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ABSTRACT: The PRL (phosphatase of regenerating liver) phosphatases represent a distinct class of protein
tyrosine phosphatases, which are implicated in tumorigenesis and metastasis processes. Accumulating
evidence indicates that alteration of PRL1 expression affects cell motility and tumor metastasis, although
the biochemical pathways regulated by PRL1 remain less well defined. We find that elevated expression
of PRL1 increases the levels of the matrix metalloproteinases MMP2 and MMP9. We have studied whether
MMP2 and MMP9 are regulated by PRL1 and participate in PRL1-dependent cell migration and invasion.
To this end, knockdown or inhibition of MMP2 and MMP9 by either siRNA or a specific small molecule
inhibitor blocks PRL1-mediated cell migration and invasion. In addition, we report that upregulation of
PRL1 activates the Src kinase through increased Tyr416 phosphorylation, which culminates in the
phosphorylation of focal adhesion proteins FAK and p130Cas, as well as ERK1/2 activation. We provide
evidence that both the Src and ERK1/2 pathways contribute to the increased motility of the PRL1 cells.
We further demonstrate that Src and ERK1/2 activities are required for the PRL1-induced increase in the
levels of MMP2 and MMP9, likely through activation of transcription factors AP1 and Sp1. Accordingly,
increased PRL1 expression results in activation of Src and ERK1/2, which stimulates MMP2 and MMP9
production, leading to increased cell migration and invasion.

Protein tyrosine phosphorylation plays an important role
in regulating a wide array of signaling events essential for
the proper function of many cellular processes, including
proliferation, metabolism, differentiation, survival and apo-
ptosis, and adhesion and motility (1). The level of tyrosine
phosphorylation is modulated by the coordinated action
of protein tyrosine kinases and phosphatases. Similar to that
of the kinases, dysregulation of protein tyrosine phosphatases
has been linked to several human diseases such as diabetes,
autoimmune disorders, and cancer (2). The PRL1 (phos-
phatase of regenerating liver) phosphatases represents a
distinct class of protein tyrosine phosphatases, which are
implicated in a number of tumorigenesis and metastasis
processes (3). The PRL phosphatases include three members
(PRL1, PRL2, and PRL3), which share a high degree
(>75%) of amino acid sequence identity.

PRL1 was originally identified as an immediate early gene
in regenerating liver (4). Subsequent studies revealed that
PRL1 expression is elevated in several tumor cell lines, and
cells expressing high levels of PRL1 exhibit enhanced
proliferation and anchorage-independent growth (4-6).
Interestingly, upregulation of related PRL2 and PRL3 also

promotes cell growth (3). In addition to a role in cell
proliferation, the PRLs are also involved in tumor metastasis.
For example, the PRL3 message is amplified in colorectal
cancer metastases, whereas its expression in primary tumors
and normal colorectal epithelium is undetectable (7). CHO
or HEK293 cells stably expressing PRL1 or PRL3 display
enhanced motility and invasiveness (8-10), and CHO cells
with an elevated level of PRL1 or PRL3 induce metastatic
tumor formation in nude mice (8). In addition, an increase
in PRL1 or PRL3 expression promotes motility and invasion
in colon adenocarcinoma cells (11), while transient reduction
of the level of PRL1 or PRL3 abrogates colon cancer cell
motility and hepatic colonization (12). Finally, knockdown
of endogenous PRL1 inhibits human A549 lung cancer cell
invasion (13). Collectively, these studies reveal that an excess
of PRL1 or PRL3 is a key contributing factor to the
acquisition of metastatic properties of tumor cells.

Given their involvement in human malignancies, the PRL
phosphatases have emerged as highly attractive targets for
novel anticancer therapy. Unfortunately, although consider-
able evidence has now accumulated suggesting that the PRLs
may play key causal roles in tumor metastasis, the underly-
ing mechanisms by which these phosphatases promote cell
migration and invasion remain poorly understood. Tumor
metastasis is a multistep process by which cancer cells
disseminate from a primary tumor to distant secondary organs
or tissues. Proteolysis and remodeling of the extracellular
matrix (ECM) make up one of several initiating events that
allow cancer cells to invade the surrounding stroma. Matrix
metalloproteinases (MMPs) are major hydrolytic enzymes
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targeting ECM during metastasis, and there is a clear
connection among MMPs, ECM degradation, and cancer cell
invasion (14).

In this report, we show that upregulation of PRL1 activates
Src and ERK1/2 pathways and increases both MMP2 and
MMP9 expression. Knockdown or inhibition of MMP2 and
MMP9 by either siRNA or a specific small molecule inhibitor
blocks the PRL1-mediated cell migration and invasion. In
addition, we provide evidence that induction of MMP2 and
MMP9 by PRL1 requires activation of the Src and ERK1/2
pathways. We further establish that the PRL1-induced MMP2
and MMP9 expression is driven by the ERK1/2-mediated
activation of transcriptional factors AP1 and Sp1. Finally,
we demonstrate that lung cancer cell lines with higher
migration and invasion potentials also express elevated levels
of PRL1 as well as MMP2 and MMP9 and display higher
Src and ERK1/2 activities. Collectively, the results support
a mechanism for the PRL1-induced cell migration and
invasion that involves induction of MMP2 and MMP9
expression via the Src and ERK1/2 signaling pathways.

