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SUMMARY
The mechanism of action of a novel antiproliferative compound
LY290181 [2-amino-4-(3-pyridyl)-4H-naphtho(1,2-b)pyran-3-
carbonitrile] was characterized. LY290181 is a potent inhib-
itor of cell proliferation, producing 50% inhibition of vascular
smooth muscle, endothelial, Chinese hamster ovary, HeLa,
and human erythroleukemia cells at concentrations of 8 – 40
nM. Cell cycle analysis showed that LY290181 caused accu-
mulation of smooth muscle cells at the G2/M phase and
induced mitotic arrest in Chinese hamster ovary cells and
HeLa cells. At low concentrations (3–30 nM), LY290181
blocked transition of cells from metaphase to anaphase and

disrupted mitotic spindle organization. At high concentra-
tions ($100 nM), LY290181 produced a concentration-de-
pendent loss of cytoplasmic and spindle microtubules.
LY290181 inhibited the polymerization of purified bovine
brain microtubule protein into microtubules, and it depoly-
merized preformed microtubules. Using tubulin-1-anilino-8-
naphthalene sulfonate complex fluorescence, we have
shown that LY290181 directly interacted with tubulin in a
unique manner. These studies show that LY290181 induces
cell growth arrest in prometaphase/metaphase, and tubulin
appears to be its molecular target.

Proliferation of vascular smooth muscle cells plays an im-
portant role in the pathogenesis of vascular disease including
atherosclerosis (1), transplant atherosclerosis (2), restenosis
(1–3), hypertension (4), renal disease (5), and diabetic arte-
riopathy and retinopathy (6). Animal model studies have
demonstrated that arterial intimal thickening after vascular
injury can be suppressed by inhibitors of smooth muscle cell
proliferation. Direct application of specific cell growth inhib-
itors such as toxin-conjugated growth factor (7) or antisense
to cell cycle regulatory genes (8, 9) have been shown to
produce a dramatic reduction in intimal thickening in bal-
loon-injured rat carotid arteries. Our recent studies have
shown that the naphthopyran LY290181 [2-amino-4-(3-pyri-
dyl)-4H-naphtho(1,2-b)pyran-3-carbonitrile] is a novel anti-
proliferative compound that inhibits vascular smooth muscle
cell proliferation (10). LY290181 also produced a substantial
inhibition of intima thickening in a rat carotid artery injury
model when administered systemically (10). Recent studies
have also shown that LY290181 and its structural analogs

inhibit the synthesis and secretion of metalloproteinases
from chondrocytes (11). LY290181 was also found to reduce
diabetes-induced endothelial cell dysfunction including,
blood flow and vascular permeability (12). The mechanism of
cell growth inhibition or other cellular activities of LY290181
is not understood. We recently found that LY290181 kineti-
cally stabilized microtubule growth and shortening dynam-
ics, apparently by binding to a unique site in tubulin (13). In
the present study we have investigated the antiproliferative
activity, the stage of cell cycle arrest, and the molecular
target for the antiproliferative action of LY290181. We show
here that LY290181 is a potent antimitotic agent whose
antiproliferative activity is apparently mediated by binding
to tubulin and modulation of microtubule function.

Experimental Procedures
Cell cultures. Primary cultures of rabbit aortic vascular smooth

muscle cells were prepared from New Zealand White rabbits as
described previously, and used at passages 2 through 4. The smooth
muscle cells were cultured in growth medium consisting of DMEM,
10% FBS, L-glutamine (2 mM), penicillin (100 units/ml), and strep-
tomycin (100 mg/ml) (Life Technologies, Grand Island, NY). CHO and
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human erythroleukemia cell lines were obtained from American
Type Culture Collection and grown in Ham’s F-12 medium contain-
ing 10% FBS, 2 mM L-glutamine, 100 units/ml penicillin, and 100
mg/ml streptomycin. Human umbilical vein endothelial cells were
from Clonetics (San Diego, CA).

