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Recent reports suggested that phosphatase of regen-
erating liver (PRL)-3 might be involved in colorectal
carcinoma metastasis with an unknown mechanism.
Here we demonstrated that PRL-3 expression was up-
regulated in human liver carcinoma compared with
normal liver. PRL-3 was also highly expressed in met-
astatic melanoma B16-BL6 cells but not in its lowly
metastatic parental cell line, B16 cells. B16 cells trans-
fected with PRL-3 cDNA displayed morphological
transformation from epithelial-like shape to fibro-
blast-like shape. PRL-3-overexpressed cells showed
much higher migratory ability, which could be re-
versed by specific anti-sense oligodeoxynucleotide
and the phosphatase inhibitors sodium orthovana-
date or potassium bisperoxo oxovanadate V. Mean-
while, the expression of the catalytically inactive
PRL-3 mutations (D72A or C104S) significantly re-
duced the cell migratory capability. In addition, PRL-3
transfectants demonstrated altered extracellular ma-
trix adhesive property and up-regulated integrin-me-
diated cell spreading efficiency. Furthermore, we
confirmed that PRL-3 could facilitate lung and liver
metastasis of B16 cells in an experimental metastasis
model in mice, consistent with accelerated prolifera-
tion and growth rate both in vitro and in vivo. To-
gether, these observations provide convincing evi-
dence that PRL-3 truly plays a causal role in tumor
metastasis. (Am J Pathol 2004, 164:2039–2054)

Metastasis is the leading cause of death in cancer pa-
tients and involves a complex, multistep process includ-
ing detachment of tumor cells from a primary cancer,
invasion of surrounding tissue, entry into the circulatory
system, reinvasion, and proliferation at a distant second-
ary site.1,2 A wide variety of stimuli have been associated
with the spread of tumor cells, including cytokines, hor-
mones, growth factors, cell adhesion molecules, and ex-
tracellular components. Many of these stimuli transmit
signals via a tyrosyl phosphorylation pathways that dic-

tate whether a tumor cell will grow and divide, change
shape, migrate, differentiate, or die.3

Protein tyrosine phosphorylation is a major posttrans-
lational modification that cells use to regulate signal
transduction. The homeostasis of tyrosine phosphoryla-
tion is controlled by protein tyrosine kinases (PTKases)
that catalyze tyrosine phosphorylation, and protein ty-
rosine phosphatase (PTPases) that are responsible for
dephosphorylation. PTKases, PTPases, and their corre-
sponding substrates are integrated into elaborate signal-
transducing networks. Deregulation of phosphorylation is
known to result in neoplastic or nonneoplastic disease.4

Phosphatases are as important as the well-studied PT-
Kases because phosphorylation is a dynamic and revers-
ible process.5 The PTPase superfamily can be divided
into three major classes: tyrosine-specific and low-mo-
lecular weight phosphatases, which strictly dephosphor-
ylate phosphotyrosine residues, and dual-specific phos-
phatases, which use protein substrates that contain
phosphotyrosine, phosphoserine, and phosphothreo-
nine. Tyrosine-specific PTPases can be further divided
into two groups: receptor-like PTPases, exemplified by
CD45 and PTP�, and intracellular PTPases, exemplified
by PTP1B and SHP-2 (Src homology region 2-domain
phosphatase). Dual-specific phosphatases include cell-
cycle regular Cdc25 phosphatases, MAP kinase phos-
phatases, and the tumor suppressor PTEN (phosphatase
and tensin homologue deleted on chromosome 10).6 The
cellular function as well as substrates of many PTPases
remain unknown.

The PRL phosphatases (PRL-1, PRL-2, and PRL-3),
which have been identified throughout the past few
years, are three closely related PTPases. Their se-
quences contain the PTP active site signature sequence
CX5R,7–9 but encode relatively small proteins of �22 kd
with at least 75% amino acid sequence similarity and
contain a C-terminal CAAX sequence for prenylation.10,11

Their catalytic domain is most similar to that of dual-
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specificity phosphatases and their closest relatives are
Cdc14 and PTEN.7 Prl-1 was first identified as an imme-
diate-early gene whose expression is induced in rat re-
generating liver.12 Overexpression of PRL-1 and PRL-2
can lead to epithelial cell transformation and the trans-
fected cells can form tumors in nude mice.7,8 PRL-2 was
also overexpressed in prostate cancer.13 Saha and col-
leagues14 demonstrated that the expression of PRL-3 is
associated with liver metastasis of colon cancer. They
compared the global gene expression profile of meta-
static colorectal cancers with that of primary tumors,
benign tumors, and normal colorectal epithelium, and
found that prl-3 is the only one gene that was highly
expressed in all 18 metastases examined. They also
demonstrated that PRL-3 mRNA expression was elevated
in nearly all metastatic lesions derived from colorectal
cancers, regardless of the site metastasis (liver, lung,
brain, or ovary).15 Recently, Zeng and colleagues16

found that Chinese hamster ovary cells stably expressing
PRL-3 exhibited enhanced motility, invasive activity, and
induced metastatic tumor formation in nude mice. These
findings may provide a new target for the early diagnosis
of metastasis as well as the drug discovery because
there are few therapeutic targets for metastatic cancer.
However, more direct evidence is required to confirm the
role of PRL-3 in promoting tumor metastasis. In this study,
therefore, we report that PRL-3 can convert low-meta-
static tumor cell line into highly metastatic cells both in
vitro and in vivo, supporting the causal role of PRL-3 in
tumor metastasis by promoting the migration and cell
proliferation.

Materials and Methods

Tumor Samples

Twenty-seven cases of human liver carcinomas were
collected from Nanjing Drum Tower Hospital. All patients
provided informed consent for use of tissues, and the use
of tissues was approved by the institutional review com-
mittee of our university, with all procedures following
institutional guidelines.

Animals

C57BL/6J mice (6 to 8 weeks old) were obtained from the
Shanghai Laboratory Animal Center (Shanghai, China).
Throughout the experiments, mice were maintained with
free access to pellet food and water in plastic cages at
21 � 2°C and kept on a 12-hour light-dark cycle. Animal
welfare and experimental procedures were performed
strictly in accordance with the care and use of laboratory
animals (National Research Council, Washington, DC)
and the related ethical regulations of our university. All
efforts were made to minimize the animals’ suffering and
to reduce the number of animals used.

