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ABSTRACT

PC-3 human prostatic tumor sublines have been previously isolated
which exhibit striking differences in their invasive and metastatic phe-

notypes. This work has been extended here to measure and compare the
levels of kinesin, a microtubule-dependent translocator molecule, in the
PC-3 sublines. Western blots, slot blots, radiolabeling, and immunopre-

cipitation analysis showed that kinesin was expressed in the highly
invasive and metastatic sublines at levels which were elevated above the
base-line levels observed in the parent PC-3 cells. In comparison, kinesin

was not expressed in detectable amounts in the noninvasive cell lines.
The conditioned medium of the metastatic PC-3 sublines contained a
heat- and trypsin-sensitive protein which exhibited a dosage-dependent

capacity to stimulate increased kinesin expression, type IV collagenase
secretion, and invasion of Matrigel by the metastatic sublines. The
noninvasive sublines failed to secrete a similar stimulatory factor(s) or
respond to the conditioned medium of metastatic sublines. Various growth
factors and cytokines tested (platelet-derived growth factor, epidermal
growth factor, insulin-like growth factor, formylmethionineleucinephen-

ylalanine) had no significant effect on either kinesin expression or pro
tease secretion and invasion. Pertussis toxin blocked the stimulatory
effects of the conditioned medium, but other agents known to interfere
with adenylate cyclase pathways (i.e., cholera toxin, forskolin, 8-bro-

moadenosine) failed to block stimulation. The data show for the first
time that kinesin, protease secretion, and the resulting invasion process
may be regulated in a coordinated manner by an autocrine factor(s) which
activates G-protein-dependent processes.

INTRODUCTION

The molecular processes involved in tumor cell invasion and
mÃ©tastasesare partially understood largely as a result of in vitro
studies. Chemotactic assays using modified Boyden chambers
have indicated that metastatic tumor cells secrete proteases and
solubilize the basement membrane macromolecules during the
penetration of basement membrane material (1-11). Laminin
(9-11), fibronectin (11, 12), and type IV collagen (5, 13) have
each been shown to stimulate type IV collagenase synthesis and
secretion, suggesting that cellular interactions with specific
macromolecules might directly influence invasion of the base
ment membrane (5, 9-13). Liotta et al. (14) further discovered
that metastatic tumor cells secrete and respond to a pertussis
toxin-sensitive autocrine motility factor with a molecular
weight of about 55,000 (15, 16), indicating a guanine nucleo-
tide-binding protein might somehow mediate motility-depend-
ent events during invasion. We found that the conditioned
medium of either A2058 cells or DU 145 human prostate cells
stimulated both type IV collagenase secretion and invasion of
Matrigel by DU 145 prostatic tumor cells (5). The studies
suggested that malignant cells might uniquely express autocrine
factors which regulate protease secretion, invasion, and related
metastatic processes.

Unfortunately, the above studies were carried out by utilizing
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cultures which contained a heterogeneous mixture of phenotyp-
ically distinct cells. We hypothesized that a better understand
ing of the requirements for invasion might be achieved if the
subpopulations participating in these processes were isolated
and characterized. Consequently, in the past 5 years we have
subcloned noninvasive, invasive, and metastatic PC-3 human
prostatic tumor cells based on a selective ability (a) to migrate
across Matrigel barriers in Boyden chambers, and (b) to metas-
tasize to select target organs in severe combined /mmune defi
cient or seid mice3 (17). Following repeated selection steps

utilizing the Boyden chambers, we have established totally
noninvasive and highly invasive (>9%) PC-3 sublines. The PC-
3 sublines did not appear to differ in their ability to attach
either to plastic, mouse type IV collagen, or Matrigel. However,
Boyden chamber chemotactic assays revealed that the nonin
vasive, nonmetastatic sublines were unable to embed or migrate
across Matrigel barriers, whereas the invasive metastatic sub-
lines readily embedded in the Matrigel and exhibited a high
invasive activity. Likewise, following tail vein injections in seid
mice, the parent cells and the noninvasive sublines failed to
metastasize, while the invasive sublines readily metastasized to
a variety of tissues (i.e., lungs, liver, brain, vertebrae, rib, cheek,
knee). We have subsequently established four highly invasive
"organ targeting" sublines which preferentially metastasize with

about 80% efficiency to four different tissues, including the
lumbar vertebrae (PC-3 ML), the rib (PC-3 MR), the cheek
(PC-3 MC), and the knee (PC-3 MK).'

An important finding from our initial studies of the PC-3
sublines was that a direct correlation existed between the degree
of demonstrated invasive activity in vitro and the metastatic
potential in seid mice' (17). This result was consistent with

earlier reports showing that nonmetastatic and metastatic cell
lines typically differ in their relative invasive activity (1-3, 5,
15, 16, 18).

We anticipated that the noninvasive (i.e., nonmetastatic) and
metastatic PC-3 sublines might also differ substantially in the
extent of protease secretion demonstrated (i.e., collagenase
secretion) or in other related processes which might be up-
regulated by tumor cells during invasion of the basement mem
brane. One possible enzyme of interest was kinesin, a microtu-
bule-based ATPase which powers macromolecule and organelle
transport (i.e., vesicles) to the plasma membrane surface (19,
20). In two earlier studies, we reported that kinesin was abun
dant in DU 145 cells (21) and that the transport of collagenase
required the maintenance of intact microtubule networks (5).
Unfortunately, given the heterogeneous nature of the cell cul
tures we were unable to demonstrate if kinesin synthesis was
important for collagenase secretion. We have postulated, how
ever, that kinesin and collagenase synthesis might be coregu-
lated by autocrine factors released by the metastatic cells, since
the DU 145 cells secreted collagenase in response to factors
present in the conditioned medium.

In this paper, we have examined the simultaneous effects of

3 M. Wang and M. E. Stearns. Isolation and characterization of PC-3 human
prostatic tumor sublines which preferentially metastasize to select organs in seid
mice. Differentiation, in press, 1991.
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conditioned medium on three distinct properties of the PC-3
sublines, including: (a) the levels of kinesin expression; (b) type
IV collagenase secretion; and (c) the invasive activity of PC-3
sublines. We found that up-regulation of kinesin synthesis and
type IV collagenase secretion strongly correlated with the highly
invasive behavior of the tumor sublines immediately following
stimulation with conditioned medium from the metastatic sub-

lines. Pertussis toxin simultaneously blocked the stimulatory
effects of the conditioned medium on each of these processes,
implicating a receptor-controlled G-protein-dependent second
messenger pathway.

MATERIALS AND METHODS

Cell Cultures. Human prostatic DU 145 cells, LNCaP, and PC-3
(22) were obtained from the American Tissue Culture Association and
put in culture by using methods described previously (5). Using methods
of Chua and Chua (23), MEF4 were prepared from seid mouse embryos

(17) at day 10 and passaged 5 times to grow sufficient cells for the
experimental studies. The PC-3 sublines were isolated, cultured, and
passaged according to methods previously described' (5). For all the

experiments described here, we have plated the sublines in dishes coated
with 1% mouse type IV collagen (Sigma Chemical Co., St. Louis, MO)
since all the sublines readily attached to it. The PC-3 cells were
maintained in DMEM supplemented with 10% fetal calf serum and
transferred to serum-free DMEM plus 1% bovine serum albumin for
all the experiments. All the cell lines were stored in liquid nitrogen at
passage 3, and when needed, were grown up and used at passage 5
following isolation in order to reduce the heterogeneity in cellular
phenotype accompanying prolonged passage in culture. The cell lines
tested include the PC-3 parent; the N.I., and I. sublines successively
selected 1, 2, and 3 times by using modified Boyden chambers (6.5-mm
Transwell chambers with 8-^M pore filters; Costar Corp., Cambridge.
MA); and the 6-times selected PC-3 cell sublines which preferentially
metastasized to the lumbar vertebrae (PC-3 ML); the rib cartilage (PC-
3 MR); the mandibular tissue of the right front cheek (PC-3 MC); and
the trabecular bone of the right front femur (PC-3 MK).' Unless stated

otherwise, the same batch of each subline (i.e., the PC-3 ML cells) at
passage 5 were used in all the experiments, and for preparation of the
conditioned medium.

