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Abstract We investigated the effects of androgen and taxol on the androgen-responsive LNCaP and androgen-
independent DU145 prostate cancer cell lines. Cells were treated for 48 and 72 h with 0.05–1 nM of the synthetic
androgen R1881 and with 100 nM taxol. Treatment of LNCaP cells with 0.05 nM R1881 led to increased cell
proliferation, whereas treatment with 1 nM R1881 resulted in inhibited cell division, DNA cycle arrest, and altered
centrosome organization. After treatment with 1 nM R1881, chromatin became clustered, nuclear envelopes convo-
luted, and mitochondria accumulated around the nucleus. Immunofluorescence microscopy with antibodies to
centrosomes showed altered centrosome structure. Although centrosomes were closely associated with the nucleus in
untreated cells, they dispersed into the cytoplasm after treatment with 1 nM R1881. Microtubules were only faintly
detected in 1 nM R1881-treated LNCaP cells. The effects of taxol included microtubule bundling and altered
mitochondria morphology, but not DNA organization. As expected, the androgen-independent prostate cancer cell line
DU145 was not affected by R1881. Treatment with taxol resulted in bundling of microtubules in both cell lines.
Additional taxol effects were seen in DU145 cells with micronucleation of DNA, an indication of apoptosis.
Simultaneous treatment with R1881 and taxol had no additional effects on LNCaP or DU145 cells. These results suggest
that LNCaP and DU145 prostate cancer cells show differences not only in androgen responsiveness but in sensitivity to
taxol as well. J. Cell. Biochem. 76:463–477, 2000. r 2000 Wiley-Liss, Inc.
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Hormones play a significant role in the regu-
lation of prostate growth during development
and in maintaining homeostasis in adult pros-
tate tissue. During puberty and organ develop-
ment, low concentrations of androgen stimu-

late cell divisions that result in full development
of the prostate. Normal prostate development
depends on androgens, and prostate function is
maintained in the adult with high serum con-
centrations of 5a-dihydrotestosterone (DHT).
After age 40, serum testosterone levels de-
crease, producing morphological changes in the
prostate and enlargement of the gland [Na-
rayan, 1995; Wilding, 1995].

Prostate cancer is associated with aging and
occurs in a latent or clinical form in 30–40% of
men by age 30–50, increasing to 75% in men by
age 80 [Tanagho et al., 1995; Thompson et al.,
1995]. About 75% of tumors in men with meta-

Grant sponsor: NASA; Grant number: NAG10-0224; Grant
sponsor: NIH; Grant number: T32 AG0002/3-06; Grant
sponsor: Cancer Research Center; Grant sponsor: Univer-
sity of Missouri–Columbia.
*Correspondence to: Heide Schatten, Department of
Veterinary Pathobiology, University of Missouri–
Columbia, 1600 E. Rollins Street, Columbia, MO 65211.
E-mail: schattenh@missouri.edu
Received 11 March 1999; Accepted 2 August 1999

Journal of Cellular Biochemistry 76:463–477 (2000)

Print compilation r 2000 Wiley-Liss, Inc.
This article published online in Wiley InterScience, January 2000.



static prostate cancer are androgen dependent
at initial diagnosis [Thompson et al., 1995; Wild-
ing, 1995]. Androgen-ablative therapy for meta-
static prostate cancer is effective for 60–80% of
men, but most men develop androgen-indepen-
dent disease within 2 years [Bubley and Balk,
1996; Evans et al., 1998]. Complete withdrawal
by castration reduces serum testosterone by
about 90%, but it does not affect androgen bio-
synthesis in the adrenal glands; it also induces
side effects, including osteoporosis. This finding
demonstrates the need for alternative and addi-
tional forms of treatment for advanced prostate
cancer [Tyrell, 1999].

While androgen ablation is used as first-line
therapy, chemotherapy can now be used to in-
duce a remission in many men after failure of
androgen ablation [Smith and Pienta, 1999].
Such treatment includes taxol [Schiff and Hor-
witz, 1980], which has been used to treat pa-
tients with progressive metastatic prostate can-
cer [Roth et al., 1993; Danesi et al., 1995; Pienta
and Smith, 1997; Guinan et al., 1998; Lo-
keshwar, 1999; Petrylak et al., 1999; Smith and
Pienta, 1999]. While taxol alone induced apop-
tosis in PC-3 cells [Danesi et al., 1995], its
clinical activity is enhanced by combination
with other treatments [Pienta and Smith, 1997;
Kreis et al., 1999; Petrylak et al., 1999]. Taxol
has also been studied in animal models and
produced significant differences in tumor vol-
ume when administered in a rat prostate can-
cer model [Guinan et al., 1998]. The antimeta-
static effects of taxol have also been shown in a
PC-3 human prostatic tumor variant (PC3-
ML), which metastasizes to the lumbar verte-
brae in severe combined immunodeficiency-
carrying (SCID) mice [Stearns and Wang, 1992].
These studies showed that taxol inhibited secre-
tion of the 72,000-Mr and 92,000-Mr type IV
collagenase plus a 57,000-Mr gelatinase and
blocked the establishment, growth, and long-
term survival of PC-3 ML cells.

