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Abstract
Protein tyrosine phosphatase PRL-3 mRNA was found
highly expressed in colon cancer endothelium and metastases. We sought to associate a function with PRL-3
expression in both endothelial cells and malignant cells
using in vitro models. PRL-3 mRNA levels were determined in several normal human endothelial cells exposed
or unexposed to the phorbol ester phorbol 12-myristate
13-acetate (PMA) and in 27 human tumor cell lines. In
endothelial cells, PRL-3 mRNA expression was increased
in human umbilical vascular endothelial cells and human
microvascular endothelial cells (HMVEC) exposed to PMA.
An oligonucleotide microarray analysis revealed that
PRL-3 was among the 10 genes with the largest increase
in expression on PMA stimulation. Phenotypically, PMAtreated HMVEC showed increased invasion, tube formation, and growth factor – stimulated proliferation. A flow
cytometric analysis of cell surface markers showed that
PMA-treated HMVEC retained endothelial characteristics.
Infection of HMVEC with an adenovirus expressing PRL-3
resulted in increased tube formation. In tumor cells, PRL-3
mRNA levels varied markedly with high expression in
SKNAS neuroblastoma, MCF-7 and BT474 breast carcinoma, Hep3B hepatocellular carcinoma, and HCT116
colon carcinoma. Western blotting analysis of a subset
of cell line lysates showed a positive correlation between
PRL-3 mRNA and protein levels. PRL-3 was stably transfected into DLD-1 colon cancer cells. PRL-3-overexpressing DLD-1 subclones were assessed for doubling time and
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invasion. Although doubling time was similar among
parental, empty vector, and PRL-3 subclones, invasion
was increased in PRL-3-expressing subclones. In models
of endogenous expression, we observed that the MCF-7
cell line, which expresses high levels of PRL-3, was more
invasive than the SKBR3 cell line, which expresses low
levels of PRL-3. However, the MDA-MB-231 cell line was
highly invasive with low levels of PRL-3, suggesting that in
some models invasion is PRL-3 independent. Transfection
of a PRL-3 small interfering RNA into MCF-7 cells inhibited
PRL-3 expression and cell invasion. These results indicate
that PRL-3 is functional in both endothelial cells and
malignant cells and further validate PRL-3 as a potentially
important molecular target for anticancer therapy. [Mol
Cancer Ther 2006;5(2):219 – 29]

Introduction
The family of protein phosphatases of regenerating liver
(PRL) comprises three members known as PRL-1, PRL-2,
and PRL-3. Rat PRL-1 was originally identified as an
immediate-early gene in regenerating liver (1). Murine
PRL-2 and PRL-3 were subsequently discovered by amino
acid sequence homology and display 87% and 76%
sequence identity to murine PRL-1, respectively (2). All
three PRL proteins contain a COOH-terminal prenylation
motif (2). The human PRL-1, PRL-2, and PRL-3 have been
elucidated more recently beginning with the description of
human PRL-3 as a human muscle-specific tyrosine phosphatase (3 – 5).
Evidence is accumulating, suggesting that these proteins
may be associated with oncogenic states. The first link
between PRL expression and cancer comes from studies of
tissue distribution showing widespread expression of
PRL-1 in embryonic tissues. In the rat embryo, PRL-1 is
expressed in the brain, intestine, liver, and esophageal
epithelia. In the murine embryo, PRL-1 is expressed in the
nervous and skeletal systems (6 – 9). Similarities between
cancer cells and embryonic cells have been described in the
literature, and the proposition has been made that
neoplastic cells are dedifferentiated cells that have reverted
to a state of embryonic plasticity (10 – 16). PRL-1 is elevated
frequently in breast, ovarian, colon, prostate, and pancreatic cancers (17, 18).
An additional link between PRL proteins and cancer is
the expression of PRL-1 in proliferative states. PRL-1 was
isolated from regenerating liver, a physiologic process
involving cell proliferation (1), which when deregulated
may contribute to primary liver cancers (19). In addition,
NIH3T3 cells transfected with PRL-1 display abnormal
morphology and enhanced growth rate (1), whereas
fibroblasts up-regulate PRL-1 mRNA expression on stimulation with serum (20). Consistent with these findings are
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those suggesting a role for PRL-1 in cell cycle regulation.
Investigators have shown that the subcellular localization
of endogenous PRL-1 was cell cycle dependent, with PRL-1
located in the endoplasmic reticulum of nonmitotic cells
and to the centrosomes and spindle apparatus of mitotic
cells (21, 22).
All three PRL proteins have been implicated directly in
cancer progression. Overexpression of flag-tagged human
PRL-1 protein in D27 hamster pancreatic ductal epithelial
cells led to a loss of contact inhibition in culture and
generated tumors in athymic nude mice (23). Similarly,
human PRL-1 mRNA was shown to be up-regulated in
benign prostatic fibroblast cells after stimulation with
conditioned medium from the human prostate tumor cell
line LNCaP and to be up-regulated in prostatic tumor
fibroblast cells (22). PRL-1 mRNA was expressed in
several tumor epithelial cell lines, including the HeLa
cervical adenocarcinoma cell line, the HepG2 hepatoblastoma cell line, and a Burkitt’s lymphoma cell line (1).
PRL-2 mRNA overexpression was detected in prostate
cancer cell lines and prostate tumor tissues (22). PRL-1
protein and PRL-3 protein were shown to increase cell
motility and cell invasion in vitro (24 – 30). In the same
study, PRL-3 protein was shown to be associated with
dynamic membrane structures in an in vitro wound
healing assay, and both PRL-1 and PRL-3 proteins
induced metastasis in mice.
PRL-3 has been strongly implicated in human colon
cancer progression. PRL-3 mRNA is a tumor endothelial
marker expressed at higher levels in endothelial cells
isolated from fresh specimens of human colon cancer
than in endothelial cells isolated from normal colon
mucosa (31, 32). PRL-3 mRNA was also shown to be
expressed at higher levels in metastases of colorectal
cancers compared with nonmetastatic tumors and normal
colorectal epithelium (33). PRL-3 mRNA could not be
detected in normal human colon tissue samples, in
nonmetastatic colorectal carcinoma samples, or in lung
and liver metastases of noncolorectal cancer origin.
However, PRL-3 mRNA was detected in 4 of 4 colorectal
cancer metastases to lymph nodes, 10 of 11 colorectal
metastases to the liver, 6 of 7 colorectal metastases to the
lung, 4 of 4 colorectal metastases to the brain, and 3 of 3
colorectal metastases to the ovary (34). These results
show the selectivity of PRL-3 expression for colorectal
cancer metastasis and suggest that PRL-3 may be an
important mediator of the metastatic process in colon
cancer.
We sought to associate a function with PRL-3 expression
in both endothelial cells and malignant cells using in vitro
models. In endothelial cell models, we show that PRL-3
expression is associated with increased tube formation,
whereas in tumor cell models we show that PRL-3
expression is associated with increased invasiveness. Our
data indicate that PRL-3 may be functional in both
endothelial and malignant compartments of tumors and
that it may play an important role in angiogenic, metastatic
cancers.

