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Hypoxia induces expression of the urokinase receptor (WPAR)
and activates uPAR-dependent cell signaling in cancer cells.
This process promotes epithelial-mesenchymal transition
(EMT). uPAR overexpression in cancer cells also promotes
EMT. In this study, we tested whether uPAR may be targeted to
reverse cancer cell EMT. When MDA-MB 468 breast cancer
cells were cultured in 1% O,, uPAR expression increased, as
anticipated. Cell-cell junctions were disrupted, vimentin
expression increased, and E-cadherin was lost from cell sur-
faces, indicating EMT. Transferring these cells back to 21% O,
decreased uPAR expression and reversed the signs of EMT. In
uPAR-overexpressing MDA-MB 468 cells, EMT was reversed by
silencing expression of endogenously produced urokinase-type
plasminogen activator (uPA), which is necessary for uPAR-de-
pendent cell signaling, or by targeting uPAR-activated cell sig-
naling factors, including phosphatidylinositol 3-kinase, Src
family kinases, and extracellular signal-regulated kinase.
MDA-MB 231 breast cancer cells express high levels of uPA and
uPAR and demonstrate mesenchymal cell morphology under
normoxic culture conditions (21% O,). Silencing uPA expres-
sion in MDA-MB-231 cells decreased expression of vimentin
and Snail, and induced changes in morphology characteristic of
epithelial cells. These results demonstrate that uPAR-initiated
cell signaling may be targeted to reverse EMT in cancer.

Epithelial-mesenchymal transition (EMT)? is a well recog-
nized process in embryonic development (1). To facilitate
migration of neural crest cells out of the neuroectoderm,
N-cadherin-based cell adhesions are lost. Endocardial cells
adopt a mesenchymal cell phenotype during formation of car-
diac septa and valves. EMT also may be involved in metastasis
of epithelial cell malignancies (2). In cancer cell EMT, E-cad-
herin protein and activity are decreased, causing disruption of
cell-cell junctions and loss of cell polarity. At the same time,
cancer cells that undergo EMT demonstrate increased expres-
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sion of mesenchymal cell proteins such as vimentin. Loss of
E-cadherin, in human malignancies, may reflect mutation of
the E-cadherin gene or E-cadherin promoter hypermethylation
(3-5). E-cadherin expression also may be repressed at the tran-
scriptional level by Slug, Snail, or Twist (6-9). Experimental
regulation of E-cadherin expression controls cancer progres-
sion in mouse model systems (10-13).

Activation of the phosphatidylinositol 3-kinase (PI3K) and
Akt promotes EMT in cancer cells (14). Akt phosphorylates and
thereby inactivates glycogen synthase kinase-38 (GSK-3j),
increasing Snail activity by regulating Snail expression, degra-
dation, and nuclear localization (6, 7, 15, 16). Wnt signaling also
regulates GSK-38 and thereby supports EMT by downstream
effects on Snail and Slug (17). Extracellular signal-regulated
kinase (ERK1/2) increases expression of Snail (18). Rac1 and its
alternatively spliced variant, Raclb, control Snail expression
and activity, through a pathway that involves reactive oxygen
species and NF-«B (19). Finally, Src family kinases (SFKs) phos-
phorylate E-cadherin, promoting binding of the E3 ubiquitin-
ligase, Hakai, and E-cadherin ubiquitination (20).

We recently described a pathway in which hypoxia induces
EMT in cancer cells by increasing expression of the urokinase
receptor (uPAR) and by activating uPAR-dependent cell signal-
ing (21). Hypoxia also may induce EMT in cancer cells by acti-
vating hypoxia-inducible factor-1 (HIF-1)-promoted Twist
expression (22) or Notch signaling (23). uPAR has two distinct
ligands, which activate different cell signaling pathways. Bind-
ing of urokinase-type plasminogen activator (uPA) to uPAR
activates ERK1/2 and PI3K (24, 25). Binding of uPAR to
vitronectin activates Racl (26 —28).

