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Theurokinase-type plasminogen activator receptor (uPAR) has been implicated in several processes in tumor progression including
cell migration and invasion in addition to initiation of signal transduction. Since uPAR lacks a transmembrane domain, it uses the
interaction with other proteins to modulate intracellular signal transduction. We have previously identified hSpry1 as a partner
protein of uPAR, suggesting a physiological role for hSpry1 in the regulation of uPAR signal transduction. In this study, hSpry1
was found to colocalize with uPAR upon stimulation with epidermal growth factor (EGF), urokinase (uPA), or its amino terminal
fragment (uPA-ATF), implicating a physiological role of hSpry1 in regulation of uPAR signalling pathway.Moreover, hSpry1was able
to inhibit uPAR-stimulated cell migration in HEK293/uPAR, breast carcinoma, and colorectal carcinoma cells. In addition, hSpry1
was found to inhibit uPAR-stimulated cell invasion in breast carcinoma and osteosarcoma cell lines. Increasing our understanding
of how hSpry1 negatively regulates uPAR-stimulated cellular functions may determine a distinctive role for hSpry1 in tumour
suppression.

1. Introduction

The serine protease urokinase-type plasminogen activator
(uPA) receptor (uPAR) has been implicated in extracellular
matrix (ECM) proteolysis, initiation of signal transduction,
and important cell functions including migration and inva-
sion [1]. The active uPA consists of catalytic protease domain
and the uPA amino terminal fragment (uPA-ATF) [2]. uPA-
ATF contains the kringle domain and the growth factor-like
domain (GFD) that contains the binding sequence for the
receptor [2]. The uPAR protein has been shown to engage
in multiple protein-protein interactions with other proteins
such as vitronectin, integrins, and Mrj [3–5].

Sprouty (Spry) proteins have been identified as inhibitors
of the receptor tyrosine kinase (RTK) including (epidermal
growth factor receptor) EGFR [6]. The mammalian genome
contains four SPRY genes (SPRY 1–4) encoding proteins with
a conserved cysteine-rich region at the carboxyl terminus [7].
Due to its central role in Ras/MAP kinase pathway, SPRY
may act as a putative tumor suppressor gene, and that loss of

expression or functionmay allow the cell to be hypersensitive
to growth signals [8]. Interestingly, the tumor suppressor
gene,WT1, has been found to bind with SPRY1 promoter and
regulate it during kidney development [9]. Prostate ductal
hyperplasia and low-grade prostatic intraepithelial neoplasia
(PIN) have been observed in adult mouse with concomitant
Spry1 and Spry2 loss of function [10]. Additionally, Spry1
expression has been shown to be modulated in a variety of
cancers. hSpry1 expression was downregulated in human
prostate carcinoma [11, 12] and was decreased or absent in
15% of primary human prostate cancer and 42% of metastatic
human prostate cancer [13]. Moreover, silencing of SPRY1
caused complete regression of established rhabdomyosar-
coma xenograft inmice [14]. In addition, PCR studies showed
downregulation of hSpry1 expression in more than 94% of
breast cancer patient samples, with respect to normal tissues
[8]. We have used previously yeast two-hybrid screening of
breast cancer cDNA library to identify hSpry1 as a candidate
protein that interacts with uPAR [15]. This protein-protein
interaction may influence a range of biological functions.
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Here, we show for the first time that hSpry1 may negatively
regulate uPAR-stimulated cell migration and invasion in
vitro.

2. Materials and Methods

2.1. Materials and Plasmid Transfection. The goat anti-uPAR
antibody was purchased from R&D Systems (number AF807,
Minneapolis, MN, USA). The mouse anti-human Spry1
antibody (A01) was purchased from Abnova Corporation,
Taiwan. The hSpry1 DNA construct pCDNA3.1/hSpry1 was a
gift from Dr. Bernard Kwabi-Addo (Department of Pathol-
ogy, Baylor College of Medicine, Baylor Plaza, Houston,
TX, USA). The recombinant analog EGF was obtained from
Sigma Aldrich (#E-4269, St. Louis, MO, USA). The recombi-
nant human uPA was purchased from R&D systems (#1310-
SE, Minneapolis, MN, USA). The recombinant human uPA-
ATF was obtained from American Diagnostics (#146, Stam-
ford, CT, USA). Cells were transfected with recombinant
or control vector in addition to GFP plasmid to control
transfection efficiency. Transfections were performed using
GeneJuice (#70967, Novagen, EMDBioscience,MerckKGaA,
Darmstadt, Germany).