Constructs and Cell Lines

Murine PRL-3 cDNA was cloned from heart total RNA of
C57BL/6J mouse by reverse transcriptase-polymerase
chain reaction (RT-PCR) with the following primers, 5�-
GGTGCTCGAGATGGCCCGCATGAACCGGC-3� and 5�-
CGGGGTACCCTACATGACGCAGCATCTGGTC-3� with
Pfu DNA polymerase (Fermentas, Vilnius, Lithuania). The
cloned cDNA sequence indicates three different sites in
the nucleotide sequence between our results and those
of GenBank. These three differences lead to a nonsense
amino acid transition and a (Ala101)3 (Leu101) transition.
The mouse PRL-3 cDNA was cloned into pIRES2-EGFP
(Clontech, Palo Alto, CA) at the XhoI and KpnI sites. To
express PRL-3 in Escherichia coli, cDNA was C-terminally
(His)6-tagged by cloning into pET-29a (Novagen) at NdeI
and XhoI sites. Mouse B16 melanoma cell line and mac-
rophage J774A.1 cell line were obtained from the Chi-
nese Academy of Science. These cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Life Tech-
nologies Inc., Grand Island, NY) supplemented with 10%
fetal bovine serum (Life Technologies Inc.), 100 U/ml pen-
icillin, and 100 �g/ml streptomycin, and incubated at 37°C
in a humidified atmosphere containing 5% CO2 in air.

Purification of PRL-3 from E. coli Cells and
DiFMUP PTPase Activity Assay

Prokaryotic expression and purification of recombinant
PRL-3 were performed as described.17 Briefly, the E. coli
cells containing a C-terminal (His) 6-tag PRL-3 fusion
construct were solubilized in protein extraction reagent,
sonicated, and centrifuged. The collected supernatant
was loaded onto a Ni-chelation affinity column. Then the
PRL-3 was eluted with the elution buffer containing imi-
dazole. For the PTPase activity assay, 4 �g of purified
PRL-3 were added to a reaction mixture containing 20
mmol/L Tris-HCl, pH 8.0, 10 mmol/L dithiothreitol, 0.01%
Triton X-100, and 4 �mol/L DiFMUP (6,8-difluoro-4-methy-
lumbelliferyl phosphate; Molecular Probes, Eugene, OR).
Total reaction volume was 200 �l. The fluorescence values
were detected using a fluorimeter (Analyzer Fluorat-02
mol/L, Lumex) every 10 minutes, at an excitation/emission
wavelength of 300 to 400 nm/475 nm.

Stable Expression of PRL-3 in B16 Melanoma
Cells

B16 melanoma cells were cultured to �60% confluence
in a 35-mm plate and transfected with pIRES2-EGFP
using the LipofectAMINE (Life Technologies Inc.). After
transfection (48 hours), cells were passaged to a 100-mm
dish and geneticin (G418 sulfate; Sigma Chemical Co.,
St. Louis, MO) was added to final concentration of 1.1
mg/ml. Resistant cells were allowed to grow for 10 days.
Individual G418-resistant colonies were picked and
screened for monocolony in 96-well plates by limited
dilution.
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Northern Blot

The total RNA of transfected B16 melanoma cells was
extracted using Trizol reagent (Life Technologies Inc.).
Fractionated RNA was transferred to Zeta-Probe blotting
membrane (Bio-Rad, Richmond, CA). Northern blot hy-
bridization was performed as described.9 Both prehy-
bridization and hybridization were performed using so-
dium phosphate/sodium dodecyl sulfate buffer [0.5 mol/L
sodium phosphate, pH 7.2, 7% sodium dodecyl sulfate,
8% formamide, 1 mmol/L ethylenediaminetetraacetic
acid (EDTA)] at 55°C. Hybridization was usually per-
formed for 18 to 24 hours. The membrane was washed
with 40 mmol/L sodium phosphate (pH 7.2), 5% sodium
dodecyl sulfate, and 1 mmol/L EDTA at 50°C. The mem-
brane was stripped by boiling in 0.1� standard saline
citrate buffer and 1% sodium dodecyl sulfate for 15 min-
utes twice followed by a 10-minute cooling process.
Stripped membrane was reprobed as above.

Construction of PRL-3-Inactivating Mutations
and Transiently Transfection in Cells

The point mutations D72A and C104S were introduced by
PCR (MutaBest kit, Takara) using following primers: for
PRL-3 (D72A), 5�-CCCTTTGATGCTGGAGCGCCC-3� (A to
C, italicized) and 5�-CCAGTCCACAACAGTGATGCC-3�;
for PRL-3 (C104S), 5�-CTTGTGCACTCTGTGGCGGGC-3�
(G to C, italicized) and 5�-TACGCAGCTTCCCGGGTCATT-
3�. The cDNA fragments containing point mutation were
cloned into pIRES2-EGFP by XhoI/KpnI double digestion.
The constructs were confirmed by sequencing. Cells (50 to
70% confluent) were transiently transfected with pIRES2-
EGFP-PRL-3 (D72A) or pIRES2-EGFP-PRL-3 (C104S) using
the LipofectAMINE, as per the manufacturer’s instructions,
and analyzed 30 hours after transfection.

Semiquantitative RT-PCR and Real-Time PCR

RNA samples were treated by DNase and subjected to
semiquantitative RT-PCR. First-strand cDNAs were gener-
ated by reverse transcription using oligo (dT). The cDNAs
were amplified by PCR for 30 cycles (94°C for 30 seconds,
60°C for 1 minute, and 72°C for 1 minute 30 seconds) using
TaqDNA polymerase (Promega Corp., Shanghai, China).
The sequences of specific primers were as follows: PRL-3
sense, 5�-CTTCCTCATCACCCACAACC-3�, anti-sense, 5�-
TACATGACGCAGCATCTGG-3�; �-actin sense, 5�-GGTAC-
CACCATGTACCAGG-3�, anti-sense, 5�-ACATCTGCTGGA-
AGGTGGAC-3�. The resultant PCR products were 468 bp
(PRL-3) and 161 bp (�-actin). PCR products were electro-
phoresed on a 2% agarose gel and visualized by ethidium
bromide staining. The Gel Imaging and Documentation
DigiDoc-It System (version 1.1.23; UVP, Inc., Unpland, CA)
was used to scan the gels and the intensity of the bands
was assessed using Labworks Imaging and Analysis Soft-
ware (UVP, Inc.). Quantitative PCR was performed with the
ABI Prism 7000 sequence detection system (Applied Bio-
systems, Foster City, CA) using SYBR Green I dye (Biotium,
Inc. USA), and threshold cycle numbers were obtained

using ABI Prism 7000 SDS software version 1.0. The primer
sequences used in this study were as follows: PRL-3 for-
ward, 5�-TCAACAGCAAGCAGCTCACC-3�; PRL-3 reverse,
5�-CTTGTGCGTGTGTGGGTCTT-3�; GAPDH forward, 5�-
CATGGCCTTCCGTGTTCCTA-3�; GAPDH reverse, 5�-GC-
GGCACGTCAGATCCA-3�. Conditions for amplification
were one cycle of 94°C for 5 minutes followed by 35 cycles
of 94°C for 30 seconds, 60°C for 1 minute, and 72°C for 30
seconds.