There is mounting evidence suggesting that hypoxia may ini-
tiate metastasis programs in cancer cells. Adopting a metastatic
phenotype may occur as a result of uPAR activation in conjunc-
tion with EMT (21) or involve other receptors, such as the
erythropoietin receptor or the receptor for hepatocyte growth
factor/Met tyrosine kinase (29, 30). Once a cancer cell enters
the bloodstream or implants in a more oxygenated organ such
as the lungs, the oxygen tension to which the cell is exposed
changes. Thus, hypoxia represents an interesting and poten-
tially physiologically significant context in which to study
reversibility of EMT. Previous investigators have shown that
EMT is reversible by silencing expression of Twist (22). In
this study, we demonstrate that EMT may be reversed in
cancer cells by reoxygenation or by targeting uPAR-acti-
vated cell signaling.
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EXPERIMENTAL PROCEDURES

Reagents—Polyclonal human uPAR-specific antibody 399R
was from American Diagnostica. Polyclonal antibody that
detects vimentin was from Santa Cruz Biotechnology. Mono-
clonal antibody that recognizes E-cadherin (HECD-1) was from
Abcam. Monoclonal antibody that recognizes tubulin was from
Sigma-Aldrich. Horseradish peroxidase-conjugated antibodies
specific for mouse and rabbit IgG were from GE Healthcare.
Secondary antibodies conjugated with Alexa fluor 488 or 569
were from Invitrogen. PI3K inhibitor (LY294002), Src family
kinase (SFK) inhibitor (PP2), and MEK1 inhibitor (PD098059)
were from EMD Bio-sciences. qPCR reagents, including prim-
ers and probes for human uPAR, human uPA, vimentin, and
HPRT-1 were from Applied Biosystems.

Cell Culture—MDA-MB 468 cells (ATCC) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Hyclone) sup-
plemented with 10% fetal bovine serum (FBS), penicillin (100
units/ml), and streptomycin (100 pug/ml). MDA-MB 231 cells
(ATCC) were cultured in Leibovitz-15 (1-15) medium
(Hyclone) supplemented with 10% FBS, penicillin, and strepto-
mycin. uPAR-overexpressing MDA-MB 468 cells and
MDA-MB 468 cells transfected with the empty vector, pPCDNA
(EV cells), are previously described (21). These cells were main-
tained in the same Dulbecco’s modified Eagle’s medium, sup-
plemented with hygromycin (500 pg/ml).

Real Time gqPCR—Total RNA was isolated from cells in cul-
ture using the RNeasy kit (Qiagen). cDNA was synthesized
using the iScript cDNA synthesis kit (BioRad). qPCR was per-
formed using a System 7300 instrument (Applied Biosystems)
and a one-step program: 95 °C, 10 min; 95 °C, 30 s; and 60 °C, 1
min for 40 cycles. HPRT-1 gene expression was measured as a
normalizer. Results were analyzed by the relative quantity
(AACt) method. Experiments were performed in triplicate with
internal duplicate determinations.

Immunoblot Analysis—Cell extracts were prepared in radio-
immune precipitation assay buffer (20 mm sodium phosphate,
150 mMm NaCl, pH 7.4, 1% Nonidet P-40, 0.1% SDS, 0.5% sodium
deoxycholate) containing complete protease inhibitor mixture
(Roche Applied Science) and 1 mm sodium orthovanadate. Pro-
tein concentrations were determined by bicinchoninic acid
assay (Sigma-Aldrich). Equal amounts of cell extract were sub-
jected to SDS-PAGE, electrotransferred to nitrocellulose mem-
branes, and probed with primary antibodies.

Cell Migration and Invasion Assays—Migration of cells was
studied using 6.5-mm Transwell chambers with 8-um pores
(Costar). The Transwell membranes were precoated with puri-
fied vitronectin (1 wg/ml) on the underside only. Cells (10° in
100 pl) were added to the upper chamber of each Transwell
unit. The lower chamber was supplemented with 10% FBS to
create a chemotactic gradient. Cells were allowed to migrate in
21% or 1% O, for 24 h at 37 °C. Some cells were cultured in 1%
O, for 48 h, transferred to 21% O, for 24 h or 48 h, and then
allowed to migrate in 21% O,

To study cell invasion, Biocoat Inserts containing reconsti-
tuted, growth factor-reduced Matrigel (BD Biosciences) were
used. The cells were added above the Matrigel matrix. FBS was
added to the lower chamber as described for the cell migration
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experiments. Matrigel invasion was allowed to progress for 24 h
in 21% or 1% O,. Some cells were incubated in 1% O, for 48 h
and then transferred to 21% O, for 24 h, before addition to
Matrigel-containing chambers. At the end of each experiment,
membranes were stained with Diff-Quik (Dade-Behring). Cells
that migrated through the Matrigel to the lower surface of each
membrane were counted by light microscopy.

