BMB
Reports

BMB Rep. 2014; 47(8): 445-450
www.bmbreports.org

Glucose regulated protein 78 promotes cell invasion via
regulation of uPA production and secretion in colon cancer cells

Zongwei Li"*, Lichao Zhang"’, Hanging Li*, Shuhua Shan' & Zhuoyu Li">”

"Institute of Biotechnology, Key Laboratory of Chemical Biology and Molecular Engineering of National Ministry of Education, “College of Life
Science, Shanxi University, Taiyuan, 030006, China, 3College of Life Science, Zhejiang Chinese Medical University, Hangzhou 310053, China

Glucose regulated protein 78 (GRP78) is frequently highly
expressed in tumor cells, contributing to the acquisition of several
phenotypic cancer hallmarks. GRP78 expression is also positively
correlated with tumor metastasis, and promotes hepatocellular
carcinoma cell invasion via increasing cell motility, however,
other mechanisms involving the prometastatic roles of GRP78
remain to be elucidated. Here we report that forced GRP78
expression promotes colon cancer cell migration and invasion
through upregulating MMP-2, MMP-9 and especially uPA
production. These effects of GRP78 are mediated by enhancing
the activation of B-catenin signaling. Interestingly, we identify that
GRP78 interacts with uPA both in the cells and in the culture
medium, suggesting that GRP78 protein is likely to directly
facilitate uPA secretion via protein-protein interaction. Taken
together, our findings demonstrate for the first time that besides
stimulation of cell motility, GRP78 can act by increasing
proteases production to promote tumor cell invasion. [BMB
Reports 2014; 47(8): 445-450]

INTRODUCTION

Glucose regulated protein 78 (GRP78) is a molecular chaper-
one localized in the endoplasmic reticulum (ER), involved in
correct protein folding and assembly, proteasomal degradation
of misfolded protein, and ER Ca’* binding (1). In adult ani-
mals, deregulation of GRP78 has a causal relationship with
neurological disorders as well as tumor progression (2). The
expression status of GRP78 is positively correlated with the
metastasis of many types of tumors (3-5). Knockdown of
GRP78 inhibits tumor cell invasion in vitro and metastasis in
xenograft models (6, 7). However, the molecular mechanism
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underlying the metastasis-promoting effects of GRP78 remains
to be fully elucidated.

We previously demonstrated that the cell surface GRP78
co-localizes with the urokinase receptor (UPAR) and [1-inte-
grin, which facilitates the transformation of plasminogen to
plasmin by uPA and promotes cell migration and invasion (8).
Given that GRP78 has been reported to be overexpressed in
colon cancer (9), we turned to focus on investigating the roles
of intracellular GRP78 in colon cancer migration and invasion.
Furthermore, our studies were extended to identify the signal-
ing mechanisms that mediated such actions of GRP78.

RESULTS

GRP78 expression promotes DLD1 cell migration and invasion
To investigate the role of GRP78 expression in colon cancer
metastasis, GRP78 was overexpressed in DLD1 cells by lentivi-
rus gene transfer. The expression of GFP and GFP-GRP78 in
infected DLD1 cells was determined by Western blotting anal-
ysis using a GFP-specific antibody (Fig. 1C). Overexpression of
GRP78 in DLD1 cells significantly promoted cell migration
and increased wound closure rate (Fig. 1A and 1B). Further-
more, GRP78 overexpression also facilitated DLD1 cell in-
vasion as demonstrated by the transwell invasion assays (Fig.
1D and 1E).

GRP78 stimulates the expression of MMP-2, MMP-9 and uPA
in DLD1 cells

Matrix metalloproteinase 2 (MMP-2) and MMP-9 as well as ur-
okinase-type plasminogen activator (uPA) have been im-
plicated to play important roles in colon cancer cell invasion
and metastasis (10, 11). The mRNA levels of MMP-2, MMP-9
and uPA in GFP-GRP78 expressing cells increased approx-
imately 4-fold, 4-fold and 15-fold compared to those in GFP
expressing cells (Fig. 2A). Consistently, knockdown of endoge-
nous GRP78 expression in DLD1 cells by GRP78-specific
shRNA (GRP78-shRNA) significantly reduced their mRNA lev-
els (Fig. 2B).