Although these studies have contributed sig-
nificant new information that can be used for
the control of prostate cancers, new approaches
for multiple drug treatments are being sought
to arrest tumor cell growth. Understanding the
cellular and molecular mechanisms by which
high doses of androgen maintain cell cycle ar-
rest in the adult prostate tissue will contribute
to our understanding of how proliferating pros-
tate cancer cells might be induced to reinitiate
cell differentiation. This avenue has already

been approached in studies using the flavonoid
antioxidant silibinin [Zi and Agarwal, 1999].
The studies presented in this article address
basic cellular mechanisms that are affected by
high doses of androgen and contribute new
insights into mechanisms for preventive and
treatment strategies for prostate cancer. We
investigated the effects of synthetic androgens
and taxol in the androgen-responsive LNCaP
and androgen-independent DU145 prostate can-
cer cell lines. LNCaP is a model for primary
tumor cells of the prostate, and DU145 is a
model of those that have metastasized into
neighboring or developmentally related tissue.
The experiments focused on DNA, centrosome,
microtubule, and mitochondrial organization in
cells treated with low and high doses of andro-
gen and with 100 nM taxol.

MATERIALS AND METHODS
Cell Lines and Culture

The androgen-responsive, androgen receptor-
positive LNCaP and androgen-independent
DU145 prostate carcinoma cell lines were pur-
chased from the American Type Culture Collec-
tion (Rockville, MD) and maintained at 37°C in
a 5% CO2/95% air atmosphere in Dulbecco’s
modified Eagle’s medium (DMEM) supple-
mented with 5% heat-inactivated fetal bovine
serum (FBS) (Life Technologies, Grand Island,
NY) plus antibiotics and antimycotics (Sigma
Chemical Co., St. Louis, MO). Medium was
replaced 24 h after plating with DMEM contain-
ing 1% FBS and 4% charcoal-stripped (treated)
serum (CSS). After 72–96 h, cells were treated
with 0.05 or 1.0 nM R1881 (DuPont-NEN, Bos-
ton, MA), 0.1–1,000 nM DHT, vehicle control
(ethanol) [Ripple et al., 1997a,b], or 100 nM
taxol [Schatten et al., 1982]. R1881 is a syn-
thetic androgen that is experimentally useful
because it is not metabolized as rapidly as
5a-DHT [Ripple et al., 1997a,b]. Cells were
harvested at various times after treatment.
Cells were either analyzed on coverslips for
immunofluorescence microscopy and scanning
electron microscopy (SEM) or detached by tryp-
sination and resuspended in phosphate-buff-
ered saline (PBS; 10 mM phosphate buffer at
pH 7.4, 140 mM NaCl, 2.2 mM KCl) or 0.1 M
cacodylate buffer for transmission electron mi-
croscopy (TEM).
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Measurement of Cell Proliferation

LNCaP and DU145 cells (1,000 or 2,500 per
well) were plated in 100 µl DMEM plus 1%
FBS/4% CSS per well in 96 well plates [Ripple
et al., 1997a,b, 1999]. Experiments were con-
ducted in medium containing 1% FBS and 4%
CSS, in order to limit the adverse growth effects
encountered with (CSS) that are unrelated to
steroid hormone depletion. For example, the
growth of androgen-independent DU145 cells is
inhibited in medium containing 5% CSS com-
pared with that in 5% FBS; growth in medium
containing 1% FBS and 4% CSS is identical to
growth in medium containing 5% FBS; this
serum mixture is low enough in androgen con-
tent to slow the growth of the androgen-respon-
sive LNCaP cells, yet it facilitates detection of
an androgen growth response. At 24 or 72 h
after plating, the cells were treated in sets of six
with 0.001–5 nM R1881 (DuPont-NEN), 0.1–
1,000 nM DHT (Sigma), or vehicle control. Con-
trol medium contained the ethanol vehicle. Cells
were harvested at various times after treat-
ment. The amount of DNA per well was quanti-
tated with a 96-well fluorometric assay [Rago et
al., 1990] on a CytoFluorometric plate scanner
(PerSeptive Biosystems, Farmington, MA) and
analyzed with CytoCalc software (PerSeptive
Biosystems, Farmington, MA). The formation
of hydrogen peroxide and hydroxyl radical by
intact cells was determined by use of a fluores-
cence probe, 28,78-dichlorofluorescein diacetate
(DCF) (Molecular Probes, Eugene, OR), as de-
scribed by Kane et al. [1993]. DCF fluorescent
units per well 45 min after addition of DCF
were normalized to the DNA fluorescent units
of the same well. The data expressed are the
average DCF fluorescent units per DNA fluores-
cent units of six wells 6SD.