2.2. Cell Culture. The human embryonic kidney HEK293
cells stably transfected with uPAR were kindly provided by
Dr. Ying Wei (University of California, San Francisco, CA,
USA). The human breast cancer MDA-MB-231, the human
colorectal carcinoma HCT116, and the human osteosarcoma
Saos-2 cell lines were obtained from the American Type Cul-
ture Collection (ATCC). Cells were maintained in Dulbecco’s
modifiedEagle’smedium supplementedwith 10%FCS and 1%
antibiotics.

2.3. Indirect Immunofluorescence. Cells transfected with
either pCDNA3.1/hSpry1 or pCDNA3.1 empty plasmid were
seeded into sterilized glass cover slips. Cells were washed
with PBS, fixed, and permeabilized with ice cold methanol
for 10min at −20∘C. Cells were then washed, blocked with 1%
BSA, and incubated with primary antibodies in 1% BSA, fol-
lowed by Rhodamine-conjugated and FITC-conjugated sec-
ondary antibodies in 1% BSA. Nuclei were counterstained
with propidium iodide (PI; Sigma). Cells were then washed,
mounted, and visualized using confocal laser scanning
microscopy (Olympus IX71 Laser Scanning Microscope) and
60x oil immersion lens.

2.4. Migration Assay. Cell migration was measured by using
wound healing assay as previously described [16]. Briefly,
cells were seeded into culture dishes and incubated for 24 h
at 37∘C. Cells were then transfected with either pCDNA3.1/
hSpry1 or pCDNA3.1 empty plasmid and incubated to create
confluent monolayer. A wound was created manually by
scrapping the cell monolayer with a yellow pipette tip. After
washing, the media were replaced with fresh ones. The
first images were taken at four different focal areas in each
well, and cells were stimulated with EGF, uPA, or uPA-ATF
100 ng/mL or left without stimulation as a control. Cells were

incubated in the incubator, and the second images were taken
at 18 h.These images were analyzed quantitatively bymeasur-
ing the distance of cell migration in the wounded region.

2.5. Invasion Assay. Cell invasion assay is similar to cell
migration assay; however, it requires cells first to enzymati-
cally penetrate a barrier of an ECM or basement membrane
extract and then to migrate through it. Here, to assess the
effect of hSpry1 in regulating cell invasion, we used 24-
well Transwell system with polycarbonate membranes of
8.0 𝜇m pore size (#3422, CORNING). Briefly, membranes
were coated with 20 𝜇g/mL collagen IV at 4∘C overnight.
Transfected cells (2 × 105/well) were seeded onto the upper-
side chambers in 0.2mL of serum-free DMEMmedium, and
0.6mL of the same medium containing 1% FCS was added
onto the lower chamber. The cells were allowed to adhere for
1 h. Then, chemotaxis was induced by the addition of EGF,
uPA, or uPA-ATF (100 ng/mL) to the lower chamber. Media
containing 10% FCS and 1% FCS were used as positive and
negative controls, respectively. At the end of the incubation
period (18 h), cells remaining in the upper chamber were
scraped. Cells that invaded through the membrane to the
lower surface were Giemsa stained and counted in five dif-
ferent fields under the light microscope.

2.6. Statistical Analysis. Data is expressed as the mean ± S.D,
and, where appropriate, the Student’s t-test was performed
using GraphPad Prism V5.0 software (GraphPad Software
Inc., La Jolla, CA, USA). Results were considered statistically
significant when 𝑃 < 0.05.