Conditioned Medium Preparation. Falcon dishes were coated with 1%
mouse type IV collagen according to published methods (5). The cells
at passage 5 were plated at about 80% confluence in serum-free, protein-
free medium supplemented with 0.1 % insulin, transferrin, and selenium
(ITS, Bedford, MA) (Collaborative Laboratories) for 1 day. washed 4
times with serum-free medium, and 20 ml serum-free medium were
added to each dish. The conditioned medium was collected from one
hundred 150-mnr dishes after 2 days' incubation at 37Â°Cin 5% CO2.

The medium was dialyzed against 4 liters of 20 mM Tris-HCI, 2 mM
EDTA, 1 mM dithiothreitol, pH 7.2. buffer for 4 h at 4Â°C,using a

dialysis tubing with a molecular weight cutoff of 30,000. All growth
factors were effectively removed from the CM by dialysis. Type IV
collagenase was removed from the CM with excess type IV collagenase
antibody (0.1 Â¿jg/ml),utilizing protein A-Sepharose beads (Bio-Rad,
Bethesda, MD) and centrifugation at 100,000 x g for I h. The medium
was concentrated about 10-fold by dialysis against M, 20,000 polyeth
ylene glycol for 8 h at 4Â°Cand then dialyzed with 2 liters of 20 mM-

Tris-HCl, 2 mM EDTA, 1 mM diothreitol, pH 7.2, buffer for 6 h at
4Â°C,before aliquoting and freezing at -70Â°C.

Pertussis Toxin Experiments. The cells were put in culture and
radiolabeled as described below. Aliquots containing either pertussis
toxin, or other agents (i.e., cycloheximide) were added to the medium
for 3 h. Then 1-ml aliquots of PC-3 ML CM (10 mg/ml final concen-

4 The abbreviations used are: MEF, mouse embryo fibroblasts; DMEM. Dul-
becco's minimal Eagle's medium; CM. complete medium: PIPES, piperazine-
ArJV'-bis(2-ethanesulfonic acid): PBS. phosphate-buffered saline: SDS-PAGE.
sodium dodecyl sulfate-polyacrylamidc gel electrophoresis: 8-BrcAMP, 8-bro-
moadenosine-.V.5 '-monophosphate.

tration) were added to the same medium for 6 h. The medium was
pooled, concentrated 10-fold by dialysis (see above), and stored at
-80Â°C.The cells (= 2 x IO11)were harvested with 0.08 Msodium citrate.

pH 8.0. pooled, washed 3 times with PIPES buffer (containing 0.05 M
PIPES in PBS. pH 7.2) using centrifugation at 3.000 x K for IO min.
the cells were homogenized at 4Â°Cin 2 ml PIPES buffer, the whole cell

extract was centrifuged 200.000 x g for 1 h. and the supernatant was
removed. Radiolabeled kinesin in the supernatant and type IV collagen
ase in the medium were immunoprccipitated for scintillation counting
(see below).

The cell invasion studies were carried out according to methods of
Wang and Stearns (5). In brief, â€¢¿�"S-radiolabeled cells were removed

from the Petri dishes with 0.08 M sodium citrate. pH 8.0, washed twice,
and plated at 2 x 10" cells/ml on Matrigcl-coated 8-^M pore membrane
filters (Nucleopore, Inc., Washington. DC) in 48-wcll Boyden cham
bers. Triplicate wells were used for each cell line per experiment.
Pertussis toxin or other agents tested (i.e., cycloheximide) were added
to both compartments of the Boyden chambers. To initiate invasion,
aliquots of different conditioned medium (10 mg/ml final concentra
tion) were added to the medium in the bottom half of the bicameral
chambers. For the drug studies fresh drug was added to this medium.
After 6 h, the cells present in the bottom and top chambers of each
well were harvested with 0.1 ml of 0.8 M sodium citrate, pH 8.O. and
solubilized in 20 ml Aquafluor for scintillation counting. Invasion was
calculated as a percentage of cells (i.e., scintillation counts) in the
bottom chamber versus that seeded in the top chamber.

Isolation of Kinesin and Immunoprecipitation Assays. About 2x10''
cells were plated at about 80% confluence in ten 150-mm: dishes. After
4 h, the attached cells were washed with mcthionine-free medium and
the cells were labeled overnight for 18 h with 15 ^Ci/ml (Table I) or
20 Â¿iCi/ml(Tables 2-6; Figs. 6-8) translabeled ["S]methionine-cvstcine

(NEN) in methioninc-free medium. The labeled cells were washed twice
with serum-free DMEM and 10 ml of serum-free medium were added
to each 150-mnr dish for the appropriate time. In experimental studies
with conditioned medium, about I-ml aliquots of CM from the PC-3
sublines were added to the 10-ml serum-free medium at a final concen
tration indicated. After 6 h, the medium was removed from the cells
for immunoprecipitation assays of type IV collagenase and the cells
were collected and homogenized for measurements of kinesin and
tubulin.

To isolate the "kinesin microtubules" (Figs. 1 and 2), microtubulc

assembly was induced by incubation of the high-speed supernatants at
37Â°Cfor 1 h in the presence of 1 nM taxol (D. Suffness. National

Cancer Institute-NIH). Kinesin binding to the microtubules was then
induced with 10 mM 5'-adenylylimidodiphosphate (Sigma), a nonhy
drolyzable ATP analogue, the samples were incubated at 37Â°Cfor 1 h.

and the kinesin microtubules were removed by centrifugation at 100.000
x g for 1 h through a 10% sucrose cushion (19). The pellet was
solubilized in 0.2 ml SDS sample buffer for SDS-PAGE and Western
blotting.

Kinesin was immunoprecipitated from the high-speed supernatants
of cells with affinity-purified kinesin monoclonal antibodies (21). Type
IV collagenase was immunoprecipitated from the medium of the same
cells by utilizing affinity-purified immunospccific polyclonal antibodies,
which recognized a M, 72,000 type IV collagenase (5). Following 2 h
at 37Â°Cthe antibody-antigen conjugates were removed from the crude

supernatants or medium by centrifugation at 100,000 x # through a
0.5-ml volume. 10% sucrose cushion for 1 h at 37Â°C.The process was

repeated after resuspension of the pellet in 1 ml PBS and the final
pellets were resuspended in 200 p\ PBS.

In some studies the antibody-antigen complexes were linked to
protein A-Sepharose beads (Sigma) and the complex was centrifuged
(100,000 x K for I h at 22'C) through a 0.5-ml volume. 10% sucrose

cushion. The pellet was washed twice with PBS. pH 7.2, by centrifu
gation at 100,000 x g through a 10% sucrose cushion and the final
pellet was resuspended in 200 ^1 PIPES buffer for scintillation counting.
Aliquots were added to 20 ml Aquafluor fluid (Fisher Scientific. Inc.,
Philadelphia, PA), and samples were counted by using a Beckman SL-
9000 scintillation counter. The counts were averaged from triplicate
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measurements per experiment of 25-/iI aliquots. Each experiments was
repeated at least 3 times and these data were averaged Â±SD.