MATERIALS AND METHODS

Materials. Anti-HA antibody was purchased from Santa
Cruz Biotechnology. Anti-phosphotyrosine (pY20), p130Cas,
FAK, and actin antibodies were from BD Biosciences. Anti-
Src, anti-Src-pY416, and anti-Src-pY527 antibodies were
from Biosource. Polyclonal anti-ERK1/2 and anti-pERK1/2
(Thr-202/Tyr-204) antibodies were purchased from Cell
Signaling (Beverly, MA). Src inhibitor SU6656, MEK1/2
inhibitor U0126, and MMP2 and MMP9 inhibitor (2R)-[(4-
biphenylylsulfonyl)amino]-N-hydroxy-3-phenylpropiona-
mide (BiPS) were purchased from Calbiochem. Zeocin was
purchased from Invitrogen. Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum, penicillin, and strep-
tomycin were from Invitrogen. The expression plasmid
encoding PRL1 was described in ref 10.

Cell Culture and Stable Clone Selection. HEK293 cells
were grown in DMEM supplemented with 10% fetal bovine
serum, penicillin (50 units/mL), and streptomycin (50 µg/
mL) under a humidified atmosphere containing 5% CO2.
HEK293 cells were seeded at 40% confluency in antibiotic-
free medium and grown overnight. Transfection was per-
formed using Fugene 6 (Roche, Indianapolis, IN) according
to the manufacturer’s recommendations. Twenty-four hours
after transfection, stable cell lines were established by
selection with zeocin (500 µg/mL). Lung cancer cell lines
were from ATCC and cultured according to ATCC cell
culture conditions.

mRNA Extraction and RT-PCR. mRNA from different cell
lines was prepared using Trizol reagent (Invitrogen). mRNA
was treated with DNase and quantified by absorbance at 260
and 280 nm. RT-PCR was performed using the Invitrogen
SuperScript one-step RT-PCR kit according to the manu-
facturer’s instructions. Equal amounts of RNA (200 ng) were
used as templates in each reaction. The sequences of specific
primers were as follows: PRL1, 5′-CCAGCTCCTGTG-
GAAGTCAC-3′ (sense) and 5′-CCATCATCAAAAGGC-
CAATC-3′ (antisense); 18S ribosome RNA, 5′-CGCCGCTA-
GAGGTGAAATTC-3′ (sense) and 5′-TTGGCAAATGCTTT-
CGCTC-3′(antisense);MMP2,5′-ACCTGGATGCCGTCGTG-
GAC-3′ (sense) and 5′-TGTGGCAGCACCAGGGCAGC-

3′ (antisense); and MMP9, 5′-CACTGTCCACCCCTCA-
GAGC-3′ (sense) and 5′-GCCACTTGTCGGCGATAAGG-
3′ (antisense). The PCR products were separated by 1%
agarose gel and visualized by ethidium bromide staining.
Representative results from two independent experiments are
shown.

Immunoblotting and Immunoprecipitation. Cells were
grown to 70% confluency, washed with ice-cold phosphate-
buffered saline, and lysed on ice for 30 min in 1 mL of lysis
buffer [50 mM Tris-HCl (pH 7.5), 5 mM EDTA, 150 mM
NaCl, 10 mM sodium phosphate, 10 mM sodium fluoride, 1
mM sodium pervanadate, 1 mM benzamidine, 1% Triton
X-100, 10 µg/mL leupeptin, and 5 µg/mL aprotinin]. Cell
lysates were cleared by centrifugation at 15000 rpm for 10
min. The lysate protein concentration was estimated using a
BCA protein assay kit (Pierce). For immunoprecipitation, 3
µg of antibody was added to 1 mg of cell lysate and
incubated at 4 °C for 4 h with protein A/G-agarose beads.
After being extensively washed, the protein complex was
boiled with sample buffer, separated by SDS-PAGE,
transferred electrophoretically to a nitrocellulose membrane,
and immunoblotted with appropriate antibodies followed by
incubation with horseradish peroxidase-conjugated secondary
antibodies. The blots were developed by the enhanced
chemiluminescence technique (ECL kit, Amersham Bio-
sciences). Representative results from at least two indepen-
dent experiments are shown. Densitometry was performed
using ImageJ.

Src Kinase Assay. The cell lysate from each cell line was
incubated with anti-Src antibody for 4 h at 4 °C together
with 20 µL of protein A/G. Half of the immunocomplex was
subjected to immunoblotting to determine the levels of total
Src protein. The other half was used to assay Src kinase
activity using enolase as a substrate as described previously
(9). The immunoprecipitate was washed three times with lysis
buffer and twice with kinase buffer [40 mM HEPES (pH
7.4), 10 mM MgCl2, and 3 mM MnCl2]. The immunopre-
cipitate was then incubated with 10 µCi of [γ-32P]ATP, 50
µM ATP, 1 mM dithiothreitol, and 5 µg of acid-treated
enolase in a 30 µL volume at 30 °C for 10 min. The reaction
was terminated by adding 10 µL of 4× SDS loading buffer.
The sample was analyzed by SDS-PAGE with 10% gel.
32P-labeled enolase was visualized by autoradiography.
Densitometry was performed using ImageJ.

Cell Motility Assay. Cell migration was assessed as
described previously (8) with some modifications. The assay
was performed with gelatin-coated Transwells (6.5 mM
diameter; 8 µM pore size polycarbonate membrane) obtained
from Corning (Costar, Acton, MA). Cells (3.75 × 105) in
1.5 mL of serum-free medium were placed in the upper
chamber, whereas the lower chamber was loaded with 2.6
mL of medium containing 10% FBS. After incubation at 37
°C with 5% CO2 for 24 h, the total numbers of cells that
migrated into the lower chamber was counted with a
hemacytometer. Experiments were performed in duplicate.