3. Results

3.1. hSpry1 Colocalizes with uPAR upon Stimulation with EGF,
uPA, and uPA-ATF. The study of protein subcellular local-
ization is important to elucidate protein function. We have
previously shown the colocalization and physical interaction
between uPAR and hSpry1 in cells cultured under growth
media conditions [15]. Here, we used the immunofluores-
cence staining to investigate the expression and subcel-
lular distribution of uPAR and hSpry1 upon stimulation
of cells with EGF, uPA, or its amino terminal fragment.
HEK293/uPAR and MDA-MB-231 cells both transfected
with hSPry1 were employed for this experiment (Figure 1).
Although, in MDA-MB-231 cells, uPAR seems to be colocal-
ized with hSpry1 in the absence of any stimulation, greater
colocalization between hSpry1 and uPAR has been observed
upon stimulation with either EGF, uPA, or uPA-ATF in both
HEK293/uPAR andMDA-MB-231 cells.These results suggest
a physiological role for hSpry1 in the regulation of uPAR
signal transduction. Hence, to investigate the role of hSpry1
as inhibitor of cell migration and invasion upon stimulation
with EGF, uPA, and uPA-ATF was decided.

3.2. Overexpression of hSpry1 Inhibits Cell Migration upon
EGF, uPA, and uPA-ATF Stimulation. Previous reports show
that uPAR promotes cell migration [17, 18]. Here, we used
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Figure 1: hSpry1 colocalizes with uPAR in cells with stimulated uPA and uPA-ATF. (a) HEK293/uPAR and (b) MDA-MB-231 cells overex-
pressing hSpry1 were kept as negative control (A) or serum-starved overnight (B) and then treated with 100 ng/mL of either EGF (C), uPA
(D), or uPA-ATF (E) for 20min. Cells were fixed and then immunostained with antibodies against uPAR (red) and hSpry1 (green), and
colocalization appeared as a yellow colour. These cells were analysed using confocal laser scanning microscope and 60x oil immersion lens
(final magnification 600x). Data are representative of 3 independent experiments.

the wound healing assay to demonstrate the physiologi-
cal impact of hSpry1 overexpression on uPAR-stimulated
HEK293/uPAR, MDA-MB-231, and HCT-116 cell migration.
As shown in Figure 2, the migration capacity of cells trans-
fected with pCDNA3.1/hSpry1 compared to cells transfected
with vector plasmid was significantly reduced (𝑃 < 0.05) in
control group (2% FCS treated cells). Additionally, migra-
tion capacity of cells transfected with pCDNA3.1/hSpry1
and treated with EGF and uPA was significantly inhibited
(𝑃 < 0.01) when compared to pCDNA3.1 transfected cells.
Cells treated with uPA-ATF showed a significant reduction

(𝑃 < 0.05) in the migration capacity of HEK293/uPAR and
HCT-116 cells transfected with hSpry1 versus control group.
However,MDA-MB-231 cells transfectedwith hSpry1 showed
a significant inhibition (𝑃 < 0.01) in the migration capacity.

3.3. Overexpression of hSpry1 Inhibits Cell Invasion upon EGF,
uPA, and uPA-ATF Stimulation. We next used in vitro cell
invasion assay to examine the ability of hSpry1 overexpression
to inhibit uPAR-stimulated invasion.We chose as amodel the
invasive breast cancerMDA-MB-231 and osteosarcoma Saos-
2 cell lines. In cells transfected with pCDNA3.1, EGF and uPA
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Figure 2: hSpry1 overexpression inhibits uPAR-stimulated cell migration. (a) HEK293/uPAR, (b) HCT-116, and (c) MDA-MB-231 cells were
transfected with pCDNA3.1 (light bars) or pCDNA3.1/hSpry1 (dark bars) and examined using wound healing assay. (d) A monolayer of
confluent cells (MDA-MB-231 cells in these photos) was wounded with a 200𝜇L pipette tip, and the closure of the “scratch” was observed in
the presence of either 10% FCS, 1% FCS, or 100 ng/mL of EGF, uPA, or ATF. Photographs taken immediately after the creation of a “scratch”
are marked as 0 h. Photographs taken 18 h later demonstrate the differential extent of migration for the various cell lines. Cells migration was
assessed bymeasuring the distance of the wounded region lacking cells in pixels cells after 18 h. Bars are mean ± SEM (𝑛 = 5), and significance
was measured using unpaired t-test (∗

𝑃

< 0.05; ∗∗
𝑃

< 0.01). Data are representative of 3 independent experiments.

both increased MDA-MB-231 and Saos-2 cellular invasive-
ness (Figure 3). However, the catalytically inactive uPA-ATF
caused a great suppression of MDA-MB-231 and Saos-2 cell
invasiveness (Figure 3).