Materials and Methods
Materials
PBS, fetal bovine serum (FBS), RPMI, penicillin/streptomycin, Versene, and G418 were purchased from Invitrogen,
Inc. (Carlsbad, CA) Phorbol 12-myristate 13-acetate (PMA),
DMSO, and protease inhibitor cocktail were purchased
from Sigma Chemical Co. (St. Louis, MO). Basic fibroblast
growth factor (bFGF) and vascular endothelial growth
factor (VEGF) were purchased from R&D Systems, Inc.
(Minneapolis, MN).
Cell Culture
All cells were grown at 37jC in 5% CO2 humidified
atmosphere. Human tumor cell lines, DLD-1 colon carcinoma (35, 36), SKNAS and IMR-32 neuroblastoma, and
MCF-7, SKBR3, and MDA-MB-231 breast carcinoma
(American Type Culture Collection, Manassas, VA) were
grown in RPMI with 10% heat-inactivated FBS and 1%
penicillin/streptomycin. Human umbilical vascular endothelial cells (HUVEC) and human microvascular endothelial cells (HMVEC; Cambrex, East Rutherford, NJ) were
grown in EGM2-MV medium (Cambrex). Endothelial
precursor cells (EPC) were derived from AC133+/CD34+
bone marrow cells (ref. 37; Cambrex) by exposure to 50 ng/
mL VEGF, 10 to 50 ng/mL bFGF, and 5 units/mL heparin
on fibronectin-coated flasks (Biocoat, Fort Washington, PA)
in Iscove’s modified Dulbecco’s medium (Invitrogen) with
15% FBS. HMVEC, HUVEC, and EPC were exposed to 100
nmol/L PMA in DMSO in serum-free EBM2 (HUVEC and
HMVEC) or serum-free Iscove’s modified Dulbecco’s
medium (EPC) for 24 hours.
mRNA Extraction and Real-time Reverse Transcription-PCR
Total RNA was isolated by chloroform extraction using
Trizol reagent (Invitrogen) and purified using Qiagen
RNeasy method (Valencia, CA). Purified total RNA was
subjected to formaldehyde gel electrophoresis and spectrophotometry (A 260 nm and A 280 nm) to assess integrity and
purity. Reverse transcription was done using cDNA
Archive (Applied Biosystems, Foster City, CA). For
quantification of PRL-3 mRNA, reverse transcription-PCR
(RT-PCR) was done in duplicate on a 7700 real-time
Taqman thermal cycler (Applied Biosystems) according to
the manufacturer’s instructions using 900 nmol/L primers
(Integrated DNA Technologies, Coralville, IA), 250 nmol/L
fluorogenic probe (Applied Biosystems), and Taqman
Universal PCR Master Mix (Applied Biosystems). The
forward primer sequence was 5V-ATCACCGTTGTGGACTGGCC-3V, the reverse primer sequence was 5V-CCAGTCTTCCACTACCTTGCC-3V, and the probe sequence
was 5V-TTTGACGATGGGGCGCCCCCGC-3V. Loading was
measured by 18S mRNA detection using rRNA Control
Reagents (Applied Biosystems) in multiplex reactions with
PRL-3 primers and probe. The 18S probe final concentration was 250 nmol/L and that of each 18S primer was
50 nmol/L. Absolute quantification of PRL-3 transcript
copy number was done using a cDNA standard curve
generated by serial dilution of a full-length human PRL-3
pcDNA plasmid (Invitrogen). Relative quantification
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of PRL-3 mRNA was done according to the comparative
cycle threshold method described by the Taqman manufacturer (Applied Biosystems). Control PCRs substituting
water for cDNA were used as negative controls. Reverse
transcription reactions were done both in the presence
(RT+) and absence (RT ) of reverse transcriptase.
RT reactions were used as templates in the RT-PCR
experiment to assess genomic DNA contamination in total
RNA preparations and distinguish it from cDNA amplification. Most control RT-PCRs reached a cycle threshold
of 40, reflecting absence genomic DNA contamination
in the total RNA preparations and ensuring that the
PCR products resulted from cDNA amplification. For
PCR validation of the oligonucleotide microarray analysis
of PMA-induced genes in HMVEC, RT-PCR was done on a
7900 real-time Taqman thermal cycler according to the
manufacturer’s instructions using SYBR Green PCR Master
Mix (Applied Biosystems). Loading was measured by
18S mRNA detection using rRNA Control Reagents in
singleplex reactions. Stanniocalcin-1 forward primer was
GCTGGTGATCAGTGCTTCTGCAA and reverse primer
was TTTGGGCCGCCACTCGGGATTTC. Tissue inhibitor of matrix metalloproteinase-1 forward primer was
ACAGACGGCCTTCTGCAATTC and reverse primer was
TCATCTTGATCTCATAACGCTGGTA. Tissue factor
pathway inhibitor-2 forward primer was TGTCACCGGAACCGGATTGA and reverse primer was TTAAAATAATAGCGAGTCACATTGG. Tissue-type plasminogen
activator forward primer was CTGCCTCCCGTGGAATTCCATGA and reverse primer was AGCCCTCCTTTGATGCGAAA. CXCR-4 forward primer was GTGTCCTCATCCTGGCCTTCAT and reverse primer was GGATCCAGACGCCAACATAG. Diacylglycerol kinase y forward
primer was GATGTGGTATGGAGTTCTTGGAA and
reverse primer was TGGGAATGTTAAGGACAGCAATT.
Nidogen 2 forward primer was TTCCCGGCCATCGCCCCTTTTC and reverse primer was ACTTT-CCCATTCACTCGGTACAG. Galanin forward primer was CCCGAGGCAGCGCCCTCCTT and reverse primer was GGGTCCAGCCTCGTTTTTCCTT. Endothelial cell – specific molecule-1
forward primer was TGAGGTGTCAGCCTTCTAAT and
reverse primer was GAAGGTGCCGTAGGGACAGT. All
primers were synthesized by Integrated DNA Technologies. For the SYBR Green real-time PCR assay, the final
primer concentration was 50 nmol/L to ensure the absence
of nonspecific amplification. However, nidogen 2 could
only be detected using 500 nmol/L primers. PCR products
were run on a PAGE gel to verify size and confirm the
absence of nonspecific bands. Expressed sequence tags
were purchased from Invitrogen and used as positive
controls.
Oligonucleotide Microarray Analysis
The gene expression of PMA-treated HMVEC 1F1645
and DMSO-treated HMVEC 1F1645 was compared. Total
RNA was treated with DNase I (Ambion, Inc., Austin,
TX), cleaned using Qiagen RNeasy protocol, and amplified using Ambion Amino Ally MessageAmp Amplified
RNA kit. Amplified RNAs were labeled with Cy3 or Cy5