Immunofluorescence Microscopy—MDA-MB 468 cells were
plated on glass coverslips and fixed in 4% formaldehyde. Fixed
cells were permeabilized in 0.2% Triton X-100 and incubated
with antibodies specific for E-cadherin or vimentin for 18 h,
followed by secondary antibodies conjugated with Alexa fluor
488 or Alexa fluor 594 for 30 min. Preparations were mounted
on slides using Pro-long Gold with DAPI (Invitrogen) and
examined using a Leica DMIRE2 fluorescence microscope.
Images were obtained using a X63 oil-immersion objective and
a Hamamatsu digital camera with SimplePCI software.

SiRNA Transfection—Human uPA-specific double-stranded
siRNA was designed using the siRNA Selection Program devel-
oped by the Whitehead Institute of Biomedical Research (31).
The chosen sequence (cauguuacugaccagcaac) fits the pattern,
aa(N19)tt, and corresponds to nucleotides 1645-1664 of the
human uPA coding region. All candidate siRNA sequences
were subjected to a Blast search to optimize specific silencing.
Duplex siRNA was synthesized by Dharmacon (Lafayette, CO).
siCONTROL non-targeting control (NTC) siRNA pool also
was from Dharmacon. siRNA transfection was accomplished
by incubation with Lipofectamine (Invitrogen) in serum-free
medium. Human uPA mRNA expression was determined by
real time qPCR after introduction of uPA-specific siRNA or
NTC siRNA.

Chick Chorioallantoic Membrane (CAM) Assays—Dissemi-
nation of green fluorescent protein (GFP)-expressing
MDA-MB 468 cells from chick CAMs to the heart and lungs
was studied as previously described (21). Before inoculating
cells on the CAMs, MDA-MB 468 cells were cultured in 21% or
1% O, for 48 h. The cells then were suspended at 4 °C in Matri-
gel (4 X 107 cells/ml). 9-day-old eggs were used. A window was
cut in the shell above the dropped CAM, and a 1.0-cm? sterile
cotton gauze with a 4-mm? center cutout was placed on the
membrane. 2 X 10° MDA-MB 468 cells were inoculated onto
the CAM through the center of the gauze. 11 days later, nec-
ropsies were performed. The heart-lung blocks were isolated.
The number of foci of fluorescent cells/cell clusters was deter-
mined by fluorescence stereomicroscopy at X20.

RESULTS

Reoxygenation of Hypoxic Breast Cancer Cells Decreases
uPAR Expression and Reverses EM' T—Hypoxia induces EMT in
MDA-MB 468 breast cancer cells by a pathway that requires
increased expression of uPAR and activation of uPAR-initiated
cell signaling (21). These cells demonstrate increased vimentin
expression, loss of E-cadherin from the plasma membrane, and
localization of Snail to the nucleus. Fig. 1A shows that
MDA-MB 468 cells undergo EMT when exposed to 1% O, for
48 h, irrespective of the FBS concentration, as determined by
vimentin protein expression.
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FIGURE 1. Reoxygenation of MDA-MB 468 breast cancer cells decreases
hypoxia-induced expression of uPAR and vimentin. A, MDA-MB 468 cells
were cultured in 21% O, (Normoxia) or 1% O, (Hypoxia) for 48 h in medium
that contained various concentrations of FBS. Cell extracts were subjected to
immunoblot analysis to detect vimentin and tubulin as a loading control.
B, MDA-MB 468 cells were cultured in 21% O, (gray bars) or 1% O, (black bars)
for 24 h (0 days) and then reoxygenated in 21% O, for the number of days
indicated. uPAR mRNA was determined by qPCR and standardized against
the level presentin cells cultured in 21% O, for 24 h (mean £ SE;n=4,%*p <
0.05). C, vimentin mRNA was assessed using the protocol described for uPAR
mRNA in B. D, MDA-MB 468 cells were cultured in 21% O, for 48 h (Nor) or 1%
O, for 48 h (Hypoxia). All of the cells were then transferred to 21% O, for the
indicated number of days (days of Re-O,). Cell extracts were subjected to
immunoblot analysis to detect vimentin and tubulin as a loading control.
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FIGURE 2. Reoxygenation reverses EMT. MDA-MB 468 cells were cultured in
21% O, (N) or 1% O, (H) for 48 h. Some cells were cultured in 1% O, for 48 h
and then exposed to 21% O, for an additional 48 h (Re-O,). The cells were
immunostained to detect E-cadherin (red channel), vimentin (green channel),
and DAPI (blue channel). Bar, 15 um.

