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Abstract

Ahstrai-twmZ? gene expression has been inversely correlated with tu

mor metastatic potential in certain tumors including melanomas, breast
carcinomas, and hepatocellular carcinomas. The cellular mechanisms by
which the nm23 protein may directly or indirectly modulate the metastatic
phenotype is not yet known. Because cell motility plays an essential role in
metastatic dissemination, we have studied whether tumor cells transfected
with nm23 complementary DNA have any alterations in their ability to
migrate. Our results demonstrate that nm23 transfection inhibits the abil
ity of murine melanoma and human breast carcinoma cells to migrate in
response to serum or to defined factors such as platelet derived growth
factor or insulin-like growth factor 1. Random, unstimulated cell motility

was not depressed in the nm23 transfectants. The results suggest that the
nm23 gene product may interact with intracellular molecules that are
essential for stimulated cell motility in two different tumor cell systems.

Introduction

nm23 was first identified as a gene expressed in reduced amounts in
highly metastatic rodent tumors relative to poorly metastatic tumor
cells (1). In human tumors, low levels of nm23 expression have been
correlated with metastasis in human melanomas (2) and hepatocellular
carcinomas (3) and with poor prognosis in human breast cancer pa
tients in several (4-8) but not all (9) studies performed. The nm23

protein shares significant homology with the awd (abnormal wing
disc) gene which regulates differentiation and development in Droso-
phila (10). Two nm23 genes have been reported: nm23-Hl encodes a
polypeptide of Mr 18,500 whereas nm23-H2 encodes a protein of Mr

17,000. Of the two, the HI gene has been more closely correlated with
the metastatic phenotype in human breast carcinoma (11). Tumor cell
transfection with nm23 has been accomplished in two systems, the
murine K-1735 TK melanoma (12) and the human MDA-MB-435
breast carcinoma.' In both cases, the nm23 transfectants exhibited a

significant reduction in metastatic potential when tested in vivo.
Cell motility has been shown in several studies to influence tumor

metastasis. Increased endogenous cell motility was correlated with
increased metastatic potential in graded series of related tumor cell
lines that differed in metastatic ability (for a review, see Ref. 13). The
principal opportunities for cell motility in metastasis occur in intra-

vasation of tumor cells into the tumor vasculature or nearby lymphatic
channels and in the extravasation of tumor cells from the vasculature
into the tissue parenchyma at select secondary sites (14). Tumor cell
attractants include but are not limited to polypeptide growth factors
such as PDGF4 (15) and IGF-1 (16), as well as elements of the
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extracellular matrix such as laminin, fibronectin, collagen, and elastin
(17). The relationship between nm23 expression and tumor cell mo
tility has not been explored. We have taken advantage of the currently
available nm23 transfectants to investigate whether cell migration is
affected in any way by nm23. Our results demonstrate that nm23
expression inhibits stimulated cell migration in response to a variety
of attractants.

Materials and Methods

Cell Lines. Murine K-1735 melanoma cells transfected with murine
nm23-l complementary DNA (line 4-6) and control transfected cells (line
2â€”4)have been previously described (12). The nm23-l transfectants show

reduced tumor incidence and metastasis compared to the pRSVneo transfected
controls. Cells used for the motility assays in the current experiments were
used at the same passages as those used in the metastasis assays. Human
MDA-MB-435 breast carcinoma cells were transfected with either human
nm23-HI complementary DNA under the control of a pCMV promoter or

control pCMV neomycin resistance plasmids. Four clonal cell lines were used
in these studies. C-100 and C-103 represent randomly selected control neo
mycin resistant cell lines whereas HI-170 and HI-177 are nm23-HI trans

fected cell lines that demonstrate reduced metastatic potential relative to the
control lines. All cell lines were cultured in Dulbecco's modified Eagle's

medium (JRH Biosciences, Lenexa, KS) supplemented with 10% fetal bovine
serum.

Migration Assay. Cells were tested for migratory ability according to the
method of Boyden (18) in 48-well chemotaxis chambers (NeuroProbe, Cabin

John, MD). Briefly, chemoattractants were added to the bottom wells of the
chemotaxis chambers which were overlaid with a 8-um porosity polycarbonate

membrane (Nucleopore Corp., Pleasanton, CA) that had been precoated with
phosphate buffered saline containing 7.5 ng/ml fibronectin (Boehringer Mann
heim, Indianapolis, IN) to promote cell attachment to the membrane. Tumor
cells were added to the upper chambers (1.5 x IO4 cells/well) and incubated
for 4 h at 37Â°Cin a 10% CO2 incubator. After removal of cells from the upper

side of the filters, cells that had passed through the filters and adhered to the
lower side were stained overnight with Gill's hematoxylin and counted under

light microscopy.