Statistical Analysis

Experiments conducted in 96-well plates were
done as six replicates. Each treated group was
compared with the untreated control by use of
the unpaired two-tailored Student’s t-statistic
and tested at the nominal 0.05 significance
level. As multiple comparisons were performed,
Bonferroni’s inequality was implemented for
each individual comparison with control for the
overall type 1 error rate. For instance, if eight
concentrations of androgen were being com-
pared with the control, statistical significance
for an individual dose would be determined by a
P-value of ,0.05/8 (i.e., P 5 0.00625). The re-

ported P-values reflect the data shown. Only
those P-values for analyses that are significant
after Bonferroni correction are given.

Immunofluorescence Microscopy

For immunofluorescence microscopy, cells
were fixed either in methanol for 6 min at
220°C or in 3.7% paraformaldehyde for 10 min
[Schatten et al., 1982, 1986] and double- or
triple-stained as follows. Centrosomes were
stained with either human autoimmune serum
5051 [Calarco-Gillam et al., 1983; Schatten et
al., 1986, 1987], autoimmune serum SPJ [Balc-
zon and West, 1991; Schatten et al., 1998a,b], or
rabbit polyclonal g-tubulin antibody (Babco)
[Oakley and Oakley, 1989; Stearns and Kir-
schner, 1994]. Microtubules were stained with
either the mouse monoclonal antibody E7
[Schatten et al., 1992; Schatten, 1994] or the
rabbit polyclonal antibody generated previ-
ously in our laboratory [Bestor and Schatten,
1981]. Incubation in primary antibody for 1 h at
37°C was followed by washes in solution con-
taining 0.1% Triton X-100. The appropriate fluo-
rescein- or rhodamine-labeled anti-mouse, anti-
human, or anti-rabbit antibodies were applied
for 1 h at 37°C. DNA was fluorescently detected
with 10 µM Hoechst 33258 or 2.5% µg/ml DAPI
added to the penultimate wash, following the
protocols described previously [Schatten et al.,
1986, 1987; Schatten, 1994]. Cells were mounted
in 90% glycerol in phosphate-buffered saline
(PBS) containing 100 µg/ml DABCO (Aldrich)
to retard photobleaching. Blind control experi-
ments were performed using second antibody
alone to exclude false-positive results. Cells
were analyzed using a Zeiss Axiophot micro-
scope equipped with epifluorescence optics.

Scanning Electron Microscopy

Cells were fixed in 2% glutaraldehyde in 0.08
M cacodylic acid, pH 7.4, for 30 min, washed in
0.08% cacodylic buffer for 30 min, and postfixed
with 0.1% OsO4 for 10 min. After washing in
distilled water, the preparations were dehy-
drated through an ethanol series (50%, 70%,
80%, 95%, and 100%) and critical point dried
[Ris, 1985]. The samples were imaged with a
JEOL JSM-35 scanning electron microscope af-
ter metal coating with a thin layer of platinum.

Transmission Electron Microscopy

For TEM, cells were fixed in 2% glutaralde-
hyde in 0.08 M cacodylic acid, pH 7.4, with
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0.05% saponin for 30 min. After washes in 0.08
M cacodylic buffer, 10-min postfixation in 0.1%
OsO4 followed. After a series of dehydration,
cells were embedded in Epon. Lead- and uranyl-
stained sections were analyzed with either a
Hitachi H-600 transmission or a JEOL 1200EX
scanning/transmission electron microscope.