Cell proliferation assay. Smooth muscle cell proliferation was
determined using third passage rabbit aortic smooth muscle cells
that were seeded into 24-well plates at a starting density of 1 3 104

cells/well in growth medium. The cells were allowed to adhere at 37°
under 5% CO2 and 95% air for 16 hr. The medium was then replaced
with DMEM containing 10% FBS and the indicated concentrations of
LY290181. After a 72-hr incubation, cells were trypsinized and
counted using a ZM Coulter Counter (Coulter Electronics, Miami
Lake, FL).

Cell cycle analysis. Primary cultures of rabbit aortic smooth
muscle cells were plated at 100,000 cells/well in six-well plates in
growth medium as described above. After 24 hr, 30 or 100 nM

LY290181 was added to the cultures. After 40 hr, attached cells were
trypsinized and combined with those in the supernatant. Cells were
washed twice in DMEM and fixed by resuspending in 1 ml of 70%
methanol for 2 min at room temperature. Cells were pelleted at
3000 3 g for 5 min, resuspended in 1 ml of 0.1% Triton X-100 in PBS,
and incubated at room temperature for 15 min. Cell suspensions
were centrifuged as above and then resuspended in 0.5 ml of 50
mg/ml propidium iodide solution in PBS containing 200 mg/ml of
RNase A. Cells were stored overnight at 4°. DNA content was deter-
mined by flow cytometry. The results were analyzed using the Modfit
cell cycle analysis program (Varity Software, Topshan, NE).

Determination of mitotic index. CHO cells were plated on
coverslips in six-well plates at 60,000 cells/well, and allowed to
attach overnight in F-12 medium. Cells were then treated with the
indicated concentrations of LY290181 for 8 hr. The medium was
aspirated, and cells were stained with Diff Quick (Baxter, Miami,
FL). Cells were mounted on the tissue culture plate with aqueous
mounting medium and cover slips. The mitotic index was determined
by counting interphase and mitotic cells at a magnification of 403
using a Nikon Diaphot inverted microscope. At least 1000 cells per
data point were counted.

Immunofluorescence microscopy. Collagen-coated coverslips
were prepared by incubating the coverslips with rat tail type I
collagen (50 mg/ml in 0.02 N acetic acid) for 1 hr at room temperature
followed by washing with PBS. CHO cells were plated on the cover-
slips in six-well plates at 60,000 cells/well, and allowed to attach
overnight in F-12 medium. Cells were then treated with the indi-
cated concentrations of LY290181 for 20 hr. The medium was aspi-
rated gently, and the cells were fixed in polyethylene glycol and
formaldehyde as described previously (14). Briefly, cells were cov-
ered with 2 ml of PEM/PEG buffer consisting of 80 mM PIPES, 1 mM

EGTA, 1 mM MgCl2, pH 7.1, and 40 g/liter PEG-8000. After 1 min,
the buffer was aspirated, and cells were covered with 1 ml of 0.5%
Triton X-100 in PEM (80 mM PIPES, 1 mM EGTA, 1 mM MgCl2, pH
7.1) for 1 min followed by another 1-min incubation in PEM/PEG
buffer. After removing the PEM/PEG buffer, the cells were covered
with 3% formaldehyde in PEM for 20 min at room temperature. The
formaldehyde was then removed, and the cells were washed once in
PBS and stored at 4°. Fixed cells were stained by FITC-conjugated
monoclonal anti-b-tubulin antibodies (1 mg/ml in PBS containing 1%
BSA). After tubulin staining, DNA was stained with 1 mg/ml pro-
pidium iodide in PBS containing 1% BSA. Coverslips were mounted
on slides in 0.1% p-phenylenediamine in PBS:glycerol (1:9). Slides
were photographed and counted on a Nikon Microphot FXA at 603
magnification. Treatments were performed in duplicate and counted
as blinded samples with a minimum of 1500 cells/slide. HeLa cell
culture, determination of proliferation, and immunofluorescence mi-
croscopy after 20 hr of incubation with the compound were carried
out as described previously (15).