Anti-Sense Oligodeoxynucleotide (ODN)
Treatment of Cells

Phosphorothioate-modified ODNs with the following
sequences were commercially synthesized (Sangon,
Shanghai, China): PRL-3 anti-sense ODN (5�-GGTAGCT-
CACCTCCACAG-3�), the scrambled ODN (5�-GGTTGCA-
CAGCTGCAGAG-3�), and a randomized, equal-length
ODN (5�-AAACATGGCCTCTGGTGT-3�). The sequence of
the ODN (anti-sense) is complementary to PRL-3 bp 43 to
50 from transcription start site. This sequence is not related
to PRL-1 and PRL-2 mRNA. At the day before transfection,
cells were seeded in 60-mm dishes in growth medium
without antibiotics. In the day of transfection, subconfluent
cells were washed with fresh DMEM and transfected with
500 nmol/L ODN using Oligofectamine reagent (Life Tech-
nologies Inc.) as instructed by the manufacturer. After 4
hours, the growth medium containing three times the normal
concentration of serum was added. Thirty hours after initial
transfection, the cells were harvested and subjected to
migration and adhesion analysis.

Cell Migration Assay and Invasion Assay

Cell migration assay was performed using 8.0-�m pore
size Transwell inserts (Costar Corp., Cambridge, MA) as
described previously with some modifications.18 In brief,
the under surface of the membrane was coated with
fibronectin (10 �g/ml) (Sigma Chemical Co.) in phos-
phate-buffered saline (PBS), pH 7.4, for 2 hours at 37°C.
The membrane was washed in PBS to remove excess
ligand, and the lower chamber was filled with 0.6 ml of
DMEM with 10% fetal bovine serum (FBS). Cells were
serum-starved overnight (0.5% FBS), harvested with tryp-
sin/EDTA, and washed twice with serum-free DMEM.
Cells were resuspended in migration medium (DMEM
with 0.5% FBS) and 1 � 105 cells in 0.1 ml were added to
the upper chamber. Sodium orthovanadate (50 �mol/L)
(Sigma Chemical Co.) or potassium bisperoxo (bipyri-
dine) oxovanadate V [bpV (bipy)] (30 �mol/L) (Calbio-
chem, La Jolla, CA) tested in the migration assay were
added to both upper and lower chambers. After 12 hours
at 37°C, the cells on the upper surface of the membrane
were removed using cotton tips. The migrant cells at-
tached to the lower surface were fixed in 10% formalin at
room temperature for 30 minutes, and stained for 20
minutes with a solution containing 1% crystal violet and
2% ethanol in 100 mmol/L borate buffer (pH 9.0). The
number of migrated cells on the lower surface of the
membrane was counted under a microscope in five fields
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at �100. For cell invasion assay, the cells (1 � 105 in 0.1
ml of DMEM with 0.5% FBS) were seeded onto Matrigel-
coated 8-�m filter invasion chambers (BD Biosciences)
according to the manufacturer’s protocol. DMEM supple-
mented with 10% FBS (0.6 ml) was added to the lower
chamber as a chemoattractant. After 24 hours at 5% CO2

and 37°C, the Matrigel was removed with a cotton swab,
and the filters were fixed in 10% formalin and stained with
crystal violet. Cells that had traversed the Matrigel and
passed through the pores of the filter were counted under
a microscope in five fields at �100.

Cell-Spreading Assay

For cell-spreading experiments, 5 � 105 cells were plated
into 35-mm-diameter tissue culture dishes precoated with
fibronectin (10 �g/ml), polylysine (25 �g/ml) (Sigma Chem-
ical Co.), or concanavalin A (25 �g/ml) (Sigma Chemical
Co.). Random fields were photographed after 10, 30, 60,
and 120 minutes of incubation in serum-free DMEM using a
phase-contrast microscope. Photographs were evaluated
for the percentage of spread cells. Unspread cells were
described as phase bright, whereas spread cells were flat
and phase dark. Five fields were counted for each cell line
and, in each field, more than 100 cells were counted. The
experiment was repeated three times.

Cell Adhesion Assay

The cell adhesion assay was performed essentially as
described with some modifications.19 In brief, 96-well,
flat-bottom culture plates were coated with 50 �l of fi-
bronectin (10 �g/ml), laminin (10 �g/ml) (Calbiochem), or
collagen type I (50 �g/ml) (Sigma Chemical Co.) in phos-
phate-buffered saline overnight at 4°C. Plates were then
blocked with 0.2% bovine serum albumin for 2 hours at
room temperature followed by washing three times with
DMEM. The cells were harvested with trypsin/EDTA,
washed twice, and resuspended in DMEM medium. Cells
(2.5 � 104/well) were added to each well in triplicate and
incubated for 30 minutes at 37°C. Plates were then
washed three times with DMEM medium to remove un-
bounded cells. Cells remaining attached to the plates
were quantified with an 3-(4 5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) assay.20 MTT
(Sigma Chemical Co.) solution (40 �l per well, 2 mg/ml in
PBS) was added and the cells were incubated for 4 hours
at 37°C. After discarding the supernatant, 200 �l of di-
methyl sulfoxide were added and the absorbance of the
color substrate was measured with an enzyme-linked
immunosorbent assay reader (Sunrise Remote/Touch
Screen; TECAN, Austria) at 540 nm. After subtraction of
background cell binding to bovine serum albumin-coated
wells, the percentage of adherent cells was calculated by
dividing the optical density of the adherent cells divided
by that of the initial cell input.

Cell Proliferation Assay

Cells (1 � 104/well) were prepared in 96-well plates in
serum-containing medium (day 1). On day 2, 500 nmol/L

of phosphorothioate ODNs were introduced into the me-
dium using Oligofectamine reagent. The cells were cul-
tured for 24, 48, and 72 hours, respectively. Cell prolifer-
ation was measured by cellular uptake of MTT as
described above. Because the cell viability, determined
by the trypan blue exclusion test, was more than 95%
throughout the experiments, the concentration of ODNs
was not toxic.

Tumor Growth Assay

Tumor growth assay was performed essentially as de-
scribed previously.21 Briefly, subconfluent cultures of the
melanoma cells were harvested and washed three times
with PBS. Melanoma cells (5 � 105 in 0.1 ml of PBS) were
injected subcutaneously into the dorsal flanks of 6- to
8-week-old syngeneic C57BL/6J mice. Tumors were al-
lowed to propagate for the indicated days. Tumor growth
was monitored by measuring the dimensions (length and
width) of the growing tumors with calipers every 3 days.
Tumor size (cm3) was calculated by this formula: 4�/3�
(length/2) � (width/2)2.

Tail Vein Metastasis Assay

To produce experimental metastasis, the C57BL/6J mice
were injected intravenously with 106 cells in 0.2 ml of PBS
via tail vein. After 22 days, the mice were euthanized, and
their lungs and livers were resected and photos were taken
(Nikon Coolpix 4500) before fixation in Bouin’s solution for
further analysis. The numbers of metastatic nodules on the
surface of the organs were counted macroscopically.