Immunodetection Assays. Slot blots were carried out according to the
immunoperoxidase reaction procedure (24), utilizing kinesin (21) and
/3-tubulin antibodies (Amersham, Arlington Heights, IL). Secondary
antibodies (Cappel, Inc.) were used at 1:200 dilutions and development
was for 10 min. All blots were done with identical reagents under
similar conditions.

SDS-PAGE was by the methods of Laemmli (25). Western blots
were by methods of Towbin et al. (26) and protein measurements were
by procedures of Lowry et al. (27). Fluorography with an intensifying
screen was carried out according to the methods described by Laskey
(28) by using 15S-labeled protein. A Beckman Coulter counter was used

to determine the number of cells per ml.
Reagents. Pertussis toxin and cholera toxin were from List Biological

Laboratories, Inc. (Campbell, CA). Cycloheximide, epidermal growth
factor, platelet-derived growth factor, insulin-like growth factor, for-
mylmethionineleucinephenylalanine, forskolin, 8-Br cAMP, trypsin,
and soybean trypsin inhibitor were from Sigma Chemical Co. (St. Louis,
MO). The 2',5'-dideoxyadenosine was from Pharmacia P-L Biochem-

icals (Piscataway, NJ).

RESULTS

Western blotting, slot blots, and immunoprecipitation assays
were used to determine if the different PC-3 sublines expressed
detectable differences in the M, \ 16,000 protein. Western blots
showed that kinesin monoclonal antibodies (21) specifically
recognized a M, 116,000 kinesin protein which was isolated in
association with microtubules from crude whole cell extracts of
the PC-3 parent cells (Fig. 1). Western blots further revealed
that substantial differences existed in the amounts of the \l,
116,000 kinesin protein expressed by the different PC-3 sub-
lines at passage 5 in culture (Fig. 2). Two different 3 x N.I.
sublines tested failed to express any detectable kinesin (Fig. 2,
Lanes 1 and 2). In comparison, the parent PC-3 cells expressed
some kinesin (Fig. 2, Lane 3) and the 4 different metastatic
sublines expressed easily detected amounts of kinesin (Fig. 2,
Lanes 4 to 7). A faint band at M, 96,000 was occasionally
stained in the latter preparations but it was also labeled in
samples which were preabsorbed with kinesin antibodies (Fig.
2, Lane 8), indicating nonspecific binding might account for
the labeling.

Slot blots (Fig. 3) confirmed the Western blot results. The
blots showed that there was virtually no detectable kinesin
present in the 3 x N.I. sublines at passage 5 (Fig. 3, Al). In
comparison, the 3x1. sublines at passage 5 (Fig. 3, A3) and
the organ targeted PC-3 ML, PC-3 MR, PC-3 MK, PC-3 MC
sublines at passage 5 (Fig. 3, Cl-4) all expressed substantial
amounts of kinesin at levels well above that expressed by the
parent PC-3 cell line (Fig. 3, Bl). Several heterogeneous cell
lines, the parent PC-3 cells, DU 145 human prostatic cells,
LNCaP human prostatic cells, and MEF cells all expressed
some detectable kinesin (Fig. 3, Bl-4), but always at levels
below that the organ targeted PC-3 sublines. Fig. 3 further
showed that differences in the levels of kinesin were most
striking among the noninvasive and invasive PC-3 cultures at
passage 5 (compare Fig. 3, Al with Fig. 3, A3). This difference
appeared to be subject to "phenotypic drift" with increased cell

passage, however. By passage 10, both the 3 x N.I. and 3x1.
cells expressed kinesin at somewhat variable levels closer to
that of the PC-3 parent (compare Fig. 3, A2 with Fig. 3, A4).

Quantitative immunoprecipitation methods were used to
measure and compare the relative amount of kinesin present in
whole cell extracts of [35S]methionine translabeled PC-3 sub-

lines at passage 5 (Table 1). All the kinesin present in the crude
high-speed supernatants was immunoprecipitated by using ex
cess antibody. That is, more kinesin could not be removed from
the kinesin-depleted supernatants with the addition of antibody.
Scintillation counts of equivalent aliquots of the precipitates
showed that the untreated 1 x I., 2 x I., 3 x I. sublines, and the
PC-3 ML, PC-3 MR, PC-3 MK, and PC-3 MC sublines all
expressed significantly more kinesin (6- to 30-fold more) than
the PC-3 parent line (Table 1). In contrast, the 1 x N.I., 2 x
N.I., and 3 x N.I. sublines failed to express kinesin in amounts
significantly above background levels.

Stimulatory Effects of Conditioned Medium. Slot blot analysis
showed that exposure to PC-3 ML conditioned medium (10
mg/ml for 6 h) increased the kinesin levels noticeably in the
invasive (3 x I.) and the metastatic PC-3 ML sublines, but not
in the 3 x N.I. cells (Fig. 4). Note that the slots in Fig. 4 were
loaded with reduced amounts of protein (i.e., 2.5 /ug/slot as
compared to 10 Mg/slot in Fig. 3). No kinesin was detected in
the whole cell extracts of the 3 x N.I. cells (Fig. 4, Al) or the 3
x I. cells (Fig. 4, A2), and a modest signal was observed in the
extracts of the PC-3 ML cells (Fig. 4, A3). Following stimula
tion of these same cells with the PC-3 ML conditioned medium,
we observed that there was still no signal for the 3 x N.I. cells
(Fig. 4, Bl), a modest signal for 3x1. cells (Fig. 4, B2), and a
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Fig. 1. SDS-PAGE (7.5% gel) and Western blots of PC-3 kinesin. Lane I,
molecular weight in thousands on the ordinate: Lane 2, the kinesin microtubule
pellet (10 ng protein); and Lane 3, kinesin antibody (1:20 dilution) blot.

1234 5678

Fig. 2. Western blots with kinesin antibody (0.1 Mg/m' or 1:20 dilution) of
kinesin microtubule pellets isolated from 2 different 3 x N.I. sublines (Lane 1) 3
x N.I.,; (Lane 2) 3 x N.I.2 and from the (Lane 3) PC-3 parent; (Lane 4) PC-3
ML; (Lane 5) PC-3 MR; (Lane 6) PC-3 MC; (Lane 7) PC-3 MK; and (Lane 8)
PC-3 MK. In Lane S, the sample was run on the gel after removing the kinesin
by immunoprecipitation. Each lane of a 7.5% SDS-PAGE gel was loaded with
10 Mgof protein.
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Fig. 3. Slot blots with excess kinesin antibody (0.1 Mg/ml) comparing the
amounts of kinesin present in crude whole cell extracts from the PC-3 lines (10
Mgprotein loaded per well). A, (Band /) 3 x N.I.Â¡,passage 5; (Band 2) 3 x N.I.2,
passage 10; (Band 3) 3 x I., passage 5; and (Band 4) 3 x I., passage 10. B, (Band
1) PC-3 parent; (Band 2) DU 145; (Band 3) LNCaP; and (Band 4) MEF. C,
(Band 1) PC-3 ML; (Band 2) PC-3 MR; (Band 3) PC-3 MK; and (Band 4) PC
3 MC cells at passage 5.

Table 1 Immunoprecipitalion measurements of the "S-kinesin levels in whole
cell extracts (cpm x 10')

Immunoprecipitation was used to measure the relative amounts of kinesin
present in high-speed supernatants of whole cell extracts of "S-labeled cells (2 x
10' cells) which were untreated or exposed to CM (10 mg/ml in Table 1) from
either the PC-3 ML, the 3 x N.I., or the 3x1. sublines for 6 h. Excess kinesin
antibodies (0.1 nn nil i were added to high-speed supernatant extracts for 2 h at
37Â°C,and the relative amounts of 3sS-kinesin immunoprecipitated were measured

by scintillation counting. In Table 2, excess .1 lulniliii antibodies (0.1 jig/ml) were
added to the kinesin-depleted supernatants to remove the "S-tubulin. The data
were averaged from 3 experiments Â±SD.

