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Abstract: Urokinase plasminogen activator receptor (UPAR) is a GPl anchored cell surface protein that is closely as-
sociated with invasion, migration, and metastasis of cancer cells. Many functional extracellular proteins and trans-
membrane receptors interact with uPAR. However, few studies have examined the association of uPAR with cyto-
plasm proteins. We previously used yeast two-hybrid screening to isolate several novel uPAR-interacting cytoplasmic
proteins, including Sproutyl (SPRY1), an inhibitor of the (Ras-mitogen-activated protein kinase) MAPK pathway. In
this study, we show that SPRY1 interacts with uPAR and directs it toward lysosomal-mediated degradation. Overex-
pression of SPRY1 decreased the cell surface and cytoplasmic uPAR protein level. Moreover, SPRY1 overexpression
augmented uPAR-induced cell adhesion to vitronectin as well as proliferation of cancer cells. Our results also further
support the critical role of SPRY1 contribution to tumor growth. In a subcutaneous tumor model, overexpression of
SPRY1 in HCT116 or A549 xenograft in athymic nude mice led to great suppression of tumor growth. These results
show that SPRY1 may affect tumor cell function through direct interaction with uPAR and promote its lysosomal
degradation.
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Introduction

UPAR is a highly glycosylated cell surface pro-
tein that lacks transmembrane and intracellu-
lar domains and attaches to the plasma mem-
brane by a glycosyl phosphatidylinositol (GPI)
anchor. Elevated uPAR expression has been
detected in many human cancers, including
solid tumors, leukemias and lymphomas, and is
associated with poor prognosis [1]. One of the
most critical roles of uPAR is its involvement in
the uPA-uPAR system to promote proteolysis of
the extracellular matrix (ECM). uPAR-bound uPA
subsequently converts plasminogen to active
plasmin that facilitates the degradation of ECM
and invasion of cancer cells. uPAR has also
been implicated in several tumor processes
through interactions with other cell surface
molecules. Vitronectin is another ligand for
UPAR [2], and uPAR associated with vitronectin
can dramatically increase cell adhesion to
vitronectin.

Many studies have shown that uPAR functions
as a signaling receptor, interacting with other
molecules, such as integrins, caveolin, G pro-
tein-coupled receptors and growth factor recep-
tors [2-4], to relay its downstream signals.
Signaling through uPAR activates the Tyr kinas-
es focal adhesion kinase (FAK) and the MAPK
pathway. For example, reduction of uPAR by
UPAR shRNA resulted in reduced phosphor-FAK
expression levels in pre-established medullo-
blastoma in nude mice [5]. Furthermore, knock-
down of uPAR suppresses the phosphorylation
of FAK, p38MAPK, JNK and ERK1/2 in glioma
[6]. uPAR can be internalized to the cytoplasm
through its interaction with low-density lipopro-
tein receptor-related protein (LRP-1) [7] or
endocytic receptor 180 (ENDO180) [8, 9l.
Recent studies revealed that uPAR can be con-
stitutively internalized through a ligand-inde-
pendent manner [10]. In addition, uPAR can
also be recycled back from the endocytic com-
partment to the plasma membrane. The consti-
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tutive internalization, recycling and degradation
of UPAR are key events that determine the dis-
tribution of uPAR on the plasma membrane,
thus controlling uPAR functions including prote-
olysis and non-proteolytic functions. Soluble
uPAR (suPAR) is another form of uPAR that is
released from the cell surface through the
cleavage of GPl-anchored uPAR. Three different
sUPAR forms (suPARI-Ill, suPARII-Ill, and suPA-
RI) have been detected in blood, urine and
cerebrospinal fluid. Studies have shown that
elevated suPAR is closely associated with some
physiological and pathological events, includ-
ing respiratory cancer, inflammation [11, 12],
focal segmental glomerulosclerosis, type 2 dia-
betes and progressive liver fibrosis [13, 14].
Thus, increased plasma suPAR levels may
serve as a useful diagnostic marker.

We previously used yeast two-hybrid screening
to isolate several novel uPAR-interacting cyto-
plasmic proteins, including SPRY1. SPRY1 is an
inhibitor of the MAPK pathway, was first
identified in Drosophila as an inhibitor of FGF
receptor signaling during tracheal develop-
ment. However, the stage at which SPRY blocks
MAPK activation remains controversial [15].
SPRY proteins can interact with multiple com-
ponents of the Ras/MAPK pathway, including
Grb2, FRS2, Shp2, ¢c-Cbl, Rafl and GAP1 [16-
20]. In mammals, four SPRY genes (SPRY1-4)
have been found. SPRY1 has been proposed to
function as a tumor suppressor gene in various
tumor types. Several cancer cells show a low
basal expression of SPRY1, such as breast,
prostate and liver cancers [21-23]. A recent
study showed that SPRY1 is also a target of
tumor suppressors, such as WT1 [24], angio-
static agent 16K prolactin and miR-21. Here we
identified a previously unknown mechanism in
which SPRY1 interacts with uPAR to promote its
degradation by the lysosomal pathway. We
investigated the possibility of SPRY1 function in
adhesion and proliferation of cells.