dye. Labeled amplified RNAs were fragmented and
hybridized on Agilent Human Oligo Microarray using
Agilent hybridization kit (Palo Alto, CA). The experiment
used reference design with universal human reference
total RNA (Invitrogen) with dye swap. The images were
quantified using Imagene 5.0 (Biodiscovery, Inc., Marina
Del Ray, CA) imported to GeneSight 3.5 (Biodiscovery) for
normalization and significance analysis. A t test was
applied and genes were selected that had P V 0.02 (98%
confidence).
Flow Cytometry
PMA-treated, DMSO-treated, and untreated HMVEC
1F1645 were suspended with Versene. Cells (105) were
incubated in PBS/5% FBS with primary antibody (50 AL,
1 hour) on ice. After washing, the cells were incubated with
secondary antibody (1 hour), if necessary, on ice. After
washing, the cells were suspended in cold buffer (300 AL).
Flow cytometry was conducted on a FACSCalibur (Becton
Dickinson Labware, Franklin Lakes, NJ).
Primary antibodies to CD106, CD54, CD36 (FITClabeled), CD105 (BD Biosciences, Franklin Lakes, NJ),
CD31, VE-cadherin, VEGF receptor-2 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), and P1H12 (Chemicon
International, Inc., Temecula, CA) were used at 5 Ag/mL,
and the primary antibody to CD34 (FITC-labeled; BD
Biosciences) was used at 3 Ag/mL. A FITC-labeled mouse
IgG1 (BD Biosciences) was used as control for CD34 at
3 Ag/mL and as control for CD36 at 5 Ag/mL. Rabbit serum
(Sigma) was used as a control for CD31 and VEGF receptor2 at 5 Ag/mL. Goat serum (Sigma) was used as a control
for VE-cadherin diluted 1:100. Purified mouse IgG1 (BD
Biosciences) was used as a control for CD106, CD54,
CD105, and P1H12 at 5 Ag/mL. Anti-mouse (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA) was
used with CD106, CD54, CD105, and P1H12 at 5 Ag/mL.
Anti-rabbit (Jackson ImmunoResearch Laboratories) was
used with CD31 and VEGF receptor-2 at 5 Ag/mL. Antigoat (Santa Cruz Biotechnology) was used with VEcadherin at 5 Ag/mL.
Western Blotting
Confluent cells in six-well plates were washed with cold
PBS, and cold lysis buffer [50 AL; EB buffer: 1% Triton, 20
mmol/L Tris-HCl (pH 7.4), 5 mmol/L EDTA, 10% glycerol,
150 mmol/L NaCl, 2 mmol/L sodium orthovanadate,
protease inhibitor cocktail] was added on ice (5 minutes).
Total cell lysates were collected with rubber scrapers,
transferred to a 1.5 mL tube on ice, and then clarified by
centrifugation (14,000 rpm, 20 minutes) at 4jC. Total
protein concentration was determined by BCA Protein
Assay kit (Pierce, Rockford, IL). Total cell lysates (250 Ag)
were loaded onto a 4% to 12% Bis-Tris gel (Invitrogen) and
run at 150 V (2 hours) using MES running buffer
(Invitrogen). The protein was transferred onto a polyvinylidene difluoride membrane at 25 V (45 minutes) using a
semidry transfer cell (Bio-Rad Laboratories, Hercules, CA)
and then blocked for 1 hour to overnight with 5% dry milk
in TBS with 0.01% Tween (Sigma). Anti-PRL-3 monoclonal
antibody (no. 14; 1:500; a gift from Drs. Kinzler and
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Vogelstein, Johns Hopkins University School of Medicine,
Baltimore, MD) or anti – glyceraldehyde-3-phosphate dehydrogenase (1:6,000; Abcam, Cambridge, United Kingdom)
was incubated for 1 hour. After washing, the membrane
was incubated with horseradish peroxidase – labeled antimouse antibody (1:10,000; Jackson ImmunoResearch
Laboratories) for 1 hour. After washing, the Western blot
was developed using an enhanced chemiluminescence kit
(Pierce). For the detection of PRL-3 inhibition in MCF-7
cells exposed to the PRL-3 small interfering RNA (siRNA),
MCF-7 cells were transfected as described below (see PRL-3
siRNA Transfection). Total cell lysates (37 Ag) were loaded
onto a 4% to 12% Bis-Tris gel with MES buffer. Detection
was achieved using an anti-PRL-3 rabbit polyclonal
(Genesis Biotech, Inc. Taipei, Taiwan) diluted 1:2,000 and
an anti-rabbit horseradish peroxidase – labeled secondary
antibody (Jackson ImmunoResearch Laboratories) diluted
1:50,000. Detection was done using the Dura West detection
system (Pierce).
Immunostaining
Cells were fixed with zinc/formaldehyde for 10 minutes,
rinsed twice in PBS, and permeabilized with 0.2% Triton
for 10 minutes. Image-iT FX signal enhancer (100 AL) was
added for 30 minutes at room temperature. The cells were
rinsed twice with PBS and anti-PRL-3 (Abcam) was added
in blocking buffer (0.2% horse serum, 0.2% bovine serum
albumin in PBS) for 1 hour at room temperature. After
washing, a fluorochrome-labeled secondary antibody was
added for 1 hour. The cells were then rinsed thrice with
PBS. 4V,6-Diamidino-2-phenylindole was counterstained
and the slides were mounted with antifade.
PRL-3 Expression in DLD-1Cells
Full-length PRL-3 cDNA (obtained from Drs. Kinzler and
Vogelstein) was subcloned into pcDNA3.1/V5-His-TOPO
vector (Invitrogen) expressing neomycin resistance gene,
leaving the V5 and His tags out of frame. The pcDNA3.1/
V5-His vector (Invitrogen) was the empty vector control.
The PRL-3 construct and empty vector were transfected
separately and stably into DLD-1 cells using Lipofectamine
2000 reagent (Invitrogen). Stably transfected DLD-1 cells
were subcloned by limiting dilution and propagated in
RPMI with 10% heat-inactivated FBS and 500 Ag/mL G418.
PRL-3 Expression in HMVEC
PRL-3-expressing adenovirus was made using the
AdEasy XL Adenoviral Vector System (Stratagene, La Jolla,
CA). The plasmid construct pcDNA3-V5-HIS-PRL3 was
digested with KpnI and EcoRV (New England Biolabs,
Beverly, MA) and the 596-bp insert was gel isolated. The
insert was ligated into the KpnI and EcoRV sites of
pShuttle-CMV (Stratagene). The construct pShuttle-CMVPRL3 was then linearized with PmeI (New England
Biolabs) and transformed into electrocompetant BJ5183Ad-1 cells (Stratagene) according to the manufacturer’s
directions. Recombinant pAd-CMV-PRL3 plasmid DNA
was prepared and recombination was verified with a PacI
digest. PacI-digested recombinant Ad plasmid was then
transfected into Ad293 cells (Stratagene) using Lipofectamine 2000. When the transfected Ad293 cells reached

