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Fig. 2. PRL-1 promotes cell migration and invasion. A, based on Western
blotting, the stable ectopic protein expression of Myc-tag PRL-1 WT and
catalytic mutants in A549 cells was approximately the same as that for
GAPDH. B, PRL-1 promotes cell motility in a scratch wound-healing
assay. A monolayer of A549 cells stably expressing PRL-1 was scratched
with a sterile micropipette tip. The number of cells in the denuded zone
was determined after the indicated time (0 or 72 h) by inverted micros-
copy. Quantitative assessment of the mean number of cells in the de-
nuded zone is expressed as the mean = S.D. The experiments were
repeated three times. #*, P < 0.01 compared with vector control. B, PRL-1
promotes cell invasion and migration. Cell invasion of stably transfected
A549 cells was assessed at 24 h using Matrigel invasion chambers, as
described under Materials and Methods. Three fields in each well were
counted and the mean percent invasion through the Matrigel matrix
membrane was determined relative to the migration through the control
membrane. The bar graph presents the mean relative values obtained
from three independent determinations (+=S.D.). #*, P < 0.01 compared
with the vector control.

Loss of PRL-1 by siRNA Inhibits Cell Migration and
Invasion. To examine further the role of PRL-1 in cell mi-
gration and invasion, we used two different 21-nucleotide
siRNA sequences to reduce PRL-1 protein levels by 43 and
58%, respectively (Fig. 3A); siRNA1 and siRNA2 decreased
PRL-1 mRNA by 65 and 68%, respectively (Fig. 3B). Twenty-
four hours after transfection of PRL-1 siRNA or control
siRNA (SCR), A549 cells were plated at high density in a
24-well plate, allowed to reach confluence overnight, and
then serum-starved for additional 12 h. A 1-mm-wide
wound was inflicted with a sterile pipette tip, and gap
width was measured daily for 3 days. PRL-1 siRNA re-
tarded cell migration compared with SCR siRNA-treated
cells. Inhibition of PRL-1 expression by siRNA1l and
siRNA2 prevented cell migration by 24 and 14%, respec-
tively (siRNA1, P < 0.01; siRNA2, P < 0.05) (Fig. 30C).
Furthermore, we evaluated cell invasion after PRL-1
siRNA using Matrigel invasion chambers. As shown in
representative photographs, PRL-1 siRNA1 and siRNA2
significantly decreased cell invasion by 60% compared
with SCR (siRNA1, P < 0.01; siRNA2, P < 0.05) (Fig. 3C).
Thus, inhibition of PRL-1 expression by siRNA prevented
cell migration and invasion.
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Fig. 3. Depletion of PRL-1 inhibits cell migration and invasion. A, West-
ern blotting detects PRL-1 protein levels at 24 h after siRNA transfection.
Protein expression levels are relative to GAPDH. B, reverse transcrip-
tion-PCR detection of PRL-1 mRNA levels 24 h after siRNA transfection
in A549 cells. mRNA levels are relative to B-actin. C, PRL-1 siRNA
inhibits cell migration in the scratch wound-healing assay. Transiently
siRNA transfected A549 cell monolayers were disrupted with a sterile
micropipette tip. The number of cells in the denuded zone was deter-
mined at the indicated times (0 or 72 h) by inverted microscopy. Quan-
titative assessment of the mean number of cells in the denuded zone is
expressed as mean *+ S.D. The experiment was repeated three times.
#, P < 0.05; #+, P < 0.01, compared with scrambled control. B, PRL-1
siRNA inhibits cell invasion and migration. Cell invasion of transiently
siRNA transfected A549 cells was assessed at 24 h using Matrigel inva-
sion chambers, as described under Materials and Methods. Three fields in
each well were counted, and the mean percent invasion through the
Matrigel matrix membrane was determined relative to the migration
through the control membrane. The bar graph presents the mean relative
values obtained from three independent determinations (=S.D.). *, P <
0.05; #*, P < 0.01, compared with the scrambled control.

E-cadherin has been described as a tumor suppressor that
prevents cell invasion through vinculin or a number of other
molecules associated with the cadherin complex (Avizienyte
and Frame, 2005). During tumor development, loss of E-cad-
herin function in epithelial cells results in cells with enhanced
invasive and metastatic ability. We found that E-cadherin pro-
tein expression was decreased in cells expressing WT PRL-1
compared with vector and the C104S and D72A catalytic mu-
tants. Furthermore, the loss of E-cadherin is accompanied by
the loss of other intracellular adhesion molecules, vinculin and
paxillin (Fig. 4, A and B).