Cell InVasion Assay. Transwells (Biocoat Matrigel 24-well
invasion chamber) with filters coated with extracellular
matrix (ECMatrix gel) on the upper surface were purchased
from BD Biosciences. The experiments were performed
according to the manufacturer’s protocol. Cells (2.5 × 104)
were added to the upper chamber in serum-free medium,
and the total invasive cells in the lower chamber were stained
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and counted after being incubated for 24 h at 37 °C with
5% CO2. Experiments were performed in duplicate.

siRNA Knockdown. Duplex siRNAs were provided by
Proligo at a concentration of 50 µM. The siRNA sequences
were as follows: human MMP2-1, 5′-GCAACCUGUUU-
GUGCUGAATT (sense), 5′-UUCAGCACAAACAGGUU-
GCTT (antisense), target position 498; MMP2-2, 5′-
AGCGUGAAGUUUGGAAGCATT (sense), 5′-UGCUU-
CCAAACUUCACGCUTT (antisense), target position 2243;
MMP2 scramble, 5′-CGCAACGUUGUUGUUACGATT
(sense), 5′-UCGUAACAACAACGUUGCGTT (antisense);
human MMP9-1, 5′-ACCACAACAUCACCUAUUGTT
(sense), 5′-CAAUAGGUGAUGUUGUGGUTT (antisense),
target position 372; MMP9-2, 5′-GCAUAAGGACGAC-
GUGAAUTT (sense), 5′-AUUCACGUCGUCCUUAUGC-
TT (antisense), target position 1312; MMP9 scramble, 5′-
ACACCAUUAACUCCUAACGTT (sense), 5′-CGUUAG-
GUGUUAAUGGUGUTT (antisense); human PRL1-1, 5′-
CAACCAAUGCGACCUUAAATT (sense), 5′-
UUUAAGGUCGCAUUGGUUGTT(antisense),targetposition
1224;PRL1-2,5′-CUGGUUAAGUCUUGUGAAATT(sense),
5′-UUUCACAAGACUUAACCAGTT (antisense), target
position 1399; PRL1 scramble, 5′-AACACUAAGCGCAU-
CAUACTT (sense), 5′-GUAUGAUGCGCUUAGUGUUTT
(antisense). siRNAs were transfected by RNAiFect (Qiagen),
and the knockdown of targeted genes was verified after 72 h
by either RT-PCR or Western blotting analysis.

Gelatin Zymography. PRL1 cells were incubated in serum-
free DMEM for 24 h. The conditioned medium was collected
and concentrated, and 30 µg of total protein was resolved in
7.5% polyacrylamide gels containing 0.1% gelatin. After
electrophoresis, the gels were washed for 1 h in 2.5% (v/v)
Triton X-100 to remove SDS and then incubated overnight
at 37 °C in 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5
mM ZnCl2, and 10 mM CaCl2 to allow proteolysis of the
gelatin substrate. Bands corresponding to activity were
visualized by negative staining using 0.5% Coomassie
brilliant blue R-250 (Bio-Rad, Hercules, CA). Representa-
tive results from two independent experiments are shown.
Densitometry was performed using ImageJ, and band density
was normalized to the nonspecific band staining on the gel.

Nuclear Extraction and Gel Shift Assay. Nuclear extracts
were prepared from cells as described previously (15). PRL1
cells were resuspended in 1 mL of cold hypotonic RSB buffer
[10 mM Tris (pH 7.4), 10 mM NaCl, and 3 mM MgCl2]
supplemented with 0.25% NP-40 and protease inhibitors.
Following a 12 min incubation on ice, the cells were lysed
with a Dounce homogenizer. Nuclei were resuspended in 2
packed nuclear volumes of extraction buffer C [420 mM KCl,
20 mM HEPES (pH 7.9), 1.5 mM MgCl2, 0.2 mM EDTA,
and 20% glycerol] supplemented with protease inhibitors and
incubated on ice for 30 min. Protein concentrations were
determined with the Bio-Rad protein assay. The consensus
sequences of the double-stranded oligonucleotides used in
the gel shift assay were as follows: AP1, 5′-CGC TTG ATG
AGT CAG CCG GAA-3′ and 3′-GCG AAC TAC TCA GTC
GGC CTT-5′; Sp1, 5′-CAG AGA GGG GCG GGC CCG
AGT G-3′ and 5′-CAC TCG GGC CCG CCC CTC TCT
G-3′. For the binding reaction, 32P-labeled DNA fragments
(20000-25000 cpm), 5 µg of nuclear extract, and 2.5 µg of
poly(dI-dC), as a nonspecific competitor, were added to a
solution containing 10 mM HEPES (pH 7.9), 4 mM

dithiothreitol, 0.5% Triton X-100, 100 mM KCl, and 2.5%
glycerol in a final assay volume of 25 µL. The binding assay
was conducted at room temperature for 30 min, and
DNA-protein complexes were separated by gel electro-
phoresis. Where indicated, excess unlabeled competitor DNA
fragments corresponding to the consensus sequences for the
AP1 and Sp1 binding sites were added to the assay mixture
to ascertain binding specificity. Representative results from
two independent experiments are shown.

Luciferase Assay. Luciferase assays were modified as
previously described (16). Cells were transfected with various
human MMP2 or MMP9 promoter-luciferase constructs
kindly provided by E. N. Benveniste (University of Alabama,
Birmingham, AL) (17, 18) and D. Boyd (The University of
Texas M. D. Anderson Cancer Center, Houston, TX) (19, 20).
Cells were harvested and lysed 48 h after transfection.
Luciferase activities were determined using the luciferase
assay system (Promega, Madison, WI) according to the
manufacturer’s specifications. Individual assays were nor-
malized by internal Renilla luciferase activity. Experiments
were performed in triplicate and repeated two or three times
with similar results. The statistics were done using a
Student’s t-test, with a P of <0.05 considered significant.