Materials and methods
Reagents

Anti-uPAR (FL-290) rabbit polyclonal antibody
was purchased from Santa Cruz Biotechnology
(Dallas, TX). Antibody against SPRY1 was pur-
chased from Abnova (Taipei City, Taiwan). Anti-
phospho-ERK and anti-ERK antibodies were
purchased from Cell Signaling Technology
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(Beverly, MA). Anti-tubulin antibody was pur-
chased from Stratagene (La Jolla, CA). Anti-
bodies against FAK and phospho-FAK (pY397)
were purchased from BD Biosciences (San
Diego, CA). Lipofectamine 2000 and Trizol were
purchased from Invitrogen (Carlsbad, CA). The
2xSYBR Green QPCR Master Mix was pur-
chased from Bio-RAD (Hercules, CA). E-64,
MG132, protein inhibitor cocktail and cyclohexi-
mide (CHX) were obtained from Sigma (St Louis,
MO).

Cell lines and transfection

HCT116 cells that stably express antisense
uPAR cDNA fragment (antisense uPAR), control
cells (Mock), HEK293 cells, and HEK293 cells
stably transfected with uPAR (293-uPAR) were
originally constructed in Dr. Yao Wang's lab
(University of New South Wales, Sydney,
Australia). HeLa, MCF-7, Caco2, A549, SW-620
and HCT116 cell lines were obtained from
ATCC. All cells were cultured in DMEM or 1640
medium containing 10% FBS, I-glutamine (300
pg/ml), penicillin (100 IU/ml) and streptomycin
(100 pg/ml). Cells were seeded at 3 x 10° cells
per well in 6-well plates and transfected with
plasmid in antibiotic-free medium using Lipo-
fectamine 2000, according to the manufactur-
er’'s instructions.

Constructs

Full-length wild-type hSPRY1 or uPAR were
cloned into pRK5 vector (Flag-tagged, His-
tagged, or untagged), and the resultant vectors
were named pRK5-SPRY1, pRK5-SPRY1-Flag,
pRK5-uPAR-His, and pRK5-uPAR.

Immunoblotting

Cells were lysed in lysis buffer (50 mM Tris-HCl,
pH 7.4, 250 mM NaCl, 0.5% Triton-X 100, 50
mM NaF, 2 mM EDTA, 1 mM Na_VO, and protein
inhibitor cocktail) for 30 min and then centri-
fuged at 13,000 g for 15 min at 4°C. Protein
concentration was assessed by Bradford pro-
tein assay. Protein samples (60 ug) were sepa-
rated by SDS-PAGE and transferred to PVDF
membranes. Membranes were subsequently
blocked for 1 h at room temperature and fur-
ther incubated at 4°C overnight with primary
antibodies. Membranes were then incubated
with secondary HRP-conjugated mouse or rab-
bit antibodies. Protein band intensities were
quantified using the Image J software.
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Immunofluorescence assay

Cells transfected with plasmids were grown on
cover slips in 6-well plates, and 48 h post-
transfection, the cells were fixed with 4% form-
aldehyde and permeabilized using 0.5% Tri-
ton-100. Cells were blocked with 3% BSA and
then incubated with primary antibodies diluted
in 3% BSA followed by incubation with second-
ary antibodies. Fluorescence images were obta-
ined using a microscope (Carl Zeiss, Ober-
kochen, Germany).

Adhesion assays

For adhesion assays, 48-well plates were coat-
ed with 10 pyg/ml vitronectin, fibronectin or 1%
BSA in PBS (uncoated plastic), and incubated
overnight at 4°C. The plates were then blocked
for 1 h at room temperature with 1% BSA in
PBS. Cells were transfected with pRK5-SPRY1
or pRK5 empty plasmids. After 24 h, cells were
harvested and washed three times in PBS, and
1 x 10° cells were plated in each coated well
and incubated for 1 h at 37°C. Attached cells
were fixed with 4% paraformaldehyde in PBS for
10 min and then incubated with 2% methanol
for 10 min. The cells were stained with 0.5%
crystal violet in 20% methanol. Images were
captured using the 10x objective lens. To quan-
tify the numbers of adherent cells, stain was
eluted by 0.1 M sodium citrate in 50% ethanol,
pH 4.2, and the absorbance at 595 nm was
measured in a spectrophotometer.

Proliferation assays

Cells were transfected, and 24 h later, cells
were plated in 48-well culture plates at a den-
sity of 1 x 10% cells per well in 10% FBS/DMEM.
Proliferation was analyzed at different time
points using MTT assay. Twenty ul of dimethyl
thiazolyl diphenyl was added and the incuba-
tion continued for 4-6 h. Medium was removed,
and 100 ul dimethyl sulfoxide (DMSO) was
added to each well to dissolve the formazan by
pipetting up and down several times. The
absorbance, with a test wavelength of 570 nm
and a reference wavelength of 630 nm, was
measured. Empty wells (DMSO alone) were
used as blanks. For continuous monitoring of
changes in cell growth, approximately 1 x 10*
cells/well were seeded onto E-plates and incu-
bated for 30 min at room temperature, after
which E-plates were placed onto the Real-Time
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Cell Analyzer (RTCA) station (xCELLigence Sy-
stem, Roche, Mannheim, Germany). Mea-
surement of cell impedance was performed
every half hour and continuously over 96 h.