complete CPE, the cells were resuspended in a small
volume of PBS and freeze thawed thrice. The lysed cells
were then spun down and the supernatant was taken as
Ad-CMV-PRL3 primary viral stock. HMVEC 1F1645 were
infected with 50 multiplicities of infection of the primary
viral stock and functionally assayed 48 hours postinfection.
PRL-3 siRNA Transfection
PRL3-DLD1-IIG5 and MCF-7 cells were grown in RPMI
with 10% FBS, 1% penicillin/streptomycin, and 500 Ag/
mL G418. The cells (5  104 per well) were plated in a 24well plate in medium without antibiotics 24 hours before
transfection. All transfections were carried out in triplicate. The protocol for siRNA transfection in a 24-well
format (Invitrogen) was followed for all transfections. The
general procedure is as follows: (a) siRNA (20 pmol;
1 AL of a 20 Amol/L solution) was added to 50 AL OptiMEM I reduced serum medium, (b) Lipofectamine 2000
(1 AL) was added to 50 AL Opti-MEM I reduced serum
medium and incubated for 5 minutes at room temperature, (c) The siRNA and Lipofectamine were mixed and
incubated at room temperature for 20 minutes, and (d)
The 100 AL mixture was added to the cells. The siRNAs
used were siRNA Negative-1 (Ambion), siRNA against
lamin A/C (Xeragon/Qiagen, Valencia, CA; target sequence: AACTGGACTTCCAGAAGAACA), and siRNA
against PRL-3 (Xeragon/Qiagen; target sequence: TGAGAGCGGGATGAAGTACGA). Following the 48-hour
incubation at 37jC, RNA for Taqman analysis was
isolated using Trizol and pooled.
Proliferation Assay
Endothelial cells (5  103) in triplicate in a 96-well plate
were incubated with various VEGF and bFGF concentrations in the presence or absence of 100 nmol/L PMA or
0.00125% DMSO at 37jC in a 5% CO2 humidified
atmosphere for 96 hours. Tumor cells (2  103) in duplicate
in a 96-well plate were incubated at 37jC in RPMI with 2%
heat-inactivated FBS in a 5% CO2 humidified atmosphere
for 96 hours. Proliferation was measured using CellTiterGlo reagent (Promega, Madison, WI) on a microplate
luminometer and Winglow software (Berthold Tech, Bad
Wildbad, Germany).
Endothelial Cell Tube Formation Assay
Cells (2  104) were seeded in triplicate in a 96-well plate
precoated with Matrigel (Becton Dickinson Labware) in
serum-free EBM2 with 20 ng/mL each of bFGF and VEGF
and in the presence or absence of 100 nmol/L PMA or
0.00125% DMSO at 37jC in a 5% CO2 humidified
atmosphere for 4 hours. After 24 hours, the cells were
stained in 4 Ag/mL calcein (Molecular Probes, Eugene,
OR) in PBS at 37jC, imaged, and quantified using
the image analysis software Scion Image (Scion Corp.,
Frederick, MD).
Invasion Assays
A modified Boyden chamber 24-well Transwell with
fluoroblock inserts precoated with Matrigel (ref. 38; BD
Biosciences) was used. Cells (2.5  104) were seeded per
insert in duplicate in 500 AL serum-free medium. Inserts
were placed in wells containing 500 AL medium with 5%
Mol Cancer Ther 2006;5(2). February 2006
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FBS. When appropriate, PMA was added to both chambers.
The cells were incubated (48 hours) at 37jC in 5% CO2
humidified atmosphere and the inserts were placed in a
24-well plate containing 500 AL calcein (4 Ag/mL, 1 hour)
in PBS at 37jC. Fluorescence was read on a Cytofluor
II fluorescence plate reader (PerSeptive Biosystems,
Foster City, CA) with excitation/emission wavelengths of
530/590 nm.
Statistical Analysis
Analysis of statistical significance was done using t
tests for assays consisting of two experimental sample
groups. The ANOVA test and Tukey-Kramer post hoc
test were used to determine statistical significance in
assays consisting of more than two experimental sample
groups.