RESULTS

PRL1 Promotes Cell Migration and InVasion. To define
the mechanism by which PRL1 promotes cell migration and
invasion, we established HEK293 cell lines overexpressing
PRL1. The level of ectopically expressed PRL1 in the pool
of stably transfected cells was 2-fold higher than that of the
endogenous PRL1 in vector control cells (Figure 1A). Using
the Transwell assay, we found that the PRL1 cells exhibited
a 3.5-fold increase in the level of cell migration as compared
to the vector control (Figure 1B). We also assessed the effect
of PRL1 expression on cell invasion. In comparison with
the control cells, the PRL1 cells displayed a 6-fold increase

FIGURE 1: PRL1 promotes cell migration and invasion. (A) RT-
PCR analysis of PRL1 expression in stable cell lines using 18S
rRNA as a control. The expression of the HA-tagged PRL1 protein
was assessed by Western blot analysis. (B) Cell migration was
quantitated over 24 h using the Transwell assay as described in
Materials and Methods. Relative cell migration was normalized to
vector control. Results are presented as means ( SD. Asterisks
indicate p < 0.01. (C) Cell invasion was assessed over 24 h using
the Matrigel method as described in Materials and Methods.
Relative cell invasion was normalized to vector control. Results
are presented as means ( SD. An asterisk indicates p < 0.05.
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in the degree of cell invasion as determined by the Matrigel
assay (Figure 1C). These results are in complete agreement
with previous observations from a number of cell lines,
including HEK293 (8, 10, 11), that ectopic expression of
PRL1 enhances cell motility and invasion. Acquisition of
these motile and invasive properties in PRL1 cells is
consistent with PRL1’s involvement in tumor metastasis.

PRL1 ActiVates Src and ERK1/2 Pathways. Little is known
about the biochemical mechanisms underlying the PRL
phosphatase-mediated cell invasion and tumor metastasis,
although the PRLs have been linked to several signaling
molecules, including Src, ERK1/2, PI3K/Akt, and the Rho
family of GTPases (9, 11, 13, 21). Since Src kinase is
intimately involved in cell migration and invasion, we set
out to determine whether Src is activated in PRL1-expressing
cells. Src activity is regulated by phosphorylation at two
distinct tyrosine residues. Autophosphorylation of Tyr416
in the kinase domain activates Src, while phosphorylation
of Tyr527 in the C-terminal tail by the C-terminal Src kinase
(Csk) blocks Src activity. Src phosphorylation levels at
Tyr416 and Tyr527 were determined using phosphospecific
antibodies directed toward pSrc416 and pSrc527, respec-
tively. Western blotting analysis showed that the Src Tyr416
phosphorylation level was 1.9-fold higher in PRL1 cells,
while no significant change in pTyr527 was observed (Figure
2A). The results suggest that Src is activated as a result of
increased PRL1 expression. To directly confirm Src activa-
tion, Src protein was immunoprecipitated from cell lysates
with anti-Src antibodies and assayed for kinase activity using
enolase and [32P]ATP as substrates. As shown in Figure 2A,
Src kinase activity was 3.4-fold higher in PRL1 cells than
in vector control cells.

To further corroborate that Src is activated in PRL1 cells,
we next examined the status of a number of signaling
molecules downstream of Src, including the focal adhesion
kinase (FAK), the adaptor protein p130Cas, and ERK1/2. It
is well established that Src regulates cell motility by targeting
FAK, p130Cas, and the ERK1/2 pathway (22, 23). Both FAK
and p130Cas are direct substrates of Src kinase, and they are
important mediators of focal adhesion turnover and cell
migration. Upon Src activation, FAK and p130Cas increase

their tyrosine phosphorylation levels and relocate to focal
adhesions to participate in cellular migratory processes. Src
can also mediate activation of the ERK1/2 pathway, which
is involved in several fundamental cellular processes in cell
proliferation, survival, and motility. Immunoprecipitation
experiments revealed that the levels of tyrosine phosphory-
lation of FAK and p130Cas in PRL1 cells were increased by
1.5- and 3.2-fold, respectively (Figure 2B). Moreover,
ERK1/2 is also activated in PRL1 cells, with a phospho-
ERK1/2 level 2.6-fold higher than the vector control (Figure
2B). These results indicate that elevated PRL1 expression
leads to Src activation, which promotes phosphorylation of
focal adhesion proteins and ERK1/2 activation. The increase
in phosphorylation of FAK and p130Cas is consistent with
the pro-migratory actions of PRL1. Activation of ERK1/2
may also contribute to the PRL1-induced cell migration and
invasion (see below).