To test whether hypoxia-induced EMT is reversible, first, we
examined uPAR mRNA expression. MDA-MB 468 cells that
were cultured for 24 h in 1% O, demonstrated a 4.7-fold
increase in uPAR mRNA compared with cells that were main-
tained in 21% O, (Fig. 1B), confirming our earlier observation
(21). The increase in uPAR mRNA was statistically significant
(p < 0.01, n = 5). When cells were cultured for 24 h in 1% O,
and then transferred back into normoxic conditions (21% O,),
uPAR mRNA expression decreased. At 24-72 h, the uPAR
mRNA level was not significantly different than that detected in
cells that were maintained in 21% O, through-out the study.
Minor variation in the uPAR mRNA level, observed in cells that
were maintained in 21% O,, probably reflects changes in cul-
ture confluency.

Culturing MDA-MB 468 cell in 1% O, for 24 h increased
vimentin mRNA expression 10-fold (Fig. 1C). When the cells
were transferred back to 21% O,, the vimentin mRNA level
decreased. By day 2 following reoxygenation, the decrease in
vimentin mRNA was statistically significant (p < 0.05). Vimen-
tin protein levels also increased dramatically in 1% O, and
decreased with reoxygenation, as determined by immuno-
blot analysis (Fig. 1D). Loss of vimentin protein in 21% O,
was gradual, suggesting slow turnover of this intermediate
filament protein.

The decrease in vimentin expression that accompanied
reoxygenation suggested that EMT was reversed. To further
test this hypothesis, we conducted immunofluorescence
microscopy studies, assessing expression and subcellular local-
ization of E-cadherin and vimentin. In MDA-MB 468 cells that
were maintained under normoxic cell culture conditions (N),
E-cadherin was readily detected at cell-cell junctions (Fig. 2).
Vimentin was not detected, confirming the results of our
immunoblot analyses. In cells that were exposed to 1% O, for
48 h (H), cell-cell junctions were lost, and E-cadherin localiza-
tion in plasma membranes was rare. Vimentin was readily
detected. When cells were cultured for 48 h in 1% O, and then
returned to 21% O, for 48 h (Re-O,), signs of EMT reversed.
The cells reclustered, forming junctions that were equivalent to
those observed in cells that had never been exposed to hypoxia.
E-cadherin became prominent at cell-cell junctions. Vimentin
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immunoreactivity appeared decreased in some cells, as shown
in the figure; however this result was variable, as might be antic-
ipated given the slow decrease in total vimentin protein, which
occurs following reoxygenation (see Fig. 1D). Overall, these
results demonstrate that EMT, which is induced in MDA-MB
468 cancer cells by hypoxia, is reversible.

Reoxygenation Inhibits Cancer Cell Migration and Invasion—
Exposure of MDA-MB 468 cells to hypoxia promotes cell
migration and invasion (21). Although these changes are the
result of uPAR-dependent cell signaling, they may or may not
be a direct consequence of EMT, because the protocol for per-
forming cell migration and invasion experiments requires dis-
sociation of cultures into single cell suspensions. To test
whether hypoxia-induced cell migration and invasion are
reversed by reoxygenation, MDA-MB 468 cells were cultured in
1% O, for 48 h and then returned to 21% O, for 1 or 2 days. As
shown in Fig. 34, cells that were cultured in 1% O, demon-
strated significantly increased migration (p < 0.05). However,
cells that were cultured first in 1% O, for 48 h and then in 21%
O, for 1 or 2 days failed to migrate at a significantly increased
rate compared with cells that were maintained in 21% O,
throughout the study.

Similar results were obtained in Matrigel invasion assays
(Fig. 3B). Invasion was significantly increased (p < 0.05) when
cells were cultured in 1% O, for 48 h and then allowed to invade
Matrigel in 1% O,. However, when the cells were returned to
21% O, for 24 h and then allowed to invade Matrigel in 21% O,
the extent of invasion was not significantly different from that
observed with cells that were maintained in 21% O, throughout
the study. In control experiments, we demonstrated that differ-
ences in cell survival did not contribute to the cell migration or
invasion results (results not shown), which was anticipated
because the cells were maintained in 10% FBS.

We previously demonstrated that when MDA-MB 468 cells
are inoculated onto chick CAMs and treated on the CAMs with
the hypoxia mimetic, CoCl,, dissemination of tumor cells to the
heart and lungs is significantly increased (21). In new experi-
ments, we pre-exposed MDA-MB 468 cells to 1% O, and then
inoculated these cells on the CAMs. Control cells were not pre-
exposed to hypoxia (# = 12 in each cohort). CoCl, was not
added. Intrinsic to this protocol is reoxygenation, which occurs
when the cells are inoculated on CAMs. Fig. 3C shows that cells,
which were pre-exposed to hypoxia, showed a slight trend
toward increased dissemination from the CAMs to heart-lung
blocks; however, the observed change was not statistically sig-
nificant. We interpret these results as further evidence that
hypoxia-induced EMT is reversible. We conclude that reoxy-
genated MDA-MB 468 breast cancer cells lose their enhanced
ability to migrate, invade, and disseminate to distant organs.

