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To identify pathways controlling prostate cancer metastasis
weperformeddifferential display analysis of thehumanprostate
carcinoma cell line PC-3 and its highly metastatic derivative
PC-3M. This revealed that a 78-kDa interferon-inducible
GTPase, MxA, was expressed in PC-3 but not in PC-3M cells.
The gene encoding MxA,MX1, is located in the region of chro-
mosome 21 deleted as a consequence of fusion ofTMPRSS2 and
ERG, which has been associated with aggressive, invasive pros-
tate cancer. Stable exogenousMxA expression inhibited in vitro
motility and invasiveness of PC-3M cells. In vivo exogenous
MxA expression decreased the number of hepatic metastases
following intrasplenic injection. Exogenous MxA also reduced
motility and invasiveness of highly metastatic LOX melanoma
cells. A mutation in MxA that inactivated its GTPase reversed
inhibition of motility and invasion in both tumor cell lines. Co-
immunoprecipitation studies demonstrated that MxA associ-
ated with tubulin, but the GTPase-inactivating mutation blocked
this association. BecauseMxA is a highly inducible gene, anMxA-
targeted drug discovery screen was initiated by placing the MxA
promoter upstream of a luciferase reporter. Examination of the
NCI diversity set of small molecules revealed three hits that acti-
vated thepromoter. InPC-3Mcells, thesedrugs inducedMxApro-
tein and inhibited motility. These data demonstrate that MxA
inhibits tumor cellmotility and invasion, and thatMxAexpression
can be induced by small molecules, potentially offering a new
approach to the prevention and treatment ofmetastasis.

Increased understanding of the mechanisms regulating
metastasis offers the potential of designing specifically targeted
drugs aimed at preventing neoplastic spread. Better under-
standing of the genetic basis of metastasis could aid in the
choice of treatment and timing of treatment modalities as well
as identify molecular targets for therapy.
The clonally related pair of human prostate cancer lines,

PC-3 and its more metastatic derivative, PC-3M that was

derived from a liver metastasis in a nude mouse bearing a sple-
nic explant of PC-3 (1), allowed us to explore the molecular
genetic mechanisms of metastasis. To this end, we used differ-
ential display-reverse transcription-PCR (DD-RT-PCR)4 (2) to
identify mRNAs with expression differences in these two lines.
This study demonstrated differential expression of a DD-RT-
PCR band (DD-2) that was found in the PC-3 parental cell line
and not in PC-3M cells (Fig. 1B). DNA sequencing of DD-2
identified it as a portion of MxA, one of a small family of “Mx”
genes (MX1 and MX2 in human and Mx1 in mouse) that
encode large self-assembling dynamin-like proteins that bind
and hydrolyze GTP (3).MxA transcription is inducible by types
I, II, and III interferons (IFNs�/� (3), � (4), and � (5)), andMxA
protein has been shown to be an effector of type I IFN-mediated
inhibition of certain RNA viruses, including the myxoviruses.
Although IFNs, both type I and II, have been used in the treat-
ment of several forms of cancer, includingmelanoma, follicular
lymphoma, hairy cell leukemia, chronicmyelogenous leukemia,
Kaposi’s sarcoma, and renal cell carcinoma, the mechanisms of
anticancer activity have not been fully delineated. Both direct
antiproliferative effects on tumor and indirect immunomodu-
latory effects on the host have been reported (see Ref. 6 for
review). IFNs are known to inhibit cell motility (7), and Mx
proteins have significant homology to dynamin, a large GTPase
involved in the scission of nascent vesicles from parent mem-
branes. However, heretofore, MxA has been chiefly studied for
its anti-viral properties (8), and it has not been associated with
cellmotility ormetastasis. To gain a better understanding of the
role of IFN and MxA in cancer biology, and to explore MxA as
a new target for anti-metastatic therapywe undertook an inves-
tigation of the role ofMxA in twometastatic human cancer cell
lines.

EXPERIMENTAL PROCEDURES

Cell Lines—The human prostate carcinoma cell line PC-3
was obtained from ATCC (Manassas, VA). PC-3M (1), a highly
metastatic subline derived from a hepatic metastasis of PC-3,
was a kind gift ofDr. JamesKozlowski (Dept. ofUrology,North-
western University Medical School). Both cell lines and their
derivatives were grown as described previously (9). LOX is a
highlymetastatic humanmelanoma cell line (10) obtained from
Dr. Dan Sackett, National Institutes of Health.
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Plasmids and Transfections—PC-3M cells were initially
transfected using Lipofectamine (Invitrogen) with anMxA-ex-
pressing or a �-galactosidase-expressing control vector con-
structed from pH� Apr-1, in which MxA and �-galactosidase
were under the control of the human �-actin promoter (11),
and stable transfectants were selected in G-418. In subsequent
experiments PC-3M and LOX cells were transfected with
expression vectors based on pCIneo (Promega, Madison, WI)
that used the cytomegalovirus immediate-early enhancer/pro-
moter and added a FLAG tag to the vector control and wild-
type (WT) MxA, and stable transfectants were selected using
G-418. We used the QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA) to mutate threonine 103 to alanine in
the FLAG-tagged MxA-expression vector to inactivate MxA
self-association and GTPase activity (12).
Antibodies and Reagents—The monoclonal anti-MxA anti-

body was described previously (13). Anti-FLAG antibody was
obtained from Sigma. Affinity-purified polyclonal anti-MxA
(14), anti-actin (Santa Cruz Biotechnology, Santa Cruz, CA),
and anti-�-tubulin (Oncogene Research Products, San Diego,
CA) antibodies were used for immunocytochemistry, immuno-
blotting, and immunoprecipitation. Sheep anti-human IFN-�
immunoglobulin (catalogue no. GO26-501-568) and control
sheep immunoglobulin (catalogue no. GO27501-568) were
provided by the NIAID Reference Reagent Repository, oper-
ated by Braton Biotech, Inc., Rockville,MD. Purified IFN-�was
obtained from Novartis Pharma (Basel, Switzerland).
Differential Display—1 �g of poly(A)� RNA from PC-3 and