Flow cytometry assays

Cell-surface uPAR levels were measured acc-
ording to previously described methods [27].
Cells were harvested in PBS containing 5 mM
EDTA and washed in PBS containing Ca?* and
Mg?*, and then 5 x 10° cells were incubated
with 10 ug/ml of rabbit anti-uPAR for 1 h at
4°C. Purified immunoglobulin was used as a
negative control. The cells were then washed
and incubated with a fluorescein isothiocya-
nate-labeled goat anti-rabbit IgG for 30 min at
4°C, then the cells were washed and analyzed
by flow cytometry using a FACScan (Becton
Dickinson, San Jose, CA).

Quantitative PCR

Cells were transfected with indicated plasmids.
After 48 h, cells were washed with PBS, and
then total RNA was isolated using TRIzol accord-
ing to the manufacturer’s instructions. Total
RNA (1 pg) was reverse-transcribed using the
PrimeScript RT reagent kit (TakaraBio, Tokyo,
Japan), and 1 yl of a 1:10 dilution of the reverse
transcription reaction was analyzed by real
time quantitative PCR with a BioRad 1Q5 sys-
tem, using IQTMSYBR Green Supermix for gPCR
kit. The mRNAs measured were normalized to
B-actin mRNA. The relative level of expression
was calculated with the formula 222, Primers
used for PCR were as follows: uPAR F: 5’-AGCAC-
GGCATCGTCA CCAACT-3’; uPAR R: 5-TGGCTGG-
GGTGTTGAAGGTCT-3’; SPRY1 F: 5-GCCTTCTTT-
GGATAGCCGTCAG-3’; SPRY1 R: 5-TCATTGCTGC-
CTCTTATGGCC-3’; B-actin F: 5-AGCACGGCATCG-
TCACCAACT-3’; B-actin R: 5-TGGCTGGGGTGTTG-
AAGGTCT-3".

Xenograft experiments

BALB/ female athymic nude mice (4-6 weeks)
were purchased from the Laboratory Animal
Center, Beijing, China, and housed in SPF and
environmentally controlled conditions (22°C; a
12 h/12 h light/dark cycle, with the light cycle
from 6:00 to 18:00 and the dark cycle from
18:00 to 6:00) and provided with pathogen-
free food and water. The study protocol was
approved by the local institution review boards
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Figure 1. Real-time PCR results measuring relative
levels of SPRY1 mRNA in the different cell types.
Relative SPRY1 mRNA levels in different cell types
were determined in relation to the housekeeping
gene B-actin. mRNA levels obtained from HT29 cells
were set at 1. All other levels were normalized to this
value. Data from RT-PCR experiments are shown as
means + SEM of three independent experiments.

and animal study was carried out in accordance
the established ethical guidelines for animal
use and care at Nanjing University. Mice were
inoculated subcutaneously on the mid-right
flank with 5 x 10° cells in 100 ul PBS. About 1
week after injection of tumor cells, when tumors
reached a size of approximately 150 mm?, the
mice were randomized into three groups (8
mice per group). The mice received direct local
injections of the GenEscort™ Reagent (Wisegen
Biotechnology, Nanjing, China) and plasmid
complexes (5 ug plasmid per mouse). Injections
were repeated every 3 days for a total of three
times. Tumor volumes were measured using
the formula: tumor volume (V) = length x width?
x 0.5. Tumor doubling time refers to the time
for a tumor to double in volume, and tumor
growth delay time is the time interval to reach
1000 mm?3 compared with the PBS control
group.

Statistical analysis

Paired Student’s t test analysis was carried out
on data using the SPSS software to assess sta-
tistical significance. Differences between ex-
perimental groups were considered significant
when p < 0.05.
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Results

Relative mRNA expression of SPRY1 in cancer
cell lines

Figure 1 shows the relative quantifications of
SPRY1 basal mRNA expression levels in differ-
ent cancer cell lines. Lower basal levels of
SPRY1 mRNA were detected in A549 and
HCT116 cell lines, which have been considered
high metastatic potential cell lines.

SPRY1 colocalizes with uPAR

Previous yeast two-hybrid and GST-pull down
studies demonstrated a significant interaction
between human SPRY1 and uPAR [28]. To
determine intracellular localizations of both
proteins, we performed immunofluorescence
analysis of both endogenous and transfected
uPAR and SPRY1 in HelLa cells. Immu-
nofluorescence results showed co-localization
of endogenous SPRY1 and uPAR within the
cytoplasm (Figure 2, lower panel). SPRY1
showed low expression throughout the cyto-
plasm. The localizations of transfected SPRY1
and uPAR were consistent with endogenous
results (Figure 2, middle and lower panels),
with both proteins localized predominantly in
the cytoplasm. These results provided further
evidence to support the interaction between
SPRY1 and uPAR in vivo.