RESULTS

The dose-dependent effects of R1881 and 5a-
DHT on LNCaP cells are shown in Figure 1.
Exposure to low concentrations of R1881 (0.01–
0.1 nM) stimulates growth above control, while
1 nM inhibits growth. 5a-DHT stimulates
growth at 0.1 nM and inhibits growth at 1–100
nM. These results are obtained under growth
conditions of LNCaP cells in 96-well plates in
DMEM containing 1% FBS plus 4% CSS (1,000
cells/well). Cells were treated with media con-
taining R1881, 5a-DHT, or vehicle control. The
plates were harvested and assayed for DNA
content at 6 days after treatment. The results
are expressed as the percentage of control fluo-
rescence 6SD (n 5 6). As expected, under iden-

tical experimental conditions, R1881 or 5a-
DHT did not appear to have any effect on growth
conditions and DNA content in hormone-inde-
pendent DU145 cells (Fig. 2).

Growth-stimulated LNCaP cells and DU145
cells treated with R1881 exhibited normal phe-
notypes, whereas LNCaP cells treated with 1
nM R1881 displayed altered phenotypes. We
focused our attention on hormone-inhibited
LNCaP cells to determine the cell cycle-specific
processes that are inhibited by high concentra-
tions of R1881. In LNCaP cells visualized with
SEM, control cells show an elongated rounded
appearance (Fig. 3a,b). After 72-h treatment
with 1 nM of the synthetic androgen R1881
(Fig. 3c,d), cells are attached to each other in
patches and appear flattened. TEM of un-
treated LNCaP cells shows cells in all stages of
the cell cycle (Fig. 4a,b), while 95% of hormone-
treated cells (1 nM R1881 for 72 h) were ar-
rested before mitosis with one or two sets of
chromatin within the intact nucleus (cell sec-
tions, Fig. 4c,d). Other differences seen with
TEM include convoluted nuclear envelopes in
the hormone-treated cells and smooth round
nuclear envelopes in control cells. Mitochon-
dria accumulate around the nucleus in 1 nM
R1881-treated cells with twice the number ob-
served in control cells.

Because centrosome and DNA cycles are nor-
mally synchronous in a regular cell cycle, we
investigated whether centrosome cycles are also
arrested or altered in hormone-arrested LNCaP
cells. Centrosomes are microtubule organizing
centers closely associated with the nucleus dur-
ing interphase and duplicate during the S phase.
Like chromosomes, they separate during mito-
sis and form the bipolar mitotic apparatus.
When centrosomes in LNCaP cells are analyzed
with immunofluorescence microscopy using an-
ticentrosome antibodies, including SPJ [Balc-
zon and West, 1991], bright centrosomal stain-
ing is detected close to the nuclear envelope in
control cells (Fig. 5a). In LNCaP cells treated
with 1 nM R1881, centrosome structure dissoci-
ates from the nucleus and becomes gradually
dispersed in the cytoplasm, as seen at 48 h after
hormone treatment (Fig. 5c) and at 72 h after
hormone treatment (Fig. 5e). The correspond-
ing DNA stained images are shown in Figure
5b,d,f, respectively. The altered fluorescence
staining with the SPJ antibody in hormone-
treated LNCaP cells indicates either continued
synthesis of centrosome proteins and uncou-

Fig. 1. Dose response of LNCaP cells to the synthetic andro-
gen R1881 and 5a-DHT. LNCaP cells were plated in 96-well
plates in Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 1% fetal bovine serum (FBS) plus 4% charcoal-stripped
serum (CSS) (1,000 cells/well). The next day, the cells were
treated with media containing R1881, 5a-dihydrotestosterone
(5a-DHT), or vehicle control. The plates were harvested and
assayed for DNA content 6 days after treatment. Results are
expressed as percentage of control fluorescence 6 SD (n 5 6).
R1881 at 0.01 nM stimulates growth above control, while 1 nM
inhibits growth. 5a-DHT stimulates growth at 0.1 nM and
inhibits growth at 1–100 nM.
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pling of the centrosome cycle from the DNA
cycle or dispersion into an uncompacted state of
condensation. Staining for microtubules was
diminished or absent (data not shown) in LN-
CaP cells treated with 1 nM R1881; this finding
may indicate either that microtubules are nec-
essary for positioning centrosomes to their
nuclear location during interphase or that the
disrupted centrosomes do not nucleate microtu-
bules efficiently. Growth stimulation of LNCaP
cells with low concentrations of R1881 (0.05
nM) did not affect centrosome organization. Cen-
trosomes remain associated with the nucleus
and do not disperse within the cytoplasm (Fig.
6a, centrosomes; Fig. 6b, DNA). As expected,
hormone treatment did not affect centrosomes
in the hormone-independent DU145 cell line
(data not shown).

To analyze the cell cycle phases affected by 1
nM R1881 in LNCaP cells, we subjected LNCaP
cells to flow cytometry. The cell cycle data sug-
gest a G2/M block after 72 h of 1 nM R1881
under confluent conditions and a slight but not
statistically significant G0/G1 block under sub-
confluent conditions (data not shown).

