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ANTIMETASTATIC EFFECTS OF TAXOL ON PROSTATE TUMOR

Table 2 Pulse labeling experiments measuring effects oflaxol on synthesis
(cpm x 1000 Â±SD)

The PC-3 ML cells were seeded at 2 x 10" cells/ml in 10 ml and were exposed
to 0.5 /AI taxol for 0, 6, and 9 h, then pulse labeled with (rani-labeled | 'I l|

methionine (200 Â¿iCi/ml;NEN) for 6 h in methionine-free medium, washed 3
limes with SFM," and exposed to SFM containing 10 mg/ml PC-3 ML CM for

6_h.

Taxol treatment

Protein synthesis
Collagenase synthesis
Collagenase turnover
Collagenase turnover" â€¢¿�*
Collagenase secretion" 'Oh350

Â±5.1
30 Â±0.3
28 Â±0.2
25 Â±0.4

0.1 Â±0.13h15
Â±0.3

12 Â±0.46h330

Â±4.0
0.6 Â±0.1
25 Â±0.4
16 Â±0.5
13 Â±0.29h295

Â±1.5
0.4 Â±0.05
24 Â±0.3
17 Â±0.3
11 Â±0.5

" SFM, serum-free medium.
h The cells were pulse labeled as in the above studies and exposed to SFM

containing 1.0 JIM taxol plus 10 mg/ml PC-3 ML CM for 0, 3, 6, and 9 h.
['H|collagenase was immunoprecipitated from whole cell extracts' and the med
ium'' of the same cells.

Table 3 Effects of taxol on total protein and collagenase secretion
(cpm x 7000 Â±SD)

The cells (2 x 106/ml in 10 ml) were labeled (200 ^Ci/ml |'H]methionine for
6 h in methionine-free medium), washed 6 times, exposed to 0.5 MMtaxol for 6
and 9 h. and transferred to serum-free medium containing 10 mg/ml PC-3 ML
conditioned medium for 6 h. Scintillation counting of the medium from each 60-
mm dish was in triplicate Â±SD. Trypan blue (0.1 %) dye exclusion assays indicated
that there was little or no cell death in the presence of taxol.

Exposure
time(h)0

6
9Total

protein
secreted360

Â±0.20
0.3 Â±0.20
0.2 Â±0.09Total

collagenase
secreted40

Â±0.40
0.05 Â±0.01
0.06 Â±0.02

Table 4 Effects of taxol on PC-3 ML cell invasion
The cells were prelabeled with 200 >iCi/ml ['HJmethionine for 6 h, seeded at

1x10' cells/well for 3 h, and then exposed to taxol (5-jil aliquots) for 1 to 9 h.
Next, PC-3 M L conditioned medium ( 10 mg/ml protein) was added to the bottom
compartment for 6 h. Cells were harvested to determine the extent of invasion by
scintillation counting (i.e., the percentage invasion is equal to the percentage of
radioactivity in the bottom compartment versus the total radioactivity added per
well). The data were averaged from triplicate experiments Â±SD.

TreatmenttimeTaxol(CM)0.00"0.010.050.100.501.001

h8.0

Â±0.38.3
Â±0.16.2

Â±0.23.1
Â±0.10.4
Â±0.10.1

Â±0.23

h8.4

Â±0.27.9
Â±0.36.0
Â±0.43.1
Â±0.1006

h8.6

Â±0.47.8
Â±0.23.0
Â±0.30.5
Â±0.1009h8.1

Â±0.26.3
Â±0.13.1

Â±0.30009hÂ°8.3

Â±0.45.5
Â±0.22.0
Â±0.1000

" Taxol was removed from the medium for 18 h prior to beginning the invasion

assay.
* Aliquots (5 ul) of castor oil were added.

nases (i.e., at M, 57,000) was also inhibited. The cells failed to
recover an ability to secrete collagenase following washes and
incubation in fresh medium in the absence of taxol for 48 h
(data not shown). Since the inhibition of secretion was coinci
dental with the disruption of the microtubules, we interpret the
data (Figs. 1-3) to mean that taxol induced rearrangements or
changes in the microtubules might interfere with their func
tional ability to mediate protease vesicle transport and secretion
of the gelatinases.