PC-3sublineParent1

xI.2x1.3x1.MLMCMKMR1

xN.I.2
xN.I.3
x N.I.Untreated

cells0.22

Â±0.111.30
Â±0.232.50

Â±0.403.28
+0.215.22

Â±0.104.
10Â±0.203.00

Â±0.106.21
Â±0.150.02

Â±0.010.01
Â±0.020.01
Â±0.013

xN.I.0.28

Â±0.151.35
Â±0.122.81
Â±0.143.00
Â±0.154.98

Â±0.323.91
Â±0.213.15

Â±0.154.02
Â±0.090.02
Â±0.020.00

Â±0.010.00
Â±0.02CM3x1.0.56

Â±0.125.01
Â±0.1518.69
Â±0.2129.33

+0.1338.11
Â±0.1934.15
Â±0.2239.00

+0.1638.00
Â±0.220.20
Â±0.000.05
Â±0.030.01
Â±0.01PC-3

ML0.61

Â±5.11
Â±19.00Â±39.40

Â±46.28
Â±42.11
Â±49.48
Â±49.46

Â±0.21
Â±0.04
Â±0.00

Â±0.220.110.320.180.510.400.250.240.030.010.01

very strong signal for the PC-3 ML cells (Fig. 4, B3). Note that
a signal was not detected for the 3 x N.I. sublines even when
20 and 40 fig of protein were loaded on the slot (data not
shown).

In contrast to the marked differences in kinesin, absolutely
no difference was observed in the intensity of /3-tubulin labeling
in samples taken from either the 3 stimulated cell lines (Fig. 4,
C) or the unstimulated cells (not shown).

Utilizing quantitative immunoprecipitation techniques, we
measured and compared the relative stimulatory effects of
conditioned medium from the 3 x N.I., the 3 x I., and the PC-
3 ML cells on kinesin expression in the different sublines (Table
1). The data consistently showed that the CM from the 3 x N.I.
cells did not stimulate any significant shift in kinesin in any of
the PC-3 sublines tested. In contrast, the CM of either the 3 x
I. cells or the PC-3 ML cells both induced striking increases in
the kinesin levels measured in the invasive and metastatic
sublines. The overall basal levels and the magnitude of response
were greater in the 4 metastatic sublines than in the noninvasive
cells. The approximate rank order of response was PC-3 ML,
PC-3 MC, PC-3 MK, PC-3 MR > 3 x I. > 2 x I. > 1 x I. >
PC-3 parent. The noninvasive sublines uniformly failed to
respond to the CM from either the 3 x I. or the PC-3 ML
sublines.

In general, we found that the PC-3 ML CM has a greater
stimulatory effect than the 3x1. CM. Three different batches
of CM from two different PC-3 ML sublines produced identical

results. Likewise, CM from the PC-3 MK, PC-3 MR, and PC-
3 MC sublines had an effect similar to that of the PC-3 ML

CM (data not shown).
SDS-PAGE of the immunoprecipitates confirmed that the

differences in scintillation counts reported in Table 1 reflected
actual differences in amounts of kinesin protein removed from
the whole cell extracts (Fig. 5). For example, at a high antibody
titer (0.15 Mg/ml) very little of the M, 116,000 protein was
found in immunoprecipitates taken from the untreated PC-3
parent cells (Fig. 5, Lane 1). Fig. 5, Lanes 2 to 6, showed that
with increased dilution of the antibody concentration over a
range of 0.1 to 0.01 Mg/ml, a prominent A/r 116,000 protein
was consistently removed from extracts of stimulated PC-3 ML
cells. More importantly, there was a corresponding reduction
in the amount of the M, 116,000 kinesin precipitated. The
amounts of contaminating protein were also reduced, indicating
some of the counts in Table 1 probably arise from the proteins
nonspecifically binding the antibody-antigen complexes (i.e.,
Fig. 5, see Lane 1). The scintillation counts obtained for each
of the samples were directly proportional to the antibody dilu
tion tested (see Fig. 5 legend). These measurements were in
close agreement with the results reported in Table 1 for the
CM-activated PC-3 parent and PC-3 ML cells.

In some studies, we further used protein A-Sepharose beads
and centrifugation to affinity purify IgG-kinesin complexes
from the immunoprecipitates of the 3 x I., 3 x N.I., and ML
sublines exposed to PC-3 ML CM. The immunoprecipitation
counts obtained (average from 3 experiments Â±SD) were very
low for the 3 x N.I. cells (0.0 Â±0.1 x 10" cpm), but relatively
high for the 3x1. (18.0 Â±0.10 x IO4cpm) and ML cells (45.0

B

Fig. 4. Slot blots of crude whole cell extracts (2.5 ^g protein/well) showing the
relative effect of PC-3 ML conditioned medium on the extent of kinesin expres
sion in the (Band /) 3 x N.I.i; (Band 2) 3 x I.; and (Band 3) PC-3 ML sublincs.
The panels show (A) prior to and (B and C) following exposure to 10 mg/ml PC-
3 ML conditioned medium for 6 h. C shows that the .â€¢¿�inhuliii levels were similar
in the all three PC-3 sublines.

55

123456

Fig. 5. SDS-PAGE (7.5% gel) of kinesin immunoprecipitated from the crude
cell extract (10 mg total protein of the (Lane I) untreated PC-3 parent; and
(Lanes 2-6) PC-3 ML cells. The final antibody concentrations tested were (Lane
I) 0.15; (Lane 2) 0.10; (Lane 3) 0.075; (Lane 4) 0.05; (Lane 5) 0.025; and (Lane
6) 0.01 Mg/ml. The cells (Lanes 2-6) were exposed to 10 mg/ml PC-3 ML
conditioned medium for 6 h prior to harvesting. Scintillation counts of the samples
in Fig. 5 gave values of (Lane I) 0.59 Â±0.10; (Lane 2) 15.91 Â±0.41; (Lane 3)
15.50 Â±0.22; (Lane 4) 10.11 Â±0.20; (Lane 5) 5.16 Â±0.10; (Lane 6) 2.91 Â±0.20
x IO4cpm. Ordinate, M, 55.000 is the IgG antibody.
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REGULATION OF KINESIN IN HUMAN PROSTATE TUMOR CELLS

Table 2 Dosage-dependent effect ofPC-3 ML CM on kinesin levels in the
3 x N.I. cells and the PC-3 ML subline

See legend for Table 1.

KinesinlevelPC-3

MLCM(mg/ml)0.00.51.02.04.05.010.015.020.025.030.0"

ND, notdone.*
Average Â±SD.(cmp

x3

xN.I.ND"0.0

Â±0.0NDND0.0

Â±0.0ND0.01

Â±0.01ND0.1

Â±0.02ND0.1

Â±0.01IO4)PC-3

ML5.0
Â±0.1*5.0

Â±0.15.0
+0.117.0

Â±0.235.0
Â±0.648.0

Â±56.0
Â±61.0
Â±59.0
Â±58.0
Â±63.0

Â±.5.4.3.7.5.8Tubulin

level(cpm3

xN.I.ND7.3

Â±0.1NDND7.0

Â±0.2ND7.1

Â±0.2ND6.7

Â±0.1ND7.4

Â±0.3x

10s)PC-3

ML6.9

Â±0.27.0
Â±0.27.2

Â±0.56.9
Â±0.36.8

Â±0.17.3
Â±0.37.0
Â±0.66.7
Â±0.57.0
Â±0.47.2
Â±0.37.1
Â±0.1

Â±0.40 x IO4cpm). The results were similar to that reported in

Table 1 and further affirmed that the immunoprecipitation
assays reflected true differences in the actual kinesin levels
expressed.