Compared to vector-transfected cells, MDA-MB-231 and
Saos-2 cells transfected with pCDNA3.1/hSpry1 had signifi-
cantly suppressed invasion capacity. This is reflected in the
significant reduced number of invasive cells (𝑃 < 0.01)
expressing hSpry1 upon stimulation with EGF and uPA
(Figure 3). The comparison also revealed that overexpression
of hSpry1 in the presence of ATF caused significant inhibition
of MDA-MB-231 (𝑃 < 0.001) and Saos-2 (𝑃 < 0.05) cell
invasiveness (Figure 3).

4. Discussion

Overexpression of uPA-system components has been associ-
ated with aggressiveness in several types of cancer that offer
attractive targets for development of new diagnostics and

therapeutics.Many of the biological functions of uPARneces-
sitate interactions with other proteins on the cell surface, in
particular, transmembrane proteins.The high lateralmobility
of uPAR on the cell membrane may provide the mechanism
by which it associates with other transmembrane receptors
[19]. Additionally, the recent crystal structure model of the
soluble form of uPAR revealed that uPA bounds to uPAR via
a central cavity. This model left the external receptor surface
free to bind and interact with other proteins [20]. In addition
to the primary ligand uPA, a number of uPAR specific
interactions have also been identified and are consistent
with the varied functions regulated by uPAR including cell
adhesion, cell migration, invasion, angiogenesis, and cancer
metastasis. In fact, there is now evidence that uPAR can bind
with the cell surface integrins [21–23], chemotactic receptors
[24], EGFR [25], and Mrj [4]. Recently, we also reported
hSpry1 as a candidate protein that interacts with uPAR [26],
suggesting a physiological role for hSpry1 in the regulation of
uPAR functions.
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Figure 3: hSpry1 overexpression inhibits uPAR-stimulated tumor cell invasion. (a) MDA-MB-231 and (b) Saos-2 cells were transfected
with pCDNA3.1 (light bars) or pCDNA3.1/hSpry1 (dark bars), placed in Transwell inserts, and were exposed to either 10% FCS, 1% FCS,
or 100 ng/mL of EGF, uPA, or ATF. Cell invasion was assessed by counting (c) MDA-MB-231 and (d) Saos-2 cells on the membranes after
18 h. Bars are mean ± SEM (𝑛 = 5), and significance was measured using unpaired t-test (∗

𝑃

< 0.05; ∗∗
𝑃

< 0.01; ∗∗∗
𝑃

< 0.001). Data are
representative of 3 independent experiments.

Proteins must be localized at their proper subcellular
compartment to perform their desired role. Thus, knowing
the subcellular localization of a protein can provide useful
insights about its function. The subcellular localization of
uPAR and hSpry1 proteins has been characterized. However,
the colocalization of both proteins under stimulated condi-
tions has not been identified. Hence, in this study, we inves-
tigated the subcellular localization and distribution of both
proteins by indirect immunofluorescence. The mammalian
Spry1 protein has been found predominantly in the per-
inuclear regions and in cytoplasmic vesicular structures of

unstimulated cells [27]. However, upon stimulation with
growth factors, the protein relocates to membrane ruffles,
where it shows a partial overlap with the localization of
caveolin-1 [12]. The significance of the membrane transloca-
tion of the Spry proteins might control its inhibitory activity
and reflect the fact that several Spry-binding partners (Grb2
and Raf1) are located at membrane ruffles [26]. In addition,
it has been found that both the tyrosine phosphorylation of
Spry1 and the inhibition of RTK signaling by Spry1 occur at
the plasma membrane, suggesting that the association with
caveolin-1 might enhance Spry1 function [28]. Interestingly,
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uPARhas been also found to colocalize with caveolin [29, 30].
Moreover, it has been suggested that caveolin and uPAR
may operate within adhesion sites to organize kinase rich
lipid domains in proximity to integrins, promoting efficient
signal transduction [31]. In MDA-MB-231 cells, uPAR seems
to be colocalized with hSpry1 even in the absence of any
stimulation.This suggests that the interaction between uPAR
and Spry1 seems not to be correlated with the stimulation
of uPAR in the cells. In addition, these findings implicate
a physiological role for hSpry1 in uPAR regulation. This
study was expanded by investigating the role of hSpry as an
inhibitor of signal transduction initiated by EGF, uPA, or
uPA-ATF stimulation.