Purification of microtubule protein and tubulin. Bovine
brain microtubule protein consisting of ;70% tubulin and 30%

MAPs was isolated without glycerol by three cycles of polymerization
and depolymerization (16). Tubulin was purified from the microtu-
bule protein preparation by phosphocellulose chromatography (16).
The tubulin solution was quickly frozen as drops in liquid nitrogen
and stored at 270° until used. The protein concentration was deter-
mined by the method of Bradford using a BSA standard.

Inhibition of microtubule polymerization by LY290181. Mi-
crotubule protein (1.2 mg/ml) was mixed with different concentra-
tions of LY290181 in 100 mM PIPES, 1 mM MgCl2, and 1 mM EGTA
(100 mM PEM buffer), and 1 mM guanosine 59-triphosphate. Micro-
tubule polymerization was monitored at 37° by light scattering at
350 nm using a Gilford Response Spectrophotometer. The plateau
absorbance values were used for calculations.

Fluorometric titration. The interaction of LY290181 with tubu-
lin was monitored by its effects on the intrinsic fluorescence of
tubulin-ANS complex (17, 18). Relative fluorescence intensities were
obtained with a Perkin-Elmer LS50B spectrophotometer at 34° using
a constant temperature water circulating bath. Buffer blank values
were subtracted from all measurements. A tubulin concentration of
2 mM was used for all measurements. The excitation and emission
wavelengths were 400 and 468 nm, respectively. We used 400 nm as
the excitation wavelength to avoid any inner filter effect at high drug
concentrations. LY290181 (10 mM) by itself had very low absorbance
of 0.011 at 400 nm.

Materials. LY290181 was synthesized at the Eli Lilly Research
Laboratories (10). The compound was prepared in dimethyl sulfoxide
as a 10 mM stock solution and diluted in culture medium to the
indicated concentrations. Recombinant human platelet-derived
growth factor-BB was obtained from Genzyme (Cambridge, MA). Rat
tail collagen was obtained from Collaborative Research (Bedford,
MA). Anti-tubulin antibodies KXM-1 clone were obtained from
Boehringer Mannheim (Indianapolis, IN).

Results
Antiproliferative activity of LY290181. LY290181 (Fig.

1) produced a concentration-dependent inhibition of vascular
smooth muscle cell proliferation. The concentration of
LY290181 required for IC50 of vascular smooth muscle cell
proliferation was 20 nM. Similar results were obtained with
human umbilical vein endothelial cells (IC50 5 20 nM), CHO
cells (IC50 5 35 nM), human erythroleukemia cells (IC50 5 40
nM), and HeLa cells (IC50 5 8 nM). These data showed that
LY290181 is a potent antiproliferative agent for a variety of
cell types.

Fig. 1. Structure of LY290181.
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Effects of LY290181 on progression through G2/M.
Rabbit aortic smooth muscle cells were plated at 100,000
cells/well in six-well plates and then treated with 30 or 100
nM LY290181 for 40 hr. FACS analysis (Fig. 2) shows that
LY290181 produced a concentration-dependent accumula-
tion of cells in the G2/M phase of the cell cycle. In the pres-
ence of 30 nM LY290181, 28.9% of the cells accumulated in
G2/M, compared with 16.8% in controls. The fraction of cells
in G2/M increased to 68.6% at 100 nM LY290181. Correspond-
ingly, the fraction of cells in G0/G1 was reduced from 74.3 to
62.1% at 30 nM LY290181, and to 22.9% at 100 nM LY290181.

These results show that, in cultures of cycling smooth muscle
cells, LY290181 arrests cell cycle progression in G2/M.