Using the same cells and conditioned medium, we extended
the studies in Table 1 and examined the dosage-dependent
effects of PC-3 ML CM on the 3 x N.I. subline and the PC-3
ML subline (Table 2). The data showed that kinesin levels in 3
x N.I. cells did not increase significantly above background
levels (i.e., 0.01 x IO4cpm) in response to a range of concen
trations of PC-3 ML conditioned medium tested (0.5 to 30 mg/
ml tested). Neither did the /3-tubulin levels fluctuate noticeably.
In comparison, low concentrations (0.5 and 1 mg/ml) of PC-3
ML CM had no detectable effect on kinesin levels in the PC-3
ML cells. However, 2.0 and 4.0 mg/ml PC-3 ML CM stimu
lated a 3.5- and 7-fold increase, respectively, in the kinesin
levels in PC-3 ML cells. A plateauing effect (i.e., at Â»60 x IO4
cpm) was observed in the presence of 10 to 30 mg/ml PC-3
ML CM, where a 10- to 12-fold increase over basal levels was
recorded. There was absolutely no change in the levels of j3-
tubulin protein recorded, in the presence of 0.5 to 30 mg/ml
PC-3 ML CM or 3 x N.I. CM, respectively.

Characterization of Type IV Collagenase Antibodies. Poly-
clonal antibodies were raised against a type IV collagenase
isolated from the medium of DU 145 human prostatic tumor
cells (5). Fluorography showed that the antibodies immunopre-
cipitated a M, 72,000 protein which was secreted in the medium
of PC-3 ML, PC-3 MC, PC-3 MK, and PC-3 MR cells (Fig.
6A). The immunoprecipitate consisted primarily of the M,
72,000 protein plus a variable number of minor bands. By
comparison, immunoprecipitates from the parent PC-3 cells
contained reduced amounts of the M, 72,000 protein and vir
tually no detectable protein at M, 72,000 was removed from
the medium of 3 x N.I. cells. Western blots confirmed that the
type IV collagenase antibodies specifically recognized a M,
72,000 protein present in the medium and immunoprecipitate
of the PC-3 ML cells (Fig. 6A, Lanes 7 and 8). In Fig. 6Ã„,
fluorography further showed that when increased amounts of
collagenase antibody (0.025 to 0.25 Mg/ml) were added to fixed
amounts of PC-3 ML medium (10 mg/ml) the resulting im
munoprecipitates contained proportionately increased amounts
of the Mr 72,000 proteinase. Some minor bands contaminated
these precipitates but the amounts did not increase significantly
in proportion to the amount of antibody used. Scintillation
counts from aliquots of the preparations gave values of (a) 1 x
IO5, (b) 6 x IO6, (c) 2 x IO7cpm, respectively. Taken together,

we interpret these data to mean that type IV collagenase anti
body specifically recognized and removed type IV collagenase
from the medium of the PC-3 sublines.

Coordinate Studies of Kinesin, Collagenase IV, and Invasion.
The studies were extended to determine if a correlation existed
with respect to the degree of kinesin expression, type IV colla
genase secretion, and the invasive activity of the different PC-
3 sublines (Fig. 7). Fig. 7 demonstrated the relative stimulatory
effect of the conditioned medium from 3 x N.I. cells, the PC-3
parent, and the PC-3 ML (tested at 10 mg/ml for 6 h). The
immunoprecipitation data in Fig. 7.-I showed that the kinesin
levels remained at relatively low levels (basal levels) in all seven
sublines exposed to either 3 x N.I. CM or the PC-3 parent CM.
In comparison, the PC-3 ML CM stimulated almost a 10-fold
increase in the level of kinesin over the normal basal levels
observed in the invasive and metastatic sublines. The PC-3 ML
CM did not induce a significant increase in kinesin in the 3 x
N.I. subline or the parent cells. The data agreed with results
reported in Tables 1 and 2. The counts recorded for the 3 x

2345 6 78

B

IA a
1 2 3

Fig. 6. A, fluorograph of the "S-labeled proteins immunoprecipitated with a

polyclonal antibody (0.1 ng/ml) which recognizes a M, 72,000 type IV collagenase
(5). Shows immunoprecipitates from the medium of sublines (2 x 10"cells) which
have been stimulated with PC-3 ML CM (10 mg/ml for 6 h), including (Lane 1)
PC-3 MK; (Lane 2) PC-3 ML; (Lane 3) PC-3 MR; (Lane 4) PC-3 MC; (Lane 5)
parent PC-3; and (Lane 6) 3 x N.I. cells. Western blots confirmed that the
polyclonal antibody specifically recognized the M, 72,000 protein in both (Lane
6) the crude medium, and (Lane 7) the immunoprecipitate of PC-3 ML cells. B,
fluorography (developed for 18 h) demonstrating that increased amounts of type
IV collagenase antibody immunoprecipitated correspondingly increased amounts
of the M, 72,000 proteinase from 10 mg/ml of the PC-3 ML medium (see Fig.
6/4). Antibody was added at increased final concentrations Gig/ml) oÃ(Lane 1)
0.025; (Lane 2) 0.1 ; and (Lane 3) 0.25, and the immunoprecipitates were removed
by centrifugation. All the samples in I and B were processed identically, and
equal volumes of 10 pi were loaded on each gel lane. The minor bands may be
proteolytic breakdown products of the M, 72,000 protease.
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REGULATION OF KINESIN IN HUMAN PROSTATE TUMOR CELLS

Fig. 7. Immunoprecipitation measurements
!,)) of kinesin in whole cell extracts and (/>')

type IV collagenase from the medium of the
same cells. C shows measurements of the per
centage of invasion. The cell lines tested include
the (Column 1) parent PC-3; (Column 2) 3 x
N.I.; (Column 3) 3 x I.; (Column 4) PC-3 ML;
(Column 5) PC-3 MR; (Column 6) PC-3 MK;
and (Column 7) PC-3 MC. The cells were in
dependently exposed to CM (10 mg/ml for 6
h) from 3 different cell lines, including the 3 x
N.I. (â€¢);PC-3 parent (JJ); and PC-3 ML (D).
Both antibodies were used at a final concentra
tion of 0.1 //n ml. The data were averaged from
3 experiments Â±1 SD.

1214967

Cell Lines

Table 3 Kinesin levels (cpm x IO4)

Immunoprecipitation analysis of (a) kinesin levels: (b) type IV collagenase
levels; and (c) Boyden chamber assays of the percentage of invasion. The cell
lines indicated were exposed to CM prepared from the same cells and tested at
10 mg/ml for 6 h. Each data point was averaged from 3 experiments. ND. not
done.

3 x N.I. PC-3 ML NIH-3T3 MEFs DU 145

Untreated3
xN.I.CMPC-3

MLCMNIH
3T3CMMEFs

CMDU
145 CM0.050.060.04ND0.050.046.05.047.0ND5.54.01.01.10.9ND1.21.10.90.81.6ND1.11.31.51.622.2ND1.41.4

Table 4 Collagenase levels (cpm x 10s)

See legend for Table3.Untreated

3 x N.I.CM
PC-3 ML CM
NIH 3T3 CM
MEFs CM
DU 145 CM3

xN.I.0.8

0.7
0.9
1.0
0.6
1.0PC-3

ML1.1

1.2
86.0

0.9
1.0
2.5NIH-3T3O.I

0.1
0.4
0.2
0.3
0.2MEFs0.2

0.3
0.5
0.4
0.5
0.2DU

1450.9

1.1
10.0
0.8
1.0
0.8

Table 5 Percentage of invasion (%)
See legend for Table3.Untreated

3 x N.I.CM
PC-3 ML CM
NIH-3T3 CM
MEFs CM
DU 145 CM3XN.I.0.0

0.0
0.1
0.2
0.0
0.0PC-3

ML0.1

0.1
6.8
0.30.2

1.1NIH-3T30.0

0.0
0.3
0.0
0.0
0.0MEFs0.0

0.0
0.1
0.0
0.0
0.0DU

1450.0

0.0
1.2
0.2
0.0
0.4

N.I. cells (i.e., cell lines 2) were at background levels of 2 x
IO2, 3 x IO2, and 6 x IO2cpm in the presence of CM from the
3 x N.I., PC-3 parent, and PC-3 ML sublines, respectively.