Given that the uPA mRNA is more abundant than MMP-2
and MMP-9 mRNA (supplemental data), and that uPA usually
acts upstream of MMP-2 and MMP-9 activation (12). The ex-
pression and secretion of uPA were determined by Western
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blotting of the whole cell lysates and culture media, respec-
tively. As shown in Fig. 2C and 2D, GRP78 overexpression in-
creased both the protein expression and the extracellular re-
lease of uPA. In addition, gelatin zymography assay showed
that overexpression of GRP78 increased MMP-2 activity in the
medium (Fig. 2E). These results demonstrate that the proinva-
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S° pression of MMP-2, MMP-9 and uPA
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uPA in GFP-DLD1 and GRP78-DLD1
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of MMP-2, MMP-9, uPA and GRP78 in
GRP78 knockdown DLD1 cells. *P <
0.05, ***P < 0.001 vs Cont-shRNA.
(©) Western blots of uPA and GRP78
in GFP-DLD1 and GRP78-DLD1 cells.
(D) Western botting analysis of uPA se-
cretion in the conditioned medium
from GFP-DLD1 and GRP78-DLD1 cells.
(E) Zymographic analysis of MMP-2 and
MMP-9 activities in conditioned medium
from GFP-DLD1 and GRP78-DLD1 cells.
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sion effect of GRP78 is most likely mediated by upregulation
of MMP-2, MMP-9 and uPA production.

GRP78 promotes uPA expression via the B-catenin pathway
We have found that GRP78 overexpression stimulated the acti-
vation of HIF-1oe and AKT signaling pathways (our unpublished
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data), both of which have been reported to be able to regulate
uPA expression (13, 14). To identify the mechanism underlying
the upregulation of uPA expression by GRP78, the HIF-1a. in-
hibitor 2-methoxyestradiol (2-ME2) and the Akt inhibitor tricir-
ibine (TCN) were applied to block the corresponding signaling
pathways, and the results showed that neither 2-ME2 nor TCN
could affect the expression of uPA (Fig. 3A). Our results also
showed that GRP78 overexpression significantly raised the pro-
tein level of B-catenin (Fig. 3B), which has been reported to
contribute to the transactivation of uPA (11). Thus lithium
chloride (LiCl) and sodium butyrate (SB) were used to re-
spectively activate and suppress the f-catenin signaling. LiCl
treatment resulted in activation of the Wnt/B-catenin signaling
via mocking GSK-3f inhibition, accompanied by increased
uPA mRNA and protein expression (Fig. 3C and 3E). Convertse-
ly, treatment with sodium butyrate caused the inhibition of
[B-catenin signaling and the consequent decreased uPA ex-
pression (Fig. 3C and 3D). The results above suggest that in-
duction of uPA expression by GRP78 depends on the activation
of B-catenin signaling pathway.

GRP?78 interacts with uPA and facilities its secretions in colon
cancer cells

GRP78 has been identified as a cell surface receptor for the
Kringle 5 domain of plasminogen (15). uPA and plasminogen
shared a similar protein domain structure, as determined using
the program available at Scansite (http:/www.scansite.mit.edu)
(Fig. 4A). Thus we speculated that GRP78 may interact with
uPA in colon cancer cells. To test this possibility, immunocy-
tochemical staining of GRP78 and uPA in DLD1 and HT-29
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Fig. 3. GRP78 promotes uPA ex-
pression via the -catenin pathway.
(A) Relative mRNA levels of uPA in
GRP78-DLD1 cells in the presence of
the HIF-100 inhibitor 2-ME2 (50 uM)
or the Akt inhibitor TCN (10 uM). (B)
Western  blots  of  [-catenin  in
GFP-DLD1 and GRP78-DLD1 cells.
(B) Relative mRNA levels of uPA in
DLD1 cells treated by sodium buty-
uPA rate and lithium chloride for the in-
dicated time intervals. *P < 0.05, P
< 0.05 and **P < 0.01 versus
Cont. (D) Western blots of uPA and
B-catenin in DLD1 cells treated by so-
dium butyrate for the indicated time

[-catenin

p-GSK-3p(ser9)

g intervals. ()  Western  blots  of
G p-GSK-3B, GSK-3f, B-catenin, and uPA
B-actin in DLD1 cells treated with LiCl (10

mM) for the indicated hours.

cells was carried out. As shown in Fig. 4B, GRP78 colocalized
with uPA in both cells. Consistent with the immunocytochem-
ical results, co-immunoprecipitiation (Co-IP) assays showed
that GRP78 complexed with uPA in both HT-29 and DLD1
cells (Fig. 4C). GST-pulldown assays further demonstrated that
purified recombinant GST-GRP78 protein bound to the uPA
protein from the extracts of DLD1 cells (Fig. 4D). Moreover,
GRP78 also co-immunoprecipitated with uPA in the medium
from DLD1 cells (Fig. 4E). These data suggest that GRP78 may
directly facilitate the extracelluar secretion of uPA by means of
protein-protein interaction.