Mitotic arrest of CHO cells by LY290181. To further
determine whether LY290181 inhibited cell cycle progression
in G2 or mitosis, cycling CHO cells were treated with the
indicated concentrations of LY290181 for 8 hr, and mitotic
indices in control and LY290181-treated cells were deter-
mined. The effect of LY290181 on CHO cell proliferation after
20 hr of incubation was also determined in parallel experi-
ments. LY290181 produced a concentration-dependent in-
crease in the mitotic index in CHO cells (Fig. 3). The effective
concentrations paralleled those required for the inhibition of
cell proliferation (Fig. 3, inset). Thus, LY290181 blocks CHO
cells in mitosis.

LY290181 blocks cells in prometaphase/metaphase
and produces a loss of interphase microtubules. To
identify the subcellular target for LY290181, we examined its
effect on the organization of chromosomes and microtubules
during mitosis. CHO cells were grown on collagen-coated
coverslips and then treated with varying concentrations of
LY290181 for 20 hr. Chromosomal organization was deter-
mined after DNA staining with propidium iodide. In control
cultures, nuclear staining with propidium iodide revealed a
spectrum of mitotic figures including cells in metaphase and
telophase of mitosis (Table 1). In cultures treated with 30 nM

LY290181, 2.1 6 0.2% of the cells were accumulated in pro-
metaphase as compared with 1.1 6 0.4% in the control (Table
1). At this concentration, metaphase and telophase figures
were still present. At higher concentrations of LY290181, a
concentration-dependent accumulation of prometaphase or
“C-mitotic” figures was observed with a concomitant loss of

Fig. 2. Effect of LY290181 on cell cycle progression. Rabbit aortic
smooth muscle cells were plated in growth medium in six-well plates at
a density of 1 3 104 cells/well. The cultures were then treated with
vehicle (A), 30 nM LY290181 (B), or 100 nM LY290181 (C) for 40 hr. Cells
were then processed for propidium iodide staining and FACS analysis.
Cell distribution in G0/G1, S, and G2/M, was determined using the Varity
Modfit program. The areas under the left solid peak, the middle shaded
peak, and the right solid peak represent fraction of cells in G0/G1, S, and
G2/M, respectively.

Fig. 3. Effect of LY290181 on mitotic arrest in CHO cells. CHO cell
cultures in log phase of growth were treated with the indicated con-
centrations of LY290181 for 8 hr. Cells were then fixed and stained with
Diff Quick. Mitotic indices were determined by counting interphase and
mitotic cells at 403 magnification using a Nikon Diaphot inverted
microscope. At least 1000 cells per data point were counted. Data are
presented as mean 6 standard deviation (n 5 3). Cell proliferation
(inset) under identical treatments was determined by cell counting after
20 hr of incubation.
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metaphase and telophase cells. The mitotic index as deter-
mined by the fraction of rounded cells after drug treatment is
a less specific method with relatively high background level
of rounded cells than the chromosomal morphology method
for the determination of cells in mitosis. Although both meth-
ods provided qualitatively similar results, the chromosomal
morphology methods provided more accurate quantitative
data for accumulation of cells in mitosis and the stage of cell
cycle block. These results indicate that the predominant ac-
tion of LY290181 is to block cell cycle progression at promet-
aphase/metaphase.

We also determined the organization of interphase cyto-
plasmic microtubules after treatment with LY290181 by
staining CHO cells with FITC-conjugated b-tubulin anti-
body. As shown in Fig. 4, at 30 nM LY290181, a concentration
that produce 50% inhibition of cell proliferation, microtu-
bules were still present in interphase cells, and the density
and organization of the microtubules were not grossly al-
tered. Higher concentrations of LY290181 produced a clear
concentration-dependent loss of cytoplasmic microtubules;
for example, cytoplasmic microtubule staining was nearly
abolished at 500 nM LY290181. Unlike the actions of vinblas-
tine or Taxol at high concentrations, tubulin paracrystal
formation or microtubule bundling was not observed at high
concentrations of LY290181.