Results
PRL-3 mRNA expression was examined by real-time RTPCR in human normal endothelial cells and in 27 human
tumor cell lines (Fig. 1). HMVEC, HUVEC, and EPC were

examined for PRL-3 mRNA expression without treatment
or after exposure to PMA (100 nmol/L, 24 hours). Under
standard conditions, all endothelial cells had <1,000
transcripts of PRL-3 mRNA per reaction. Four of five
endothelial cells tested [lung HMVEC, HMVEC IF1645
(neonatal dermal), HMVEC OF1025 (neonatal dermal),
and HUVEC] had a marked increase in PRL-3 mRNA
after exposure to PMA. PRL-3 mRNA was increased 27-,
23-, 11-, and 23-fold in the lung HMVEC, HMVEC 1F1645,
HMVEC OF1025, and HUVEC, respectively, by exposure
to PMA compared with DMSO. HMVEC 1F1645 was most
responsive to PMA with an average of 14,428 transcripts
per reaction after PMA exposure compared with 500 to
600 without PMA exposure.
Twenty-seven human tumor cell lines were evaluated
by real-time RT-PCR for expression of PRL-3 mRNA
(Fig. 1). The four human melanoma cell lines had low
levels of PRL-3 mRNA. All three neuroblastoma cell lines
expressed relatively high levels of PRL-3 mRNA ranging
from an average of 1,252 transcripts per reaction in the
IMR-32 cell line to an average of 21,969 transcripts per