DISCUSSION

Two characteristics of highly malignant cells are their in-
creased motility and secretion of proteases, allowing these
cells to penetrate surrounding basement membranes and
metastasize. Overexpression of GRP78 enhances the activa-
tion of focal adhesion kinase (FAK), accelerates the process of
cell spreading, and promotes cell motility in hepatocellular
carcinoma (16). In this study, we note that GRP78 over-
expression also promotes cell migration and invasion in colon
cancer cells, and these actions of GRP78 are most likely attrib-
uted to the increased production of MMP-2, MMP-9 and uPA.
Thus GRP78 can act through both stimulation of cell motility
and increase of proteases production to promote tumor cell
migration and invasion.

The uPA-plasmin system has been reported to be implicated
in zymogen proteases activation, including MMP-2 and
MMP-9 (12). The mRNA abundance of uPA is substantially
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higher than that of MMP-2 and MMP-9 in colon cancer cells,
suggesting that uPA may serve as the major proteases for the
initiation of cell migration and invasion. Aberrant activation of
[-catenin-TCF signaling, resulting from mutations in B-catenin
or its degradation machinery, is a characteristic to early stages
of colorectal carcinoma development (17). High expression of
GRP78 in colon cancer cells is likely to further enhance the
[-catenin signaling, concurrently accompanied by higher uPA
production. In this sense, it is reasonable to deduce that colon
cancer cells with higher GRP78 expression are endowed with
higher B-catenin signaling activity and more uPA production,
and thus with a higher metastatic ability. This may be one of
the reasons why there is higher GRP78 expression in meta-
static tissues.

GRP78 can be secreted into the extracelluar microenvironment
by solid tumors, acting as a signaling molecule within the tumor
milieu (18, 19). Interestingly, we identify that GRP78 interacts
with uPA both in the cells and in the culture medium. These re-
sults suggest that GRP78 protein is likely to directly facilitate uPA
secretion via protein-protein interaction. Moreover, since GRP78
can bind the Kringle 5 domain of plasminogen (15), the enzy-
matic substrate of uPA, interaction of GRP78 with uPA in tumor
microenvironment will lead to the close location of uPA and plas-
minogen, more efficient transformation of plasminogen to plas-
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Fig. 4. GRP78 interacts with uPA in
colon cancer cells and their secretions.
(A) Protein domain prediction of uPA
and plasminogen using the Scansite
program  (http://www.scansite.mit.edu).
(B) HT-29 and DLD1 cells were
stained with antibodies against GRP78
and uPA, and visualized with FITC-
and TRITC-conjugated secondary anti-
bodies, respectively. The yellow dots
correspond to spots where GRP78
(green) and uPA (red) colocalized. (C)
Analysis of GRP78 and uPA interac-
tions. Immunoprecipitation experiments
were carried out on HT-29 (top) and
DLD1 (bottom) lysates using GRP78
antibodies followed by Western blot-
ting for uPA. (D) GST-GRP78 pull-
down of lysates from DLD1 cells. The
precipitates were separated by SDS-
PAGE and immunoblotted with an-
ti-uPA antibody. (E) Analysis of GRP78
and uPA interactions in conditioned
medium. Immunoprecipitation experi-
ments were performed on serum free
conditioned medium from DLD1 cells
using GRP78 antibody followed by
Western blotting for uPA.

min, and final acceleration of tumor cell invasion.

MATERIALS AND METHODS

Materials

The medium and fetal bovine serum (FBS) were purchased
from Invitrogen (Carlsbad, CA). Trizol, PrimeScript RT Master
Mix and SYBR green PCR master mix were from Takara (Shiga,
Japan). GRP78 and uPA antibodies were from Abcam (Cam-
bridge, UK). B-actin antibody was from Bioworld Technology
(Minneapolis, MN). GAPDH and GFP antibodies were from
Sangon Biotech (Shanghai, China). B-catenin antibody was ob-
tained from Abmart (Shanghai, China). FITC-, TRITC- and
HRP-conjugated secondary antibodies were obtained from

Invitrogen (Carlsbad, CA).