PRL-1 Regulates Cell Migration and Invasion
through the Rho Family. PRLs are thought to have impor-
tant roles in regulating Rho family GTPases, including Rho,
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Fig. 4. PRL-1 regulates cell adhesion. A, cell lysates (40 pug) were ana-
lyzed by Western blotting in epithelial markers, E-cadherin, vinculin,
and paxillin. GAPDH was used as a loading control. B, relative expres-
sion is average fold mean + S.D. The protein level changes from three
independent experiments normalized to vector. *, P < 0.05; **, P < 0.01,
compared with vector control.

Cdc42, and Rac, which regulate cell motility (Fiordalisi et al.,
2006). We hypothesized that PRL-1 activity may be associ-
ated with Rho family GTPases and regulate cell motility
through disassembly and assembly of actins. Figure 5, A and
B, shows that WT PRL-1 activated GTP-RhoA levels and
inhibited GTP-Cdc42 and GTP-Rac levels. PRL-1 activation
of GTP-RhoA required phosphatase-competent PRL-1 be-
cause the catalytically inactive C104S and D72A mutants did
not increase GTP-RhoA activity. The catalytic inactive D72A
mutant suppressed GTP-Cdc42 and GTP-Rac activity. This
may be the result of substrate trapping or other, not yet
known, nonphosphatase functions of PRL-1. However, our
results demonstrate that PRL-1 promoted Rho family func-
tion, which has an important role in actin filament assembly
and stabilization of focal adhesions.

When cells migrate, dynamic reorganization of actin cy-
toskeleton occurs. Actin polymerizes at the leading edge of
moving cells (Nomura et al., 2007). Therefore, we next tested
whether the Rho-associated protein kinase (Rock) inhibitor,
Y-27632, could block the PRL-1-mediated increase in RhoA
activity. Incubation of A549 cells stably expressing Myec-
tagged PRL-1 for 12 h with 5 or 15 pM Y-27632 decreased
total and activated RhoA levels, although it did not markedly
alter total Cdc42 and Rac levels (Fig. 6A). Y-27632 decreased
Myc-tagged PRL-1 levels. Y-27632 is known to disrupt actin
organization (Ishizaki et al., 2000). Therefore, we examined
whether Y-27632 could block PRL-1-mediated alterations in
cell migration and cell invasion. Indeed, both 5 and 15 pM
Y-27632 inhibited PRL-1-induced cell migration by 30 and
60%, respectively (WT PRL-1 and 5 pM Y-27632, WT PRL-1
and 15 uM Y-27632; P < 0.01) (Fig. 6B). Furthermore, 5 or 15
pM Y-27632 significantly decreased PRL-1-induced cell in-
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Fig. 5. PRL-1 regulates the GTP-Rho family. A, PRL-1-activated RhoA.
A549 cells stably expressing PRL-1 (WT), catalytic mutant (C104S and
D72A), and empty vector were assessed for the level of active RhoA using
a Rho activation assay kit. PRL-1 inactivates GTP-Cdc42 and GTP-Rac.
A549 cells stably expressing PRL-1 (WT), catalytic mutant (C104S and
D72A), and empty vector were assessed for the level of GTP-Cdc42 or
GTP-Rac using a Cdc42/Rac activation assay kit. B, PRL-1-expressing
WT and catalytic mutants were compared with empty vector. The data
are expressed as means * S.D. of Rho and Cdc42/Rac activation assays of
three independent experiments. *, P < 0.05; **, P < 0.01, compared with
the vector control.

vasion in the Matrigel invasion chambers by 30 and 46% (WT
PRL-1 and 5 pM Y-27632, WT PRL-1 and 15 pM Y-27632;
P < 0.01) (Fig. 6B). Treatment of cells ectopically expressing
WT PRL-1 with a 5 puM concentration of the Rock inhibitor
Y-27632 for 0.5 or 3 h also decreased total actin stress fiber
staining, resulting in cells with altered shape and size com-
pared with similar cells treated with vehicle alone (Fig. 6,
C-E). Taken together, these results support a role for PRL-1
in the regulation of cell motility, filamentous actin dynamics,
and the Rho-Rock kinase pathway.