PC-3M prostate carcinoma cells was used to generate cDNAs
using Superscript reverse transcriptase (Invitrogen) and
anchored and arbitrary primers (Operon Biotech, Alameda,
CA). The differentially expressed bands between the two tem-
plates, which ranged from 170 to 500 bp in size, were nick-
translated and used to probe RNA blots that contained
poly(A)� RNA from PC-3 and PC-3M cell lines.
Northern Blot Analysis—Total RNA was prepared by stand-

ard methods (15) from cell pellets of PC-3 and PC-3M. Equal
amounts (10 �g) were electrophoretically separated on a dena-
turing gel (1% agarose, 20 mM 3-morpholinopropanesulfonic
acid, 5mM sodium acetate, 1mMEDTA, 18% formaldehyde, pH
7.0) and blotted onto a nylon membrane (HyBond-N, Amer-
sham Biosciences). The blot was sequentially hybridized with
32P-labeled, nick-translated DD-2 fragment and MxA cDNA
from human embryonic lung (16). We also hybridized this and
other Northern blots with a 13-kb PstI fragment of rat glycer-
aldehyde dehydrogenase (17).
Motility and Invasion Assays—FALCON cell culture inserts

with an 8-�m pore-size polyethylene terephthalate (PET)
membrane (Fisher Scientific, Pittsburgh, PA) and BIOCOAT
Matrigel invasion chambers (BD Biosciences, Franklin Lakes,
NJ) were used for motility assays and invasion assays, respec-
tively. For both assays, inserts were placed into the wells of a
24-well plate. Each well contained 0.5 ml of complete medium
(RPMI 1640 with 10% fetal bovine serum, 1% antimycotic-anti-
biotic solution and 500�g/ml G-418). Control andMxA-trans-
fected cells were trypsinized, suspended at 1.5� 105 cells/ml in
complete medium, and 350 �l of the cell suspension was added
to each insert. The plate of inserts was incubated for 24 h at

37 °C. Following incubation, cells from the upper surface of the
membrane were removed by scrubbing with a cotton-tipped
swab. Cells that had migrated/invaded through the insert and
adhered to the bottom of the membrane were Wright stained
using the CAMCOQuik Stain kit (Fisher Scientific, Pittsburgh,
PA), visualized using a Leica DM IRBmicroscope, and counted.
Immunofluorescence Microscopy—Fluorescence immunocy-

tochemistry was performed as described (18). For cytoskeletal
preparations, the cells were permeabilized with 1% Triton
X-100 in PHEM buffer (60 mM PIPES, pH 6.9, 25 mMHEPES, 2
mMMgCl2, and 10 mM EGTA, pH 6.9) for 2 min and fixed with
37% formaldehyde for 10 min at room temperature (19). Cells
were incubated with primary and secondary antibodies as indi-
cated, and nuclei were counterstained with 4,6-diamidino-2-
phenylindole (DAPI). Cells were visualized using a Zeiss Axio-
photmicroscope, and imageswere captured using anOptronics
(East Muskegee, OK) charge-coupled device camera.
Co-immunoprecipitation and Western Blot Analysis—

Immunoprecipitations were performed as described (20).
Cell lysates were incubated with the indicated antibodies
overnight at 4 °C. The immunocomplex was immobilized on
protein A/G-Sepharose (Santa Cruz Biotechnologies, Santa
Cruz, CA) and resolved on SDS-polyacrylamide gels, trans-
ferred to nitrocellulose filters and immunoblotted with the
indicated antibodies.
GST Pulldown Assay—GST-MxA was constructed by stand-

ard PCR cloning techniques to fuse the GSX vector (Promega)
and the MxA coding region (16). Recombinant proteins were
expressed in and purified from BL21 cells. For each pulldown
experiment, 2 �g of purified tubulin (Invitrogen) were incu-
batedwithGST alone or with increasing amounts of GST-MxA
protein and immobilized onto glutathione-Sepharose beads
(AmershamBiosciences) in NETN buffer (20mMTris (pH 8.0),
100mMNaCl, 1 mM EDTA, 0.5%Nonidet P-40, protease inhib-
itor mixture (Roche Diagnostics, Indianapolis, IN)) for 2 h at
4 °C. Unbound proteins were removed by washing six times
with NETN buffer. The bound proteins were eluted by boiling
in 1� SDS sample buffer, resolved on SDS-PAGE and trans-
ferred to nitrocellulose filters. Immunoblot analysis was per-
formed with anti-�-tubulin antibody (Sigma).
Animals—Female 4- to 6-week-old beige-SCID mice