To test whether the cytoskeletal drug taxol
has additional inhibitory effects on hormone-
treated LNCaP cells, we treated cells with 1 nM
R1881 and 0.1–10 µM taxol. Treatment with
100 nM taxol demonstrated dense microtubule
bundling in both LNCaP and DU145 cells.
Higher concentrations of taxol did not enhance
the effects. Taxol treatment had no effect on
DNA organization in LNCaP cells, as judged by
immunofluorescence and TEM. By contrast,
DNA in DU145 cells showed micronucleation
after 48 h of 100 nM taxol treatment. Figure 7a
shows a DU145 control cell double-stained for
centrosome proteins with the SPJ autoimmune
antibody and for DNA with the fluorescent dye
DAPI. DU145 cells treated with 100 nM taxol
for 72 h were double stained for microtubules
(Fig. 7b) and for DNA (Fig. 7c). Intense microtu-
bule bundling is seen in Figure 7b, while mul-
tiple micronucleation is seen in Figure 7c. While
R1881 does not induce apoptosis in LNCaP
cells, taxol induces apoptosis in DU145 cells.
These results demonstrate different sensitivi-
ties of cells not only to hormones, but to treat-
ment with taxol as well.

We also analyzed the effects of 100 nM taxol
on the time course of growth (DNA) effects by
flow cytometry for LNCaP and DU145 cells. In
DU145 cells, a 50% growth inhibitory effect was

noted after 5 days of exposure, compared with
vehicle control. In LNCaP cells after 5 days of
growth, there was little effect on cells treated
with 100 nM taxol alone. When LNCaP cells
were treated with a growth stimulatory dose
(0.05 nM) of R1881, taxol inhibited growth to
50% of the cells treated with only R1881 (data
not shown).

The typical bundling effects of microtubules
in both cell types (LNCaP and DU145) are
exhibited by TEM in Figure 8. LNCaP cells
(Fig. 8a) display long bundles of microtubules
(arrows), while extensive bundling of microtu-
bules (arrows) is shown in Figure 8b for DU145
cells. Differences are also noted in the surface of
both cell types. While LNCaP cells have cell
surfaces with regular microvilli (open arrows)
similar to those seen in untreated LNCaP cells,
taxol treatment of DU145 cells causes surface
alterations (Fig. 8b, open arrows), which are
indications for apoptosis. This supports the find-
ing that DU145 cells are susceptible to apop-
tosis after taxol treatment. Figure 8c shows
morphological mitochondrial alterations in
taxol-treated DU145 cells, additional indica-

Fig. 2. Dose response of DU145 cells to the synthetic andro-
gen R1881 and 5a-dihydrotestosterone (5a-DHT). DU145 cells
were plated in 96-well plates in Dulbecco’s modified Eagle’s
medium (DMEM) containing 1% fetal bovine serum (FBS) plus
4% charcoal-stripped FBS (CSS) (1,000 cells/well). The next day,
the cells were treated with media containing R1881, 5a-DHT,
or vehicle control. The plates were harvested and assayed for
DNA content 6 days after treatment. The results are expressed as
percentage of control fluorescence 6 SD, (n 5 6). R1881 and
5a-DHT have no effect on the growth of DU145 cells.
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tions for apoptosis in DU145 cells. LNCaP cells
do not display apoptotic features.

DISCUSSION

The present study reports effects of hor-
mones and taxol on cell cycle events, focusing
on chromosomes and centrosomes in the andro-
gen-responsive LNCaP- and androgen-indepen-
dent DU145 prostate cancer cells. Hormone
therapy and taxol are two treatments available
for prostate cancer that are used to inhibit cell
division and abnormal tissue growth. Hor-
mones play a significant role during cell cycle
regulation in LNCaP cells and in age-related
prostate cancer [Ripple et al., 1997a,b], whereas
taxol is used to prevent cell division in a variety
of different cell types [Schiff and Horwitz, 1980;

Schatten et al., 1982]. To investigate the mecha-
nisms of hormone and taxol during cell cycle
arrest, we used hormone-responsive prostate
cancer cells (LNCaP) and those that have devel-
oped hormone independence (DU145).

