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We have previously discovered the opium alkaloid
noscapine as a microtubule interacting agent that binds
to tubulin, alters the dynamics of microtubule assembly,
and arrests mammalian cells at mitosis (Ye, K., Ke, Y.,
Keshava, N., Shanks, J., Kapp, J. A.,, Tekmal, R. R,,
Petros, J., and Joshi, H. C. (1998) Proc. Natl. Acad. Sci.
U. S. A. 95, 1601-1606; Ye, K., Zhou, J., Landen, J. W.,
Bradbury, E. M., and Joshi, H. C. (2001) J. Biol. Chem.
276, 46697-46700; Zhou, J., Panda, D., Landen, J. W.,
Wilson, L., and Joshi, H. C. (2002) J. Biol. Chem. 2717,
17200-17208). Here we show that noscapine does not
compete with paclitaxel for tubulin binding and can
efficiently inhibit the proliferation of both paclitaxel-
sensitive and paclitaxel-resistant human ovarian carci-
noma cells (i.e. the parental cell line 1A9 and two deriv-
ative cell lines, 1A9PTX10 and 1A9PTX22, which harbor
B-tubulin mutations that impair paclitaxel-tubulin in-
teraction (Giannakakou, P., Sackett, D. L., Kang, Y. K.,
Zhan, Z., Buters, J. T., Fojo, T., and Poruchynsky, M. S.
(1997) oJ. Biol. Chem. 272, 17118-17125). Strikingly, these
cells undergo apoptotic death upon noscapine treat-
ment, accompanied by activation of the c-Jun NH,-ter-
minal kinases (JNK). Furthermore, inhibition of JNK
activity by treatment with antisense oligonucleotide or
transfection with dominant-negative JNK blocks
noscapine-induced apoptosis. These findings thus indi-
cate a great potential for noscapine in the treatment of
paclitaxel-resistant human cancers. In addition, our re-
sults suggest that the JNK pathway plays an essential
role in microtubule inhibitor-induced apoptosis.

Microtubules are cytoskeletal components that play a critical
role in many cellular processes, such as maintenance of cell
shape and polarity, intracellular transport of vesicles and or-
ganelles, and beating of cilia and flagella. During cell division,
microtubules form a bipolar microtubule array, called the mi-
totic spindle, that functions in the distribution of chromosomes
into two daughter cells (1). Assembled from «B-tubulin het-
erodimers, microtubules are highly dynamic structures that
alternate between periods of growth and shortening (2), and
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the dynamic instability property is crucial for microtubules to
carry out many of their cellular functions (3). Disruption of
microtubule dynamics can lead to the formation of abnormally
stable or unstable microtubules, thereby preventing the normal
dynamic rearrangements of the microtubule network required
for cell proliferation (4).

One group of agents that target microtubules, such as col-
chicine, nocodazole, and the vinca alkaloids, inhibit microtu-
bule polymerization. Another group of agents, such as taxoids
and epothilones, however, promote microtubule polymerization
and stabilize microtubules. Nevertheless, they all disrupt mi-
crotubule dynamics, block cell cycle progression at mitosis, and
then cause cell death (4). This provides the molecular basis for
the use of microtubule targeting compounds in chemotherapeu-
tic treatment of human cancers.

Microtubule drugs currently in clinical use for cancer chem-
otherapy include paclitaxel (Fig. 1A), docetaxel, and the vinca
alkaloids. Specifically, paclitaxel has proven effective against
refractory ovarian cancer, metastatic breast cancer, and non-
small cell lung cancer (5, 6), and the vinca alkaloids are effec-
tive against cancer types such as lymphoma, leukemia, and
Kaposi’s sarcoma (7, 8). Unfortunately, the toxicity and low
aqueous solubility have limited the applicability of taxoids and
vinca alkaloids in cancer chemotherapy. Moreover, their use
has been hampered by the development of drug resistance
contributed by multifactorial mechanisms, such as overexpres-
sion of P-glycoprotein (9, 10), altered expression of tubulin
isotypes (11), and the presence of tubulin mutations (12).
Therefore, development and/or discovery of microtubule-based
compounds are in demand, especially for the treatment of hu-
man cancers resistant to currently used drugs.

We have previously identified noscapine (Fig. 14), an opium
alkaloid, as a microtubule targeting agent that binds stoichio-
metrically to tubulin and alters tubulin conformation (13). Like
many other microtubule drugs, noscapine suppresses microtu-
bule dynamics, arrests mammalian cells at mitosis, causes
apoptosis, and exhibits potent antitumor activity (13-15). How-
ever, distinct from other microtubule drugs, noscapine does not
affect the total polymer mass of tubulin and does not cause
gross deformation of cellular microtubules even at high concen-
trations (15). In addition, the low toxicity, water solubility, and
feasibility for oral administration are very valuable advantages
of noscapine over many other microtubule drugs for future
clinical use in cancer chemotherapy (16-19).

In this study, we find that noscapine does not compete with
paclitaxel for tubulin binding and can efficiently inhibit the
proliferation of both paclitaxel-sensitive and paclitaxel-resist-
ant human ovarian carcinoma cells. In addition, noscapine
causes these cells to die through the c-Jun NH,-terminal ki-
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