Inhibition of uPAR-activated Cell Signaling Reverses EMT—
uPAR overexpression is sufficient to induce EMT in
MDA-MB 468 cells, even when the cells are maintained in
21% O,. The changes observed in uPAR-overexpressing
MDA-MB 468 cells are equivalent to those observed when
wild-type MDA-MB 468 cells are cultured in 1% O, (21). We
studied uPAR-overexpressing MDA-MB 468 cells as our first
model system to test whether uPAR-induced EMT may be
reversed by targeting cell signaling pathways downstream of
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FIGURE 3. Reoxygenation inhibits migration and invasion of MDA-MB
468 cells. Cells were cultured in 21% O, (gray bars) or 1% O, (black bars) for
48 h. All of the cells were then cultured in 21% O, for the indicated number of
days. Cell migration is shown in A. Invasion through Matrigel is shown in B.
Migration and invasion are compared with the level observed when we stud-
ied cells culturedin 21% O, for 24 h. C, cells were cultured in 21% O, (gray bars)
or 1% O, (black bars) for 48 h and then inoculated on 9-day-old CAMs. Tumors
were allowed to develop for 11 days. Chick embryos were harvested. The
number of GFP-expressing cells/cell clusters in the heart-lung block was
determined by fluorescence stereomicroscopy (mean = S.E; n = 12).

GFP-expressing cells/cell cluster

Hypoxia

uPAR. Fig. 4A shows that the level of uPAR protein was
substantially increased in uPAR-overexpressing MDA-MB
468 cells, compared with control cells, transfected with
empty vector (EV). The EV cells also expressed uPAR; how-
ever, longer exposure times were necessary to observe the
uPAR band (results not shown).
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FIGURE 4. Inhibition of uPAR-induced cell signaling reverses the effects of uPAR on expression of Snail
and vimentin. A, cell extracts from control (EV) and uPAR-overexpressing (huPAR) MDA-MB 468 cells were
subjected to immunoblot analysis to detect uPAR and total ERK as a loading control. B, control (EV) and
uPAR-overexpressing (huPAR) MDA-MB 468 cells were treated with the PI3Kinhibitor, LY294002 (LY, 10 um), the
MEKT inhibitor, PD098059 (PD, 50 um), or vehicle (Con) for 24 h. Cell extracts were subjected to immunoblot
analysis to detect phosphorylated Akt (p-AKT), phosphorylated ERK1/2 (p-ERK), and tubulin or total ERK as
loading controls. C, uPAR-overexpressing (huPAR) and control (EV) MDA-MB 468 cells were cultured in the
presence of LY294002 or PD098059 for 24 h. Cell extracts were subjected to immunoblot analysis to detect
Snail and tubulin as a loading control. Immunoblots were analyzed by densitometry (mean = S.E,n = 3,%,p <

avoid problems with cell viability.
Instead, we further tested our
hypothesis regarding reversal of
EMT by performing immunofluo-
rescence microscopy studies.

First, we examined E-cadherin
expression. Fig. 5 shows that uPAR-
E overexpressing MDA-MB 468 cells
demonstrated loss of cell-cell junc-
tions, which were clearly evident in
the control EV cell preparations.
E-cadherin localized prominently to
cell-cell junctions in EV cells but
was largely lost in uPAR-overex-
pressing cells. Exposure of uPAR-
overexpressing cells to LY294002,
PD098059, or PP2 for 24 h led to the
reformation of cell-cell junctions
and localization of E-cadherin to
these junctions. These results con-
firm that targeting cell signaling
pathways activated downstream of
uPAR in uPAR-overexpressing cells
reverses EMT.

We also examined vimentin

~ p-AKT

PP2

0.05). D, cells were treated with the indicated inhibitors for 24 h. Vimentin mRNA was determined by qPCR and

standardized against the level present in EV cells treated with vehicle (mean = S.E; n = 3, * p < 0.05).
E, uPAR-overexpressing MDA-MB 468 cells were treated with PP2 (1 um) or with vehicle for 24 h. Phosphoryl-
ated SFK was determined by immunoblot analysis. B-actin was determined as a loading control.