Effects of Taxol on Protein Synthesis, Turnover, and Secretion.
Collagenase secretion is thought to occur immediately following
synthesis (15). Therefore, we tested to see if taxol might indi
rectly block secretion by altering the half-life of type IV colla
genase or by inhibiting either total protein synthesis or type IV
collagenase synthesis. Table 2 summarizes the data from these
studies.

After pulse labeling for 6 h, immunoprecipitation studies

showed that the amount of 'H-type IV collagenase [i.e., M,

72,000] immunoprecipitated from the whole cell extracts of
taxol-treated cells was drastically reduced from that found in
untreated cells [=30,000 Â±300 (SD) cpm]. By comparison, the
immunoprecipitates from treated cells contained 600 Â±100
cpm after 6 h and 400 Â±50 cpm after 9 h exposure. The amount
of total labeled protein in whole cell extracts was 350,000 Â±
5,100 cpm in controls, 330,000 Â±4,000 cpm after 6 h exposure,
and 295,000 Â±1,500 cpm after 9 h exposure to taxol.

To test further whether taxol influenced type IV collagenase
turnover rates, the cells were first labeled (200 nCi/m\ ['H]

methionine for 6 h) and then exposed to 1.0 n\i taxol for 0, 6,
and 9 h. Immunoprecipitation measurements revealed cyto-
plasmic counts (cpm) of 28,000 Â±220 (at 0 h), 25,000 Â±420
(after 6 h), and 24,000 Â±330 (after 9 h) incubation in the
presence of taxol. The counts were somewhat lower in the
experiments compared to the controls, but overall the data
indicated that there was very little reduction of the type IV
collagenase levels over a 9-h interval. As an alternative ap
proach, following pulse labeling for 6 h, we measured collagen
ase turnover rates in cells exposed to serum-free medium con
taining 10 mg/ml PC-3 ML CM and 1.0 /Â¿Mtaxol (Table 2).
The data showed that the cytoplasmic levels of ['H]collagenase

dropped from about 25,000 Â±400 cpm to 15,000 Â±300 cpm
during the first 3 h. Conversely, the ['H]collagenase levels in

the medium rose to about 12,000 Â±cpm as a result of secretion
in the first 3 h. The levels of ['H]collagenase in the cytoplasm

and medium remained fairly constant at levels comparable to
that measured at 3 h after 6- and 9-h intervals. We interpret
the data to mean that collagenase secretion probably occurs for
the first 3 h of exposure to taxol but was then inhibited by 6
and 9 h as a result of the diffusion of taxol in the cells. We
conclude that taxol probably has no direct effects on stability
and turnover of cytoplasmic collagenase. Also, the PC-3 ML
CM does not appear to influence the stability of collagenase in
the taxol-treated cells.

It was important to compare if total protein secretion or type
IV collagenase secretion were inhibited by taxol in radiolabeled
cells. Table 3 shows that the total labeled protein secreted in
response to PC-3 ML CM (10 mg/ml) was about 300 Â±200
cpm after 6 h and 200 Â±95 cpm following 9 h preexposure of
the cells to taxol, indicating inhibition of total secretion of
protein. Control cells which were not treated with taxol secreted
total protein counts of ~360,000 Â±200 cpm. Immunoprecipi
tation measurements of the amounts of 'H-labeled type IV

collagenase secreted revealed that the medium contained 50 Â±
10 cpm (after 6 h) and 60 Â±20 cpm (after 9 h) exposure to
taxol, indicating an inhibition of protease secretion. By com
parison, the medium obtained from control cells contained
40,000 Â±400 cpm. In sum, the data showed that taxol inhibited
both the synthesis and secretion of the M, 72,000 type IV
collagenase. We suggest that when type IV secretion is blocked,
translation is somehow inhibited, perhaps by mechanisms de
pendent on the cytoplasmic processing and packaging of the
protease. Interestingly, total protein secretion was also blocked
perhaps as a direct result of the disruption of the microtubule
distribution.