In Fig. IB, the medium from the above experiments was
collected for immunoprecipitation measurements of the 35S-

radiolabeled type IV collagenase released in the medium. The
data revealed that the collagenase levels were not boosted above
basal levels in any of the cell lines in response to the 3 x N.I.
CM. Likewise, there was only a small response to the parent
PC-3 CM. However, depending on the subline tested, the PC-
3 ML CM stimulated 30- to 100-fold higher increases over
basal levels of type IV collagenase secretion by the invasive and
metastatic sublines (Fig. IB). The parent cells showed only a
modest 10-fold increase in type IV collagenase, and the 3 x N.I.
cells secreted little or no type IV collagenase (i.e., 2x10" cpm)
in the presence of PC-3 ML CM.

In Fig. 1C, the invasive activity of the same batch of cells

a
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40-0o-1
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was assessed, based on the percentage of 35S-radiolabeled cells

which migrated across a Matrigel barrier in response to the
different CM. The 3 x N.I. cells showed zero detectable invasive
activity in response to CM from either the 3 x N.I. cells, the
parent cells, or the PC-3 ML CM subline. The counts were
near background levels and averaged 300, 400, and 600 cpm in
response to the three different CM tested. Microscopic studies
of the filters confirmed that few or no cells migrated across the
barrier and that the cells appeared to stay on the Matrigel
surface.

A small percentage of the parent PC-3 cells were invasive in
response to CM from either the 3 x N.I. (0.1%), the parent PC-
3 (0.2%), and the PC-3 ML subline (0.5%). Likewise, the 3 x
I. cells and the 4 metastatic sublines tested did not exhibit a
significantly enhanced response to the 3 x N.I. CM (0.6 to 1.0%
invasion) and the parent PC-3 CM (0.5 to 1.2% invasion). We
believe that an autocrine factor(s) produced by these latter
sublines accounts for the low level of invasion observed

The PC-3 ML CM had a strong stimulatory effect on the

degree of tumor cell invasion exhibited by both the 3x1. cells
and the 4 metastatic sublines tested. The PC-3 ML CM (10
mg/ml) stimulated 6 to 7% of the total cells plated to migrate
across the Matrigel barrier after a 6-h incubation. Microscopy
confirmed that following attachment these cells did not remain
on the Matrigel surface, but rapidly embedded themselves in
the matrix.

In the above experiments, it was possible that either the
dosage of the 3 x N.I. CM was insufficient or that the CM
contained an inhibitory factor. We tested both possibilities,
utilizing the experimental conditions described in Fig. 7. We
found that the CM of 3 x N.I. cells at 30 mg/ml had no
measurable stimulatory effect on any of the three properties
measured. Basal levels were recorded for kinesin (1 x 10" cpm),
collagenase IV secretion (2 x IO5 cpm), and the extent of
invasion (0.3%) demonstrated by the PC-3 ML subline. Also,
the addition of aliquots of the 3 x N.I. CM (10 mg/ml final
concentration) to the PC-3 ML CM (at 10 mg/ml) failed to
inhibit the stimulatory activity of the PC-3 ML CM. Following
a 6-h exposure to the mixture, immunoprecipitation revealed
relatively high levels of kinesin (46 x 10" cpm), type IV colla
genase (70 x IO5cpm), and an enhanced degree of invasion by
PC-3 ML cells (7%). This indicated that inhibitory factors were
probably not secreted by the 3 x N.I. cells.

Control Studies. In control studies, we have tested the influ
ence of CM (10 mg/ml) from 3 other cell lines, including NIH-
3T3 cells, fibroblasts (MEFs), and DU 145 cells (Tables 3-5).
Immunoprecipitation analysis showed that the CM of these 3
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REGULATION OF KINESIN IN HUMAN PROSTATE TUMOR CELLS

cell lines failed to stimulate significant increases in the levels
of kinesin (Table 3) or type IV collagenase (Table 4) in the 3 x
N.I. cells or the PC-3 ML cells. Likewise, the CM from NIH-
3T3, MEFs, and DU 145 cells (or CM from the 3 x N.I. and
PC-3 ML sublines), did not effectively enhance the levels of
kinesin (Table 3) or type IV collagenase (Table 4) produced by
NIH-3T3 cells or the MEF. Like the parent PC-3 cells, the DU
145 cells exhibited a reduced response to the PC-3 ML CM
and DU 145 CM. Similarly, the DU 145 CM had only a partial
stimulatory effect on the parent PC-3 and PC-3 ML sublines.

In agreement with the above results, Boyden chamber inva
sion assays revealed that the 3 x N.I., NIH-3T3, and MEFs did
not exhibit any significant invasive activity in the presence of
CM from any of the cell lines tested (Table 5). Some invasive
activity (<1%) was exhibited by DU 145 cells in response to
the DU 145 CM or PC-3 ML CM, and the DU 145 CM
stimulated some invasion by the PC-3 ML cell line (<1%).

In the presence of 10 ^M cycloheximide, a protein synthesis
inhibitor, the PC-3 ML CM (10 mg/ml for 6 h) failed to induce
any marked increase in kinesin or type IV collagenase secretion.
Basal levels of 1.0 x IO4cpm and 0.5 x IO5cpm, respectively,
were recorded for these two enzymes in the PC-3 ML subline.
The invasive activity of the PC-3 ML subline was 0% in the
presence of drug.

Other studies showed that trypsinization (0.1% for 30 min)
or heat denaturation (100Â°Cfor 10 min) completely destroyed

the stimulatory activity of the PC-3 ML CM. In these experi
ments, the kinesin and type IV collagenase levels in PC-3 ML
cells remained at basal levels of about 1.1 x IO4cpm and 0.5 x
105cpm, respectively. Likewise, trypsinization of the cells (0.1 %

for 30 min) prior to the experiment eliminated their ability to
respond to PC-3 ML CM (10 mg/ml), and basal levels of
kinesin (0.9 x IO4 cpm) and type IV collagenase (0.6 x IO5

cpm) were recorded. Excess soybean trypsin inhibitor (1%) was
added to inhibit the protease after 10 min.