Melanin Assay

The content of melanin was assayed according to the
procedure described by Johnston and colleagues.22

Cells were plated in tissue culture dishes containing 10
ml of DMEM medium. Twenty-four hours after plating,
cells were harvested by trypsin, washed twice with PBS,
and the number of cells was counted by the trypan blue
method. Then the cell pellets were dissolved in 1 ml of
10% dimethyl sulfoxide in 1.0 N sodium hydroxide by
incubation at room temperature for 30 minutes. The ab-
sorbance values were measured at 470 nm and com-
pared to a standard curve prepared from synthetic mel-
anin (Sigma Chemical Co.) dissolved in the same
solution. The melanin content was displayed as quality
per 106 cells. For tissues, the 100-mg sample was re-
moved, washed twice with PBS, and dissolved in solution
as for cells. The tissue melanin content was displayed as
quality per 100-mg sample.

Histology

Tissues were fixed in Bouin’s solution for 24 to 48 hours.
After washing in fresh PBS, fixed tissues were dehy-
drated, cleared, and embedded in paraffin (Paraplast
regular, Sigma). Sections (5 �m) were collected on mi-
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croscope slides, deparaffinized, and stained with hema-
toxylin and eosin (H&E) as routine procedures.

Immunofluorescence Microscopy

EGFP-PRL-3 fusion protein expression constructs were
transfected into COS-7 cells seeded on glass chamber
slides (Nalge Nunc, New Zealand) using the Lipo-
fectAMINE. Forty-eight hours after transfection, the cells
were washed with PBS and fixed with 4% paraformalde-
hyde at room temperature for 30 minutes followed by wash-
ing with PBS twice. The expression of fusion proteins was
detected by fluorescence microscope. Nuclei were coun-
terstained with 2 �g/ml 4�,6-diamidino-2-phenylindole
(Sigma).

Statistical Analysis

Data were expressed as mean � SEM. Student’s t-test
was used to evaluate the difference between two groups.
P � 0.05 was considered to be significant.

Results

Overexpression of PRL-3 in Human Liver
Carcinomas and Mouse Melanoma Cell Lines

We first analyzed the expression level of PRL-3 in the
human liver carcinomas. Northern hybridization analysis
showed that PRL-3 was overexpressed in almost all of 27
carcinoma samples examined as compared with the nor-
mal liver samples (Figure 1, A and B). Next, the murine
lowly metastatic B16 melanoma cells (B16 cells) and its
highly metastatic variant subline B16-BL6 cells were an-
alyzed for the expression of PRL-3 by RT-PCR. As shown
in Figure 1, C and D, B16 cells only expressed a low level
of PRL-3 mRNA. Compared with B16 cells, B16-BL6 cells
showed a significantly greater PRL-3 expression. As a
negative control, PRL-3 transcript was not detected in the
mouse macrophage J774A.1 cell line. We also have ex-
amined the mRNA expression pattern in mouse tissues
including normal epidermis by using Northern blotting.
We detected the strong signal of PRL-3 transcript in the

Figure 1. Expression of PRL-3 in liver carcinomas and tumor cell lines. A: Northern blot confirmed that the expression of the PRL-3 gene was enhanced in human
liver carcinoma samples. Total RNA (10 �g/lane) extracted from the samples was used for analysis. The blot was sequentially probed to detect 18s rRNA. Top:
Lanes 1 to 5, normal liver tissues; lanes 6 to 18, liver carcinoma samples. Bottom: Lanes 1 to 4, normal liver tissues; lanes 5 to 18, liver carcinoma samples.
B: Histogram showing the PRL-3 transcript normalized to 18s rRNA. The values were presented as the percentage of 18s rRNA. C: Representative RT-PCR analysis
for PRL-3 on mouse melanoma cell lines. The highly metastatic cell line B16-BL6 showed a higher level of mRNA encoding PRL-3 compared to the lowly metastatic
cell line B16, as detected by RT-PCR. J774A.1 cells were PRL-3-negative. �-Actin was used as an internal control. D: The expression of PRL-3 mRNA comparing
�-actin mRNA was quantified by densitometry. The values of transcript level for PRL-3 were normalized to �-actin transcript levels and were presented as the
percentage of �-actin transcript.
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heart (Figure 2A) and skeletal muscles but not in the
epidermis (data not shown).

Expression of PRL-3 Alters the Morphology of
B16 Cells

To address the function of PRL-3 in tumor metastasis, we
established stably transfected B16 melanoma cells that
overexpress PRL-3. B16 cells were transfected with
pIRES2-EGFP mock vector or pIRES2-EGFP vector ex-
pressing native PRL-3. As revealed by Northern blotting
analysis, a higher level of PRL-3 expression was seen in
the vector expressing PRL-3-transfected clone 18 but not
in the vector-only transfected clones (Figure 2A). The
heart is the organ that expresses the highest endogenous
PRL-3. Therefore we used the RNA from mouse heart as
a positive control for our Northern blotting assay. To
compare the magnitudes of PRL-3 expression in the mel-
anoma cell lines and the transfectant clones, we ana-

lyzed PRL-3 mRNA levels in these cells using real-time
quantitative RT-PCR and SYBR green fluorogenic detec-
tion. As shown in Figure 2B, PRL-3 showed 3.5-fold and
5.0-fold greater expressions in B16-BL6 cells versus B16
cells, and in PRL-3-transfected clone 18 versus vector-
only transfected clones, respectively. Figure 2C show the
morphological property of the cells in culture. Compared
with the mock vector transfectants or the PRL-3 nega-
tively transfected clone 3, the transfection with PRL-3
(PRL-3-C18) made B16 cells display more elongated cell
shape. They lose epithelial cell morphology and assume
a fibroblast-like appearance, with a bipolar and spindle
shape, form extensive filopodia, and do not flatten onto
the plates. This fibroblast-like morphology of PRL-3-trans-
fected cells was not found to be changed because of the
increase in cell density under the cell culture condition
(data not shown). It should also be indicated that B16-
BL6 cells display less elongated morphology than PRL-
3-C18 cells do.