SPRY1 promotes the lysosomal-mediated deg-
radation of uPAR

Considering the opposite effect of SPRY1 and
uPAR in regulating cancer progression, we
investigated whether SPRY1 directly affects
UPAR expression or vice versa. Low SPRY1
basal level cell lines, HCT116, A549 and 293-
uPAR cells were transiently transfected with
SPRY1 over-expression plasmids or empty vec-
tor and validated by both western blot and real
time RT-PCR assay. As shown in Figure 3, over-
expression of SPRY1 led to declined uPAR pro-
tein expression in total cell lysates (Figure 3A),
whereas UPAR mRNA levels were unchanged
(Figure 3B). These data suggested that SPRY1
may be involved in translation or protein stabili-
zation of uPAR. We further validated the above
results, 293-uPAR cells were transfected with
increasing doses of SPRY1 expression plas-
mids. As shown in Figure 3C, over-expression of
SPRY1 led to a dose-dependent decline of
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Figure 2. Immunofluorescence localization of SPRY1 and uPAR proteins in HelLa cells. Upper panel: Endogenous
UPAR (red) and SPRY1 (green) co-localized in the cytoplasm. The cells were stained for SPRY1 using anti-SPRY1 an-
tibody and Alexa Fluor 488-conjugated anti-mouse IgG (green). uPAR was detected by anti-uPAR antibody and Alexa
Fluor 594-conjugated anti-rabbit IgG (red). Middle panel: Cells were transfected with pRK5-uPAR-His vector and ex-
ogenous UPAR was detected by immunostaining with anti-His antibody (in red). Lower panel: Cells were transfected
with pRK5-SPRY1-Flag and exogenous SPRY1 was detected by immunostaining with anti-Flag antibody (in green).

The nuclei were stained with DAPI (blue).

UPAR protein. Next, to eliminate the impact of
the transfection reagents or procedure, we
transfected equal amounts of empty vector
(PRK5) or SPRY1 overexpression vector (pRK5-
SPRY1). As shown in Figure 3D, empty vector
transfection caused no alteration of uPAR pro-
tein level. In contrast, SPRY1 overexpression
resulted in a dramatically decreased expres-
sion of uPAR protein.

There are two possible reasons for SPRY1-
induced uPAR reduction: either inhibition of
UPAR protein synthesis or alteration of uPAR
protein degradation. As shown in Figure 3E,
treatment with the protein synthesis inhibitor
cycloheximide (CHX) did not inhibit SPRY1-
induced UuPAR reduction, suggesting that
SPRY1 promoted the degradation of uPAR pro-
tein. To further evaluate degradation pathways
possibly involved in the decrease of uPAR pro-
tein, 293-uPAR cells were transiently transfect-
ed with SPRY1 and incubated with the protea-
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some inhibitor MG132 (20 pM) or lysosomal
inhibitor E-64 (20 uM) for indicated times. As
shown in Figure 3F, E-64 treatment markedly
blocked SPRYZ1-induced degradation of uPAR,
but MG132 had no significant effect on the
expression level of uPAR. This data suggests
that SPRY1 enhances the degradation of uPAR
mainly by the lysosomal pathway. Collectively,
our results indicate that SPRY1 promotes uPAR
degradation in a lysosomal pathway-dependent
manner.

Effect of SPRY1 on cell adhesion

UPAR modulates several crucial cell behavior
pathways, including adhesion, migration, inva-
sion and proliferation. The above findings indi-
cated SPRY1 promotes degradation of uPAR
proteins, thus we next evaluated whether
SPRY1 also affects uPAR-mediated cell behav-
ior. First, we explored the functional conse-
quence of SPRY1 up-regulation on uPAR-medi-

Am J Cancer Res 2014;4(6):683-697
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Figure 3. SPRY1 promotes uPAR downregulation. A. Western blot analysis of SPRY1 and uPAR protein amounts in
total cell lysates from A549, HCT116 and 293-uPAR cells, transfected with pRK5-SPRY1 or pRK5. Tubulin was used
as loading control. B. uPAR mRNA levels in A549, HCT116 and 293-uPAR cells (transfected with pRK5-SPRY1 or
empty vector) were analyzed by quantitative PCR. B-actin was used for normalization of gene expression. C. Western
blot analysis of SPRY1 and uPAR protein amounts in total cell lysates from 293-uPAR cells transfected with increas-
ing amounts of SPRY1. Tubulin was used as loading control. D. Cells were transfected with increasing amounts of
pRK5-SPRY1 or pRK5 empty vector, and cytotoxic effects of transfection to the expression of uPAR proteins were
assessed. E. 293-uPAR cells transfected with pRK5-SPRY1 were treated with 20 ug/ml CHX and cells were lysed at
the indicated times. Stability of uPAR was determined by western blot. Tubulin was used as loading control. F. SPRY1
decreases the stability of uPAR via the proteosome pathway. SPRY1 plasmids were transfected into 293-uPAR cells.
Cells were treated with CHX (20 ug/ml), MG132 (20 yM) or E64 (20 uM) for indicated time points, and the cell ly-
sates were evaluated by western blot. Each experiment was independently repeated three times. Tubulin was used
as loading control. N.S.: no significant difference.