Results

Control transfected (C-100 and C-103) and nm23 transfected (Hl-
170 and Hl-177) human MDA-MB-435 breast carcinoma cells were

assayed for their ability to migrate through polycarbonate membranes
in response to migration factors present in serum. As shown in Fig. 1,
A and B, both of the control carcinoma cell lines migrated in response
to low concentrations (0.5-1.5%) of fetal bovine serum. As is fre
quently found in cell motility studies, higher chemoattractant concen
trations resulted in decreased cell motility. In contrast to the controls,
both nm23-Hl transfected mammary carcinoma lines showed no abil
ity to respond to the migration stimulating activity of serum. The cells
retained viability in serum and were routinely cultured in serum con
taining medium indicating that the lack of motility was not due to
serum toxicity. The response was duplicated in a second cell system
using murine K-1735-TK. melanoma cells (Fig. 1C). The control
transfectant cell line (2-4) showed a marked migratory response to
serum at concentrations of 0.5-1.0% whereas the murine nm23-l
transfectant (4-6) line showed a significantly reduced response. To-
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Fig. l. Serum stimulated migration of control transfected and nm23 transfected tumor

cells. Control transfecled and nm23 transfected cells were plated in the upper wells of a
multiwell chemotactic chamber containing varying doses of serum in the lower wells. Cell
migration was measured as a function of the number of cells that moved from the top to
the bottom side of the filter within 4 h. Data is expressed as the mean Â±SE (n = 3). A,
C-IOOcontrol transfected MDA-MB-435 breast carcinoma (â€¢)and HI-170 nm23 trans
fected breast carcinoma (O). B, C-I03 control transfected breast carcinoma (â€¢)and
H1-177 nm2J-transfected breast carcinoma (O). C. 2-4 control transfected murine
K-1735 melanoma cell line (â€¢)and 4-6 nm23-l transfected melanoma cells (O).
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Fig. 2. Growth factor stimulated migration of control transfected and nm23 transfected
human mammary carcinoma cells. C-103 control-transfected (0) and Hl-177 nm23-
transfected cells (O) were tested for their ability to migrate in the multiwell chemotaxis
chamber toward a positive gradient of recombinant PDGF-BB (A) or IGF-1 (B).

gether, these results indicate that nm23 expression is correlated with a
reduction in the motile response to serum derived chemoattractants.
Interestingly, the background motility, as determined by the number of
cells that moved across the filter in the absence of any stimulus, was
essentially the same for both cell types, suggesting that random,
unstimulated motility is unaffected by nm.23 expression.

Similar experiments were performed using defined chemoattracta
nts such as PDGF, a well characterized growth factor and chemotactic
factor present in serum (15). These experiments were carried out using
two clonal lines of MDA-MB-435 breast carcinoma cells. The C-103

control cell line moved across the filter membranes in response to
PDGF with maximal activity at 5 ng/ml whereas no movement was
seen with the nm.23 transfected Hl-177 cell line at concentrations

from 0.5 to 10.0 ng/ml (Fig. 24). The same result was found using
IGF-1, a known tumor cell attractant (16). Again the control C-103
line migrated toward 1-5 ng/ml IGF-1 whereas the Hl-177 cells

failed to respond (Fig. 2B). Similar results were obtained with the
remaining control (C-100) and /im2J-transfected (H-I70) breast can

cer cell lines (data not shown). These results demonstrate that the
inability of nm23 transfected cell lines to undergo stimulated migra
tion in the Boyden assay is not limited to one particular chemoattrac-

tant but is applicable to a variety of mixed (serum) and defined (PDGF
and IGF-1 ) stimuli that act through different receptors.

Chemotactic signal transduction has been shown to be sensitive to
alterations in levels of protein kinase C ( 19). To determine whether the
inhibition of chemotactic response to PDGF in nm23-HÂ¡ transfected

cells could be ascribed to alterations in protein kinase C activity, we
treated the cells with TPA, a protein kinase C activator, for l h prior
to testing the cells for chemotactic responsiveness to serum. The
Hl-177 nm23 transfectants remained refractory to the chemotactic

activity of serum at all concentrations of TPA tested (Fig. 3). Long-
term (16-h) treatment with TPA had no additional consequences (data

not shown). These results reveal that TPA treatment cannot reverse the
inhibitory effects of nm23 transfection on stimulated cell motility.