When cultured in serum-free medium, uPAR-overexpress-
ing MDA-MB 468 cells demonstrated increased levels of acti-
vated ERK1/2 and Akt compared with control EV cells (Fig. 4B).
This was an anticipated result because autocrine uPAR-
dependent cell signaling, triggered by endogenously produced
uPA, effectively regulates these pathways (24, 25, 32, 33).
PD098059 (50 wm) substantially but incompletely inhibited
activation of ERK1/2 in the uPAR-overexpressing cells. The
PI3K inhibitor, LY294002 (10 uMm), almost completely blocked
activation of Akt. To test whether these pharmacologic inhibi-
tors regulate the phenotype of uPAR-overexpressing MDA-MB
468 cells, first we measured Snail protein by immunoblot anal-
ysis and densitometry. Fig. 4C shows that Snail was significantly
increased in uPAR-overexpressing cells (p < 0.05, n = 3).
PD098059 and LY294002 independently reduced the level Snail
to that observed in control cells.

Vimentin mRNA was increased 45-fold in uPAR-overex-
pressing MDA-MB 468 cells (Fig. 4D). LY294002 and
PD098059 independently decreased the level of vimentin
mRNA by about 50% in 24 h. The SFK inhibitor, PP2 (1 um), had
a similar effect. The extent of the decrease in vimentin mRNA
observed with each cell signaling inhibitor was similar to that
observed when MDA-MB 468 cells were transferred from 1%
0O, to 21% O, for 24 h. Fig. 4E confirms that PP2 decreased the
level of activated SFK in uPAR-overexpressing MDA-MB 468
cells. Our results examining expression of Snail protein and
vimentin mRNA suggested that targeting PI3K, ERK1/2, or
SFKs may reverse EMT. We chose not to study drug combina-
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immunofluorescence (Fig. 6). uPAR-
overexpressing MDA-MB 468 cells
that were treated with the pharmaco-
logic inhibitors for 24 h demonstrated
residual vimentin immunoreactivity, which was detected even in
cells that formed clusters, suggesting that residual vimentin does
not obstruct reversal of EMT.

uPA Gene Silencing Reverses EMT in uPAR-overexpressing
MDA-MB 468— uPA binding to uPAR is necessary for uPAR-
dependent activation of PI3K and ERK1/2 (24, 25, 32, 33). We
hypothesized that endogenous production of uPA by uPAR-
overexpressing MDA-MB 468 cells may be necessary to sustain
EMT. To test this hypothesis, we transfected uPAR-overex-
pressing and control MDA-MB 468 cells with uPA-specific
siRNA. Control cultures were transfected with NTC siRNA.
uPA mRNA expression was measured 48 h later. As shown in
Fig. 7A, uPAR-overexpressing cells that were transfected with
NTC siRNA demonstrated increased levels of uPA mRNA
compared with control EV cells. This result probably reflects
activation of ERK1/2, which stimulates uPA expression in a
positive feedback loop (33).

uPA-specific siRNA decreased uPA mRNA expression by
greater than 70% in control MDA-MB 468 cells and by greater
than 80% in uPAR-overexpressing cells. uPA-specific siRNA
also decreased vimentin mRNA expression by greater than 60%
in uPAR-overexpressing cells (p < 0.05), suggesting that uPA
gene silencing may reverse EMT (Fig. 7B). To further test this
hypothesis, we examined cells by phase contrast microscopy.
As shown in Fig. 7C, uPAR-overexpressing MDA-MB 468 cells
demonstrated rare cell-cell junctions, unlike control cells,
which grew in clusters with prominent junctions. uPA gene
silencing eliminated the difference in phenotype. Without suf-
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FIGURE 5. Inhibition of uPAR-induced cell signaling restores cell surface-
associated E-cadherin in uPAR-overexpressing cells. Control (EV) and
uPAR-overexpressing (huPAR) MDA-MB 468 cells were treated with LY294002
(10 um), PD098059 (50 um), PP2 (1 um), or vehicle for 24 h. Cells were immu-
nostained to detect E-cadherin. The same cells were stained with phalloidin
to detect F-actin and with DAPI to mark nuclei. Drug-treated cells grew in
clusters with well defined cell junctions. E-cadherin localized to these junc-
tions. Bars, 15 um.

ficient endogenously produced uPA, uPAR-overexpressing
cells grew in clusters with well defined junctions.

uPA Gene Silencing Reverses EMT in MDA-MB 231 Cells—
MDA-MB 231 cells are aggressive breast cancer cells that
express high levels of uPA and uPAR and in which autocrine
uPAR-dependent cell signaling promotes cell survival (33).
MDA-MB 231 cells demonstrate mesenchymal cell morphol-
ogy and, unlike MDA-MB 468 cells, this is not dependent on
transfection for uPAR overexpression (21). We studied
MDA-MB 231 cells as a second model system to test the role of
uPA in maintaining mesenchymal cell phenotype. When
MDA-MB 231 cells were transfected with uPA-specific siRNA,
uPA mRNA expression was decreased by greater than 90%
within 96 h (Fig. 84). Vimentin mRNA expression was
decreased by about 80%, and Snail mRNA was decreased by
about 40% (p < 0.05).