ated cell adhesion to vitronectin. As shown in transfected with pRK5-SPRY1. Next, we investi-
Figure 4A, adhesion of HCT116 or A549 cells to gated whether SPRY1-induced adhesion was
vitronectin, but not to either fibronectin or BSA, dependent on uPAR. As shown in Figure 4B,
was significantly decreased when cells were 293 (uPAR-/-) cells showed weak adhesion to
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Figure 4. SPRY1 decrease of uPAR-mediated cell adhesion to vitronectin. (A) Fibronectin, vitronectin or BSA proteins
were coated on the cell culture plate and blocked with BSA. HCT116 or A549 cells (transfected with pRK5-SPRY1
or empty vector) were spread on the immobilized proteins for 1 h. After washing, adherent cells were fixed with
methanol, and stained with Giemsa stain. The relative numbers of cells were quantified using Safire Fluorescence
Absorbance at OD550. The experiments were repeated twice and each column represents the mean of a triple
determination. **P < 0.01: significantly different from the indicated control. (B) 293 and 293-uPAR cells were
transfected with pRK5-SPRY1 or empty vector, and cell adhesion to fibronectin, vitronectin or BSA were evaluated
as in HCT116 or A549 cells. Representative micrographs of the attached cells were examined microscopically.
(C) 293-uPAR cells were transfected with pRK5-SPRY1 or empty vector, and 24 h later, the cell surface uPAR was
analyzed by flow cytometry. (D) Whole cells in (C) were lysed by ultrasonic disruption and the expression of uPAR was
detected by western blot. Tubulin was used as control. Each experiment was independently repeated three times.

N.S.: no significant difference.

the vitronectin-coated substratum. However, in
293-uPAR cells transfected with uPAR vector,
adhesion to the vitronectin-coated substratum
was significantly increased. Meanwhile, overex-
pression of SPRY1 in 293-uPAR cells decreased
the number of cells attached to vitronectin.
However, overexpression of SPRY1 in 293 cells
had no effect on adhesion to vitronectin.

Because uPAR-vitronectin interactions have
been previously demonstrated, we inferred that
increased SPRY1 expression may also decrease
the amount of cell surface uPAR. To directly test
this possibility, we analyzed cell surface uPAR
in 293-uPAR cells by flow cytometric analysis.
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As shown in Figure 4C, when SPRY1 was over-
expressed, cell surface uPAR was reduced by
approximately 20%. The total amount of uPAR
(in both the membrane and cytoplasmic frac-
tions) was also detected by western blot. As
shown in Figure 4D, total uPAR level was
decreased by approximately 70%. Together this
suggests that SPRY1 regulates cell adhesion
through an uPAR-dependent mechanism.

Effect of SPRY1 on cell proliferation

To examine the effects of SPRY1 on cell prolif-
eration, SPRY1 was overexpressed in HCT116
and A549 cells. We selected these cell lines

Am J Cancer Res 2014;4(6):683-697
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Figure 5. SPRY1 inhibition of uPAR induced cell proliferation. A. Effects of SPRY1 on the proliferation of HCT116
and A549 cells. Cells transfected with pPRK5-SPRY1 or empty vector were seeded into 96-well plates. The cells were
cultured for 24-72 h followed by MTT assay (OD570) to quantitate cell growth. Data are shown as mean £ SEM from
three independent experiments. *P < 0.05, **P < 0.01 versus vector control. B. Effects of SPRY1 on the prolifera-
tion of antisense-uPAR or mock transfected HCT116 stable cell lines. Antisense-uPAR and mock cells were trans-
fected with equal amounts of pRK5-SPRY1 or empty vector for 12 h, and then seeded on Real-Time Cellular Analysis
(RTCA) 16 well E-plates with 1x10* cells/well (n = 3). Dynamic monitoring of cell proliferation was performed using
the xCELLigence RTCA system for an additional 96 h. Relative cell doubling time from O to 48 h was performed using
RTCA Software 1.2.1. The results are representative of two independent experiments performed in quadruplicate.
*P < 0.05, **P < 0.01 versus indicated control. C. Effects of SPRY1 on the activation status of FAK and ERK in
antisense-uPAR or mock cells. Cells were transiently transfected with pRK5-SPRY1 or empty vector for 48 h. ERK
and FAK-397 phosphorylation was determined by western blot analysis. The intensities of the bands were quanti-
fied using ImagelJ software. Data are from three independent experiments; *P < 0.05 versus indicated control. D.
Effects of SPRY1 on uPAR-induced ERK activation. HCT116 cells were transfected with the indicated SPRY1 and
UPAR expression vectors together or alone, and 36 h later, cells were continuously cultured in DMEM (without or
with FBS added) for another 12 h. ERK phosphorylation was determined by western blot analysis. Data are from
three independent experiments; *P < 0.05 versus indicated control.