(Charles River Laboratories, Wilmington, MA) were housed
under pathogen-free conditions with a 12-h light/12-h dark
schedule, fed autoclaved standard chow and water ad libitum.
Animal care and use was in accordance with guidelines of the
NIH Animal Care and Use Committee.
Animal Procedures—Surgical sites were prepared by shaving

the skin and then cleansing using Betadine scrub solution (E-Z
Prep, BD Biosciences) and 70% sterile alcohol. Anesthesia was
induced using ketamine (0.45 mg/mouse, Ketaset, Fort Dodge
Laboratories Inc., Fort Dodge, IA) and xylazine (0.45
mg/mouse, Sigma) administered intraperitoneally. Anesthesia
was thenmaintained using methoxyflurane (Mallinckrodt Vet-
erinary Inc.,Mundelein, IL) inhalation. In vitro-passaged tumor
cell lineswere harvested and prepared for injection as described
previously (21). Cells were brought to a final concentration of
1 � 107 cells/ml for injection in phenol red-free Hanks’ bal-
anced salt solution and kept at 4 °C. Cells were counted and
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their viability assessed manually after Trypan blue staining.
Experiments were only continued if cell viability was �90%.
Two million cells were administered using a 27-gauge needle
for intrasplenic injections (hepatic metastasis assay). Splenic
exposure was achieved through a high left paracostal approach
to the abdomen. Each experimental group consisted of 15
beige-SCID mice. After tumor cell injection, mice were moni-
tored at least three times weekly for evidence of tumor/metas-
tasis-associated morbidity. The primary end point was the
number of hepatic metastases detectable by visual examination
24 days after intrasplenic injection. Complete post mortem
examinations were performed on all animals. Tissues obtained
at necropsy were fixed in 10% formalin at room temperature.
Routine histological analysis of metastases was undertaken at
the conclusion of all experiments. The statistical significance of
the difference in the number of experimental hepatic metasta-
ses between the mice injected with PC-3M-pCIneo cells and
mice injected with PC-3M-MxA-wild-type cells was assessed
by the non-parametric Welch’s corrected unpaired t test using
GraphPad Prism version 4.0c.
High-throughput Small Molecule Screen—To search for

drugs that might induce MxA expression, the Diversity Set of
1990 pharmacophores distilled from �140,000 compounds by
the National Cancer Institute’s Developmental Therapeutics
Program was screened in an assay for MxA promoter activa-
tion, using a luciferase-based assay (Promega). The MxA pro-
moter described in Ronni et al. (22) was inserted upstream of
the firefly luciferase reporter in the pGL3 plasmid (Promega).
The construct was confirmed by DNA sequencing. Interfer-
on-� was used as a positive control. The three small molecules
that induced an increase in activity of �2.2-fold were also
screened for their effect on MxA protein expression and on
PC-3M motility, as described above.

RESULTS

Constitutive Expression of MxA in PC-3 Cells—DD-RT-PCR
analysis revealed eight fragments of cDNAwith possible differ-
ences in expression between PC-3 and its more metastatic
derivative, PC-3M. Northern blot analysis indicated that only
one of these, a 200-bp band, termed DD-2, was differentially
expressed, as a strong 3.0-kb mRNA band in PC-3 but not in
PC-3M (Fig. 1B). We used the DD-2 probe to screen a cDNA
library generated from PC-3 mRNA, and we obtained a 2.0-kb
cDNA clone that contained �70% of the expected 3.0-kb
sequence (including 95% of the coding region) of MxA (16). As
described previously (23), MxA homo-oligomerizes into ring-
like andhelical structures.MxAprotein contains anN-terminal
tripartiteGTPbindingmotif and three regions involved inMxA
self-assembly: an N-terminal self-assembly domain, a central
interactive domain (CID), and an assembly domain in the C
terminus that interacts with the CID and the N-terminal self-
assembly domain. The assembly domain region is rich in�-hel-
ices and contains a leucine zipper motif (Fig. 1A).
There were two conservative sequence differences between

MxA in PC-3 and the GenBankTM sequence. The first differ-
ence, I378V, resulted in a conservative amino acid change,
while the second, at alanine 541 (GCA to GCG), was silent.
There was no sequence alteration in the tripartite GTPase

domain or the self-assembly domains. The difference observed
may be the result of human sequence polymorphisms (24).
MxA expression has only been reported following viral infec-
tion or treatment with IFNs (3–5). However, Northern blots
probed with our MxA clone (data not shown) and with the
original cDNA (16) displayed the same pattern of expression
that was generated by our DD-2 probe (Fig. 1B): abundant
expression in PC-3 but no detectible mRNA in PC-3M. Equal
loading was confirmed by hybridizing the blots with a probe for
glyceraldehyde-phosphate dehydrogenase.
Western blot analysis with anti-MxA antibody (13) corrobo-

rated the Northern blot expression data, demonstrating the
presence of a 78-kDa MxA protein in PC-3 but not in PC-3M
lysates (Fig. 1C). The same blot was probed with anti-tubulin
antibody to show equal loading for both samples.
The difference between the cell lines could have been related

to a high endogenous production of type-I IFN in PC-3 cells.
Therewas, however, no difference in the amount of IFN-�pres-
ent in the two cell lines, as determined byWestern blot analysis
(Fig. 1D).
Maintenance of Genomic Integrity at the MxA Locus—The

constitutive expression ofMxA in PC-3 cells, but not in PC-3M
cells, could be explained by a genomic deletion or rearrange-
ment at the MX1 locus. To explore this possibility, genomic
DNA from PC-3 and PC-3M cells was digested with EcoRI,