We found cell cycle arrest in LNCaP cells
with high doses of androgen (1 nM R1881)
treatment corresponding to physiological levels
before age 40, while low concentrations of andro-

Fig. 4. Transmission electron micrographs of untreated LNCaP
cells shown in various stages of the cell cycle (a, interphase; b,
mitosis), while 95% of hormone-treated cells (1 nM R1881 for
72 h) are arrested with characteristic two sets of chromatin
within the intact nucleus (c,d). Note dense accumulation of
mitochondria around the convoluted nucleus, not seen in con-
trol cells. Scale bar (a,b) 5 5 µm. Scale bar (c,d) 5 1 µm.

Fig. 3. Scanning electron micrographs of LNCaP cells under normal culture conditions (a,b) and when treated with 1
nM of the synthetic androgen R1881 for 72 h (c,d). While control cells have an elongated and rounded appearance,
hormone-treated cells appear flatter and more attached to each other. Scale bars 5 10 µm.
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Figure 4.



Fig. 5. Immunofluorescence micrographs of centrosomes in
LNCaP cells stained with the human autoimmune antibody SPJ
show typical centrosomes closely associated with the nucleus in
control cells (a), while centrosome structure dissociates from the
nucleus in hormone-treated (1 nM of the synthetic androgen

R1881) cells, gradually accumulating in the cytoplasm as seen
at 48 h after hormone treatment (c) and at 72 h after hormone
treatment (e). Corresponding images for nuclear DNA staining
with DAPI are shown in b, d, and f, respectively. Scale bar 5

1 µm.
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Fig. 6. a: Immunofluorescence micrograph of centrosomes in LNCaP cells stained with the human autoimmune
antibody SPJ show typical centrosomes closely associated with the nucleus in cells treated with 0.05 nM R1881. b:
Fluorescence images for DNA in corresponding nuclei. Growth stimulation of LNCaP cells with low concentrations of
R1881 (0.05 nM) did not affect centrosome organization (a, centrosomes; b, DNA). Scale bar 5 1 µm.

Fig. 7. Immunofluorescence micrographs of control DU145 cells double-stained for centrosomes and DNA (a) and
of taxol-treated DU145 cells with intensive microtubule bundling after 72 h of taxol treatment (b). Micronucleation of
DNA in taxol-treated DU 145 cells shown with DAPI staining (c). Scale bars 5 5 µm.



gen (0.05 nM) corresponding to levels after age
40 stimulated cell growth. Taxol did not have
additional effects in LNCaP cells up until 72 h
but induced micronucleation of DNA in andro-
gen-independent DU145 cells. The experiments
presented also show that mitochondria are al-
tered in 1 nM R1881 hormone-treated LNCaP
cells, related to increased oxidative stress asso-
ciated with high hormone levels [Ripple et al.,
1999]. The concentrations of R1881 used in our
experiments show the described effects under

our culture conditions [Ripple et al., 1997a,b,
1999]. Other investigators have used different
culture conditions and obtained different dose-
dependent effects [Lu et al., 1997]. The differ-
ent results obtained by different investigators
are related to the concentration of androgen in
which the cells are maintained, to the concentra-
tion of serum in which the experiment is con-
ducted, and on the type of LNCaP cells [Ripple
et al., 1997b]. In our hands, 0.05 nM R1881 will
consistently stimulate cell growth, while we

Fig. 8. Transmission electron micrographs of taxol-treated
LNCaP (a) and DU145 (b,c) cells. LNCaP cells (a) display long
bundles of microtubules (arrows), while extensive bundling of
microtubules (arrows) is shown in b for DU145 cells. Differ-
ences are also noted in the surface of both cell types. While
LNCaP cells have cell surfaces with regular microvilli (open

arrows) similar to those seen in untreated LNCaP cells, taxol
treatment of DU145 cells causes surface alterations (b, open
arrows), which are indications for apoptosis. c: Morphological
mitochondrial alterations in DU145 cells, which are also indica-
tions for apoptosis in DU145 cells. Scale bar (a,c) 5 200 nm.
Scale bar (b) 5 500 nm.

472 Schatten et al.



consistently see growth inhibition with 1 nM
R1881 under our culture conditions [Ripple et
al., 1999]. We calculated that 1 nM R1881 corre-
sponds to physiological concentrations of testos-
terone and DHT in human serum of adults of
about 3–30 ng/ml, corresponding to 10–100 nM
DHT. Because R1881 is about 10 times more
potent than DHT, we used 1 nM R1881 in our
experiments as the dose corresponding to physi-
ological conditions [Ripple et al., 1997a,b, 1999].

