cells and an anti- 
neoplastic agent that kills tumors with abnormalities of cell 
cycle checkpoints could represent an exceptionally effective ap- 
proach to eradicating malignant cells while sparing most normal 
tissues. Thus, we suggest that indanocine and related indanones 
be considered lead compounds for the development of chemo- 
therapeutic strategies for drug-resistant malignancies. 
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