FIGURE 1. Structure and expression of MxA. A, schematic drawing of human
MxA protein (59). Amino acid residues and locations of important motifs are
indicated, including the GTPase domain that contains the tripartite GTP-bind-
ing elements (thick bars) and self-assembly domain (SAD) and the C-terminal
effector domain that contains the central interactive domain (CID) and a
leucine zipper (LZ) region. The arrow indicates the site of the T103A mutation.
B, Northern blot. 10 �g of total RNA from the prostate cancer cell lines were
electrophoresed on a formaldehyde/agarose gel, blotted onto a nylon mem-
brane, and probed as indicated: the published MxA cDNA (15); DD2, the
cloned 200-bp PCR fragment isolated by differential display of mRNA from
PC-3; rat glyceraldehyde dehydrogenase (GAPDH) cDNA (16) used to control
for equal loading. Sizes of bands shown are indicated on the left. C, Western
blot. Lysates were probed with affinity-purified goat anti-MxA antibody or
mouse monoclonal anti-tubulin to control for equal loading. D, Western blot.
Lysates were probed with a 1:1000 dilution of sheep anti-IFN-� globulin and
sheep globulin lacking anti-IFN activity (both from the NIAID repository), as
control.
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BamHI, and PstI, electrophoresed on an agarose gel and sub-
jected to Southern blot analysis with MxA cDNA (supplemen-
tal Fig. S1). PC-3 and PC-3M showed identical patterns of
hybridization, which indicated that the difference in expression
of MxA in PC-3 cells and PC-3M cells was not the result of a
major genomic deletion or rearrangement.
Induction of MxA Expression by Interferon—To determine

whether IFN-� can induceMxAexpression inPC-3 andPC-3M
cells, cells were treated with recombinant IFN-� and subjected
to immunocytochemical analysis using anti-MxA antibody and
DAPI nuclear counterstaining (Fig. 2,A andB). Consistent with
theWestern blot result, this assay detectedMxAprotein only in
untreated PC-3 and not in untreated PC-3M cells (compare
upper left panels in Fig. 2,A andB). After exposure to IFN-�, the
level of MxA protein increased substantially in PC-3, whereas
MxA protein became detectable for the first time in PC-3M
cells (compare lower left panels in Fig. 2, A and B). Western
blotting (not shown) confirmed the IFN-induced increase in
MxA protein expression in both cell lines. This evidence dem-

onstrated that PC-3M cells were able to respond to IFN, con-
sistent with the Southern blot result (supplemental Fig. S1)
indicating that the MxA gene was intact in PC-3M cells. This
experiment also showed that the IFN signaling pathway was
still active in PC-3M cells, ruling out the possibility that lack of
MxA expression in PC-3M cells was due to an inability to
respond to IFN stimulation.
Effect of MxA on Motility of PC-3M Cells—The constitutive

expression of MxA in PC-3 cells and absence of expression in
PC-3M cells suggested the possibility thatMxAmight suppress
some aspect of metastatic behavior. Furthermore, it had been
reported that type I IFN can reduce cell motility (7), one com-
ponent ofmetastasis. To testwhether PC-3 andPC-3Mdiffered
in motility, we subjected both lines to an assay that measured
the ability of cells tomigrate through pores in a PETmembrane.
Fig. 2C shows that untreated (control) PC-3M cells were con-
siderably more motile than PC-3, and IFN-� reduced PC-3M
motility to a level comparable to that of untreated PC-3. Con-
sistent with the result seen in Fig. 2A, PC-3 cells were also
responsive to IFN, which reduced their motility still further.
To test directly whether MxA played a role in regulating

motility, we transfected PC-3M cells with MxA- and �-galac-
tosidase control-expressing vectors, and stable cell lines,
including PC-3M-MxA#1 and PC-3M-MxA#2, constitutively
expressing full-length human MxA protein, and the control,
PC-3M-�-gal, were selected. The level of MxA expression in
the three transfectants was determined by Western blot (Fig.
2D, inset). MxA protein was not detected in PC-3M �-gal,
whereas the other two lines expressed exogenous MxA, with a
higher level of expression inMxA #1 than inMxA #2. The level
of MxA in MxA clone #1 was comparable to the endogenous
level of MxA in PC-3, and the level of MxA in clone #2 was
lower than the level in PC-3 (supplemental Fig. S2). MxA
expression inhibitedmotility in bothMxA clone #1 and #2 (Fig.
2D), and the level of inhibition correlated with the level ofMxA
expression. PC-3M MxA clone #1 (PC-3M-MxA) was used in
all subsequent studies.
Time-lapse Microscopy—Time-lapse video microscopy visu-

ally demonstrated the reduction of motility induced by MxA
expression in PC-3Mcells (supplemental Fig. S3). PC-3M-MxA
cells showed markedly reduced levels of movement across the
field, comparedwith control PC-3Mcells that express the unre-
lated protein, �-galactosidase. Although translational motility
of the PC-3M-MxA cells was markedly inhibited, the majority
of the cells demonstrated membrane ruffling and several mito-
ses were apparent. However, in contrast to PC-3M-�-gal cells,
in PC-3M-MxA cells there was an absence of translational
motility of daughter cells following cytokinesis.
MxA Expression Has No Effect on Proliferation—To confirm

the impression gained in the time-lapse study that expression of
MxA did not impede cell division, and to investigate the role of
GTPase activity in the ability of MxA to inhibit motility,
another set of stable transfectants of PC-3M was made using
the pCI vector that includes the CMV promoter, a neo select-
able marker and a FLAG tag for immunodetection. In addition
to the FLAG-tagged wild-typeMxA, a FLAG-taggedMxAwith
a threonine to alaninemutation at residue 103 between the first
and second GTP-binding consensus motif that ablates both