Effect of LY290181 on mitotic spindle organization.
Incubation of HeLa cells with LY290181 for 20 hr induced a
block in mitosis at the transition from metaphase to an-
aphase. Fifty percent of the cells were blocked in metaphase
at 10 nM LY290181, and the block was maximum (79%) at 30
nM LY290181. Concomitant with the increase in cells in
metaphase, the proportion of cells in anaphase was de-
creased. Thus, in control cultures the ratio of cells in an-
aphase to cells in metaphase was 0.20, whereas the ratio
decreased to 0.11 at 3 nM, to 0.01 at 10 nM, and no anaphase
figures were observed at $30 nM LY290181.

As shown in Fig. 5, A and B, in control cells the metaphase
spindles were bipolar and contained a compact equatorial
plate of condensed chromosomes. At 3 nM LY290181, the
organization of many spindles (43%) was abnormal. As
shown in Fig. 5, C and D, abnormal spindles were bipolar but
contained from one to several chromosomes that had not
congressed to the metaphase plate; these uncongressed chro-
mosomes were located at or near the spindle poles. Block in
prometaphase/metaphase was accompanied by further dis-
tortion in the organization of the spindle microtubules and
chromosomes. At 10 nM LY290181, 97% of the spindles were

abnormal. Abnormal spindles consisted of three types, 1)
bipolar containing uncongressed chromosomes, 2) monopolar
“C-mitosis,” 3) tripolar or multipolar (Fig. 5, E and F). At .30
nM LY290181, 100% of the spindles were abnormal and mo-
nopolar in organization. The mass of microtubules in mitotic
and interphase cells did not appear reduced at 10 nM

LY290181. However, at 30 nM LY290181 the microtubules of
mitotic spindles were shorter and lower in number then
microtubules in the control spindles, and the spindles ap-
peared as numerous compact and small star-shaped struc-
tures (Fig. 5, G and H). In contrast, microtubules of inter-
phase HeLa cells were not significantly affected at 30 nM

LY290181 (data not shown). However, at higher drug con-
centrations ($100 nM), both mitotic and interphase microtu-
bules were lost. Thus at antiproliferative concentrations,
LY290181 affected mitotic spindle microtubules in the ab-
sence of massive depolymerization of microtubules.

Inhibition of microtubule assembly by LY290181.
Based upon the foregoing results in cells, it appeared that

TABLE 1
Effect of LY290181 on mitosis in CHO cells
Cells were grown on collagen coated coverslips, and treated with the indicated
concentrations of LY290181 for 20 hr. Cells were then stained with propidium
iodide and counted for distribution in various phases of the cell cycle. At least
1500 cells on each slide were counted. Values are mean 6 SD (n 5 3).

LY290181 Inter Pro/Prometa Meta Ana/Telo

nM %

0 95.0 6 0 1.1 6 0.4 1.5 6 0.3 2.3 6 0.07
15 94.5 6 0.7 0.97 6 0.3 1.6 6 0.5 3.2 6 0.2
30 95.5 6 0.7 2.1 6 0.2 0.6 6 0 1.9 6 0.2
45 87.0 6 4.2 13 6 4.7 0.2 6 0.3 0.3 6 0.07
60 54.0 6 24 46 6 24 0 0

Inter, interphase; Pro, prophase, Prometa, prometaphase; Meta, metaphase;
Ana, anaphase; Telo, telophase.