Figure 2. The transfection of PRL-3 into B16 cells and changes in the morphology after stable expression. A: Expression of PRL-3 mRNA by the transfectants was
analyzed by Northern blot. Thirty �g of total RNA were subjected to electrophoresis in gels containing formaldehyde, blotted onto nitrocellulose filters, and
hybridized with radiolabeled cDNAs corresponding to mouse PRL-3 (top) and mouse glyceraldehydes-3-phosphate dehydrogenase (GAPDH) (bottom). The
different lanes were hybridized with RNA from mouse heart (as a positive control), mock vector-transfected cells (vector), or PRL-3-transfected cells (PRL-3-C3
and C18). Because pIRES2-EGFP-PRL-3 has transcript containing both EGFP and PRL-3, the detected band has a little shift in contrast to the endogenous PRL-3
as demonstrated in normal mouse heart (left lane). B: PRL-3 mRNA expression in melanoma cell lines and the transfectants. The expression of PRL-3 in B16 cells,
B16-BL6 cells, mock vector-transfected cells, or PRL-3-transfected cells was evaluated using real-time PCR and compared with that of GAPDH. Data are the mean �
SEM of three independent experiments. *, P � 0.05 versus B16; #, P � 0.05 versus mock vector. C: The morphological difference between mock vector- and
PRL-3/vector (PRL-3 C18)-transfected cells. The cells were plated in the dishes for 24 hours and then photographed.
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Cloned PRL-3 Is Active in a DiFMUP PTPase
Assay and Is Inhibited by Orthovanadate

To measure PRL-3 PTPase activity in vitro, a rapid and
sensitive activity assay using DiFMUP as substrate was
established. Figure 3 demonstrates the time course of
PRL-3 activity. Recombinant PRL-3 that we have cloned
from E. coli cells showed a gradually increased phospha-
tase activity within 3 hours. Such phosphatase activity
was blocked by the PTPase inhibitor sodium orthovana-
date in a concentration-dependent manner.

Expression of PRL-3 Enhances in Vitro
Migratory and Invasive Ability of B16 Cells

To determine whether PRL-3 can affect an important
biological property of metastatic melanoma cells, we
used an in vitro migration assay. After 12 hours of culture,
cells that migrated onto the other side of the pored filters
were checked under a microscope and the cell number
for each filter was counted. As shown in Figure 4, A and
B, the pooled B16 cells transfected with PRL-3-express-
ing vector exhibited significant increase of cell number as
compared with pooled mock vector transfectants (P �
0.001). Against the migration, the tyrosine phosphatase
inhibitor sodium orthovanadate (50 �mol/L) or bpV (30
�mol/L) almost completely blocked the increase. To fur-
ther test whether the enhanced migratory capability of the
cells was mediated by PRL-3, the cells were transfected
with an anti-sense phosphorothioate ODN to PRL-3 (500
nmol/L). Evidence of a successful decrease in PRL-3
mRNA level was seen 30 hours after ODN transfection on
RT-PCR, compared with both untransfected and scram-
bled or randomized control ODN-transfected cells (Fig-
ure 4, C and D). Treatment with PRL-3 anti-sense ODN
resulted in a substantial reduction of the migrated cell
number whereas either the scrambled or randomized
sequence control ODN had no such effects (Figure 4, A

and B). Next, the invasive ability of cells was evaluated in
vitro using invasion chambers. PRL-3-transfected cells
exhibited a remarkable increase in invasiveness when
compared to the respective mock vector transfectants
(Figure 4E). A 9.1-fold increase in the number of PRL-3-
transfected cells with an invasive ability was observed.
Similar results were obtained with B16-BL6 cells com-
pared to B16 cells (9.7-fold increase).

Inactive PRL-3 (D72A or C104S) Reduced the
in Vitro Migratory Ability of B16 Cells

To explore whether PRL-3 enhances cell motility and
invasion through its catalytic activity as a phosphatase,
we created two mutant forms of pIRES2-EGFP-PRL-3,
pIRES2-EGFP-PRL-3 (D72A) and pIRES2-EGFP-PRL-3
(C104S), by, respectively, mutating the Asp72 of the
conserved aspartic acid residue to Ala and the essential
Cys104 of the phosphatase active site signature motif to
Ser as described before, because the relevant region
(between 64 to 112 residues) of the PRL-1 and PRL-3 are
very similar.23 We reasoned that the two mutations would
have similar effects on PRL-3’s enzyme activity. Indeed,
as shown in Figure 5A, the mutation of D72A resulted in a
significant loss of phosphatase activity and C104S muta-
tion abolished the PTPase activity completely. In the in
vitro migration assay, a reduced migratory ability was
noted in both pIRES2-EGFP-PRL-3 (D72A) and pIRES2-
EGFP-PRL-3 (C104S) transiently transfected B16 cells as
compared with pIRES2-EGFP-PRL-3 (wide type) tran-
siently transfected cells (Figure 5B). Figure 5, C and D,
shows the evidence of successful increase in PRL-3
(wide type, D72A mutation, or C104S mutation) mRNA
level 30 hours after transiently transfection in B16 cells on
RT-PCR, compared with mock vector-transfected cells.

Expression of PRL-3 Alters the Adhesive Ability
of B16 Cells to Various Matrix Proteins

Because cell adhesion is a prerequisite to cell migration,
we next investigated whether PRL-3 could affect cell
adhesion to various extracellular matrix substrates such
as fibronectin, laminin, and collagen type I. As shown in
Figure 6, A and B, after incubation for 30 minutes, PRL-3
transfectants showed a significantly increased adhesion
to fibronectin and laminin compared with the mock vector
transfectants, respectively, whereas the adhesion behav-
iors of the cells to type I collagen showed an opposite
result (Figure 6C). The anti-sense ODN to PRL-3 specif-
ically recovered the adhesive ability to normal levels from
the increase (Figure 6, A and B) and decrease (Figure
6C) caused by PRL-3 overexpression. Adhesion of the
PRL-3-transfected cells treated with anti-sense ODN de-
creased by 40% for fibronectin and 52% for laminin, and
increased by 31% for collagen type I compared with that
seen with untreated and scrambled or randomized con-
trol ODN-treated cells. On the contrary, the anti-sense
ODN had little effect on adhesion of mock vector trans-
fectants.

Figure 3. Time course of PRL-3 in DiFMUP PTPase activity assay. Four or
zero (control) �g of recombinant PRL-3 and 4 �mol/L DiFMUP were incu-
bated for the indicated time and the fluorescence values were detected using
a fluorimeter. The inhibitory effect of sodium orthovanadate on PRL-3 was
performed by addition of sodium orthovanadate (1 to 20 �mol/L) to the
DiFMUP activity as described in Materials and Methods. 0 �mol/L, no sodium
orthovanadate was added.
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PRL-3 Transfectants Spread Faster on
Fibronectin

To further explore the mechanism underlying the effect of
PRL-3 on B16 cell migration, we examined cell spreading
on fibronectin. After detachment and replating onto fi-
bronectin-coated plates, expression of PRL-3 led to a
significant enhancement in cell spreading, as compared
with that of mock vector transfectants (Figure 7A). After

seeding for 30 minutes on fibronectin, �50% of the PRL-3
transfectants were judged as spreading, based on the
loss of the rounded phase and bright appearance,
whereas only �20% of the mock vector-transfected con-
trol cells were spread at this time. Further, we compared
the effect of PRL-3 overexpression on cell interactions
with integrin versus nonintegrin ligands. PRL-3 expres-
sion neither improved the spreading efficiency of B16
cells on polylysine nor concanavalin A as nonintegrin