FIGURE 2. IFN induction of MxA expression and inhibition of motility in
PC-3 and PC-3M cells. A and B, fluorescence immunocytochemistry of MxA.
PC-3 (panels A) and PC-3M (panels B) were grown for 24 h on coverslips in the
presence or absence of 1000 international units (IU) of IFN-�/ml, fixed, per-
meabilized, stained with monoclonal anti-MxA and Cy-3-conjugated goat
anti-mouse immunoglobulin, and counterstained with DAPI. Immunofluo-
rescence was visualized with a Zeiss Axiophot microscope with a 40� objec-
tive, and the images were captured on an Optronics charge-coupled device
camera. C, motility of PC-3 and PC-3M cells, with and without 24-h exposure
to 1000 IU/ml IFN-�. Bars represent the percentage of control PC-3M mobility.
Each bar represents the mean of two independent triplicate determina-
tions � S.E. D, MxA expression and motility. Motility of stable clones of PC-3M
expressing �-galactosidase or two different levels of MxA was measured as
above. To assess levels of expression in the cell lines being tested, Western
blots of 50 �g of protein lysate per lane were probed with anti-MxA and
shown in the inset. Each bar represents the mean � S.E. of two independent
experiments performed in triplicate. Wilcoxon rank sum test was used to
compare the relative motility of control versus interferon-�-treated PC-3 and
PC-3M cells (Fig. 2C) and �-gal-expressing versus two MxA-expressing PC-3M
stable transfectants (Fig. 2D). *, p � 0.03.
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GTPase and antiviral activity (12) was introduced into PC-3M
cells. As shown in Fig. 3A, all three transfectants proliferated at
the same rate, strongly suggesting that the effect of MxA on
motility was unrelated to an effect on cell proliferation.
T103A Mutation Reverses Effects of MxA on Motility and

Invasion—To confirm and extend our motility studies, we
repeated them with the PC-3M MxA-FLAG transfectants. In
addition, to determine if the effect of MxA was limited to
PC-3M cells, stable transfectants expressing FLAG-tagged
wild-type MxA and FLAG-tagged T103A-mutant MxA were
created in the highlymetastatic humanmelanoma cell line LOX
(10), which, like PC-3M, does not express endogenous MxA
(data not shown). The studies were also extended to test the
effect of MxA on invasion, using a Transwell invasion assay in

which the cells are required to cross a Matrigel layer as well as
migrate through pores in the PET filter. Consistent with the
results shown in Fig. 2, FLAG-tagged MxA inhibited PC-3M
motility (Fig. 3B). Expression of FLAG-tagged MxA also inhib-
ited PC-3M invasion (Fig. 3C). Similarly, the expression of
exogenous MxA decreased LOX cell motility and invasiveness
(Fig. 3, D and E). However, in both PC-3M and LOX cell lines,
the T103A mutation in the GTPase/self-assembly region
reversed the ability of MxA to suppress in vitro motility and
invasiveness of these highly metastatic tumor cells.
Wild-type MxA but Not Mutant MxA Associates with

Tubulin—It has been reported that MxA can transiently bind
the cytoskeletal proteins actin and tubulin (3). Because ele-
ments of the cytoskeleton are instrumental in cell motility, we
investigated whether MxA associated with the actin or tubulin
cytoskeleton in PC-3 and LOX cells, using immunoprecipita-
tion and immunocytochemical studies of cytoskeletal prepara-
tions. Fig. 4A demonstrates that endogenous MxA co-immu-
noprecipitated with tubulin, but not with actin, in PC-3 cells. In
a cell-free GST pulldown experiment, GST-MxA associated
with purified tubulin in a concentration-dependent manner,
consistent with direct binding of MxA and tubulin (Fig. 4B).
The association of wild-type MxA with tubulin was also

examined in the stably transfected LOX cell line. Whole cell
lysateswere immunoprecipitatedwith anti-�-tubulin antibody,
anti-MxA antibody, or protein A/G-coated Sepharose beads
alone, followed by Western blotting with anti-FLAG antibody
(Fig. 4C). MxA was detected in association with tubulin in LOX-
FLAG-MxA-WT(panel2, lane2)whileproteinA/Galone (lane1)
did not bindMxA-containing complexes. No binding activity was
detected in LOX-pCIneo control cells (panel 1), supporting the
specificity of the co-immunoprecipitation.
To test whether the association ofMxAwith themicrotubule

cytoskeleton was dependent upon its GTPase/self-assembly
activity, as was the ability ofMxA to suppressmotility and inva-
sion, we also performed co-immunoprecipitation experiments
using the LOX-FLAG-MxA-T103A stable transfectant (Fig.
4C, panel 3). In contrast to the LOX cells that expressed wild-
typeMxA, in LOX-FLAG-MxA-T103A cells, the binding of the
T103A mutant of MxA to tubulin was virtually undetectable.
When soluble proteins were extracted from LOXmelanoma

cells that stably expressed wild-type MxA or T103A mutant
MxA, only wild-type MxA protein remained bound to the
insoluble cytoskeletal matrix (Fig. 4D). These data are consist-
ent with the co-immunoprecipitation experiments in Fig. 4 (A
and B) that showed that only wild-type MxA associated with
tubulin. MxA-T103A washed out of the insoluble cytoskeleton
preparation. These data are consistent with an association of
tubulin and wild-type MxA but not T103A mutant MxA, sug-
gesting that microtubules play a role in MxA-mediated reduc-
tion of motility and invasiveness of PC-3M prostate carcinoma
cells and LOX melanoma cells.
GFP-MxA transiently expressed in PC-3M cells demon-

strated two subcellular localizations, a diffuse cytoplasmic
localization, and a punctate cytoplasmic localization that has a
vesicular appearance (supplemental Fig. S4). Together with the
earlier data suggesting a transient association ofMxAand tubu-
lin (3), the data suggest that MxA exists in multiple subcellular