EleVated PRL1 Expression Leads to MMP2 and MMP9
ActiVation. In addition to its role in cell growth and survival,
the ERK1/2 pathway also promotes tumor invasiveness
through upregulation of MMPs (24), which play important
roles in tumor metastasis (14). Among the MMP family
members, MMP2 (gelatinase A) and MMP9 (gelatinase B)
are most relevant to tumor invasion. Both MMP2 and MMP9
can degrade collagen of the basement membrane, which
induces cell migration and is required for cells to break up
the ECM and invade the surrounding tissues (25, 26). Since
ERK1/2 is activated in PRL1 cells and MMP2 and MMP9
are essential for cell invasion, we sought to determine
whether PRL1 cell lines have elevated MMP2 and MMP9
expression. RT-PCR analysis revealed that MMP2 and
MMP9 levels are 3.6- and 4-fold higher, respectively, in two
individual clones of PRL1 cell lines (Figure 3A). Both
MMP2 and MMP9 are synthesized as pro-enzymes in the
cell. When secreted, they are cleaved and become catalyti-
cally activated (14). Therefore, we further investigated
whether the PRL1 cells also produce more secreted and
active forms of MMP2 and MMP9. As shown in Figure 3B,
PRL1 significantly increased mature and active MMP2 (3.7

FIGURE 2: PRL1 activates Src and ERK1/2. (A) Cell lysates (50
µg) were resolved by SDS-PAGE and subjected to Western
blotting for detection of pSrc527, pSrc416, and Src. Actin was used
as a loading control. The kinase activity of the immunoprecipitated
Src was measured with enolase and [32P]ATP as substrates. (B)
Activation status of p130Cas, FAK, and ERK1/2. p130Cas and FAK
were immunoprecipitated from cell lysates (1000 µg) and resolved
by SDS-PAGE. Tyrosine phosphorylation levels were detected by
Western blot analysis using anti-pY20 antibody. ERK1/2 and
pERK1/2 were detected by Western blot analysis from total cell
lysates (50 µg).

FIGURE 3: PRL1 cell lines have increased levels of MMP2 and
MMP9 production. (A) PRL1, MMP2, and MMP9 mRNA levels
were determined by RT-PCR using 18S rRNA as a control. (B)
Aliquots of cell culture medium from control and PRL1 cell lines
containing the same amount of protein were subjected to gelatin
zymography. Staining of a nonspecific protein band was used as
loading control. (C) Knockdown of PRL1 using siRNA reduces
MMP2 and MMP9 expression. PRL1, PRL2, PRL3, MMP2, and
MMP9 levels were determined by RT-PCR.
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times) and MMP9 (3 times) production, as measured by
gelatin zymography. To confirm that the enhanced MMP2
and MMP9 expression is mediated by PRL1, we knocked
down PRL1 expression in PRL1 cells using siRNAs and
measured the levels of MMP2 and MMP9 by RT-PCR. As
shown in Figure 3C, the PRL1 message and protein levels
were reduced by nearly 80-90% in PRL1 knockdown cells.
No changes were observed in the message levels of the
related PRL2 and PRL3, demonstrating the specificity of the
siRNAs for PRL1. As expected, the reduction in PRL1
resulted in an ∼70% decrease in MMP2 and MMP9
expression (Figure 3C). Taken together, the data indicate that
elevated PRL1 expression leads to MMP2 and MMP9
activation and a decrease in PRL1 suppresses MMP2 and
MMP9 production.

PRL1 Stimulates MMP2 and MMP9 Expression through
Src and ERK1/2-Mediated AP1 and Sp1 ActiVation. We have
shown that Src and ERK1/2 pathways are activated in PRL1
cells. To determine whether Src and ERK1/2 activities are
required for the increased MMP2 and MMP9 production in
PRL1 cells, we examined the effects of inhibiting Src or

ERK1/2 pathways on MMP2 and MMP9 levels using the
Src specific inhibitor SU6656 and a specific MEK1/2
inhibitor U0126. As shown in Figure 4A, treatment of the
cells with U0126 decreased ERK1/2 activity by 3.2-fold and
reduced the expression levels of MMP2 and MMP9 by 8.1-
and 8.8-fold, respectively. Similarly, inhibition of Src by
SU6656 led to a 3.5-fold reduction in ERK1/2 activity and
2.9- and 11-fold decreases in MMP2 and MMP9 expression,
respectively. These results support the idea that PRL1
activates MMP2 and MMP9 expression via Src and ERK1/2
signaling pathways.

To further define the mechanism for the increased MMP2
and MMP9 levels in PRL cells, we determined the status of
the transcription factors Sp1 and AP1, which regulate MMP2
and MMP9 expression (17, 18, 27, 28). Interestingly, ERK1/2
activation has been shown to be required for the full activity
of Sp1 and AP1. To this end, ERK1/2 directly phosphorylates
Sp1 on Thr453 and Thr739. Mutation of these sites to
alanines decreases the ERK1/2-dependent transcriptional
activity of Sp1 (29). c-Jun, a critical component of the AP1
complex, can be phosphorylated by ERK1/2 on Ser63 and