Figure 1. RT-PCR analysis of PRL-3 mRNA showing expression in normal human endothelial cells in the presence and absence of PMA exposure in EPC,
HMVEC lung, HMVEC 1F1645, HMVEC OF1025, and HUVEC and expression in human tumor cell lines. A cycle threshold of 40 (no signal) was obtained in
control PCRs where water was substituted for cDNA (data not shown). Control PCRs using mock reverse transcription reactions as templates (reactions
where water had been substituted for reverse transcriptase) indicated negligible genomic DNA contamination (data not shown).
Mol Cancer Ther 2006;5(2). February 2006
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reaction in the SKNAS cell line. The five human breast
cancer cell lines had varied expression of PRL-3 mRNA
ranging from an average of 31 transcripts per reaction in
the SKBR3 breast adenocarcinoma cell line to averages of
7,571 and 8,082 transcripts per reaction in the MCF-7 breast
adenocarcinoma and BT474 breast carcinoma cell lines,
respectively. The SKOV3 ovarian adenocarcinoma cell line
had low expression of PRL-3 mRNA with an average of 187
transcripts per reaction. All three prostate cancer cell lines
tested had relatively high levels of PRL-3 mRNA with
averages of 1,125, 4,067, and 1,795 transcripts per reaction,
respectively. The 786-O renal cell adenocarcinoma cell line
had negligible levels of PRL-3 mRNA. The Hep3B hepatocellular carcinoma cell line had high levels of PRL-3

mRNA with an average of 11,163 transcripts per reaction.
The three pancreatic cancer cell lines were positive for PRL3 mRNA with averages of 866, 2,371, and 6,310 transcripts
per reaction, respectively. The six colorectal cancer cell
lines had varied PRL-3 mRNA ranging from negligible
amounts of PRL-3 transcripts with an average of a single
transcript per reaction in the DLD-1 colorectal adenocarcinoma cell line to an average of 6,752 and 6,108 transcripts
per reaction in the HCT116 colorectal carcinoma and
SW837 rectal adenocarcinoma cell lines, respectively.
Exposure to PMA did not alter expression of cell surface
markers on HMVEC 1F1645, including P1H12, VEGF
receptor-2, VE-cadherin, CD105, CD34, CD31, CD36,
CD54, and CD106 as determined by flow cytometry (data

Figure 2. A, PMA-induced HMVEC
1F1645 gene expression by RT-PCR. mRNA
levels relative to untreated cells. B, relative
invasion by HMVEC 1F1645 in the presence
and absence of PMA exposure. Representative experiment. C, tube formation by
HMVEC IF1645 in the presence and absence
of PMA exposure and after infection with
either PRL-3-expressing adenovirus or empty
adenovirus. Data are compared with undisturbed cells (untreated and uninfected).
Representative experiment. Western blot
showing PRL-3 protein levels in infected
HMVEC 1F1645. ***, P < 0.001; **, P
< 0.01; *, P < 0.05 versus control cells.
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Figure 3.

A, RT-PCR assay showing PRL-3 mRNA in five DLD-1 subclones transfected with a vector containing PRL-3 cDNA, five DLD-1 subclones
transfected with empty vector, and parental DLD-1 cells. B, Western blot showing PRL-3 protein in five DLD-1 subclones transfected with a vector
containing PRL-3 cDNA, five DLD-1 subclones transfected with empty vector, and parental DLD-1 cells. C, immunostaining showing the PRL-3 protein in
five DLD-1 subclones transfected with a vector containing PRL-3 cDNA and parental DLD-1 cells. Representative experiment. ***, P < 0.001; **, P <
0.01 versus control cells.

not shown). However, exposure to PMA (100 nmol/L)
enhanced proliferation of HMVEC 1F1645 in the absence
of and over a concentration range of VEGF and bFGF (up to
20 ng/mL each; data not shown).
The invasion activity of HMVEC 1F1645 was assessed in
the presence or absence of 100 nmol/L PMA. Exposure to
PMA increased the invasiveness of the cells by f4-fold
compared with untreated controls and f6-fold compared
with DMSO-treated cells (Fig. 2). For tube formation
assays, HMVEC 1F1645 were treated with either 0.00125%
DMSO or 100 nmol/L PMA in the presence of bFGF and
VEGF (20 ng/mL each). PMA exposure increased tube
area compared with both controls (Fig. 2).
The effect of PMA (100 nmol/L, 24 hours) on HMVEC
gene expression was assessed by oligonucleotide microarray analysis and subsequent RT-PCR analysis. The
most highly up-regulated mRNAs were stanniocalcin-1,
CXCR-4, tissue factor pathway inhibitor-2, tissue inhibitor