Discussion

The nm23-Hl gene encodes a protein that functions, in some cir
cumstances, as a suppressor of tumor invasion and metastasis (1-8).

Although potential biochemical and cellular functions for the mole
cule have been proposed, the cellular consequences of nm23 expres
sion leading to alterations of the metastatic phenotype have not been
determined. Because of the proposed relationship between tumor me
tastasis and cell motility (13), we have investigated whether nm23
expression influences tumor cell motility.

In the current report, we have shown that murine melanoma cells
and human breast carcinoma cells that are stably transfected with
nm23-Hl lose their ability to migrate in response to a variety of

chemoattractants including whole serum, platelet derived growth fac
tor, and IGF-1. The finding that migration to multiple factors was

blocked suggests that the blockage does not occur at the level of
chemotactic factor binding to a specific receptor but rather affects a
downstream event in the signaling pathways that direct cell motility.
nm23 expression blocks factor stimulated cell motility but does not
appear to affect endogenous cell motility since background levels of
unstimulated cell motility detected in our assays were not diminished
in the nm23 transfectants. Treatment with TPA, a protein kinase C
activator, failed to reverse the observed inhibition of stimulated tumor
cell motility in nm23 transfectants.

The mechanism underlying the inhibition of stimulated cell motility
in nm23 transfected cells is unknown. nm23 and its Drosophila ho
mologue awd have been shown to possess NDPK activity (10). In
recent studies, however, only minor differences were observed in total
NDP kinase levels in control and transfected melanoma cell lines and
no significant increase in NDP kinase activity was found in any
subcellular fraction in the nm23 transfectants (20), suggesting that
changes in NDP kinase activity do not correlate directly with changes
in metastatic potential in transfected cells. Because the chemotactic
activity of multiple factors was blocked in the nm23 transfectants, it
is possible that a single blockade in chemotactic signal transduction
subsequent to receptor binding could be responsible for the migration
inhibition. Although it had been proposed earlier that NDP kinases
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Fig. 3. Effect of TPA on migration of control transfected and nm23 transfected mam
mary carcinoma cells. C-103 control transfected (A) and Hl-177 nm23 transfecled (B)
cells were tested for their ability to migrate toward control medium (D) or toward medium
containing 0. 1% serum (0) in the presence of the indicated concentrations of TPA.
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might modulate the activity of GTP-binding proteins by phosphory-

lating bound GDP, no direct evidence has been found for such activity.
Recently, a novel form ofnm23 phosphorylation that is independent of
NDPK activity has been found (21). The relationship between such
non-NDPK phosphorylation activities of nm.23 and the presently ob

served effects on cell motility remain to be determined. Finally, a
potential interaction between nm23 and microtubules has been re
ported (10). The nature and diversity of this interaction and its rela
tionship to the effects of nm23 transfection on stimulated cell motility
are not presently understood. If, however, microtubular association of
nm23 resulted in alterations in microtubule polymerization or stability,

then it is possible that motility could be influenced by such a mech
anism. It is apparent from our observations that further insights into
the molecules and cellular processes that are influenced by the activity
of the nm23 gene product may have previously unexpected implica
tions for our understanding of the signaling pathways that regulate
tumor cell motility.

The finding that nm23 transfection results in decreased responsive
ness to chemotactic factors suggests a novel potential mechanism for
the observed effects of nm.23 transfection in reducing tumor invasion
and metastasis. Mutations resulting in nm23 deletion and amplifica
tion have been observed in metastatic colorectal carcinoma and neu-

roblastomas (22,23) but overall levels ofnm23 are not associated with
reduced metastatic potential in these tumors. It will be of particular
interest to investigate the effects of nm23 transfection on cell motility
in these systems. nm23 expression does appear to correlate, in many
cases, with metastatic and invasive potential in human breast cancer.
Recent reports indicate that reductions in nm23 expression begin
relatively early in the progression toward malignant breast cancer.
Comido ductal carcinoma in situ lesions, frequently thought to rep
resent a precursor to later invasive lesions, contain single cells or nests
of tumor cells that stain negatively fornm23 (8). In addition, increased
numbers of Â«m25-negative cells were seen in the noninvasive com

ponent of comido ductal carcinoma in situ tumors when an invasive
component was also present (20). Taken together, these data suggest
that reductions in nm.23 may occur prior to the time at which tumor
cell motility is histologically evident and that these levels are reduced
further with progression toward the malignant invasive phenotype.
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