FIGURE 4: PRL1 increases MMP2 and MMP9 expression through Src and ERK1/2-mediated AP1 and Sp1 activation. (A) Inhibition of Src
(2.5 µM SU6656) or ERK1/2 (1 µM U0126) led to reduced MMP2 and MMP9 expression. MMP2 and MMP9 expression was assessed by
RT-PCR, and pERK1/2, ERK1/2, and HA-PRL1 levels were determined by Western blot analysis. (B) AP1 and Sp1 transcriptional factors
are involved in the PRL1-induced MMP2 and MMP9 expression. Nuclear extracts of control and PRL1 cell lines were prepared. Electrophoretic
mobility shift assays were performed with 5 µg of nuclear extract with 20000 cpm of labeled Sp1 or AP1 probe. Competition analysis was
performed in the presence of a 10-fold molar excess of unlabeled probes. (C) Sp1 and AP1 activation requires Src and ERK1/2 activity.
Cells were preincubated with either Src (SU6656, 2.5 µM) or MEK1/2 (U0126, 1 µM) inhibitor, and the DNA binding activities of AP1
and Sp1 were determined using gel shift assays. (D-F) Requirement of AP1 and Sp1 for PRL1-induced MMP2 and MMP9 expression.
Control and PRL1 cell lines were cotransfected with either 200 ng of the MMP2 or the MMP9 luciferase reporter constructs (D), MMP9
deletion mutant luciferase reporter constructs (E), or an MMP9 luciferase reporter construct [MMP9(-670)TM] with all three AP1 and Sp1
sites mutated [changes in nucleotides were made according to the consensus sequences and published data (38, 39) and depicted in the
figure] (F) together with 10 ng of Renilla-TK luciferase reporter as an internal control. After 48 h, cells were lysed and dual luciferase
measurements were performed. Firefly luficerase values were normalized against Renilla luciferase values. Relative luciferase activity was
normalized to vector control cell (D), MMP9(-73) (E), or MMP9(-670)TM (F). Results are presented as means ( SD. One asterisk
indicates p < 0.05, and two asterisks indicate p < 0.01.
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Ser73, and the phosphorylation of these sites is required for
AP1 to become transcriptionally active (30). Since ERK1/2
activation appears to be responsible for the enhanced MMP2
and MMP9 expression in PRL1 cells, we ascertained whether
this occurs through upregulation of Sp1 and AP1 activity.
We first determined whether Sp1 and AP1 are activated in
PRL1 cells. Nuclear extracts from both the control and PRL1
cells were prepared, and gel shift assays were performed
using radioactive, double-stranded oligonucleotides corre-
sponding to the consensus sequences of the Sp1 and AP1
binding sites. As revealed in Figure 4B, substantially more
formation of the AP1- and Sp1-DNA complexes was
observed in PRL1 cells than in the control cells, indicating
that both AP1 and Sp1 are activated as a result of increased
PRL1 expression. In addition, AP1- and Sp1-DNA
interactions were disrupted when an excess of unlabeled
oligonucleotide was present in the assay mixture, which
confirms the binding specificity of the 32P-labeled probes
with the transcription factors. We next evaluated whether
Src and ERK1/2 activities are required for AP1 and Sp1
activation in PRL1 cells. The cells were incubated with
either the Src inhibitor SU6656 or the MEK1/2 inhibitor
U0126 before the nuclear extracts were prepared for gel
shift assays. The results revealed that inhibition of the
Src or ERK1/2 pathways abrogates the formation of the
AP1- and Sp1-DNA complexes, indicating that Src and
ERK1/2 are indeed essential for Sp1 and AP1 activation
in PRL1 cells (Figure 4C).

To further confirm the importance of AP1 and Sp1 for
the PRL1-mediated upregulation of MMP2 and MMP9, we
transfected control and PRL1 cell lines with luciferase
reporter constructs of MMP2 and MMP9 promoter regions
encompassing the AP1 and Sp1 sites. Consistent with the
results from the gel shift assays, the luciferase reporter
activities were increased 2-3-fold in PRL1 cell lines (Figure
4D). When luciferase reporters lacking the AP1 and Sp1 sites
(-73) in the MMP9 promoter region were used to transfect
the PRL1 cells, an approximately 7-fold decrease in lu-
ciferase activity was observed (Figure 4E). In contrast, no
change in luciferase activity was observed when the NFκB
site (-571) was removed from the MMP9 promoter.
Furthermore, when AP1 (-79), AP1 (-533), and Sp1
(-558) sites were mutated, the luciferase activity for the
triple mutant construct was 7-fold lower than that of the
control (Figure 4F), thus validating the requirement of AP1
and Sp1 for PRL1-induced MMP2 and MMP9 expression.
Taken together, our data suggest that PRL1 promotes the
activation of the Src and ERK1/2 pathways, which drive the
AP1- and Sp1-dependent transcriptional upregulation of
MMP2 and MMP9.

Upregulation of MMP2 and MMP9 Is Required for PRL1-
Induced Cell Migration and InVasion. Upregulation of
MMP2 and MMP9 is often associated with increased cell
migration, invasion, and cancer metastasis (14, 31). Given
the observed increase in MMP2 and MMP9 expression in
PRL1 cells, we suspected that MMP2 and MMP9 might
contribute to the enhanced migratory and invasive properties
of the PRL1 cells. To test this hypothesis, we employed either
a small MMP2 and MMP9 inhibitor (2R)-[(4-biphenylylsul-
fonyl)amino]-N-hydroxy-3-phenylpropionamide (BiPS) (32)
to inhibit the MMP2 and MMP9 activity or siRNAs to knock
down both MMP2 and MMP9 levels in PRL1 cells. The

results showed that either inhibition of MMP2 and MMP9
catalytic activity or reduction of MMP2 and MMP9 protein
levels abrogated the PRL1-mediated cell migration and
invasion (Figure 5). Therefore, we conclude that the increased
levels of MMP2 and MMP9 expression are essential to the
PRL1-induced cell migration and invasion.