of matrix metalloproteinase-1, PRL-3, tissue-type plasminogen activator, diacylglycerol kinase y, nidogen-2,
galanin, and endothelial cell-specific molecule-1 (Fig. 2).
Infection of HMVEC 1F1645 with a PRL-3-containing
adenovirus increased tube formation compared with
infection with an empty adenovirus or lack of infection,
showing that PRL-3 up-regulation can promote tube
formation (Fig. 2).
Total RNA was isolated from parental DLD-1 colon
cancer cells and DLD-1 subclones transfected with empty
vector or PRL-3-containing plasmid vector, and cDNA was
prepared and analyzed for PRL-3 mRNA by RT-PCR. Five
empty vector – transfected DLD-1 subclones and five PRL3-transfected subclones were selected for characterization
(Fig. 3). Protein from the subclones and parental cells was
analyzed by Western blotting with a mouse monoclonal
anti-PRL-3 and by immunostaining with a goat polyclonal
anti-PRL-3 to determine PRL-3 protein expression. Western
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blot analysis showed the highest PRL-3 protein in
subclones PRL3-IIG11 and PRL3-IID5, moderate PRL-3 in
subclone PRL3-IIG5, and lower PRL-3 in subclones PRL3IID3 and PRL3-IB1. Parental DLD-1 and empty vector –
transfected subclones have very low to undetectable PRL-3
protein (Fig. 3). Immunostaining showed low PRL-3
protein in parental cells, moderate PRL-3 protein in
subclones PRL3-IIG11 and PRL3-IID5, and high PRL-3
protein in subclones PRL3-IIG5, PRL3-IID3, and PRL3-IB1
(Fig. 3). The differences in PRL-3 obtained by Western
blotting and immunostaining may reflect differences in the
antibodies used because both antibodies cross-react with
the PRL-2 protein.
Generation times were determined for the five PRL-3expressing DLD-1 subclones, five empty vector – transfected DLD-1 subclones, and parental DLD-1 cells (Fig. 4).
The PRL-3 protein level was not associated with generation time, because the population doubling time of the
five PRL-3-expressing subclones (18.5 hours in 10% FBS
and 38 hours in 2% FBS), the five empty vector –
transfected subclones (14.4 hours in 10% FBS and 33.3
hours in 2% FBS), and the parental DLD-1 cells (11.5
hours in 10% FBS and 25.3 hours in 2% FBS) were similar.
The five PRL-3-expressing subclones, five empty vector –
transfected subclones, and parental DLD-1 cells were
assayed for invasion through Matrigel. The PRL-3expressing DLD-1 subclones invasiveness was 2-fold
greater than that of the parental cells, whereas the empty
vector – transfected subclones invasiveness was 2-fold less
than that of the parental cells (Fig. 4).
When human breast cancer cell lines endogenously
expressing high or low levels of PRL-3 protein (Fig. 5)
were assayed for invasion through Matrigel, the MCF-7
breast adenocarcinoma cell line was more invasive than
the SKBR3 breast adenocarcinoma cell line. However, the
MDA-MB-231 breast adenocarcinoma cell line (low PRL-3
mRNA and protein) was as invasive as the MCF-7 cell line
(high PRL-3 mRNA and protein). Therefore, there was a
trend between PRL-3 and invasion through Matrigel with
two of three human tumor cell lines (Fig. 6). MCF-7 cells
transfected with a PRL-3 siRNA had decreased levels of
PRL-3 mRNA and protein (Fig. 5) and a reduced ability
to invade through Matrigel at 72 hours post-transfection
(Fig. 6).

(33) and Bardelli et al. (34) found higher levels of PRL-3
mRNA in colorectal tumor metastases compared with the
primary tumor from the same patient. Our findings suggest
that advanced primary tumors may express higher PRL-3
mRNA levels than lower grade tumors. Cell lines with
moderate PRL-3 mRNA, such as HT29, SW480, and
LST174T colorectal adenocarcinomas, or with high PRL-3
mRNA, such as SW837 rectal adenocarcinoma and HCT116
colorectal carcinoma, might have been derived from
primary tumors that had developed a metastatic phenotype. Indeed, Leibovitz et al. (43) stated that the SW480
line was derived from a Duke’s class B primary tumor,
indicating that the primary tumor had invaded the
muscularis propia of the bowel wall. Leibovitz et al. (43)

Discussion
Phosphatases involved in critical aspects of malignant
disease could be interesting drug targets. PRL-3 mRNA
was detectable in a broad range of human tumor cell lines
and endothelial cells. These data reinforce and expand on
previously published results, indicating that PRL-3 is
expressed in the epithelial and endothelial compartments
of tumors (31 – 34, 39, 40).
The expression of PRL-3 mRNA was highly variable
among the primary tumor-derived colorectal cancer cell
lines, SW837, HT29, DLD-1, SW480, LS174T, and HCT116
(Fig. 1; refs. 35, 36, 41 – 44). Using clinical tissues, Saha et al.

Figure 4.

A, mean generation times obtained for five PRL-3expressing subclones, five empty vector – transfected subclones, and
parental DLD-1 cells determined in 2% or 10% FBS. Columns, mean of
two independent experiments; bars, SD. B, relative mean invasion
obtained for five PRL-3-expressing subclones and five empty vector –
transfected subclones compared with parental DLD-1 cells. Columns,
mean of three independent experiments; bars, SD. *, P < 0.05 versus
control cells.
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Figure 5. A, Western blots showing PRL-3 protein levels in three human breast adenocarcinoma cell lines that express PRL-3 endogenously. B, RTPCR analysis of PRL-3 mRNA in MCF-7 cells exposed to PRL-3 siRNA 72 h post-transfection. C, Western blot showing PRL-3 protein levels in MCF-7 cells
exposed to PRL-3 siRNA 72 h post-transfection. **, P < 0.01 versus control cells.