because they have low basal expression of and 24 h after transfection, cells were re-seed-
SPRY1 as detected by Q-PCR (Figure 1). Cells ed and proliferation was analyzed at different
were transfected with SPRY1 or empty vector, time points (24, 48, 72 h) using MTT assay. As
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Figure 6. Delivery of SPRY1 to tumor tissues suppressed solid tumor growth. A549 or HCT116 cells were injected
into 6-8-week-old BL/6mice. When tumors reached a size of 150 mm?, mice were intratumorally injected with M-PEI
complexed with SPRY1 overexpression vector or empty vector. Tumor volume comparison among different groups
in nude mice bearing (A) HCT116 carcinomas and (D) A549 carcinomas (mean + SD, n = 8, *P < 0.05, compared
with each corresponding treatment). Tumor doubling time and tumor growth delay time comparison among different
groups in nude mice bearing (B) HCT116 carcinomas and (E) A549 carcinomas. The results are expressed as mean
+ SD from 8 animals. *P < 0.05, **P < 0.01 compared to control. SPRY1 and uPAR expression in HCT116 derived
tumors (C) and A549 derived tumors (F) were determined by western blot analysis.

shown in Figure 5A, SPRY1 had minimal effects
on proliferation of both cell lines at 24 h, where-
as at 48 and 72 h, SPRY1 significantly inhibited
both A549 and HCT116 cell growth.

Next, we tested if uPAR was involved in the pro-
liferation pathway mediated by SPRY1. HCT116
wild-type cells (WT), uPAR downregulated sta-
ble cells (Antisense-uPAR) and controls (Mock)
were transfected with SPRY1 overexpression
vector or untransfected. Cells were reseeded
24 h later in RTCA 16-well plates and the prolif-
eration was monitored by the RTCA system. As
shown in Figure 5B, SPRY1 significantly inhibit-
ed the proliferation both of antisense-uPAR and
mock cells compared with the vector control,
which showed increased doubling times. We
also found that SPRY1 has different degrees of
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maximal inhibition of proliferation in antisense-
uPAR and mock cells. In mock cells, prolifera-
tion was inhibited by SPRY1 by 50%, but in
antisense-uPAR cells, SPRY1 inhibited prolifer-
ation only by 30%.

Although other groups previously reported that
SPRY1 reduces cell proliferation in vitro [29],
the molecular mechanism underlying this pro-
cess is still unclear. Most studies suggest that
SPRY1 is an intrinsic inhibitor of the Ras/MEK/
ERK pathway. Our results indicated an uPAR-
mediated pathway that seems to be involved in
the proliferation inhibitory effect of SPRY1.
uPAR was reported to interact with transmem-
brane receptors, such as B1 integrin, which are
frequently associated with the activation of the
FAK-ERK pathway. Considering the above find-

Am J Cancer Res 2014;4(6):683-697



SPRY1 inhibits uPAR mediated adhesion and proliferation

ings, the activation of FAK and ERK in anti-
sense-UPAR and mock cells transfected with
SPRY1 or empty vector was evaluated. As
shown in Figure 5C, antisense-uPAR cells trans-
fected with SPRY1 over-expression vector
result in FAK activation decreased by 19% and
ERK activation decreased by 37% compared
with empty vector transfection. While in mock
cells, FAK and ERK activations were decreased
by 38 and 59%, respectively. Considering the
above results, we can conclude that SPRY1
inhibits proliferation via two distinct pathways:
(1) as published by others, SPRY1 directly inhib-
its the growth factor receptor pathway as an
intrinsic inhibitor of the Ras/MEK/ERK path-
way, and (2) SPRY1 promotes degradation of
uPAR, which leads inhibition of FAK/ERK
activation.

For further validation of these results, HCT116
wide type cells were transiently transfected
with uPAR alone or together with SPRY1 overex-
pression vector. Transfected cells were serum-
starved overnight or not to eliminate the possi-
bility that SPRY1 acts only as an inhibitor of
growth factor signal transduction. As shown in
Figure 5D, in the normal group (FBS+ group),
SPRY1 overexpression alone inhibited the
phosphorylation of ERK, uPAR overexpression
alone significantly increased levels of phos-
phorylated ERK, and co-transfection of both
inhibited increased ERK phosphorylation lev-
els. Compared with the FBS+ group, overex-
pression of SPRY1 alone in the FBS- group had
a slight effect on ERK activation, which was not
significant. Overexpression of uPAR increased
ERK activity, however, when uPAR was co-trans-
fected with SPRY1, the uPAR-induced activa-
tion of ERK1/2 was inhibited. To further prove
these observations, we used 293 cells, as
these cells do not express endogenous uPAR.
We expressed SPRY1 and uPAR together or
alone in 293 cells and subsequently serum
starved the cells overnight. SPRY1 alone did
not suppress ERK activation, though SPRY1 co-
transfected with uPAR blocked uPAR-induced
activation of ERK1/2 (data not shown).
Collectively, these data indicate that SPRY1
may function in cell proliferation pathways by
inhibiting uPAR-induced activation of ERK.