FIGURE 3. Effect of MxA and MxA-T103A mutant on growth, motility, and
invasion of tumor cells. PC-3M and LOX cells were stably transfected with
wild-type MxA and MxA-T103A mutant in the pCI expression vector. A, prolif-
eration. PC-3M cells expressing pCIneo vector, wild-type MxA, or MxA-T103A
were grown in vitro for 4 days, and proliferation was assessed by 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (mean � S.D. of
triplicate observations). B and D, motility. Motility was measured, as in Fig. 2,
for stable clones of PC-3M or LOX cells that expressed pCIneo vector, wild-
type MxA, or MxA-T103A. The results are expressed as percentage of motility
of the cells bearing the pCIneo control vector. C and E. Invasiveness. Percent
of control cells (PC-3M or LOX cells with pCIneo vector alone) that invaded
Matrigel and penetrated the PET membrane are shown (mean � S.E.). Each
bar represents the means � S.E. of the mean of two independent experi-
ments performed in triplicate in PC-3M cells (B and C), and the mean � S.E. of
three independent experiments performed in duplicate in LOX cells (D and E).
Wilcoxon rank sum test was used to compare the relative motility and inva-
sion of the stable pCIneo and MxA-T103A transfectants to the MxA-WT stable
transfectants in PC-3M and LOX cells. *, p � 0.01.
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localizations and that microtubule-associated MxA is poten-
tially associated with inhibition of motility.
Effect of MxA on in Vivo Experimental Hepatic Metastasis—

To test the effect of MxA expression in vivo, an experimental
hepatic metastasis assay was used. In this assay, 2 � 106 cells
from the PC-3M-pCIneo, PC-3M-MxA-wild-type, and
PC-3M-MxA-T103A cell lines were injected into the spleens
of beige/SCID mice. Fifteen mice per group were injected,
and procedure-associated deaths occurred in twomice in the
PC-3M-pCIneo and PC-3M-MxA-WT group and in one
mouse in the PC-3M-MxA-T103A group. 24 days following
intrasplenic injection liver metastases developed in 11/13
mice injected with PC-3M-pCIneo cells (Fig. 5). In contrast,
metastases developed in 1/13 mice injected with PC-3M-

MxA-WT. Liver metastases devel-
oped in 6/14 mice injected with
PC-3M-MxA-T103A. Histological
examination of primary tumors
and metastases revealed highly
epithelial neoplasia with limited
stromal elements. No discrete aci-
nar elements were noted in any
samples. No significant differ-
ences were noted among tumor
samples expressing MxA, MxA-
T103A, or vector control. The
number of hepatic metastases
from PC-3M cells bearing the con-
trol pCIneo vector (mean � 5.8)
was significantly greater than from
PC-3M-MxA cells (mean � 0.39;
p � 0.06; Fig. 5). The T103Amuta-
tion resulted in a 5-fold higher
mean number of metastases than
wild-type MxA (mean � 2.0).
These data demonstrate that MxA

inhibits the development of experimental metastases in vivo.
High-throughput Small Molecule Screen—The data pre-

sented thus far demonstrate the loss of expression of MxA in
the highly metastatic PC-3 variant PC-3M, and that re-expres-
sion of MxA inhibits motility and metastasis. Because MxA is
known to be highly inducible by a defined signaling pathway,
the data suggest the potential success of targeting MxA in a
small molecule screen. For this screen we cloned the human
MxA promoter upstream of luciferase as described under
“Experimental Procedures.” The MxA promoter-luciferase
reporter construct together with a neomycin-resistance plas-
mid were transfected into PC-3M cells, and G418 was used to
select stable transfectants. The stably transfected cells were
incubatedwith the compounds in theNCIDiversity Set of 1900
pharmacophores at a concentration of 10 �M each for 24 h, and
the cells were tested for luciferase activity using the assay kit
provided by Promega, according to themanufacturer’s instruc-
tions. Recombinant interferon-� was used as a positive control.
Three molecules induced a �2.2-fold increase over the vehicle
control (Fig. 6A). The positive control, 1000 IU/ml interfer-
on-�, induced a 6.8-fold increase in reporter activity. The same
three compounds also induced MxA protein expression in
PC-3M cells in culture (Fig. 6C).
These three active small molecules were also screened for

their effect on PC-3M motility, as described above. In the
motility assay, PC-3M cells were inhibited between 40 and
60% by these compounds (Fig. 6B). In this assay, interferon-�
caused approximately a 50% inhibition of motility, indicat-
ing that the small molecules were comparable in activity to
that of interferon-�.