also reported that cancer recurred a year later with
widespread metastasis in the same patient. Similarly, the
SW837 line was derived from a Duke’s class C rectal tumor,
indicating that the tumor had invaded the regional lymph
node (43). In addition, the HCT116 line, a high expresser of
PRL-3 mRNA, is a poorly differentiated and aggressive cell
line, a characteristic consistent with advanced cancer
stages.
In noncolorectal cancer cell lines, high PRL-3 mRNA
expression was observed in cells derived from primary
tumors, such as the Hep3B hepatocellular carcinoma line
(45), and metastases, such as the SKNAS neuroblastoma
line, derived from a bone marrow metastasis (46), and the
MCF-7 mammary carcinoma line, derived from a pleural
effusion (47). Thus, in addition to colorectal cancers, PRL-3
may play a broad role in cancer. The low levels or absence
of PRL-3 mRNA expression in melanoma lines suggested
that PRL-3 might not be a prominent factor in skin cancers
(Fig. 1).
PRL-3 mRNA was low in endothelial cells but was
increased in HMVEC from several donors on PMA
exposure (Fig. 1). PMA-treated HMVEC retained an
endothelial phenotype as determined by surface markers.
On PMA exposure, HMVEC 1F1645 increased proliferation,
invasion, and tube formation, phenotypes related to
malignancy and angiogenesis (Fig. 2). Characterization of
mRNA isolated from PMA-treated HMVEC 1F1645 by
oligonucleotide microarray and PCR analysis indicated that
exposure to PMA stimulated the expression of many genes
associated with cancer (Fig. 2). The most highly upregulated gene on PMA exposure was stanniocalcin-1, a
gene recently identified as a molecular blood and bone
marrow marker for human breast cancer (48). Tissue
inhibitor of matrix metalloproteinase-1, another gene up-

regulated on PMA exposure, is overexpressed in pancreatic
cancer (49) and papillary thyroid carcinoma (50) and was
shown to correlate with poor prognosis in renal cell
carcinoma (51). Tissue factor pathway inhibitor-2, which
was induced by PMA, was shown to be expressed at higher
levels in aggressive human melanoma lines than in poorly
aggressive lines (52). These data strengthen the conclusion
in HMVEC 1F1645 that PMA exposure results in molecular
and cellular phenotypes like malignancy. PRL-3 was
among highly up-regulated genes on PMA exposure
strengthening the notion that PRL-3 may be a driver for
tumor-supportive endothelial phenotypes (Fig. 2). HMVEC
1F1645 infection with an adenovirus expressing PRL-3
allowed the increased expression of PRL-3 in the absence of
other alterations attributable to PMA exposure and resulted
in increased tube formation by the HMVEC, suggesting
that high PRL-3 levels in endothelial cells may be
associated with tumor angiogenesis (32).
Saha et al. (33) and Bardelli et al. (34) found PRL-3
overexpressed in colorectal cancer metastases. To model
high PRL-3 levels in a cell-based assay system, the human
colorectal adenocarcinoma cell line DLD-1, which endogenously expressed very low PRL-3 mRNA and protein, was
selected (Fig. 1). After transfection, five DLD-1 subclones
stably expressing PRL-3 mRNA were used for phenotypic
characterization (Fig. 3). Parental DLD-1 cells and five
subclones stably expressing empty vector were used as
controls. PRL-3 protein levels in the DLD-1 PRL-3 and
empty vector subclones and the parental cells were
determined by Western blot and by immunostaining.
Subclones PRL3-IIG11, PRL3-IID5, and PRL3-IIG5 showed
the highest levels of PRL-3 protein by Western blot,
whereas subclones PRL3-IIG5, PRL3-IID3, and PRL3-IB1
were the highest expressers by immunostaining (Fig. 3).
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The differences may be due to cross-reactivity of the
antibodies with PRL-2 protein. The ranking of the
subclones based on ability to invade through Matrigel
was PRL3-IIG5 > PRL3-IID3 and PRL3-IB1 > PRL3-IIG11 >
PRL3-IID5, which is in close agreement with the immunostaining results for PRL-3 protein (Fig. 3). The generation
time for each of the subclones and parental DLD-1 cells
indicated that PRL-3 expression was not associated with
proliferation rate (Fig. 4). However, invasion assays
showed that higher PRL-3 expression was associated with
increased invasion.
Invasion assays were subsequently done with human
tumor cell lines with high and low endogenous PRL-3,
including three human breast adenocarcinoma cell lines.
The MCF-7 breast adenocarcinoma line, a high PRL-3
expresser, was more invasive than the SKBR3 breast
adenocarcinoma line, a low PRL-3 expresser. However,

the MDA-MB-231 breast adenocarcinoma line, a low PRL-3
mRNA and protein expresser, was as invasive as the MCF7 cell line (Figs. 1, 5, and 6). Overall, for two of three human
tumor cell lines, there was a trend toward high PRL-3
expression and greater invasiveness, supporting a role for
PRL-3 in invasion (2). However, the MDA-MB-231 breast
adenocarcinoma line, which has low PRL-3 mRNA and
protein levels, had robust invasion through Matrigel,
indicating that PRL-3 expression is not required for
invasion by all cells. Conclusive demonstration that PRL3 actively promotes invasiveness in breast cancer cell lines
was achieved by transfecting MCF-7 cells with a PRL-3
siRNA. MCF-7 cells exposed to the PRL-3 siRNA showed
decreased PRL-3 mRNA and protein levels 72 hours posttransfection and reduced invasion through Matrigel (Figs. 5
and 6).
PRL-3, originally identified as a phosphatase in regenerating liver, continues to be validated as a potentially
interesting drug target in malignant disease. PRL-3 has
been found to be up-regulated in tumor endothelium and
in metastatic colon cancer cells preclinically and clinically
(31 – 34, 39). PRL-3 is up-regulated by exposure of endothelial cells to PMA and can be directly implicated in
increased tube formation by PRL-3 adenovirus-infected
HMVEC and in invasion by stably transfected DLD-1
subclones and endogenously expressing tumor cell lines.
PRL-3 represents both an antiangiogenic and an antitumor
target in malignant disease (53).
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