Discussion

Previous laboratory and clinical studies from our group
(Wang et al., 2002; Achiwa and Lazo, 2007) and others (Di-
amond et al., 1996; Wang et al., 2002; Stephens et al., 2005)
have implicated PRL-1 in cancer cell invasion and migration.
We selected A549 cells for our current studies because they
had the highest PRL-1 expression of any of the lung cancer
cell lines we examined, because they migrate and invade well
in culture, and because of our previous results with this cell
line (Wang et al., 2002; Achiwa and Lazo, 2007). A549 cells do
not, however, have the highest reported cellular expression
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levels (Wang et al., 2002), suggesting that it would be possi-
ble to express additional amounts in A549 cells. Using short
hairpin RNA and A549 cells, we previously documented that
loss of PRL-1 decreases invasiveness, Cdc42 activation, Rac
activation, cell spreading, and cell membrane protrusions
(Achiwa and Lazo, 2007). In this current extension of our
investigations into the role of PRL-1 in lung cancer, we found
that almost all of the human lung cancer cells we examined
expressed higher PRL-1 mRNA and protein levels compared
with those seen in nonmalignant immortalized human bron-
chial epithelial cells (Fig. 1, A and B). Reduction of PRL-1
mRNA after siRNA treatment clearly inhibited A549 cell
invasion. Cell migration was less dramatically affected by
siRNA (Fig. 3C), but the magnitude of the decrease in A549
cell migration was comparable to that reported previously
with glutamate antagonists in these cells (Rzeski et al.,
2001).

PRL-1 has a C-terminal polybasic region that binds to
phosphoinositides and a C-terminal prenylation motif, which
are required for plasma membrane localization (Sun et al.,
2007). These two features position PRL-1 to control cell mo-
tility and the actin cytoskeleton. Consistent with this expec-
tation, we found, using both depletion and repletion methods,
that PRL-1 altered the actin stress fiber architecture. Among
protein phosphatases, PRL-1 also has remarkably low intrin-
sic phosphatase activity (Sun et al., 2007). Even though
PRL-1 does not have any obvious cognate docking sites or
regulatory domains, it remains formally possible that PRL-1
participates in altering actin stress fiber architecture, not by
its intrinsic phosphatase activity but by interacting with
other intracellular macromolecules. However, our results
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Fig. 6. PRL-1 activity is interrupted by Y-27632. A, A549
cells stably expressing PRL-1 (WT) were cultured in BME
with 10% FBS with either 0.2% DMSO alone or 5 or 15 uM
Y-27632 for 12 h. The cellular extracts were analyzed by
Western blotting using Myc-Tag PRL-1, RhoA, Cdc42, Rac,
and GAPDH as indicated. The expression levels of GTP-
RhoA were assessed using a Rho activation assay Kkit.
GAPDH was used as a loading control. B, PRL-1 with
Y-27632 inhibits cell migration in the scratch wound-heal-
ing assay and cell invasion using Matrigel invasion cham-
bers. #*, P < 0.01 compared with WT. C-E, PRL-1 effects
on cell shape and actin stress fiber after treatment with
Y-27632. A549 cells stably expressing WT PRL-1 were cul-
tured in BME with 10% FBS for 24 h. The cells were
incubated in a 5% CO, incubator with either vehicle alone
(C), 5 pM Y-27632 for 30 min (D), or 5 uM Y-27632 for 3 h
at 37°C (E). The cells were then stained for actin stress
fibers.

with the catalytically inactive PRL-1 mutants suggested that
alterations in cellular migration, invasion, E-cadherin, vin-
culin, and paxillin levels all required phosphatase activity.

Rho family members are critical regulators of actin orga-
nization associated with cell motility (Wennerber and Der,
2004). Growth factor receptors and integrins cooperate to
control the activity of Rho GTPases, which results in the
formation of distinct actin structures (Burridge and Wenner-
ber, 2004). The subcellular localization of PRLs could enable
these phosphatases to influence the Rho signaling pathway.
Indeed, previous studies by Fiordalisi et al. (2006) with
SW480 colon cancer cells suggested that elevated PRL-1 and
PRL-3 expression can activate RhoA and RhoC. These au-
thors also demonstrated with a pharmacological inhibitor
that Rock was necessary for PRL-3-mediated invasion and
motility. In the current study, we document the need for Rock
in PRL-1-mediated invasion and motility using the same
pharmacological inhibitor. We also found an increase in
RhoA activity with ectopic expression of PRL-1 but not with
the catalytic inactive protein, indicating that the phospha-
tase activity was essential for enhanced RhoA activity. We
detected a decrease in Cdc42 and Rac activation with wild-
type PRL-1 but, interestingly, also with the catalytic mutant
forms of PRL-1. These observations seem to dissociate the
changes in Cdc42 and Rac (Fig. 5, A and B) from a PRL-1-
mediated increase in RhoA or loss of E-cadherin, vinculin,
and paxillin (Fig. 4, A and B). It also seems to dissociate
Cdc42 and Rac changes from the enhanced cell migration and
invasion seen with PRL-1 (Fig. 2B).

PRL-1 clearly participates in the Rac/Cdc42/RhoA axis
and in regulating actin stress fiber functionality. Nonethe-
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less, there are many unresolved questions about the mech-
anism by which PRL-1 functions and its intracellular sub-
strate or substrates. Our studies further validate PRL-1 as
a participant in the lung cancer migration and invasion
process and indicate that additional studies on this phos-
phatase are warranted.
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