Figure 4. Effect of PRL-3 expression on cell migration and invasion. B16 cells were transfected with mock vector or PRL-3-expressing vector. A single-cell
suspension (100 �l, 1 � 106 cells/ml) of cells were plated into the upper wells of Transwell inserts containing 8-�m pore polycarbonate membranes precoated
with fibronectin on the under surface. Cells were allowed to migrate for 12 hours at 37°C, and then they were fixed and stained. A: Representative membranes
stained with crystal violet. The left and right panels show untreated (top), anti-sense ODN (top middle), sodium orthovanadate (bottom middle), or bpV
treated (bottom) mock vector-transfected cells and PRL-3-expressing cells, respectively. The arrows indicated the migrant cells. B: Quantitative analysis of the
number of the cells migrated to the lower side of the membrane. Results represent the average of triplicate samples from three independent experiments. Normal,
untreated transfectants; Reagent, treated with oligofectamine only; AS, PRL-3 anti-sense ODN; S, scrambled ODN; control, randomized ODN. Data are mean �
SEM of three independent experiments and each experiment includes triplicate sets. ***, P � 0.001, versus mock vector; ###, P � 0.001, versus reagent. C:
Representative suppression of PRL-3 mRNA with anti-sense ODN treatment of transfectants was analyzed by RT-PCR. Cultures were treated with ODNs at 500
nmol/L. �-actin was used as an internal control. D: The level of PRL-3 mRNA comparing �-actin mRNA was quantified by densitometry. E: Histogram of the in
vitro invasion assays performed with B16 cells, B16-BL6 cells, PRL-3 transfectants, and mock vector-transfected cells. Results are expressed as number of cells in
five random fields per membrane. Data are mean � SEM of three independent experiments and each experiment includes triplicate sets. *, P � 0.05 versus B16;
#, P � 0.05 versus mock vector.
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substrates (Figure 7B). Figure 7C shows the representa-
tive photographs of cell spreading.

PRL-3 Expression Promotes Metastatic Tumor
Formation

Male C57BL/6J mice were injected by the PRL-3-ex-
pressing B16 cells or mock vector transfectants into the
tail vein. One of the mice carrying PRL-3 transfectants
died on day 22 after injection and was found to have had
extensive tumor formation in the lung and liver, and then
at this time, the organs of all other mice were examined.
The left and middle panels in Figure 8A show the gross
morphology of the respective lungs and livers. PRL-3
transfectants formed numerous large, well-defined meta-
static lung and liver lesions that could also be readily
detected by histological analysis. In contrast, the lungs
and livers from mice injected with only expression vector-

transfected cells showed much fewer or no metastatic
lesions. A statistically significant increase in the number
of grossly detectable lung and liver metastases was seen
in mice injected with PRL-3 transfectants, as compared
with that in mice implanted with mock vector transfec-
tants (Figure 8B). In addition, one of six mice carrying
PRL-3 transfectants had tumor formation in the kidney
and colon, besides in the lung and liver (data not shown).
Histological examination of lung and liver tissue sections
from the mice carrying PRL-3 transfectants revealed
large confluent tumor nodules that invaded most of the
lung and liver parenchyma (Figure 8A, right). However,
histological examination of the organs from the mice car-
rying mock vector transfectants revealed either absence
of detectable tumor lesions or fewer microscopic tumor
nodules. The lungs and livers in mice transplanted with
PRL-3 transfectants displayed a high level of melanin
production than that in mice with only mock vector trans-

Figure 5. Effect of PRL-3 mutations on the phosphatase activity and cell migration. A: Catalytic activity of PRL-3 (wild type, D72A mutation, or C104S mutation)
proteins in DiFMUP PTPase activity assay. All reactions were performed in triplicate. The data are representative of three independent experiments. B: Quantitative
analysis of the cells migrated to the lower side of the membrane. A single-cell suspension (100 �l, 1 � 106 cells/ml) of cells 30 hours after transiently transfection
were added into the upper wells of Transwell inserts containing 8-�m-pore polycarbonate membranes precoated with fibronectin on the under surface. Cells were
allowed to migrate for 12 hours at 37°C, and then they were fixed and stained. Results represent the average of triplicate samples from three independent
experiments. C: Representative expression of PRL-3 mRNA 30 hours after transiently transfection in B16 cells was analyzed by RT-PCR. D: The level of PRL-3 mRNA
comparing �-actin mRNA was quantified by densitometry.
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fectants whereas there was no difference in melanin con-
tent produced by the two kinds of transfectants in culture
(Figure 8C). We also compared the levels of mRNA en-
coding PRL-3 in the lungs and livers of mice carrying
PRL-3 transfectants and mock vector transfectants by
Northern blotting. PRL-3 transcript was not detected in
the lungs and livers from mice carrying control cells. In
contrast, the levels of PRL-3 mRNA were elevated in the
lungs and livers of mice carrying PRL-3 transfectants
(data not shown).

Expression of PRL-3 Increases Cell Proliferation
in Vitro and Tumor Growth in Vivo

Compared with the mock vector transfectants, the PRL-3
transfectants showed a significantly enhanced prolifera-
tion as determined by MTT assay (Figure 9A). The cell
number of the PRL-3 transfectants was 1.6-fold greater
than the mock vector transfectants after 72 hours in cul-
ture. This result was confirmed using direct cell counts or
BrdU incorporation assay (data not shown). After PRL-3
anti-sense ODN treatment, the proliferation of PRL-3
transfectants was back to the level of PRL-3-nontrans-
fected cells (Figure 9A). In contrast to the effect of the
PRL-3 anti-sense ODN, the scrambled or randomized
sequence control ODN had no effects on the cell prolif-
eration (data not shown). The time course of the suppres-
sion in PRL-3 expression after addition of anti-sense ODN
to the PRL-3 transfectants was examined. As shown in
Figure 9, B and C, the exposure of the PRL-3 transfec-
tants to 500 nmol/L anti-sense ODN caused a rapid de-
crease in PRL-3 expression within 24 hours, and sup-
pressive effects continued until at least 72 hours after the
initial addition of anti-sense ODN.

Next, the effect of PRL-3 on tumor growth in syngeneic
mice (C57BL/6J) was examined. The melanoma B16
transfectants expressing PRL-3 were injected subcuta-
neously into the dorsal flanks of male or female C57BL/6J
mice and tumor development was compared to that de-
rived from mock vector transfectants. As shown in Figure
9, expression of PRL-3 led to a pronounced increase in
B16 cell growth starting from day 17, up to 2.8-fold in-
crease in male mice (Figure 10A) and 2.6-fold increase in
female mice (Figure 10B) of tumor volume at day 23 after
cell injection.