Fig. 4. Effect of LY290181 on microtubules in CHO cells. CHO cells
were plated on collagen-coated coverslips. After 16 hr, cells were
treated with vehicle (A), 30 nM (B), 60 nM (C), 90 nM (D), or 500 nM (E)
LY290181. Cells were then fixed, and microtubules were stained with
FITC-conjugated tubulin antibody. Cells were photographed at 603
magnification.
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LY290181 was exerting its antiproliferative effects by affect-
ing microtubule structure and function. In support of these
findings, we further showed that LY290181 could inhibit the
polymerization of bovine brain microtubule protein into mi-
crotubules in vitro. Fig. 6A shows that LY290181 produced a
concentration dependent inhibition of the rate and extent of
microtubule polymerization. Inhibition of tubulin polymer-
ization by LY290181 as a function of LY290181 concentration
is shown in Fig. 6B. Fifty percent inhibition (IC50) was
achieved at 5.5 mM.

We also determined the effect of LY290181 on preformed
microtubules. Addition of 10 mM LY290181 to a suspension of
microtubules made from microtubule protein (MAPs plus
tubulin) induced a rapid disassembly of the microtubules
(within ;10 min of drug addition). Video microscopic studies
also showed that LY290181 (2 mM) produced extensive de-
polymerization of axoneme-seeded microtubules prepared
from phosphocellulose-purified tubulin (19) (data not shown).
These results demonstrate that LY290181 inhibits microtu-

bule polymerization and induces depolymerization of pre-
formed microtubules.

Direct interaction of LY290181 with tubulin at a
novel site. The apolar molecule ANS stoichiometrically
binds to tubulin at a single site (17). The ANS binding sites
in tubulin do not overlap with the binding sites for colchicine,
podophyllotoxin, vinblastine, or maytansine (17). The tubu-
lin-ANS complex fluoresces strongly, making it a useful tool
for probing conformational states of the tubulin dimer (17,
18). We have used tubulin-ANS fluorescence to determine the
direct interaction of LY290181 with tubulin and to determine
the nature of the binding site. Tubulin (2 mM) was incubated
with a range of concentrations of LY290181 for 30 min at 34°
in 50 mM PEM buffer. ANS (50 mM) was added to the tubulin-
LY290181 complex, and the incubation was continued for an
additional 15 min. Fig. 7A shows that LY290181 produced a
concentration-dependent decrease in tubulin-ANS fluores-
cence. Half-maximal reduction occurred at 2.9 mM LY290181.

Fig. 5. Effect of LY290181 on mitosis and spindle microtubules. HeLa
cells were incubated with LY290181 for 20 hr. Spindle microtubule (A,
C, E, and G) and chromosome (B, D, F, and H) were investigated. A and
B, Two spindles in control cells with well defined compact metaphase
plate of chromosome. C and D, LY290181 (3 nM), abnormal bipolar
spindle with one uncongressed chromosome at one spindle pole (ar-
rowhead) and several cells in interphase. E and F, LY290181 (10 nM),
many cells are in mitosis, spindles appear normal as well abnormal and
bipolar with uncongressed chromosomes (arrowhead) or have ball-
shaped aggregates of chromosomes (p). G and H, LY290181 (30 nM),
most cells are in mitosis; spindle are bass-shaped with small star-
shaped array of short microtubules.

Fig. 6. Inhibition of microtubule polymerization by LY290181. A, Poly-
merization of microtubule protein (1.2 mg/ml) in the absence (a) or
presence of 2 mM (b), 4 mM (c), 6 mM (d), and 10 mM (e) LY290181 was
determined at 350 nm. B, Inhibition of microtubule polymerization at 30
min (plateau) is plotted as a function of LY290181 concentration. Data
are representative of three experiments. The line represents a linear fit
of the data.
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Furthermore, incubation of tubulin with ANS before the ad-
dition of LY290181 produced similar results (data not
shown). The strong reduction in fluorescence of the tubulin-
ANS complex by LY290181 may result from the binding of
ANS and LY290181 to the same region of tubulin. Alterna-
tively, LY290181 binding to tubulin may induce a conforma-
tional change in tubulin leading to the reduction in ANS
binding or tubulin-ANS fluorescence. These data demon-
strate that LY290181 binds strongly to the tubulin dimer.