Hormonal change in prostate tissue in men
past age 40 is one of the triggers that can
induce abnormal cell divisions and cancer [Wild-
ing, 1995]. While this knowledge has been used
to design treatments including hormone with-
drawal, the side effects are severe and can
result in osteoporosis, among other diseases.
New treatments are needed to achieve efficient
arrest of prostate tumor growth. Targeting the
cytoskeleton in cancer cells has proved a prom-
ising avenue for inhibiting malignant cell
growth. The cytoskeletal drug taxol has offered
hope because it arrests cells at G2/M of the cell
cycle. Taxol inhibits microtubule function by
preventing microtubule depolymerization
[Schiff and Horwitz, 1980; Schatten et al., 1982],
which results in temporary impairment of mito-
sis and cell division. Until recently, taxol was
known only as a cytoskeletal drug, but taxol
has been shown to play a role in pathways that
favor apoptosis as well [Bhalla, 1998]. Taxol-
induced G2/M arrest is known to trigger the
cleavage and activity of caspases, which de-
grade a number of intracellular substrates, in-
cluding lamins, retinoblastoma protein, and to-
poisomerase I, resulting in the morphologic
changes and DNA fragmentation of apoptosis.

Taxol has been used as anticancer compound
against prostate, ovarian, and metastatic breast
cancer and is able to induce intranucleosomal
DNA fragmentation and typical morphological
features of apoptosis in a number of solid tumor
cells. These results indicate that taxol exerts its
antitumor effects through secondary mecha-
nisms that may or may not be related to its
primary effects on microtubules. It has been
shown that taxol-induced microtubular changes
and G2/M arrest are associated with the release
of the electron transfer protein cytochrome c
from mitochondria into the cytosol. Cytochrome
c then binds to APAF-1, which binds, cleaves,
and activates caspase-9, ultimately resulting in
the cleavage and activity of caspase-3 [Bhalla,
1998]. In our studies, morphological changes of

mitochondria were seen in DU145 cells after
taxol treatment and showed alterations of mito-
chondrial cristae. Micronucleation of DNA in
DU145 cells is a clear indication of apoptosis
after treatment with 10 µM taxol. These mor-
phological features were not seen in LNCaP
cells after taxol treatment, indicating that taxol
may exert antiproliferative effects on cancer
cells through apoptotic pathways that are differ-
ent for different cell types.

This article also reports the effects of hor-
mones on centrosomes in LNCaP cells treated
with 1 nM R1881. The finding that centrosomes
become dispersed in the cytoplasm after hor-
mone treatment in LNCaP cells indicates that
centrosomes are affected by hormones, which
has implications on cell cycle events. The regu-
lation of centrosomes has intrigued investiga-
tors since their discovery by Van Beneden and
Neyt [1887]. Boveri [1914] proposed that im-
proper centrosome regulation is the origin of
malignant tumors. More recently, centrosome
abnormalities have been reported in archieved
and fresh cancer tissue [Pihan et al., 1998;
Lingle et al., 1998; Schatten et al., 1998a,b].
Moreover, it has been shown that overexpres-
sion of only one of the numerous centrosome
proteins can result in centrosome abnormali-
ties, associated with abnormal cell divisions
and cancer [Brinkley and Goepfert, 1998; Pihan
et al., 1998]. The finding that centrosomes are
affected by hormones might play a role in the
development of cancer.

A cascade of well-synchronized events takes
place during regular cell cycles that leads to cell
division, followed by cellular arrest in most cell
systems. Normally, cell division is only required
for tissue regeneration, during development of
the organism, or during wound healing and
tissue repair. Centrosomes and DNAare synthe-
sized during the S phase before the next cell
division and are distributed in equal amounts
to the daughter cells after division. In normal
cells, DNA and centrosomes condense and seg-
regate during mitosis and decondense during
the following interphase cycle. The centrosome
cycle is typically coordinated with the DNA
cycle [Balczon et al., 1995; Balczon, 1996] be-
cause centrosomes are required to help obtain
precise organization of microtubules, which at-
tach to chromosomes and separate the genomic
material into equal parts during cell division.
Centrosome disorders can lead to abnormal mi-
toses and abnormal cell cycle progression, with
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attendant consequences for genomic stability
[Brinkley and Goepfert, 1998; Lingle et al.,
1998; Pihan et al., 1998; Schatten et al., 1998a,b,
1999b; Wiedemeier et al., 1998]. The finding
that centrosomes are dispersed in the cyto-
plasm and dissociated from the nucleus in 1
nM-treated LNCaP cells may either indicate
that replication of centrosome proteins has con-
tinued in hormone-treated LNCaP cells or that
the tightly condensed centrosome material be-
comes decondensed and loosely aggregated in
the cytoplasm. Future studies will determine if
centrosome replication continues in hormone-
arrested LNCaP cells.