PRL-3 Is Associated with Plasma Membrane
and Intracellular Punctate Structures in
Transiently Transfected Cells

To address the localization of PRL-3 in cells, we trans-
fected the construct expressing EGFP-tagged PRL-3 in
COS-7 cells. As shown in Figure 11, the fusion protein
EGFP-PRL-3 was primarily confined to the membrane
compartments, including cytoplasmic membrane and nu-
clear membrane, as well as intracellular punctate struc-
tures scattered throughout the entire cytoplasm but con-
centrated in the perinuclear region, consistent with the
previous study.16 More interestingly, we also found that

Figure 6. Effect of PRL-3 expression on B16 melanoma cell adhesion to
various matrix proteins. Mock vector-transfected and vector/PRL-3-trans-
fected cells were added to the wells of 96-well plates coated with fibronectin
(10 �g/ml) (A), laminin (10 �g/ml) (B), or collagen I (50 �g/ml) (C). After
incubation at 37°C for 30 minutes, nonadherent cells were gently washed
away, and the amount of the cell adhesion was determined using an enzyme-
linked immunosorbent assay reader after addition of MTT as indicated in
Materials and Methods. For anti-sense ODN treatment, the cells were trans-
fected with 500 nmol/L of ODNs before adhesion assay. Normal, untreated
cells; reagent, treated with oligofectamine only; AS, PRL-3 anti-sense ODN; S,
scrambled ODN; control, randomized ODN. Data are mean � SEM of three
independent experiments and each experiment includes triplicate sets. **,
P � 0.01, versus mock vector; #, P � 0.05; ##, P � 0.01, versus reagent.
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EGFP-PRL-3 was enriched at the metaphase plate in the
progression of cells through mitosis (Figure 11, D and E),
which implies a possible role for PRL-3 in cell-cycle reg-
ulation, although it needs to be carefully confirmed.

Discussion

In this study, we observed the higher level expression of
PRL-3 in human liver carcinoma samples as compared with

Figure 7. Enhanced cell spreading of PRL-3-transfected B16 cells. Cells were kept in suspension and then replated onto fibronectin-, polylysine-, or concanavalin
A-coated cell culture dishes, incubated at 37°C, and then photographed at 10, 30, 60, and 120 minutes. A: Time course of cell spreading on fibronectin. B:
Quantitative evaluation of cell spreading efficiency was obtained by calculating the percentage of cells spread on fibronectin, polylysine, or concanavalin A at 30
minutes. Shown are mean percentages of spread cells per field � SEM of three independent experiments. At least 10 different fields for each sample were
averaged. A total of �500 cells were counted for each bar. *, P � 0.05, versus mock vector. C: Representative photographs from mock vector- and PRL-3-transfected
cells after spread for 30 minutes. The arrows indicated the spreading cells with flat shape and dark phase.
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Figure 8. PRL-3 expression promotes B16 melanoma cell metastasis in vivo. B16 melanoma cells (1 � 106) transfected with mock expression vector or
PRL-3-expressing vector were injected intravenously into C57BL/6J mice via tail vein. After 22 days, lungs and livers from the mice were resected and analyzed
for metastasis. A: Representative example of lungs and livers from the mice. The left and middle panels show the stereomicrographs of lungs and livers. The
right panels show the histological photomicrographs of lung or liver tissue section stained with H&E (�100). NL, normal lung or liver tissue; T, metastatic tumor
lesions. B: Quantitative evaluation of macroscopically detectable lung and liver metastases. After fixation in Bouin’s solution, the number of macroscopically
visible metastases on the lung and liver surface was quantified. C: Melanin content was determined as described in Materials and Methods for the lung and liver
tissues from the mice and the cells in culture. Data are mean � SEM of six mice. *, P � 0.05; **, P � 0.01; ***, P � 0.001, versus mock vector.
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the normal liver samples (Figure 1, A and B). This data
implied a possibility of the PRL-3 involvement in tumors
other than colorectal cancers as proposed by Saha and
colleagues.14 Interestingly, we also found that PRL-3 was
highly expressed in metastatic B16-BL6 melanoma cells but
not in their lowly metastatic parental B16 cells (Figure 1, C

and D). These findings suggested a potential link between
PRL-3 expression and tumor metastasis at least in colorec-
tal cancer14 and mouse melanoma cells. For patients with
solid tumors, the biggest threat to survival is tumor cell
metastasis and metastases associated with resistance to
conventional therapies. It has become a major challenge,

Figure 10. Effect of PRL-3 expression on in vivo tumor growth. Mock vector transfectants and PRL-3 transfectants (5 � 105 cells/mouse) were injected
subcutaneously into the dorsal flanks of 6- to 8-week-old male (A) or female (B) C57BL/6J mice. The diameters of the formed tumor were measured every 3 days
continuously from the 2nd week to 4th week after injection, and the tumor volumes were measured and indicated as mean � SEM of eight mice in each group.
*, Significant difference when compared with control (*, P � 0.05; **, P � 0.01).

Figure 9. Effect of PRL-3 expression on cell proliferation of B16 cells. A: Mock vector transfectants and PRL-3 transfectants were seeded into 96-well plates (1 �
104 cells/well) in DMEM with 10% FBS. After 24, 48, and 72 hours, the amount of cells in each well was determined by MTT as indicated in Materials and Methods.
For anti-sense ODN treatment, cultured cells were treated with oligofectamine reagent alone (reagent), PRL-3 anti-sense ODN (AS), scrambled ODN (not shown),
or randomized ODN (not shown) at 500 nmol/L. Data are the mean � SEM of three independent experiments and each experiment includes triplicate sets. ***,
P � 0.001, versus mock vector; ##, P � 0.01, ###, P � 0.001, versus reagent-treated only. B: Time course of PRL-3 mRNA levels after anti-sense ODN treatment.
The level of PRL-3 mRNA comparing �-actin mRNA was quantified by densitometry. C: Representative RT-PCR analysis for PRL-3 on the cells after treatment with
anti-sense ODN for 24, 48, and 72 hours.
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therefore, to identify the underlying molecular switch of the
metastatic state.24,25 Unfortunately, the specific molecular
changes that promote the spread of tumor cells from the
original site to other parts of the body are still primarily
unclear. Does PRL-3 function as one of the key players for
the transition from benign to metastatic tumor?