By phase contrast microscopy, MDA-MB 231 cells that were
transfected with NTC siRNA appeared equivalent to untrans-
fected MDA-MB 231 cells. Both populations demonstrated
mesenchymal cell morphology and almost no cell-cell junctions
(Fig. 8B). In cells that were transfected with uPA-specific
siRNA, changes in cell morphology were observed. The cells
grew in clusters with well defined junctions. Some clusters con-
tained as many as 10-15 cells. Although these clusters were
slightly smaller than those observed when EMT was reversed in
MDA-MB 468 cells, the changes in MDA-MB 231 cell mor-

22830 JOURNAL OF BIOLOGICAL CHEMISTRY

Vimentin Nuclei

F-actin

EV
+
Vehicle

huPAR
+
Vehicle

huPAR
+
LY

FIGURE 6. Vimentin immunofluorescence in uPAR-overexpressing cells
treated with inhibitors of uPAR-initiated cell signaling. Control (EV) and
uPAR-overexpressing (huPAR) MDA-MB 468 cells were treated with LY294002
(10 wm), PD098059 (50 um), PP2 (1 um), or vehicle for 24 h. Cells were immu-
nostained to detect vimentin. The same cells were stained with phalloidin to
detect F-actin and with DAPI to mark nuclei. Bars, 15 um.

phology, coupled with changes in expression of vimentin and
Snail, suggest that uPAR-dependent cell signaling is required
for the maintenance of EMT in MDA-MB 231 cells under con-
ventional cell culture conditions.

DISCUSSION

In tumors, hypoxia typically develops when cancer cells are
separated from blood vessels by more than 180 uwm. Chronic
hypoxia causes cell death and tumor necrosis; however, some
hypoxic cancer cells activate prosurvival cell signaling path-
ways, which coincidentally also promote cell migration and
invasion (34). Many but not all changes in cellular transcrip-
tion, observed in hypoxia, reflect increased levels of HIF-1q,
which translocates to the nucleus and, after heterodimerization
with HIF-1p, binds to hypoxia response elements in gene pro-
moters (35). Increased levels of HIF-1a are associated with a
poor prognosis in human malignancies, including cancer of the
colon, breast, kidney, and prostate (36, 37).

Several receptor systems have emerged as mediators of the
proinvasion/metastasis phenotype that may be associated with
hypoxia. Met tyrosine kinase is expressed at increased levels in
hypoxia in various carcinoma cell lines and in breast epithelial
cells and hepatocytes. Cell signaling through Met promotes
invasion of osteosarcoma cells (30). In MCF-7 breast cancer
cells, hypoxia activates the erythropoietin receptor, which acti-
vates ERK1/2 and promotes cell migration (29). In MDA-MB
468 cells, ZR-75-1 breast cancer cells, and SCC squamous cell
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FIGURE 7. uPA gene silencing reverses EMT in uPAR-overexpressing
MDA-MB 468 cells. Control (EV) and uPAR-overexpressing (huPAR) MDA-MB
468 cells were transfected with NTC (black bar) or uPA-specific (gray bar)
siRNA (100 um). uPA mRNA (A) and vimentin mRNA (B) were determined by
gPCR and standardized against the levels present in EV cells transfected with
NTC siRNA (mean = S.E; n = 3). C, cell images were captured using phase
contrast microscopy. Bars, 50 um.

carcinoma cells, hypoxia induces expression of uPAR and this
event is associated with increased cell migration, invasion, and
EMT (21). Some cancer cells demonstrate increased uPAR
expression in hypoxia, but do not undergo EMT. Still others,
such as MDA-MB 231 cells, express increased levels of uPAR in
hypoxia, but already demonstrate mesenchymal cell morphol-
ogy under normoxic conditions. The results presented in this
study suggest that in cell culture, induction of EMT by uPAR
requires that the cancer cells not only express high levels of
uPAR but also uPA, so that the uPAR is ligated and uPAR-de-
pendent cell signaling is activated. The situation may be differ-
ent in vivo, because tumor cell uPAR may bind uPA produced
by nonmalignant cells in the tumor microenvironment (38, 39).
If this pathway is operational, then activation of uPAR-depend-
ent EMT may represent a novel mechanism by which the tumor
cell microenvironment affects cancer progression.