Effect of SPRY1 on xenograft growth in a sub-
cutaneous tumor model

The above results indicated that SPRY1 signifi-
cantly inhibits proliferation of two low basal
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SPRY1 expression human cancer cell lines
HCT116 and A549 in vitro. We next ascertained
whether expression of SPRY1 also reduces the
growth of these cells to form tumors in vivo. We
injected A549 and HCT116 cells subcutane-
ously in athymic nude mice. When tumors
reached a size of roughly 6.5 x 6.5 mm?, we
delivered SPRY1 overexpression plasmids to
tumors using the transfection reagent
GenEscort™, according to our previously report-
ed method [30]. In brief, tumor-bearing mice
were injected with transfection reagent com-
plexed with SPRY1 overexpression plasmids or
empty vector every 5 days for 15 days (three
injections). After the first injection, tumor
growth was measured every other day. As
shown in Figure 6A and 6D, treatment with
SPRY1 overexpression plasmid greatly sup-
pressed the growth of subcutaneous tumors
produced by A549 or HCT116 cells. In mice
bearing A549 xenografts, tumor doubling time
was prolonged from 3.1 days (Cl, 2.6-3.5 days)
to 4.0 days (Cl, 3.7-4.5 days) (Figure 6B and
Table 1). In mice bearing HCT116 xenografts,
tumor doubling time was prolonged from 3.4
days (Cl, 3.1-3.9 days) to 5.6 days (Cl, 5.3-6.1
days) (Figure 6E and Table 1). SPRY1 also
caused a marked delay of 7.5 days (Cl, 5.7-10.7
days) in mice bearing A549 xenografts and
11.7 days (Cl, 3.8-13.7 days) in mice bearing
HCT116 xenografts for tumor growth to 1000
mm?3 compared with PBS control (Figure 6B, 6E
and Table 1). We measured SPRY1 and uPAR
protein levels in HCT116 cell- and A549 cell-
derived tumors by Western blotting. As shows
in Figure 6C and 6F, overexpression of SPRY1
leads to decreased uPAR protein levels com-
pared with PBS or empty vector treatment.

Discussion

UPAR is overexpressed in various aggressive
cancer types and is closely associated with
poor prognosis of cancers [31-33]. In recent
years, several studies have revealed that uPAR
is an essential factor for tumor cell invasion
and metastasis. UPAR lacks transmembrane
and intracellular domains and the mature uPAR
is anchored to the cell surface through a GPI
anchor. Several transmembrane co-receptors
were reported to cooperate with uPAR to acti-
vate intracellular signaling. In addition, we and
other groups have demonstrated that uPAR
also interacts with some cytoplasmic proteins
including SPRY1 [34-36]. However, the relation-
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Table 1. Regression Analysis for Treatment Effects on Tumor Growth

Treatment Growth curves, V(t)? Tumor doubling Time (d)>  Tumor growth delay (d)°
A549 PBS Ln(V) =0.235 d + 4.950 0.987 3.0(2.8-3.6) 0(0-1.2)
pRK5 Ln(V) =0.225d + 4.995 0.977 3.1(2.6-3.5) 1.3 (1.0-1.9)
pRK5-SPRY1 Ln(V) =0.174 d + 4.884 0.989 4.0 (3.7-4.5)* 7.5 (5.7-10.7)*
HCT116 PBS Ln(V) =0.207 d + 5.013 0.934 3.4 (3.1-3.9) 0 (0-1.5)
pRK5 Ln(V) =0.206 d + 4.863 0.971 3.4 (3.2-3.9) 1.5(0.8-2.9)
pRK5-SPRY1 Ln(V)=0.124 d + 4.943 0.994 5.6 (5.3-6.1)* 11.7 (8.9-13.7)*

aRegression growth curves summarize volume (V, mm?3) dependence on time (d, days) from initial treatment, with correlation coefficients indi-
cated by r. "Tumor doubling time was derived from exponential growth curves. °Growth delay was determined by assessing the time interval to

1000 mm3. (Mean + SD, *p < 0.05 compared with PBS).

uPAR Vitronectin

Lysosorhal Degradation

Growth Factor

tor Extracellular

Plasma Membrane

Intracellular

Figure 7. Schematic model of the proposed mechanism for SPRY1 promotion of lysosomal degradation of uPAR and
inhibition of uPAR-mediated cell adhesion and proliferation. First, upregulation of SPRY1 could inhibit growth factor
receptor signaling pathway and inhibit Raf/MEK/ERK-induced proliferation. On the other hand, SPRY1 interacts with
UPAR to trigger degradation of uPAR via the lysosomal pathway, and then decrease the amount of uPAR recycled
back to the cell surface. Cell surface uPAR decrease not only reduces adhesion functions, but also inhibits activa-
tion of FAK and ERK, which finally inhibits cell proliferation.

ship of these interactions with cellular func-
tions remains unclear. Here, we report that
SPRY1 interacts with uPAR and promotes its
degradation via the lysosomal pathway. SPRY1
also inhibits uPAR-dependent adhesion to vitro-
nectin as well as augments cell proliferation
both in vitro and in vivo.