Interestingly, B16 mouse melanoma cells transfected
with PRL-3-expressing vector showed a quite different
morphology from its parental B16 cells and cells trans-
fected with mock vector. PRL-3 transfectants display a
fibroblast-like appearance with a bipolar and spindle
shape, form extensive filopodia, and pile up in layer on
layer in the culture dish (Figure 2). Such morphological
change is quite similar to what is referred as epithelial-
mesenchymal transition. During epithelial-mesenchymal
transition, epithelial cells acquire fibroblast-like proper-
ties and exhibit reduced cell-cell adhesion and increased
motility. Because epithelial-mesenchymal transition may
endow cancer cells with enhanced motility and invasive-
ness, it has been suggested to be a crucial process
during the invasion and metastasis of carcinoma cells.26

Because the phosphorylation and dephosphorylation of
cytoskeletal proteins can regulate the shape of cultured
cells,27–29 the changes in cell shape of the PRL-3-over-
expressing clone might be related to the cytoskeleton
rearrangement induced by enhanced PRL-3 activity.
However, whether the effect of PRL-3 transfection on cell
cytoskeleton is direct or indirect needs to be investigated
in detail, and another possibility for the indirect effect of
PRL-3 on cytoskeleton through other signaling molecules
could not be excluded. Indeed, the cytoskeleton not only

controls cell morphology but also regulates cell growth,
migration, differentiation, and gene expression, which are
fundamental to embryogenesis, carcinogenesis, and
wound healing.30

Because lamellipodia, filopodia, and membrane ruffles
are essential for cell motility,31–33 stable expression of
PRL-3 might induce enhanced cell motility. Indeed PRL-
3-expressing cells display significantly enhanced migra-
tory ability in quantitative transwell-based assays. And
PRL-3-specific anti-sense ODN or PTPase inhibitor so-
dium orthovanadate and bpV could block this effect of
PRL-3 almost completely (Figure 4B). This result sug-
gests that the enhanced migratory capacity of the cells
was mediated by PRL-3 and further assay using RT-PCR
supported the suggestion (Figure 4, C and D). The inva-
sive capability of the cells was enhanced by PRL-3 ex-
pression compared with the control by using invasion
chambers (Figure 4E). Furthermore, the results that the
mutant PRL-3 (D72A or C104S) expression greatly re-
duced the cell migration suggested that the phosphatase
activity of PRL-3 was necessary for the migration of these
PRL-3-transfected cells.

Cell migration involves protrusion of actin-rich lamelli-
podia or filopodia at the leading edge of the cell, forma-
tion and stabilization of extracellular matrix attachments
at the newly extended cell periphery, detachment of old
adhesion sites at the rear of the cell, and contraction of
actomyosin-based cytoskeletal filaments in the cell body
to move the bulk of the cell forward.34 These events are
regulated by multiple signaling cascades, including inte-
grin-mediated signaling, tyrosine kinase and phospha-

Figure 11. Intracellular localization of PRL-3. The COS-7 cells were transiently transfected with expression vector encoding EGFP-PRL-3 fusion protein. Forty-eight
hours after transfection cells were fixed and analyzed by fluorescence microscope. PRL-3 was detected by fusion protein EGFP-PRL-3 (green, A and D). Nuclei
were counterstained with 4�, 6-diamidino-2-phenylindole (blue, B and E). Original magnifications, �100.
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tase signaling, mitogen-activated protein kinase signal-
ing, and cytoskeletal reorganization.35–37 Preliminary
results indicated FAK phosphorylation is greatly in-
creased in PRL-3-expressing cells (data not shown).

Cell migration also depends on adhesiveness to the
substratum.38–40 By examining the effects of PRL-3 ex-
pression on the adhesion specificity of cells to various
extracellular matrix proteins, we demonstrated that PRL-3
facilitated the adhesive ability of B16 cells to fibronectin
and laminin, while impairing this ability to collagen type I
(Figure 6). This adhesive preference was also found be-
tween B16-BL6 (highly metastatic) and B16 (poorly meta-
static) melanoma cell lines (data not shown), and between
highly (HT-29LMM) and poorly (HT-29P) liver-metastatic co-
lon carcinoma cells when they adhered to extracellular ma-
trix proteins in vitro.41 These results suggested that adhe-
sion of the cells is mediated at least in part by different
integrins, depending on the ECM components used in the
adhesion experiments. Importantly, the changes in its ad-
hesive abilities of the cells were also revised by the treat-
ment of PRL-3-specific anti-sense ODN.

The altered adhesion properties of PRL-3 transfectants
may be caused by differences in the integrin expression.
One of the earliest phenotypic consequences of integrin
signaling is cell spreading. The good attachment of
PRL-3 transfectants to fibronectin is also reflected in their
ability to spread. Expression of PRL-3 led to a significant
elevated rate in cell spreading, compared to that of mock
vector transfectants (Figure 7A). Up-modulation of cell
spreading by PRL-3 could have resulted from effects on
integrin-mediated cell spreading or on cytoskeletal pro-
cesses required for cell spreading. Our results that PRL-3
did not facilitate the cells to spread on nonintegrin sub-
strates including polylysine and concanavalin A can ex-
clude the latter possibility (Figure 7B).

All above findings suggest that PRL-3 expression
plays a key role in the acquisition of metastatic potential
of tumor cells. Thus, in the in vivo metastasis study, we
confirmed that PRL-3 could facilitate lung metastasis of
B16 cells after injection into the lateral tail of the mice.
More interestingly, besides enriched metastases in
lungs, there were numerous macroscopically visible me-
tastases occurring in livers and a statistically significant
increase in the number of grossly detectable liver metas-
tases was seen in mice at 22 days after injection of the
PRL-3 transfectants, although the lung was the first organ
passed through after intravenous injection (Figure 8). In
contrast, no or few tumors were found in lungs and livers
of the mice injected with mock vector transfectants. Re-
cently, the work of Zeng and colleagues16 also showed
that PRL-3-expressing Chinese hamster ovary cells
formed lung and liver metastatic tumors in the same
experimental metastasis model in nude mice. This sug-
gests that PRL-3 can act as a key player to initiate and
maintain tumor cell growth in the foreign visceral organs
by transforming the tumor cell characteristics and sub-
sequently enhancing their metastatic ability. The mecha-
nisms underlying the facilitated metastasis of the tumor
cells by PRL-3 need to be investigated. That PRL-3 could
accelerate proliferation rate of the tumor cells in vitro and
increase the tumor growth in vivo (Figures 9 and 10) may

partly explain the strong tumorigenesis of PRL-3, be-
cause deregulated cell proliferation and suppressed cell
death together provide the underlying platform for neo-
plastic progression.42

The subcellular localization of a particular protein can
sometimes give clues to its physiological function. By
using immunofluorescence microcopy, we found that
PRL-3 localized to cytoplasmic membrane, which was
consistent with the predicted prenylation in its C-terminal
CAAX motif (Figure 11). The localization of PRL-3 to the
metaphase plate in the progression of cells might be
related to the cell mitosis.

Overall, this study gave a direct evidence for the me-
tastasis-enhancing activity of PRL-3, especially in the
melanoma cells other than the colorectal tumor cells. The
high expression of PRL-3 in human liver carcinomas also
revealed a possibility that PRL-3 may be a common factor
in the tumorigenesis and metastasis of cancers. Because
no protein substrate has yet been identified for PRL-3,
and further experiments will be required to determine the
biochemical mechanisms through which PRL-3 influ-
ences neoplastic growth and to establish its causative
role in the metastatic process. Not only could the enzyme
provide a good target for chemotherapeutic drugs, but it
may also provide a molecular marker to help clinicians
assess tumor aggressiveness.43 The data presented
here including the changes in cell migration, adhesion,
spreading, and growth by PRL-3 may be helpful for the
further elucidation of PRL-3’s functions as well as for its
usefulness in cancer therapy.
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