Cellular migration is a key step in cancer invasion and
metastasis.TheuPA systemplays a key role in these processes.
Binding of uPA or uPA-ATF to uPAR at the cell surface stimu-
lates cell migration [18]. In addition, 𝛽1-integrins interaction
with uPAR was found to affect the intracellular pathways
that regulate cell invasion [32]. EGFR can link the signal
transduction initiated by uPAR to ERK pathway [33, 34],
and EGFR inhibitors are capable of inhibiting the signal
transduction generated by uPA [33]. In addition, EGFR
activation is required for the invasion mediated by uPAR
system [35, 36]. Furthermore, EGF stimulates uPAR expres-
sion and cell invasiveness in a variety of cancer cell lines
[37, 38]. Moreover, uPA secretion and p56LCK-induced cell
motility are mediated by activation of EGFR/ERK pathways
[39]. Hence, EGFR appears to be a key molecule for uPAR-
mediated tumour progression. Here, the results revealed that
hSpry1 overexpression inhibits EGF-, uPA-, or uPA-ATF-
stimulated cellular migration. In addition, hSpry1 overex-
pression suppressed the invasive capability of cancer cells
to penetrate collagen layers in response to EGF, uPA, or
uPA-ATF. These data indicate that the hSpry1 inhibits cell
migration and invasion upon stimulation with EGF, uPA,
or uPA-ATF. In conclusion, our results reveal an important
role of hSpry1 expression in suppression of uPA system-
stimulated migration and invasion in cancer cells. Further,
these findings may explain why hSpry1 down-regulation or
loss of function participates in cancer progression. The other
uPAR candidate we have investigated previously was HAX1
[16]. Additional experiments to investigate the ability of
hSpry1 andHAX1 tomodulate uPAR functions likemetastasis
and angiogenesis may be performed in the future. To assess
this, in vitro and in vivomodels could be utilised. It is yet to be
investigated whether or not all three proteins interact to form
a large complex or compete with one another to affect uPAR
functions. Increasing our understanding of the specific role
of uPAR, hSpry1, and HAX1 in the molecular mechanism of
cancer can assist clinically in the development of new tumour
markers, which may permit more accurate determination of
diagnosis in patients with cancer.

References

[1] A. H. Mekkawy, D. L. Morris, and M. H. Pourgholami, “Uroki-
nase plasminogen activator system as a potential target for
cancer therapy,” Future Oncology, vol. 5, no. 9, pp. 1487–1499,
2009.

[2] V. V. Stepanova and V. A. Tkachuk, “Urokinase as a multido-
main protein and polyfunctional cell regulator,” Biochemistry,
vol. 67, no. 1, pp. 109–118, 2002.

[3] P. Chaurasia, J. A. Aguirre-Ghiso, O. D. Liang, H. Gardsvoll, M.
Ploug, and L. Ossowski, “A region in urokinase plasminogen
receptor domain III controlling a functional association with
𝛼5𝛽1 integrin and tumor growth,” Journal of Biological Chem-
istry, vol. 281, no. 21, pp. 14852–14863, 2006.

[4] C. E. De Bock, Z. Lin, A. H.Mekkawy, J. A. Byrne, and Y.Wang,
“Interaction between urokinase receptor and heat shock protein
MRJ enhances cell adhesion,” International Journal of Oncology,
vol. 36, no. 5, pp. 1155–1163, 2010.

[5] S. M. Kanse, T. Chavakis, N. Al-Fakhri, K. Hersemeyer, D.
Monard, and K. T. Preissner, “Reciprocal regulation of uroki-
nase receptor (CD87)-mediated cell adhesion by plasminogen
activator inhibitor-1 and protease nexin-1,” Journal of Cell
Science, vol. 117, no. 3, pp. 477–485, 2004.