DISCUSSION

This study began with the use of DD-RT-PCR to identify
genes differentially expressed in two clonally related human
prostate carcinoma cell lines differing in metastatic activity,
and this revealed a dramatic difference in MxA expression. As

FIGURE 4. Association of MxA with tubulin and microtubule cytoskeleton. A, co-immunoprecipitation in
PC-3 cells. PC-3 cell lysates (2.5 mg of protein) were immunoprecipitated with either anti-�-tubulin or anti-actin
antibodies, and the bound proteins were detected by Western blotting with anti-MxA antibody. PC-3 lysate
was also included on the Western blot. B, GST pulldown. In vitro association between 2 �g of purified tubulin
and GST alone or increasing amounts of GST-MxA that have been immobilized on glutathione-Sepharose
beads. The bound proteins were eluted by boiling in SDS sample buffer, resolved on SDS-PAGE transferred to
nitrocellulose, and probed with anti-�-tubulin antibody. C, co-immunoprecipitation in LOX cells. Cell lysates
from LOX-FLAG-pCI neo, LOX-FLAG-MxA-WT, and LOX-FLAG-MxA-T103A cells (2.5 mg of protein for all immu-
noprecipitations except 0.5 mg of protein for immunoprecipitation with anti-MxA antibody) were immuno-
precipitated with beads alone, anti-�-tubulin- or anti-MxA antibodies. The bound proteins were resolved by
SDS-PAGE, transferred to nitrocellulose, and probed with anti-FLAG antibody. Lane 3 is an empty lane. D, asso-
ciation of MxA with the cytoskeleton. LOX cells, stably transfected with either FLAG-tagged wild-type MxA or
FLAG-tagged MxA-T103A, were grown on glass coverslips, and cytoskeletal preparations were made as
described under “Experimental Procedures,” and stained with anti-FLAG antibody. Nuclei were visualized by
counterstaining with DAPI.

FIGURE 5. Exogenous MxA expression inhibits PC-3M hepatic metastasis.
Two million PC-3M cells stably transfected with pCIneo, wild-type MxA, or the
MxA-T103A mutant were injected into the spleens of beige/SCID mice, and
the number of liver metastases found on autopsy was determined by visual
examination 24 days following intrasplenic injection. The number of hepatic
metastases from mice injected with PC-3M-pCIneo (n � 13; mean number of
metastases � 5.8) was significantly greater than from mice injected with
PC-3M-MxA (n � 13; mean number of metastases � 0.39; p � 0.06 using
Welch’s corrected unpaired t test). A replicate hepatic metastasis assay
yielded concordant results.
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demonstrated here,MxAmRNA and protein were abundant in
PC-3 but were not detectable in its more metastatic derivative,
PC-3M. To test the hypothesis that MxA plays a role in reduc-
tion of motility and metastasis of prostatic and other cancers,
we expressed the full-length MxA cDNA in PC-3M prostate
carcinoma cells and in LOX melanoma cells and compared
its effect with that of control vectors. MxA induced a clear
reduction in motility and invasiveness in both tumor types in
two in vitro assays. Stable expression of exogenous MxA in
PC-3M cells also caused a significant reduction in an in vivo
assay of metastasis in immunocompromised beige-SCID
mice: the number of hepatic metastases following intras-
plenic injection.
It was unexpected to find that PC-3 expressed MxA sponta-

neously, because it was believed that MxA is not expressed in
normal or neoplastic cells in the absence of viral infection or
exposure to exogenous interferon (25, 26). However, ourWest-
ern blot analysis of 27 cancer cell lines from the NCI-60, the
National Cancer Institute Developmental Therapeutics Pro-
gram’s panel of 60 cultured human cancer cells, that had been
established to screen chemical compounds for anti-cancer
activity (27) detectedMxAexpression in 0/1 leukemia, 3/7 non-
small cell lung cancer, 2/7 colon, 4/6 CNS, and 2/6 melanoma
(data not shown). This demonstrates that expression ofMxA is
more widespread than anticipated and suggests that regulation
of MxA warrants further investigation.

It has been known for almost 30 years that IFN can inhibit
normal cell motility (7) but the mechanism has not been iden-
tified. MxA is known to be strongly induced by IFN, and MxA
expression is a preferred marker for evidence of IFN biological
activity in vivo (28). Our data show that MxA mimics the IFN
effect on motility, suggesting that it might be a critical molecu-
lar mediator of the IFN effect.
Down-regulation of a number of IFN target genes has been

reported in several studies of global gene expression in prostate
cancer. Shou et al. (29), Nagano et al. (4), and Schulz et al. (30)
showed that a significant portion of the genes whose down-
regulation was associated with prostate cancer tumorigenesis
or tumor progression were IFN-inducible genes, including
MxA. It is also of interest that a recent study by Han and col-
leagues found that the genome organizer SATB1 reprograms
gene expression to promote breast cancer tumor growth and
metastasis, and that MX1 is a target for repression by SATB1
(31).
IFN has been used in the treatment of prostate cancer (32),

melanoma (33), renal cell carcinoma (34, 35) and other human
neoplasms. When expression of IFN-� was induced in PC-3M
cells by transfection of an expression vector, these cells showed
a reduced ability to metastasize and reduced tumorigenicity in
nude mice (36). The authors demonstrated an anti-angiogenic
effect of the IFN-producing tumor cells on surrounding stroma.
The data in the present report demonstrate that IFN also
directly inhibits PC-3Mmotility, indicating that IFNmay affect
both tumor and stroma. In aggregate, these data suggest that
MxA may be a mediator of the effect of IFN on normal and
tumor cell motility.
Motile cells are polarized, with a leading edge characterized