Boyden Chamber Invasion Studies. Boyden chemotactic as
says have been developed previously for studying the ability of
tumor cells to invade the basement membrane material (13, 15,
20). Utilizing this approach, we have quantitatively measured
the influence of taxol on the ability of the PC-3 ML cells to
penetrate Matrigel (Table 4). The measurable levels of invasion
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observed in untreated cells (i.e., the ability to penetrate through
the Matrigel) was about 8 percent. Similar amounts of invasion
(about 7.9%) were observed in cells exposed to low taxol levels
(<0.01 MMfor 3 h) Invasion was partially inhibited at slightly
higher taxol levels (0.05 to 0.10 MMtaxol for 1 to 6 h). In
comparison, the invasive response was reduced to zero in the
cells exposed to 0.1 to 1.0 MMtaxol for 3 to 9 h. The inhibitory
influence of taxol was not reversible in cells exposed to 0.1 to
1.0 MMtaxol for 9 h when taxol was subsequently removed from
the medium for 18 h. Taxol blockage of the secretion of
collagenases would play a significant role in preventing pene
tration of the Matrigel (14, 17).

Cell Attachment and Motility Studies. During invasion, the
cells must execute a series of complex maneuvers involving
partial detachment from the substrate, cell elongation and
movement through the matrix. We tested if taxol might indi
rectly block cell detachment/attachment to substrate, and/or
interfere with cell motility. Relatively low levels of taxol (i.e.,
0.5 MMfor 3 h) were found to completely inhibit attachment of
the PC-3 ML subline (at 1 x IO6 cells/ml in suspension) to

Matrigel (2 mg/ml), type IV collagen (2 mg/ml) and plastic
substrates in vitro. Light microscopic studies of Diffi-Quik-
stained filters (American Scientific Products, New Brunswick,
NJ) showed that 30-40 cells/cm- normally attached after about

3 h, regardless of which substrate was used. Following exposure
to taxol (0.1 MMfor 3 h) only 1, 3 and 0 cells/cm2 attached to

the above substrates, respectively.
Taxol also blocked cell migration through membrane pores

(8 MM)in Boyden chemotactic chambers. Here, the membranes
were lightly coated with Matrigel (0.1 mg/ml) (so as not to
block the pores), in order to promote maximal cell attachment
and migration (15). PC-3 ML cells were then seeded at 1 x
106/ml in the top compartment, allowed to attach for 3 h, and

the unattached cells removed (i.e., Â«100 cells/ml) prior to
starting the experiment. Hemacytometer counts of cells col
lected from the bottom chamber with trypsin-EDTA showed
about 20% (i.e., 0.2 x IO6cells) normally migrated through the
pores by 3 h in response to PC-3 ML CM (10 mg/ml) added
to the bottom compartment. If the attached cells were exposed
to 0.5 MMtaxol for 3 h, washed and then stimulated to migrate,
a very small number of the cells (about 5 to 6 cells per well)
migrated to the bottom compartment by 3 and 6 h. Light
microscopy confirmed that the cells remained attached to the
membranes in the top compartment, indicating taxol interfered
with cell detachment. Northern blots showed that type IV
collagenase transcription was up regulated in response to the
PC-3 ML CM. Taxol (1.0 MM)alone did not turn on transcrip
tion and taxol pretreatment (0.1 to 1.0 MMfor 6 h) prior to
activation with PC-3 ML CM failed to inhibit upregulation of
transcription. We suggest that taxol's effects on microtubules

might prevent detachment and indirectly block cell motility, as
has been previously shown for fibroblasts (20). The combined
inhibitory activity of taxol on protease secretion, cell attach
ment/detachment and motility, appear to completely block
invasion.

Activity of Taxol in Vivo: SCID Mouse Studies. We investi
gated if taxol inhibited the invasive metastatic activity of PC-3
ML cells in SCIDs. The PC-3 ML cells were exposed to taxol
(0.1 to 1.0 MM)for 0, 3 and 6 h, washed 3 x with DMEM and
injected i.v. in SCID mice (Table 5) according to methods
described previously (13). With untreated cells, the mice exhib
ited tumors in the lumbar vertebrae (greater than 80%) after 20
days following i.v. injection of 2 x IO5cells/ml in 0.2 ml (13).