Alteration of centrosome proteins in LNCaP
cells treated with high hormone concentrations
may be one of the causes of abnormal cell divi-
sion typically associated with cancer. We re-
cently showed that centrosomes can be chemi-
cally altered and form tri- or multipolar mitosis
[Schatten and Chakrabarti, 1998; Schatten et
al., 1999a]. We report that centrosomes are
altered in hormone (1 nM R1881)-treated
LNCaP cells, which might play a role during
abnormal cell division after age 40, when lower
hormone levels favor cell division. The condi-
tions for abnormal divisions might be set up at
an earlier age, when hormone levels are still
high. The mechanisms that allow dysfunctional
centrosomes to organize tri- and multipolar mi-
totic spindles are not understood. Aside from
overexpression of centrosome proteins [Pihan
et al., 1998; Lingle et al., 1998], structural
defects and folding errors of centrosome mate-
rial may be involved [Schatten et al., 1986,
1987; Schatten, 1994; Thompson-Coffe et al.,
1996]. Abnormal centrosomes are also often
detected in aging cells [Schatten et al., 1998c,d],
possibly the result of structural defects, of ionic
imbalances, or molecular errors during centro-
some proliferation [Schatten and Chakrabarti,
1998; Schatten et al., 1988].

Centrosomes are reorganized during the tran-
sition from interphase to mitosis, in turn regu-
lated by molecular and ionic controls. Deregula-
tion of centrosome cycles within the cell cycle
may contribute to the transformation of normal
cells into cancer cells. The reorganization of
centrosomes into division-competent cell organ-
elles has been linked to posttranscriptional
modifications of nuclear proteins [Petzelt et al.,
1997a], to interactions with nuclear matrix pro-
teins [Gueth-Hallonet et al., 1996], to ionic regu-
lation, as well as to calcium and phosphoryla-

tion [Vandre et al., 1984; Schatten and
Chakrabarti, 1994]. The reorganization of
nuclear matrix proteins from the nucleus into
mitotic centrosomes may play a role in abnor-
mal function of centrosomes during cancer.
Closely associated with the nucleus during in-
terphase, upon entry into mitosis, centrosomes
become transformed into an active cell organ-
elle that exhibits structural changes [Joswig
and Petzelt, 1990; Joswig et al., 1991; Schatten
et al., 1986, 1987, 1992], phosphorylation [Van-
dre et al., 1984; Schatten and Chakrabarti,
1994], disulfide and sulfhydryl bond formations
[Schatten et al., 1993; Schatten, 1994], incorpo-
ration of nuclear proteins [Chaly et al., 1984;
Tang et al., 1994; Zeng et al., 1994], and post-
transcriptional modifications [Petzelt et al.,
1997a].

Centrosomes are closely associated with the
nucleus during interphase. They are composed
of high- and low-molecular weight proteins,
some of which are permanently associated with
centrosomes such as the microtubule nucleat-
ing protein g-tubulin or the intrinsic centro-
some protein centrosomin A [Rothbarth et al.,
1993; Petzelt et al., 1997a,b], whereas other
centrosome proteins are of nuclear origin such
as the nuclear mitotic apparatus protein NuMA
[Chaly et al., 1984; Gueth-Hallonet et al., 1996;
Zeng et al., 1994; Tang et al., 1994; Gobert and
Schatten, 1998]. New centrosome proteins are
being discovered [Blomberg-Wirschell et al.,
1997; Ohta et al., 1997; Stillwell et al., 1997;
Mack et al., 1998], and their structure-function
relationships are being explored. Developmen-
tal regulation of centrosomal proteins has been
reported in plant cells [Hart and Wolniak, 1997]
and during fertilization and development in
mice [Manandhar et al., 1997a,b]. In these stud-
ies, the centrosome proteins centrin and g-tubu-
lin, respectively, were reported to be develop-
mentally regulated. These findings may also be
important for centrosome regulation in cancer.
Hormones, which are significant regulators dur-
ing development, may play a role in centrosome
protein expression in cancer.

The studies presented call attention to centro-
somes as targets for drug therapy in cancer.
Centrosomes are highly specific [Thompson-
Coffe et al., 1996] and may even be organ spe-
cific [Petzelt et al., 1997a]. Centrosomes are
prime targets for controlling cancer growth be-
cause they are crucial to cell division and cell
proliferation. Centrosomes are composed of a
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number of high- and low-molecular-weight pro-
teins that may serve ideal for specific drug
targeting. By specifically targeting centrosome
proteins, it might be possible to inhibit cell
division in cancer without introducing side ef-
fects.
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