We also compared the effect of LY290181 on ANS-tubulin
fluorescence with known tubulin-binding agents. As shown
in Fig. 7B, under identical conditions, LY290181 strongly
reduced tubulin-ANS fluorescence, whereas vinblastine en-
hanced and nocodazole and podophyllotoxin had no effect on
the fluorescence intensity. These results indicate that
LY290181 induces a unique conformational change in tubu-
lin. Together with our recent studies (13), these data suggest
that LY290181 inhibits cell proliferation by binding to a
novel site in tubulin and suppressing dynamics of mitotic
spindle microtubules.

Discussion
In the present study, we have found that LY290181 is a

potent inhibitor of proliferation of rabbit smooth muscle cells,
CHO cells, endothelial cells, HeLa cells, and erythroleukemia
cells. The IC50 for cell growth inhibition was in the range of
10–40 nM. Determination of DNA synthesis in density-ar-
rested quiescent smooth muscle cells induced to progress
from G0/G1 to S phase showed that a 15-fold higher concen-
tration of LY290181 was required for inhibition of DNA syn-
thesis than for inhibition of cell proliferation (data not
shown). These results suggest that the predominant action of
LY290181 occurs at stages other than the G1 or S phase of
the cell cycle.

Using fluorescence activated cell sorting and cell cycle
analysis, we found that LY290181 produced a selective accu-
mulation of smooth muscle cells in the G2/M phase of the cell
cycle. In cultures treated with 30 or 100 nM LY290181, 28.9
and 68.6% of the cells, respectively, accumulated in G2/M
phase as compared with 16.8% of the cells in control cultures.
The increase in G2/M cells was accompanied by a decrease in
G0/G1 cells. Mitotic index determination of cycling CHO cells
and HeLa cells also showed that LY290181 induced an accu-
mulation of cells in mitosis in a concentration-dependent
manner and that accumulation of cells at mitosis correlated
with the concentration response for cell growth inhibition by
the compound. Thus, the results of FACS and mitotic index
studies indicate that LY290181 inhibited cell cycle progres-
sion at mitosis. Further examination of chromosomal and
microtubule morphology of CHO cells and HeLa cells during
mitosis indicated that LY290181 selectively inhibited cell
cycle progression at prometaphase/metaphase.

Examination of microtubule organization by FITC-conju-
gated tubulin antibody staining showed that at low concen-
trations, including that required for 50% inhibition of cell
proliferation (30 nM), LY290181 did not produce a discernible
change in the organization of interphase cytoplasmic micro-
tubules (Fig. 4). At higher concentrations, LY290181 pro-
duced a concentration-dependent disruption of the cytoplas-
mic microtubules, and a clear reduction in polymer density.
Microtubule staining in the cytoplasm was dramatically re-
duced at concentrations .100 nM LY290181 leading to a near
complete loss of microtubule staining at 500 nM. Similarly,
low concentrations (#30 nM) of LY290181 produced abnormal
organization of mitotic spindle microtubules in HeLa cells. At
high concentrations ($100 nM), LY290181 produced depoly-
merization of spindle microtubules.

A notable difference in the action of LY290181 on micro-
tubules as compared with the actions of vinblastine and
Taxol was that unlike vinblastine and Taxol, high concentra-
tions of LY290181 did not induce microtubule bundling or
tubulin paracrystal formation (20). This may suggest a dis-
tinct mode of interaction of LY290181 with microtubules
from vinblastine and Taxol. Although high concentrations of
LY290181 induced microtubule depolymerization, a signifi-
cant loss of cytoplasmic microtubules occurred at about 2-fold
higher LY290181 concentration than that required for 50%
inhibition of cell growth in CHO cells. Thus, gross depoly-
merization of cytoplasmic microtubules does not appear to be
associated with cell growth inhibition by LY290181. Instead,
subtle effects on microtubule dynamics may be a more rele-
vant mechanism for its antiproliferative action.