Table 5 Effects of taxol on PC-3 ML mÃ©tastasesto the lumbar vertebrae
in SCIDs

Cells in suspension were exposed to taxol immediately prior to injection i.v.
in SCIDs. The cells were washed 3 times with Dulbecco's modified Eagle's
medium to remove unincorporated taxol, and 0.2 ml at 2 x 10' cells/ml as

injected per mouse. Mice were left for 20 days and the presence of tumors in the
lumbar vertebrae was assessed. Taxol was solubilized at 1 mg/ml in 50% polyox-
yethylated castor oil (Cremophor EL) and 50% ethanol (USP), and aliquots were
added to Dulbecco's modified Eagle's medium. Due to toxicity, taxol and/or the
Cremophor vehicle were administered to mice in 0.05-ml dosages over 4-h periods
(0.2 ml total volume/mouse/day). To reduce acute hypersensitivity, mice received
i.v. injections of 1 mg dexamethasone at 2-h intervals, 3 times over 6 h prior to
administering the drug. One h prior to drug treatment, mice were given 2 mg
diphenhydramine and 10 mg Cimetidine i.v. in 0.05-ml volumes of double-
distilled H2O. Control mice were given the Cremophor vehicle. Mice were
carefully monitored and given oxygen if they exhibited hypersensitivity. Mice
were sacrificed by cervical dislocation if toxicity was apparent.

Taxol(MM)0.1

0.5
1.0Oh18/20

17/20
18/20Treatment

time3h4/20

0/20
0/206h1/20

0/20
0/20

When the cells were pre-exposed to taxol at 0.1 MMfor 3 h and
6 h, a substantially reduced number of the mice (4/20 and
1/20, respectively) exhibited mÃ©tastasesto the vertebrae. Tu
mors were not present in other tissues (i.e., lung, liver, kidney,
spleen, brain) as determined by gross dissections and histology.

Fig. 4, is an H & E image of a tumor in the lumbar vertebrae
of a mouse injected with PC-3 ML cells previously exposed to
reduced levels of taxol, 0.1 MMtaxol for 3 h. The tumor size
and appearance (Fig. 4A) was not unlike that observed in mice
injected with untreated cells. Moreover, no obvious microtubule
bundling was apparent in the mitotic spindles following im-
munofluorescence labeling with beta tubulin antibodies (Fig.
4B). Therefore, we believe that taxol was not taken up by these
cells in significant amounts.

Preexposure of the cells to 0.5 or 1.0 MMtaxol for 3 to 6 h
prior to injection i.v. completely blocked mÃ©tastases.Gross
dissections and histology revealed that none of the mice had
tumor tissue in the vertebrae or other tissues. We believe, that
this may result from poor survival, and/or an inability of the
cells to invade tissue and/or to grow tumors.

When 10 mice were injected with excess untreated cells (2 x
IO7 cells/ml in 0.2 ml) numerous lung nodules formed by 20

days (13). In mice injected with taxol treated cells (0.5 MMfor
6 h), absolutely no tumors were found after 20 days, 30 days
and 60 days, indicating cell number and time were probably not
limiting factors.

Effect of Taxol on Tumor Growth in Vivo. Previous experience
has shown that bone tumors are usually evident after 5 days
following the injection of PC-3 ML cells at 2 x 10* cells per

ml (13). To determine if taxol prevented tumor growth in vivo,
SCIDs were injected i.v. with PC-3 ML cells (2 x 10s cells/ml

in 0.2 ml) and left 5 days. On day 6, the mice were injected i.v.
via the tail vein with taxol (50 mg/rrr/day and 250 mg/m2/day

in 0.2 mis). Ten mice were treated with each taxol dosage tested
and five control mice received equivalent amounts of polyoxy-
ethylated castor oil, the vehicle in which taxol was formulated.
After 15 days of treatment, the mice were sacrificed and ex
amined for tumors by dissection and histology. Gross dissection
revealed that tumors grew specifically in the lumbar vertebrae
(i.e., filling the bone marrow) in all the control mice. The bone
was usually destroyed in several areas and the tumors had
metastasized into the peritoneal cavity. Gross dissection of the
taxol treated mice showed that none of the 20 mice exhibited
noticeable tumors in any tissues examined (lungs, liver, colon,