by a ruffling lamellipodium and a trailing tail that retracts from
substratum attachment sites. Actin polymerization is an essen-
tial force in cell propulsion, and small GTPases regulate lamel-
lipodium function via their effects on actin. In addition, the
tubulin-based cytoskeleton, specifically, via microtubule
retraction, is also important to the function of the uropod that
alternatively holds and releases the cell from its attachments
(37). Our data demonstrate that MxA interacts with tubulin
and that a point mutation of the MxA GTPase domain known
to inactivate the GTPase (12) also inactivates MxA control of
motility and blocks MxA association with microtubules. This
confirms the earlier report (3) of transient association of MxA
with subcellular components. Studies of the cytoskeleton and
motility have focused more on actin and actin-regulatory small
GTPases of the Rho family than on microtubules. Recent
research, however, has demonstrated that, in motile cells,
microtubules also regulate Rho protein activity and actin
polymerization, and, thus, microtubules are important regula-
tors of directional movement (38, 39). Furthermore, there are
several recent reports implicating microtubules and the micro-
tubule-organizing center in directing cell polarization and
migration (40–42). Our data suggest that MxAmay be impor-
tant in this process, representing a member of a new class of
microtubule-associated proteins that regulate motility. Mem-
brane ruffling and mitosis appear uncompromised in time-
lapse studies ofMxA-expressing PC-3M cells. The pronounced
decrease of vectorial movement of these cells compared with

FIGURE 6. Screen for small molecules that induce MxA and inhibit motil-
ity. A, the Diversity Set of 1990 pharmacophores from the NCI Developmental
Therapeutics Program was tested in a high-throughput screen using an MxA
promoter-luciferase reporter assay. PC-3M cells were incubated for 24 h with
10 �M compound. Interferon-� was used as a positive control. Results from
three small molecules that induced a �2.2-fold increase in activity are shown
(two independent experiments in triplicate). B, effect of the three small mol-
ecule hits on PC-3M motility (two independent experiments in duplicate).
Motility of PC-3M cells, with and without 24-h exposure to 1000 international
units/ml IFN-� or the small molecule hits. Bars represent the percentage of
control PC-3M mobility. Motility was assayed as described under “Experimen-
tal Procedures.” C, immunocytochemistry with anti-MxA antibody confirmed
induction of MxA protein by the three compounds detected in the high-
throughput assay for MxA promoter activation.
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PC-3M cells expressing �-galactosidase suggests thatMxA tar-
gets specific processes regulatingmotility, such as cell polariza-
tion and/or detachment from substratumadhesion sites (37, 39,
43). Reversible association with tubulin that depends on GTP
binding is an attractive candidate for regulatingmotility in nor-
mal cells and metastasis in transformed cells. Several other
metastasis-suppressing genes share with MxA a predilection
for association with the cytoskeleton (44, 45). Specifically, sev-
eral prostate cancer metastasis-suppressing gene products,
CD44, nm23-H1, KAI1/CD82, and KiSS1 (the last two specifi-
cally demonstrated in experimental rat prostate metastasis)
appear to stimulate or moderate reorganization of the actin
cytoskeleton. This mechanism may also explain the observa-
tion that MxA, like certain other dynamin family members,
plays a role in membrane remodeling, such as a transient per-
turbation of endocytosis (46, 47). Our data indicate that, unlike
some dynamin family members (48), MxA does not seem to be
essential for cell division, rendering it a classic metastasis-sup-
pressor molecule.
Our goal was to identify a new pathway for the control of

tumor cell motility and metastasis. This was achieved by the
identification of MxA as a metastasis control gene. The level of
MxA expression may be a predictor of metastatic potential. If
this is verified, MxA could be recognized as a metastasis-spe-
cific component of the molecular phenotype and have an sig-
nificant impact on therapeutic decisions (49). It is of interest in
this regard that a bioinformatics strategy has revealed recently
that �50% of prostate cancers from prostate-specific antigen-
screened surgical cohorts are positive for a fusion of TMPRSS2
and ERG on chromosome 21 (50). This fusion, which is associ-
ated with an invasive phenotype, is frequently associated with
interstitial DNA deletions that encompass theMX1 locus (51).
The fusion gene can induce an invasion-associated transcrip-
tional program. However, the finding that interstitial deletions
encompassing the MxA-encoding locus are associated with
increased aggressiveness of prostate cancer, together with the
data presented here, suggest there may also be a contribution
from the loss of MxA-mediated anti-metastatic activity to the
observed correlation of the fusion protein with aggressivity.
In addition to its predictive potential, up-regulation of MxA

and itsmetastasis-inhibiting activity is worth consideration as a
new therapeutic target in tumors where theMX1 locus is intact
(45). Drugs that target up-regulation of MxA might provide
more specific anti-tumor activity and less toxicity than type I
IFNs (32) or even a new anti-tumor interferon, limitin (52). To
develop an MxA-targeted small molecule, we employed an
MxApromoter-reporter system in a high-throughput format to
screen for inducers of MxA expression. Our data showed that
there are smallmolecules that can cause increasedMxAexpres-
sion and inhibition of motility. The MxA-promoter-luciferase
reporter screen demonstrates that small molecules can up-reg-
ulate the MxA promoter and MxA expression. Studies of the
effect of MxA-directed small molecules on tumor behavior in
vivo await further refinement of the hits by an expanded screen
and structure-activity relationship analysis.
Various expression strategies have been used to successfully

identify tumor differentiation states, predict metastatic poten-
tial, and develop new therapeutic targets (53–58). The results of

the present study are particularly amenable to clinical transla-
tion, because the gene identified is highly inducible. Small mol-
ecule up-regulation of MxA expression may represent a new
strategy for development of anti-metastasis therapeutics.
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