Cell culture and lentivirus infection

Human colon carcinoma HT29 and DLD1 cell lines were ob-
tained from the American Type Culture Collection and cul-
tured in RPMI-1640 medium containing 10% FBS. For stable
cell line selection, human GRP78 cDNA was subcloned into
the pLVX-AcGFP1-N1 Vector (Clontech). GRP78 shRNAs con-
structed in pLKO.1-Puro were purchased from Sigma (Mission
shRNA). GRP78 overexpression/shRNA plasmid, psPAX2 and
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pMD2.G were co-transfected into 293T cells at 15:10:5 g.
Media containing virus was collected and concentrated using
100 kDa ultrafiltration membranes (Millipore). DLD1 cells
were infected with the viruses in the presence of polybrene (8
ug/ml) for 24 h, and then subjected to selection by 5 pg/ml
puromycin. Hairpin sequences in these shRNA constructs are
depicted as follows: Table 1 shRNA sequences used in this
study: GRP78-1: 5'-CCGGAGATTCAGCAACTGGTTAAAGCT
CGAGCTTTAACCAGTTGCTGAATCTTTTTTG-3; GRP78-2: 5'-
CCGGGAGCGCATTGATACTAGAAATCTCGAGATTTCTAGTA
TCAATGCGCTCTTTTTG-3’; Control: 5-CCGGCCTAAGGTTA
AGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGGTT
TITG-3".

RNA extraction and real-time PCR analysis

Total RNA extraction and real-time PCR analysis were per-
formed as previously described (8). The primers used in this
study were depicted in as follows: MMP-2-F: CTCATCGCAGA
TGCCTGGAA, MMP-2-R: CAGCCTAGCCAGTCGGATTTG;
MMP-9-F: ACGCACGACGTCTTCCAGTA, MMP-9-F: CCACCT
GGTTCAACTCACTCC; uPA-F: GCTGCTGACCCACAGTGGA
A,uPA-R: AAAGTCATGCGGCCTTGGAG; GRP78-F: CTGTGC
AGCAGGACATCAAGTTC, GRP89-R: TGTTTGCCCACCTCCA
ATATCA; GAPDH-F: GCACCGTCAAGGCTGAGAAC; GAPDH-
R: TGGTGAAGACGCCAGTGGA.

Western blotting, co-immunoprecipitation and GST-pulldown
assays

Western blotting and co-immunoprecipitation assays were per-
formed as previously described (8). For the GST-pulldown as-
says, GST-GRP78 or GST immobilized on Sepharose 4B-gluta-
thione beads (GE Healthcare) were incubated with the whole
cell lysates overnight at 4°C followed by washing with the lysis
buffer. The bound proteins were dissolved in 2xSDS loading
buffer, separated by 10% SDS-PAGE, and immunoblotted with
the uPA antibody.

Immunofluorescence analysis

Cells were plated on 6-well glass slides. After appropriate treat-
ments, the cells were fixed in 4% paraformaldehyde in PBS for
30 min, and permeabilized with 0.3% Triton X-100 in PBS for
10 min. Next, the slides were blocked in 2% goat serum for 1
h and incubated with the primary antibodies at 4°C overnight.
The slides were then washed and incubated with the appro-
priate secondary antibodies. After three PBS washes, the slides
were mounted in gelvatol for confocal immunofluorescence
analysis.

Cell migration, invasion and gelatin zymography assays

For cell migration assay, DLD1 cells were seed into a 24-well
plate and the confluent cell monolayer was scratched with a
plastic pipette tip to create a cell free zone in the well.
Photographs were taken immediately after wound incision and
at later time points. For cell invasion assay, cells were placed a
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Matrigel-coated transwell chamber (BD Biosciences) at 2.0 x
10° per insert in serum-free medium and were allowed to mi-
grate toward 15% FBS for 48 h. After that, non-invading cells on
the top of the membrane were removed by scraping. Invaded
cells on the bottom of the membrane were fixed and stained
with crystal violet. The stained membranes were solubilized by
the addition of 1% SDS, and the number of invaded cells was
determined using a microplate reader at 570 nm. Activities of
MMP-2 and MMP-9 in conditioned medium from GFP-DLD1
and GRP78-DLD1 cells were examined by gelatin zymography
according to the method reported in the literature (20).

Statistical analysis

Data are expressed as the mean + SEM. Differences among
groups were tested by one-way analysis of variance (ANOVA).
Comparisons between two groups were evaluated using
Student’s t-test. A value of P < 0.05 was considered statisti-
cally significant.
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