3779

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2447783/cr0520133776.pdf by guest on 17 August 2022



ANTIMETASTATIC EFFECTS OF TAXOL ON PROSTATE TUMOR

Fig. 4. A, transverse section of the lumbar vertebrae showing PC-3 ML cells
in the bone marrow. H & E, X1200. B, immunofluorescently ÃŸ-tubulin-labeled
PC-3 ML tumor tissue. Cells were exposed to 0.1 Â»JMtaxol for 6 h followed by
i.v. injection into mice; the mice were sacrificed at 20 days postinjection. x400.

testicles, muscle, brain, vertebrae). HistolÃ³gica! studies revealed
that at day 20 there was tumor tissue but only in the bone
marrow of the lumbar vertebrae of the taxol treated mice. The
tumor burden in mice exposed to 50 mg/m2/day or 250 mg/
m:/day taxol was minimal and about the same as that observed

in untreated mice sacrificed at day 5.

Immunofluorescence labeling with beta-tubulin antibodies
revealed abnormal mitotic spindles (=15 pM in length) in tumor
cells of the taxol treated mice (Fig. 5). Also, the number of
mitotic cells detected per field of view were about 5 fold higher
than in the controls. Note that it was not technically possible
to resolve individual interphase microtubules (or bundles of
microtubules) as discrete structures, but the tubulin rich cyto
plasm fluoresced as a result of antibody binding to tubulin. The
control sections labeled with 2Â°ab-FITC alone failed to flu-

oresce. Interestingly, antibody labeling showed that the cells
were positive for the p 170 multi-drug resistance glycoprotein
(data not shown).

To determine if any tumor growth occurred months after the
taxol treatment was discontinued, mice were injected i.v. with
2 x 10s cells/ml (0.2 ml), left 5 days and exposed to taxol from

day 5 to 15 (i.e., 50 and 250 mg/nr/day). Treatment was
discontinued on day 15 and the mice sacrificed 3 months later.
Gross dissection and histology revealed that only 40 to 60% of
the mice contained tumors; 6/10 (50 mg/nr/day taxol) and
4/10 (250 mg/irr/day taxol). In all cases, the tumors observed
were small and delimited to the marrow cavity of the lumbar
vertebrae. Immunolabeling of cryosections with tubulin anti
bodies revealed that the spindles were about 1/3 shorter in
length (x5 /Â¿m)than normal spindle (=7 /Â¿m)found in control
cells. Taxol treatment may, therefore, have long-term inhibitory
effects on cell division and tumor growth. The apparent total
eradication of the vertebrae tumors, in at least 20 to 40 percent
of the mice tested, is noteworthy and may inadvertently arise
from cell death. Note that these latter values were corrected
(i.e., the raw data reduced 20%) to account for a potential 20%
failure by the PC-3 ML cells to initiate tumors (13).

The dosages tested here were somewhat low in comparison
to the levels which have been used in clinical trials (i.e., up to
350 mg/nr/day; 7-11). Unfortunately, if these higher dosages
were administered in mice, death or extreme hypersensitivity
(vomiting, droopiness) usually occurred in the animals.

In conclusion, the data demonstrates that taxol is of signifi
cant importance in the treatment of metastatic bone tumors,
including tumors exhibiting the multi-drug resistance pheno-
type (see Table I). More specifically, we believe that taxol has
therapeutic utility in inhibiting molecular processes activated
during invasion of the basement membrane and, therefore, may
be used to prevent micrometastases in malignant tissue during
surgery, radiation or chemotreatment. The future use of taxol

Fig. 5. The tumor was established for 5 days and mice were exposed to taxol
(25 mg/m2/day) for 15 days. Shown are the normal spindle structures labeled
with /3-tubulin antibody. x600.
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as an anti-cancer drug may be enhanced greatly with the devel
opment of non-toxic derivatives, or of receptor or antibody
mediated taxol delivery mechanisms to improve tumor uptake
and to reduce toxicity. Higher, more effective dosages could
then be used without generating severe long-term reactions by
patients.
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