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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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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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