Cell surface uPAR can be internalized and recy-
cled to the leading edge. This process is consid-
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ered to have an important role in regulating the
level and distribution of cell surface uPAR, thus
controlling uPAR proteolysis functions [37].
How uPAR is internalized into the cytoplasm
and whether it is degraded has not been com-
pletely established. At least two different mech-
anisms have been proposed. First, in ligand-
induced internalization, uPAR can be inter-
nalized through its interaction with uPA/PAI-1
complexes, and uPA and PAI-1 are eventually
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degraded in the lysosome while uPAR could be
recycled back to the plasma membrane [38].
Alternatively, uPAR can also be efficiently inter-
nalized by ENDO180, an uPAR-associated pro-
tein. ENDO180 promotes uPAR internalization
and transports uPAR to lysosomal compart-
ments for degradation [39]. Second, in a ligand-
independent internalization pathway, uPAR can
be constitutively internalized in an uPA/PAI-1-
and lipid raft-independent manner and this is
associated with rapid recycling of uPAR to the
cell surface, during which uPAR does not reach
lysosomes [10]. Since the recycling of uPAR is
rapid, internalized uPAR direct recycling to the
plasma membrane or trafficking to the lyso-
some or proteasome for degradation may be
important for the regulation of cell function. Our
current results add another dimension to inter-
cellular uPAR degradation and provide evidence
that SPRY1 promotes uPAR degradation th-
rough the lysosomal pathway.

In mammals, four SPRY genes (SPRY1-4) have
been found. All SPRY isoforms possess a highly
conserved N-terminal tyrosine residue. SPRY1
is a candidate tumor suppressor gene and its
expression is deregulated in several cancer
types such as medullary thyroid carcinoma
[29], breast [21], prostate [22] and liver can-
cers [23]. More recently, a study revealed
SPRY1, as a direct target of miR-21, regulates
several pathologic processes, including cancer
[26], atrial fibrillation (AF) [40], and vascular
and metabolic disease [41]. To date, the func-
tion of SPRY1 in cancer development has been
believed to act as a negative feedback inhibitor
of RTK signaling. Meanwhile, other studies
have also found that SPRY1 can induce cellular
senescence [42]. Our current results expand
SPRY1 function and provide evidence that
SPRY1 can also regulate uPAR stability inde-
pendently of its ability to regulate the RTK sig-
naling. SPRY proteins can interact with multiple
components of the Ras/MAPK pathway, but
other interacting molecules are largely unkn-
own. We showed co-localization between uPAR
and SPRY1 in the cytoplasm (Figure 2). Fur-
thermore, we revealed that SPRY1 interacts
with uPAR and promotes its degradation
through the lysosome pathway. Forced expres-
sion of SPRY1 increased the degradation of
uPAR proteins (Figure 3). A previous study indi-
cated that SPRY1 associates with Caveolin-1,
the major structural protein of caveolae [43],
which may be in functional agreement with a
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previous study in which uPAR was also reported
to interact with Caveolin-1 [44]. Thus, we spec-
ulate that uPAR, Caveolin-1 and SPRY1 may
form a tripartite complex. However, this hypoth-
esis and the cellular implications of this interac-
tion will require further investigation.

We also showed here that SPRY1 overexpres-
sion augments uPAR induced cell adhesion and
proliferation. Vitronectin binding to uPAR is an
important event in wound healing, tissue
remodeling, immune response, and cancer.
Previous studies have shown that uPAR can
mediate cell adhesion to vitronectin [2]. The
exact mechanism of how SPRY1 regulates
UPAR to decrease adhesion to vitronectin is
unclear. Our results indicated that this may be,
atleast in part, caused by the reduced amounts
of cell surface uPAR (Figure 4C). Our prelimi-
nary data revealed extremely low basal expres-
sion of SPRY1 in HCT116 human colon carci-
noma cells and A549 lung carcinoma cell lines
(Figure 1). Forced expression of SPRY1 in
HCT116 cells inhibited proliferation of cells.
Meanwhile, FAK and ERK phosphorylation was
decreased.

Sustained ERK1/2 activity is strongly associat-
ed with many types of cancers, such as pros-
tate, colon and lung cancer [45]. Previous data
showed that activation of ERK by uPAR may pri-
marily promote cell proliferation [46]. Addi-
tionally, increasing evidence showed that down-
regulation of uPAR resulted in greatly decreased
activity of the ERK signaling pathway [47, 48].
Our results showed that SPRY1 inhibited the
proliferation of cancer cells both in vivo and in
vitro (Figures 5 and 6). We overexpressed uPAR
and SPRY1 alone or together in HCT116 cells,
and found that overexpression of SPRY1
decreased ERK1/2 phosphorylation and that
this effect was higher in uPAR co-expressed
conditions (Figure 5D). To test whether the
inhibited proliferation was related to uPAR or
only because of SPRY1 inhibition of RTK signal-
ing, we repeated the same experiment in 293T
cell lines, which lack endogenous uPAR. Similar
to the results obtained in HCT116 cells, upregu-
lation of SPRY1 decreased uPAR-induced ERK
activation, but SPRY1 alone did not affect ERK
phosphorylation. These results collectively indi-
cate that increasing the expression of SPRY1 in
cells may be beneficial not only for inhibiting
MAPK activation induced by several growth fac-
tor stimuli, but also for decreasing UuPAR-
induced sustained ERK activation.
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In conclusion, our results show that in addition
to functioning as an inhibitor of RTK signaling,
SPRY1 can regulate crucial processes induced
by uPAR (Figure 7). These results may open
new perspectives for cancer biotherapy.
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