[6] T. Casci, J. Vinós, and M. Freeman, “Sprouty, an intracellular
inhibitor of Ras signaling,”Cell, vol. 96, no. 5, pp. 655–665, 1999.

[7] J. D. Tefft, L. Matt, S. Smith et al., “Conserved function of
mSpry-2, a murine homolog of Drosophila sprouty, which neg-
atively modulates respiratory organogenesis,” Current Biology,
vol. 9, no. 4, pp. 219–222, 1999.

[8] T. L. Lo, P. Yusoff, C.W. Fong et al., “The Ras/mitogen-activated
protein kinase pathway inhibitor and likely tumor suppressor
proteins, sprouty 1 and sprouty 2 are deregulated in breast
cancer,” Cancer Research, vol. 64, no. 17, pp. 6127–6136, 2004.

[9] I. Gross, D. J.Morrison, D. P.Hyink et al., “The receptor tyrosine
kinase regulator sproutyl is a target of the tumor suppressor
WT1 and important for kidney development,” Journal of Bio-
logical Chemistry, vol. 278, no. 42, pp. 41420–41430, 2003.

[10] J. L. Schutzman and G. R. Martin, “Sprouty genes function
in suppression of prostate tumorigenesis,” Proceedings of the
National Academy of Sciences of USA, vol. 109, no. 49, pp. 20023–
20028, 2012.

[11] S. Fritzsche, M. Kenzelmann, M. J. Hoffmann et al., “Con-
comitant down-regulation of SPRY1 and SPRY2 in prostate
carcinoma,” Endocrine-Related Cancer, vol. 13, no. 3, pp. 839–
849, 2006.

[12] B. Kwabi-Addo, J. Wang, H. Erdem et al., “The expression
of Sprouty1, an inhibitor of fibroblast growth factor signal
transduction, is decreased in human prostate cancer,” Cancer
Research, vol. 64, no. 14, pp. 4728–4735, 2004.

[13] B. S. Taylor, N. Schultz, H. Hieronymus et al., “Integrative
genomic profiling of human prostate cancer,” Cancer Cell, vol.
18, no. 1, pp. 11–22, 2010.

[14] G. Schaaf, M. Hamdi, D. Zwijnenburg et al., “Silencing of SPRY1
triggers complete regression of rhabdomyosarcoma tumors
carrying a mutated RAS gene,” Cancer Research, vol. 70, no. 2,
pp. 762–771, 2010.

[15] A. H. Mekkawy, C. E. De Bock, Z. Lin, D. L. Morris, Y.
Wang, and M. H. Pourgholami, “Novel protein interactors of
urokinase-type plasminogen activator receptor,” Biochemical
and Biophysical Research Communications, vol. 399, no. 4, pp.
738–743, 2010.

[16] A. H. Mekkawy, D. L. Morris, and M. H. Pourgholami, “HAX1
augments cell proliferation, migration, adhesion, and invasion
induced by urokinase-type plasminogen activator receptor,”
Journal of Oncology, vol. 2012, Article ID 950749, 9 pages, 2012.

[17] S. M. Carlin, T. J. Resink, M. Tamm, and M. Roth, “Urokinase
signal transduction and its role in cell migration,” FASEB Jour-
nal, vol. 19, no. 2, pp. 195–202, 2005.



ISRN Biochemistry 7

[18] A. Stahl and B.M.Mueller, “Binding of urokinase to its receptor
promotes migration and invasion of human melanoma cells in
vitro,” Cancer Research, vol. 54, no. 11, pp. 3066–3071, 1994.

[19] H. T. Myohanen, R. W. Stephens, K. Hedman et al., “Distribu-
tion and lateral mobility of the urokinase-receptor complex at
the cell surface,” Journal of Histochemistry and Cytochemistry,
vol. 41, no. 9, pp. 1291–1301, 1993.

[20] P. Llinas, M. H. Le Du, H. Gårdswoll et al., “Crystal structure of
the human urokinase plasminogen activator receptor bound to
an antagonist peptide,” EMBO Journal, vol. 24, no. 9, pp. 1655–
1663, 2005.
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