Fig. 7. Reduction of tubulin-ANS complex fluorescence by LY290181.
A, Tubulin (2 mM) was mixed with the indicated concentrations of
LY290181 for 30 min at 34°. ANS (50 mM) was then added and fluores-
cence was measured after 15 min of incubation. The excitation and
emission wavelengths were 400 and 468 nm, respectively. B, Fluores-
cence in control (O), in the presence of 22 mM LY290181 (-OO), 25
mM vinblastine (- - -), 25 mM nocodazole (zzz) or 25 mM podophyllotoxin
(OO).
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Based on its effects on microtubule organization in intact
cells, we investigated whether LY290181 directly affected
microtubule polymerization. Using isolated bovine brain mi-
crotubule protein consisting of tubulin and MAPs, we found
that LY290181 inhibited both the rate and extent of micro-
tubule assembly in vitro. The concentration of LY290181
required for 50% inhibition of microtubule polymerization
was 5.5 mM. The potency of LY290181 was comparable to
known anti-microtubule compounds such as colchicine or
vinblastine (20). Both turbidimetric and video microscopic
studies showed that LY290181 also induces depolymeriza-
tion of preformed microtubules (data not shown).

Using ANS-tubulin complex fluorescence, we found that
LY290181 directly interacted with tubulin. The reduction in
tubulin-ANS fluorescence may imply that LY290181 binds to
the same region of tubulin as ANS or that it produces a
conformational change that affects ANS binding or fluores-
cence. Our studies also show that the ability of LY290181 to
reduce ANS-tubulin complex fluorescence was unique and
distinct from vinblastine, nocodazole, and podophyllotoxin.
These data suggest that the tubulin binding site for
LY290181 may be different from the above antimitotic
agents.

In summary, the depolymerization of cytoplasmic microtu-
bules by high concentrations of LY290181 in cells and in vitro
the alteration of spindle organization by low concentration of
LY290181 and its direct effect on tubulin-ANS fluorescence
have provided strong evidence suggesting that microtubules
and tubulin are the molecular targets for LY290181. We have
recently demonstrated that the LY290181 kinetically stabi-
lizes microtubule dynamics (13). These results suggest that
LY290181 inhibits cell proliferation by stabilizing spindle
microtubule dynamics. Because microtubule functions are
essential for cell division, cell movement, cell adhesion, and
cell spreading, interference with microtubule dynamics may
offer a potential treatment modality for proliferative disease
such as restenosis and neoplasia. Proliferation and migration
of vascular smooth muscle cells play a critical role in vascular
remodeling after vascular injury (1, 21). Agents inhibiting
vascular smooth muscle cell proliferation and migration ef-
fectively block intimal thickening in vascular injury models
(7–10, 22–24). Anti-microtubule drugs have proven to be
effective therapy for the treatment for several types of ma-
lignancies. Recent studies have shown that the microtubule-
stabilizing drug Taxol reduces intimal thickening in a rat
model of balloon-induced vascular injury (25). The plasma
concentrations of Taxol, at doses effective for the reduction in
intimal thickening, were 10–1000-fold lower than the peak
concentration achieved for anti-cancer efficacy (25, 26). Fur-
thermore, the concentrations of taxol needed for the inhibi-
tion of intimal thickening were significantly below the cyto-
toxicity range for Taxol (25, 26). These early studies on
microtubule modulating compounds are encouraging with
regard to their potential use in the treatment of restenosis.
Our previous studies have shown that LY290181 adminis-
tered either orally or subcutaneously produced significant
reduction in intimal thickening in a rat carotid artery injury
model (10). Because the concentrations of LY290181 required
to produce antiproliferative and antimigration actions are
significantly lower than that required for depolymerization of
cytoplasmic microtubules, the use of lower concentrations of

the compound may allow selective inhibition of cell prolifer-
ation and migration in vivo.
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