Inhibition Studies. Normally, the levels of kinesin, type IV
collagenase, and invasion were increased by at least an order of
magnitude in response to PC-3 ML CM (Tables 2-5; Fig. 7).
Control studies showed that absolutely no increased kinesin
expression was observed if 1% bovine serum albumin, 10% fetal
calf serum, or 10 ng/ml platelet-derived growth factor, epider
mal growth factor, insulin-like growth factor, and formylme-
thionineleucinephenylalanine were substituted for the PC-3 ML
conditioned medium (Fig. 8). Fig. 8 showed that in the presence
of as little as 20 ng/ml pertussis toxin the levels of kinesin
synthesized in response to PC-3 ML conditioned medium were
reduced 3-fold to 2.0 x IO5cpm in both the PC-3 MR and PC-

3 ML sublines. At 60 ng/ml pertussis toxin, the levels of kinesin
remained near or slightly below the basal levels measured in
untreated cells (1 x IO4cpm). Identical studies were carried out
on PC-3 ML cells using agents known to interfere with aden-
ylate cyclase pathways (i.e., 10 ng/ml of cholera toxin, 10 MM
forskolin, and 1 mivi 8-bromoadenosine and 100 ng/ml 2',5'-

dideoxyadenosine). In contrast to pertussis toxin, these agents
had negligible effects on the increased kinesin expression (i.e.,
to counts of 6 x IO5 cpm) observed in response to PC-3 ML

CM (10 mg/ml).
The above studies were extended to determine if pertussis

toxin simultaneously inhibited kinesin synthesis, type IV col
lagenase secretion, and tumor cell invasion in response to the
PC-3 ML CM (10 mg/ml for 6 h). In the absence of drug, all 4
sublines responded positively to PC-3 ML CM, exhibiting
heightened levels of kinesin, collagenase secretion, and invasion

30 40
Pertussis Toxin Ing/ml]

Fig. 8. Effect of increasing dosages of pertussis toxin on the kinesin levels in
PC-3 MR and PC-3 ML cells. Pertussis toxin was added at 0 to 60 ng/ml for 3
h prior to and then during stimulation with the PC-3 ML CM at 10 mg/ml for 6
h. Alternatively, the cells were exposed to PC-3 ML CM plus 10 Â¿IMlevels of
forskolin (j); 10 ng/ml cholera toxin (x); 1 mM 8'-BrcAMP (*); or 100 ng/ml
2',5'-dideoxyadenosine (â€¢)for 6 h. In some studies, the PC-3 ML cells were

exposed only to 1% bovine serum albumin (*); 10% fetal calf serum (O); 10 ng/
ml epidermal growth factor (v); 10 ng/ml platelet-derived growth factor ( â€¢¿�);or
10 ng/ml insulin-like growth factor (4); 10 ng/ml formylmethionineleucinephen-
ylalanine (V) for 6 h. The data were averaged from 5 experiments; bars, SD.

comparable to that reported in Fig. 7 (Tables 3-5). In the
presence of pertussis toxin (60 ng/ml), the levels of kinesin
were identical to the unstimulated metastatic sublines (compare
Table 6 with Table 1). However, the levels of type IV collagen
ase were substantially less than that of the untreated metastatic
sublines (compare Table 6 with Fig. IB). Likewise, the extent
of invasion was much lower than that of untreated cells (com
pare Table 6 with Fig. 1C). The extremely low levels of colla
genase secretion and invasion may arise from inhibition of an
autocrine factor(s) normally produced by the sublines during
the course of the experiment.

DISCUSSION

Kinesin serves as a mechanochemical force transducing
ATPase (19, 20) which can power the orthograde translocation
of organelles toward the cell surface (19). Since kinesin has
been found in all tissues and cells examined, including all tumor
cell lines tested (19-21), the enzyme may be universally impor
tant for vesicle transport and secretion in eukaryotic cell sys
tems. How kinesin is regulated in terms of its synthesis, acti
vation, and recycling are poorly understood (19, 20).

We have postulated that enhanced kinesin levels may be a
prerequisite for accelerated protease secretion, which in turn is
a key requirement for cell invasion of the basement membrane
and ultimately metastasis. We were able to test this hypothesis
by utilizing select PC-3 sublines which were isolated and sub-
cloned on the basis of a differential capacity to migrate across
a Matrigel barrier and to metastasize selectively to specific
organ tissues in seid mice.3 Based on the first selection criterion,

noninvasive and invasive sublines were obtained which differed
substantially in their capacity to secrete type IV collagenase.
The noninvasive sublines (i.e., 3 x N.I.) uniformly failed to
secrete detectable amounts of a M, 72,000 type IV collagenase,
whereas the invasive sublines (3 x I.) secreted the collagenase
in abundance.

Four metastatic PC-3 sublines (i.e., PC-3 ML, PC-3 MK,
PC-3 MR, PC-3 MC) were isolated from the 3x1. cells.3 Like

the 3x1. cells, these sublines also secreted large amounts of
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REGULATION OF KINESIN IN HUMAN PROSTATE TUMOR CELLS

Table 6 Inhibitor)' effects of pertussis toxin (60 ng/ml)

Cell line
testedPC3-ML

PC-3 MR
PC-3 M K
PC-3 MCKinesin

(x-Drug44.0

Â±1.0
46.0 Â±2.0
49.0 Â±3.0
45.0 Â±1.0104cpm)Â°+Drug4.7

Â±0.3
5.2 Â±0.1
5.0 Â±0.2
5.5 Â±0.2Collagenase

(x 10'cpm)Â°-Drug85.0

Â±5.0
68.0 Â±6.0
60.0 Â±4.0
61.0 Â±3.0+Drug0.02

Â±0.3
0.01 Â±0.4
0.02 Â±0.2
0.01 Â±0.3%

of invasiveactivity-Drug6.8

Â±0.2
7.0 Â±0.3
6.5 Â±0.1
6.7 Â±0.4+Drug0.1

Â±0.1
0.0 Â±0.0
0.0 Â±0.0
0.1 Â±0.2

" Pertussis toxin (60 ng/ml) was added for 3 h prior to and during the time the sublines were exposed to PC-3 ML CM (10 mg/ml for 6 h). For invasive assays the
drug was always added with the PC-3 ML CM. Values were averaged from 5 separate experiments Â±SD. The experimental conditions were the same as in Fig. 7.

collagenase and were highly invasive in Boyden chamber chem-
otactic assays.

In this paper we have shown by three different immunoassays
(Western blots, slot blots, and immunoprecipitation) that the
PC-3 sublines differed significantly in the amounts of kinesin
produced. In untreated cells, kinesin was undetectable in two
different batches of the 3 x N.I. cells and barely detectable in
the parent PC-3 cells. In comparison, the basal levels of kinesin
were much higher in the highly invasive and metastatic PC-3
sublines. Culturing the sublines on type IV collagen (as opposed
to plastic) accentuated these differences somewhat but did not
appear to stimulate kinesin synthesis to any significant degree
in any of these sublines.

We discovered that concentrated preparations of conditioned
medium from either the 3 x invasive or the metastatic PC-3
ML sublines stimulated dramatic increases (i.e.. over basal
levels) in kinesin synthesis in the PC-3 ML, PC-3 MK, PC-3
MR, and PC-3 MC sublines. Most of the studies here, were
carried out utilizing the CM of the PC-3 ML subline. The
stimulatory effects of PC-3 ML conditioned medium on kinesin
were accompanied by both elevated type IV collagenase secre
tion and an increased invasive activity in the metastatic and
invasive sublines. Cycloheximide, heat, trypsinization, and per
tussis toxin independently blocked the stimulatory influence of
the PC-3 ML conditioned medium, indicating that a specific
autocrine regulatory factor (protein) may be involved. We sug
gest, therefore, that an autocrine factor(s) might somehow
coordinately activate kinesin and type IV collagenase synthesis,
leading to collagenase secretion and tumor cell invasion of the
basement membrane.