PRL1 OVerexpression Is Correlated with Increased MMP2
and MMP9 Expression in Lung Cancer Cell Lines. Lung
cancer is the leading cause of cancer death in the United
States. The major cause of lung cancer-related fatality is the
development of metastasis. PRL1 is expressed in normal lung
bronchiolar epithelium and is overexpressed in many tumor
cell lines, including lung cancer cells (5). Recent studies
indicate that silencing of PRL1 in human A549 lung cancer
cells inhibits cell invasion (13). To ascertain whether MMP2
and MMP9 expression is also elevated in cells that naturally
overexpress PRL1, we examined two lung cancer cell lines,
H1299 and A549. We determined the levels of PRL1,
MMP2, and MMP9 as well as the activation status of Src
and ERK1/2 in H1299 and A549 cells. As shown in Figure
6A, A549 cells, which possess strong invasive activity,
express PRL1 2.5-fold more strongly than H1299 cells, which
have weaker invasive activity (33). RT-PCR analysis re-
vealed that A549 cells also express correspondingly 2.2- and
3.2-fold higher levels of MMP2 and MMP9, respectively.
Moreover, consistent with our observations with the PRL1-
expressing HEK293 cell lines, Src and ERK1/2 activities are
also substantially higher in A549 cells than in H1299 cells.
Since Src activity is higher in A549 cells, we further
determined whether Src activity is required for MMP2 and
MMP9 expression and cell invasion. Similar to results
obtained with PRL1-expressing HEK293 cells, treatment of

FIGURE 5: Enhanced MMP2 and MMP9 expression is required for
PRL1-induced cell migration and invasion. (A) Cells were treated
with the MMP2 and MMP9 inhibitor BiPS (0.5 µM), and the rates
of cell migration and invasion were quantitated over 24 h using
Transwell and Matrigel assays, respectively. Relative cell migration
or invasion was normalized to vector control cells. (B) The levels
of MMP2 and MMP9 in PRL1 cells were knocked down by siRNA,
and the rates of cell migration and invasion were quantitated over
24 h using the Transwell and Matrigel assays, respectively. Relative
cell migration or invasion was normalized to vector control cells.
Results are presented as means ( SD. One asterisk indicates p <
0.05, and two asterisks indicate p < 0.01.
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A549 cells with SU6656 caused considerable reduction in
ERK1/2 activity and significantly reduced MMP2 and MMP9
expression (Figure 6B). Additionally, Src inhibition by
SU6656 also resulted in a 6.7-fold decrease in the level of
cell invasion as compared to the vehicle control. Thus,
increased expression of PRL1 in lung cancer cells also
correlates with increased Src and ERK1/2 signaling as well
as MMP2 and MMP9 expression.

To determine whether PRL1 is also capable of inducing
MMP2 and MMP9 expression in lung cancer cells, we
cotransfected H1299 cells with a plasmid encoding PRL1
together with luciferase reporter constructs carrying the full-
length MMP2 or MMP9 promoter. Compared with the vector
control, luciferase reporter activities were increased 2-
3-fold when PRL1 and MMP reporter constructs were
coexpressed in H1299 cells (Figure 6C). These results
support the notion that the PRL1-mediated expression of
MMP2 and MMP9 may be a general mechanism responsible
for the PRL1-induced cell invasion and migration. To address
the potential biological relevance of PRL1 and MMP2 and

MMP9 in lung cancer metastasis, we determined the effect
of PRL1 knockdown or MMP2 and MMP9 inhibition on
A549 and H1299 cell migration and invasion. As expected,
knockdown of endogenous PRL1 with small interfering RNA
in lung cancer cells attenuated both cell migration and
invasion (Figure 6D). Moreover, inhibition of MMP2 and
MMP9 with the small molecule inhibitor BiPS also blocked
lung cancer cell migration and invasion (Figure 6E). The
results support the conclusion that PRL1 enhances the
invasiveness of lung cancer cells by increasing MMP2 and
MMP9 expression through the Src and ERK1/2 pathways.

DISCUSSION

The involvement of PRL1 in oncogenesis and metastasis
has been widely documented. However, the signaling
pathways regulated by PRL1 remain to be fully defined.
Obtaining this knowledge is vital for the development of
effective anticancer therapies targeting PRL1. To gain further
insight into the cellular pathways regulated by PRL1, we

FIGURE 6: PRL1 enhances the invasiveness of lung cancer cells by increasing MMP2 and MMP9 expression through the Src and ERK1/2
pathways. (A) An increase in PRL1 expression is correlated with Src and ERK1/2 activation as well as enhanced MMP2 and MMP9
expression in lung cancer cell lines. (B) Inhibition of Src by SU6656 in A549 cells decreases ERK1/2 activity and suppresses MMP2 and
MMP9 expression and cell invasion. A549 cells were treated with Src inhibitor SU6656 (2.5 µM) for 4 h. RNA was prepared, and MMP2
and MMP9 expression was determined by RT-PCR. pERK1/2 and ERK1/2 were determined by Western blot analysis. For the cell invasion
assay, A549 cells were treated with either DMSO or SU6656, and the rates of cell invasion were quantitated over 24 h using the Matrigel
assay. Relative cell invasion was normalized with the SU6656 treatment group. Results are presented as means ( SD. Asterisks indicate
p < 0.001. (C) PRL1 induces MMP2 and MMP9 expression in lung cancer cells. H1299 cells were cotransfected with 500 ng of PRL1
together with either 200 ng of the MMP2 or the MMP9 luciferase reporter constructs with 10 ng of Renilla-TK luciferase reporter as an
internal control. After 48 h, cells were lysed and dual luciferase measurements were performed. Firefly luficerase values were normalized
against Renilla luciferase values. Relative luciferase activity was normalized to vector control cells. Results are presented as means ( SD.
One asterisk indicates p < 0.05, and two asterisks indicate p < 0.01. Knockdown of MMP2 and MMP9 using siRNAs (D) or inhibition of
MMP2 and MMP9 using small molecule inhibitor BiSP (0.5 µM) (E) in H1299 and A549 cells reduces lung cancer cell migration and
invasion. Relative cell migration or invasion was normalized to the PRL1 siRNA2 group (D) or to the BiPS-treated group (E). Results are
presented as means ( SD. One asterisk indicates p < 0.05, and two asterisks indicate p < 0.01.
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have utilized HEK293 cell lines stably overexpressing PRL1
as model systems. Consistent with previous results from other
cell lines, we find that an increase in PRL1 expression leads
to enhanced cell migration and invasion. In addition, we show
that ectopic expression of PRL1 in HEK293 cells results in
Src activation. The activity of Src is regulated by phospho-
rylation on two tyrosine residues, Tyr416 in the kinase
activation loop and Tyr527 in the C-terminal tail. Phospho-
rylation at Tyr416 activates Src, whereas Tyr529 phospho-
rylation inhibits the Src kinase. Thus, depending on which
tyrosine experiences changes in phosphorylation, Src could
exhibit either increased or decreased activity. Our data
indicate that the PRL1-induced Src activation occurs as a
result of increased phosphorylation on Tyr416 in the kinase
activation loop. Interestingly, ectopic expression of PRL3
in HEK293 cells also leads to Src activation (9). However,
in the latter case, Src is activated through a reduction in
phosphorylation of the inhibitory Tyr527 rather than an
increase in Tyr416 phosphorylation. Thus, although PRL1
and PRL3 share a high degree of structural homology, they
may promote Src activation through different mechanisms.