Although cancer cell EMT is thought to promote epithelial
cancer metastasis, this issue is still debated (40, 41). Aberrant
expression of genes involved in EMT promote tumor develop-
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FIGURE 8. uPA gene silencing reverses EMT in MDA-MB 231 cells.
A, MDA-MB 231 cells were transfected with NTC (black bar) or uPA-specific
(gray bar) siRNA (100 um). mRNA levels for uPA, vimentin, and Snail were
determined by gPCR and standardized against the levels present in cells
treated with NTC siRNA (mean * S.E.,, n = 3). B, cell images were captured
using phase contrast microscopy. Bars, 50 um.

ment and metastasis (13, 42). In human breast cancer, Snail
expression is correlated with tumor grade (43). Loss of E-cad-
herin also is frequently observed in human cancer (3-5). Nev-
ertheless, a role for EMT in cancer metastasis has been con-
tested by the argument that tumor cells at foci of metastasis
frequently show well differentiated epithelial cell morphology
(40). This raises the question of whether cancer cell EMT is
reversible, for which there is already evidence because EMT is
reversed by Twist gene silencing (22). The results presented
here show that hypoxia-induced EMT may be reversed by
reoxygenation, providing a model for changes that may occur in
vivo when cancer cells intravasate into the bloodstream or
metastasize to the lungs. EMT also may be reversed by targeting
uPAR-dependent cell signaling or by eliminating uPA from the
cellular microenvironment. If nonmalignant cells in a primary
tumor promote EMT by delivering uPA to the tumor cells, then
tumor cells that implant in the lungs or elsewhere may lose their
source of uPA.
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By binding uPA and/or vitronectin and by transactivating
other receptors, such as the epidermal growth factor receptor,
uPAR activates a network of interconnected cell signaling path-
ways that regulate cell proliferation, survival, and migration
(26,44 —46). The results presented here suggest that induction
and maintenance of EMT, in cells that express high levels of
uPAR, depends on simultaneous activation of numerous cell
signaling factors downstream of uPAR. Our results support a
model in which targeting any one of a number of cell signaling
factors, including but not limited to SFKs, PI3K, or ERK1/2,
may be sufficient to block the effects of uPA and uPAR so that
EMT is reversed. In MDA-MB 231 cells, which express high
levels of uPAR, loss of endogenously expressed uPA reveals
epithelial cell properties that have not been observed before in
this cell line. We have previously shown that uPA gene silencing
in MDA-MB 231 cells decreases cell survival (33). This result
reflects inhibition of uPAR-dependent cell signaling. Thus,
EMT may represent one of multiple cancer cell properties con-
trolled by uPAR, which impact on cancer progression.

The ability of PD098059 to reverse uPAR-induced EMT in
uPAR-overexpressing MDA-MB 468 cells was not anticipated
because, in our previous study (21), inhibiting ERK1/2 activa-
tion did not block the increase in MDA-MB 468 cell migration
and invasion observed under hypoxic conditions. Importantly,
migration and invasion assays are performed using Transwell/
Boyden chambers. Cells are added to the top chamber after
disrupting cell-cell junctions and forming single cell suspen-
sions. In doing so, some of the important differences between
epithelial and mesenchymal cells may be lost. Although EMT is
classically defined as a multiple step process in which cells
undergo changes in morphology and then demonstrate
increased migration and invasion (2), inhibiting activation of
ERK1/2 may dissociate the early steps of EMT (changes in mor-
phology) from the later steps (increased migration and invasion
as determined in Transwell assays).

uPAR may not independently induce EMT in many cancer
cells. Instead, other receptors, such as receptor-tyrosine kinases
and integrins, may work in concert with uPAR by activating an
overlapping continuum of cell signaling pathways that control
E-cadherin activity and EMT (21). It is quite possible that in
some cancer cells, uPAR and other factors that support EMT
may be induced simultaneously by hypoxia, downstream of
HIF-1a. The activity of uPAR probably reflects not only the
level of uPAR expression but also the availability of uPA in the
cellular microenvironment. Understanding the relationship
between uPAR and other factors induced by HIF-1« that may
support EMT is a goal for future studies.
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