In our studies, a prominent M, 72,000 type IV collagenase
was secreted in accelerated amounts by the conditioned me
dium-activated, metastatic PC-3 sublines. Western blots
showed that antibodies raised against the M, 72,000 type IV
collagenase (Ref. 29; courtesy of W. Stetler-Stevenson) specif
ically cross-reacted with this protease, indicating that it is an
identical type IV collagenase.5 Preliminary gelatinase assays

further indicated that in addition to a prominent M, 72,000
gelatinase, the sublines also secrete minor amounts of a A/,
92,000 and 56,000 gelatinase.5 Unfortunately, the gelatinase

assays were not quantitative and did not show if the amounts
of these proteases or their collagenolytic activity remain con
stant during cell activation or invasion. In future studies it is
worthwhile to determine if any of the PC-3 sublines also secrete
(or fail to) other known type IV collagenases or other proteases.
For example, a wide variety of proteases have been identified
which metastatically aggressive tumor cells secrete, including
heparanases (30), serine-(6, 31), thiol- (32), and metal-con
trolled (2, 33-35) enzymes. A variety of malignant tumor cells
examined secreted excess levels of various proteases, including
soluble and membrane-bound proteases (7, 36-38). In fact, the
secretion of soluble type IV collagenase (2, 6, 8) was directly

* Unpublished data.

associated with conditioned medium-stimulated invasive activ
ities of the tumor cells, and several sized type IV collagenase
molecules (i.e., M, 72,000-95,000) were identified and impli
cated in the invasive process (5, 29, 39-44).

Whether other cellular processes might also be activated
which are essential for invasion by the metastatic PC-3 sublines
is not clear. Since the PC-3 ML conditioned medium was
dialyzed to remove growth factors, and since the exogenous
growth factors tested and a leukocyte cytokine failed to activate
kinesin expression in the PC-3 sublines, we presume that at
least these agents were not involved. We cannot rule out the
possibility that a variety of different heat-, trypsin-, and pertus-
sin-sensitive autocrine factors might be present in the PC-3 ML
CM, however. For example, several factors might coactivate
kinesin and/or protease synthesis, resulting in the release of
collagenase plus a wide variety of other proteases. Overall, we
believe that the processes activated may be fairly limited. Pro
tein synthesis, in general, was not stimulated and the 0-tubulin
levels remained constant in all the PC-3 sublines even in the
presence of high dosages of PC-3 ML conditioned medium (30
mg/ml).

Properties of Noninvasive Sublines. The above properties of
the metastatic PC-3 sublines were difficult to detect in the
highly selected noninvasive sublines. Qualitative slot blots and
quantitative immunoprecipitation data have clearly shown that
the highly noninvasive PC-3 sublines (3 x N.I.) did not express
significant amounts of kinesin in the presence or absence of
conditioned medium from any of the PC-3 sublines. A wide
range of dosages of conditioned medium from the PC-3 ML or
the 3 x N.I. sublines (0 to 30 mg/ml) failed to stimulate any
noticeable kinesin synthesis in the 3 x N.I. cells. One possible
explanation is that the 3 x N.I. cells do not secrete an autocrine
factor(s) or express cell surface receptors for the appropriate
autocrine factor(s).

The 3 x N.I. cells also did not secrete significant amounts of
type IV collagenase in response to conditioned medium from
the metastatic sublines. Neither did they appear to secrete an
autocrine factor(s) which could activate type IV collagenase
secretion or tumor cell invasion. Low and high dosages of
conditioned medium (10 to 30 mg/ml) from the 3 x N.I. cells
had negligible stimulatory (or inhibitory) effects on either the
3 x N.I. cells or the PC-3 ML subline.

In general, we found that there was little or no change in
either the kinesin levels or collagenase secretion in a wide
variety of cell lines tested of low invasive and metastatic capacity
(i.e., including the PC-3 parent, DU 145, MEF, or NIH-3T3
cells). In response to the PC-3 ML conditioned medium (10
mg/ml) these latter cells demonstrated only a marginal increase
in kinesin synthesis, collagenase secretion, and invasive activity.
Neither did the cell lines respond to conditioned medium pre
pared from themselves or the other cell lines of low invasive
potential.

We were concerned that the striking differences among the
noninvasive and metastatic sublines might arise inadvertently
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as a result of insufficient care in the execution of the experi
ments. The conditions favoring maximum collagenase secretion
and tumor cell invasion were worked out in earlier studies on
DU 145 cells (5). Utilizing these conditions we made every
effort to minimize differences which might arise as a direct
result of variations in cell attachment, or in the experimental
method. The cell batch, the cell passage (5 passages), the cell
number (2 x IO9), the cell volumes, the duration of the experi

ment, and the quantities of protein in the crude cell extracts
were measured, standardized for each experiment, and osten
sibly the same for all the cell lines tested. Still, there was some
slight variation in the basal levels of kinesin or type IV colla
genase detected among the cell lines, but this arose largely from
the amount of label used, or the specific activity of the label
(compare Tables 1 to 6).

We believe that cellular interactions with specific extracellu
lar matrix components and cell attachment probably constitute
part of the mechanism for transducing the signal for collagenase
induction. Several reports have shown that fibronectin (11, 12),
type IV collagen (5, 13), and laminin (9-11) can independently
induce protease secretion by tumor cells. We found that cultur-
ing the PC-3 sublines on mouse type IV collagen uniformly
enhanced cell attachment by both the noninvasive and the
metastatic PC-3 sublines. Moreover, the basal levels of type IV
collagenase secretion were slightly elevated in a pertussis toxin-
insensitive manner in the metastatic cells, but not in the non-
invasive PC-3 sublines.

It is also possible that the degree of cell attachment could
alter microtubule patterns and thereby affect secretion. How
ever, immunofluorescence studies in our laboratory have re
vealed the PC-3 sublines (i.e. 3 x N.I., PC-3 ML) cultured on
type IV collagen or plastic failed to exhibit demonstrable dif
ference in the organization of their microtubules. Similar mi
crotubule networks were commonly observed emanating from
a centrally located MTOC in all the PC-3 sublines.5 In addition,

the organization of the microtubules remained unchanged in
the presence of PC-3 ML CM (10 mg/ml for 3 h). Thus, gross
changes in the microtubule organization are probably not in
volved, although subtle compositional or structural differences
in the microtubule populations might exist and influence the
secretory activity of the metastatic PC-3 sublines.

Pertussis Toxin Studies. Liotta et al. (14) have identified a
M, 55,000 autocrine motility factor in the conditioned medium
of human melanoma A2058 cells which can stimulate cell
motility via a pertussis toxin-sensitive G-protein-associated re
ceptor (15, 16, 45). Our data suggested that a similar protein
or family of proteins and their receptors may be produced by
the metastatic PC-3 sublines. The trypsinization data in this
paper clearly suggested that a factor(s) in the conditioned
medium of PC-3 ML cells might bind the cell surface receptor(s)
to regulate kinesin expression in invasive and metastatic PC-3
sublines. Likewise, the observed inhibitory activity of pertussis
toxin further suggested that a G-protein-dependent receptor
might be involved.

In support of this interpretation, we found that agents (chol
era toxin, forskolin, 8-BrcAMP, dideoxyadenosine) which di
rectly inhibit or stimulate the adenylate cyclase pathways (46-
49) had little or no influence on any of the PC-3 sublines in the
presence or absence of the PC-3 ML CM. Normally, cholera
toxin stimulates adenylate cyclase through the G-protein; for
skolin stimulates the enzyme directly; and 8-BrcAMP acts as a
cyclic AMP analogue. Likewise, the adenosine analogue, di
deoxyadenosine, normally blocks adenylate cyclase independent

of the G-protein. It would, therefore, appear that a factor(s)
present in the PC-3 ML conditioned medium works independ
ent of a cyclic AMP metabolic pathway and the adenylate
cyclase system. The interpretation is consistent with the idea
that receptor-mediated binding of a factor(s) (i.e., a heat-sensi
tive protein) in the conditioned medium of the PC-3 ML cells
serves to up-regulate kinesin expression. One possible mecha
nism through which the factor(s) and the G-proteins act (46)
might involve a phospholipase C second messenger pathway.
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