The exact mechanism by which PRL1 promotes Src
activation remains to be established. Although both Src and
PRL1 reside in the plasma membrane, it is unlikely that
PRL1 directly activates Src. First, we failed to detect direct
binding between Src and PRL1 by immunoprecipitation
experiments (data not shown). Second, the PRL1-mediated
Src activation involves an increase in Tyr416 phosphoryla-
tion, which cannot be directly effected by a phosphatase.
Given the requirement of phosphatase activity for PRL
function (8, 9), it is likely that PRL1 dephosphorylates an
inhibitory substrate(s) to promote cellular signaling. Identi-
fication of direct substrates of the PRL phosphatases will
further our understanding of the biochemical mechanism of
the PRL1-mediated Src activation. It may also be insightful
to examine whether additional kinases are also involved in
PRL1 signaling. In any event, it appears that elevated
expression of either PRL1 or PRL3 can lead to Src activation,
which is a hallmark for oncogenic transformation and tumor
metastasis.

Elevated Src kinase activity drives focal adhesion turnover
that is associated with cell motility and metastasis. To this
end, activated Src binds and phosphorylates FAK, leading
to FAK activation and creation of additional sites for binding
of SH2 domain-containing molecules such as the Crk adaptor
protein and paxillin to the focal adhesion complexes (22).
Src kinase can further recruit and phosphorylate the SH3
domain-containing adaptor protein p130Cas in focal adhesions.
Our results show that tyrosine phosphorylation of FAK and
p130Cas, two direct substrates of Src, is indeed increased in
PRL1 cells. The phosphorylation of FAK and p130Cas

stimulates the localization of these phosphoproteins to newly
formed focal adhesions, which should contribute to the pro-
migratory actions of PRL1. In addition to regulating the
dynamics of focal adhesion turnover, Src is also important
for controlling the activity of the Rho family of small
GTPases, including Rho, Rac, and Cdc42, which are critical
regulators of actin cytoskeleton reorganization during cell
migration. Interestingly, alteration of PRL1 or PRL3 expres-
sion has been reported to perturb the activity of the Rho
family of GTPases (11, 13).

In addition to Src activation, ERK1/2 is also upregulated
in PRL1 cells. Aside from its role in regulating cell growth
and survival, the ERK1/2 pathway has been implicated in
the regulation of cell motility and tumor metastasis (34). A
hallmark of metastatic cancer cells is the capacity for matrix
degradation through the localized secretion of ECM-degrad-
ing MMPs. One suggested mechanism for ERK1/2 to
promote invasiveness in tumor cells is through upregulation
of MMPs (e.g., MMP9) for extracellular matrix remodeling
(24). We provide evidence that the levels of MMP2 and
MMP9 are elevated in PRL1 cells. Both MMP2 and MMP9
have been shown to play critical roles in cancer metastasis
(35-37). That MMP2 and MMP9 are essential for the PRL1-
dependent cell migration and invasion is quite consistent with
the known activities of these proteases. Thus, our finding
that an increase in PRL1 expression promotes MMP2 and
MMP9 activation offers a potential mechanism for the
enhanced motility and invasive phenotypes of the PRL1 cells.
We further demonstrate that MMP2 and MMP9 are upregu-
lated by ERK1/2 through transcription factors AP1 and Sp1
and participate in PRL1-mediated cell migration and invasion.

Finally, to ascertain whether the PRL1-induced Src and
ERK1/2 activation and the associated increase in MMP2 and
MMP9 expression represent a general phenomenon, we also
determined the levels of PRL1, phospho-Src416, phospho-
ERK1/2, MMP2, and MMP9 in two lung cancer cell lines,
A549 and H1299. Similar to the results obtained with the
HEK293 cell lines ectopically expressing PRL1, stronger
PRL1 expression is correlated with activation of the Src and
ERK1/2 pathways and an increase in MMP2 and MMP9
levels. Moreover, increased MMP2 and MMP9 expression
is also correlated with increased migration and invasion in
lung cancer cells. Thus, it appears that a similar mechanism
is also operative in lung cancer cells; namely, PRL1 activates
Src and ERK1/2, which promote focal adhesion turnover and
augment MMP2 and MMP9 expression, leading to increased
cell migration and invasion.
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