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The increased risk of venous thromboembolism in cancer
patients has been attributed to enhanced tissue factor (TF) pro-
coagulant activity (PCA) on the surface of cancer cells. Recent
studies have shown that TF PCA can be modulated by GRP78, an
endoplasmic reticulum (ER)-resident molecular chaperone. In
this study, we investigated the role of cell surface GRP78 in mod-
ulating TF PCA in several human cancer cell lines. Although
both GRP78 and TF are present on the cell surface of cancer
cells, there was no evidence of a stable interaction between
recombinant human GRP78 and TF, nor was there any effect of
exogenously added recombinant GRP78 on cell surface TF PCA.
Treatment of cells with the ER stress-inducing agent thapsigar-
gin, an inhibitor of the sarco(endo)plasmic reticulum Ca>*
pump that causes Ca>* efflux from ER stores, increased cytoso-
lic [Ca®*] and induced TF PCA. Consistent with these findings,
anti-GRP78 autoantibodies that were isolated from the serum of
patients with prostate cancer and bind to a specific N-terminal
epitope (Leu®®~Leu''®) on cell surface GRP78, caused a dose-de-
pendent increase in cytosolic [Ca®>*] and enhanced TF PCA. The
ability to interfere with cell surface GRP78 binding, block phos-
pholipase C activity, sequester ER Ca”*, or prevent plasma mem-
brane phosphatidylserine exposure resulted in a significant
decrease in the TF PCA induced by anti-GRP78 autoantibodies.
Taken together, these findings provide evidence that engagement
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of the anti-GRP78 autoantibodies with cell surface GRP78
increases TF PCA through a mechanism that involves the release of
Ca>" from ER stores. Furthermore, blocking GRP78 signaling on
the surface of cancer cells attenuates TF PCA and has the potential
to reduce the risk of cancer-related venous thromboembolism.

Venous thromboembolism and other hypercoagulable states
are major contributors to death and disability in cancer patients
(1, 2). Although the prothrombotic state of cancer can be influ-
enced by the activation of specific oncogenes (3), current evi-
dence suggests that the major impact involves the enhanced
expression and/or procoagulant activity (PCA)* of tissue factor
(TF) on the surface of cancer cells (4).

TF is a 47-kDa transmembrane glycoprotein, and the major
physiological initiator of the coagulation cascade (5). TF is nor-
mally expressed on the cell surface in a latent or “encrypted”
form (6). Following exposure of cells to a number of pathophys-
iological agents/conditions, including cytokines (7), endotoxin
(8), apoptosis (9, 10), hypoxia (11), and/or changes in intracel-
lular [Ca®**] (12, 13), TF is converted into an active or “de-
encrypted” form (14). De-encrypted TF on the cell surface
binds circulating factor VIIa, and the resulting complex acts as
a catalyst for the conversion of factors IX and X to IXa and Xa,
respectively. This triggers thrombin generation leading to the
formation of a fibrin clot. It is believed that TF de-encryption
provides a mechanism by which cells initiate a rapid hemostatic
response without the necessity of transcriptional up-regulation
of TF. Some proposed mechanisms for modulating TF PCA
include the formation of TF homodimers, the phospholipid
microenvironment, including phosphatidylserine (PS) expo-
sure, TF compartmentalization in lipid rafts, endocytosis and

“The abbreviations used are: PCA, procoagulant activity; ER, endoplasmic
reticulum; GRP78, 78-kDa glucose-regulated protein; PLC, phospholipase
C; SPR, surface plasmon resonance; TF, tissue factor; Tg, thapsigargin;
Tm, tunicamycin; UPR, unfolded protein response; PS, phosphatidyl-
serine; HBSS, Hanks’ balanced salt solution; RU, response units; BAPTA,
1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid; IP, inositol
1,4,5-trisphosphate.
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degradation of the TF-FVIIa complex, and isomerization of the
TF disulfide bond by protein disulfide isomerase (15, 16).

Besides its critical role in thrombosis and hemostasis, recent
studies indicate that TF also promotes cancer growth and
metastasis (17-20). It is well established that enhanced TF
expression/PCA correlates with cancer progression, angiogen-
esis, and a malignant phenotype (21, 22). It is believed that TF
modulates cancer growth and metastasis by activating the coag-
ulation system at the cell surface or through coagulation-inde-
pendent signals. In addition, the release of TF-bearing
microvesicles from the surface of tumor cells into the circula-
tion can enhance systemic coagulation (23). Despite the causal
role of TF in tumorigenesis, the cellular factors that modulate
TF expression/PCA in cancer are poorly understood.

Recent studies have reported that TF expression/PCA can be
modulated by GRP78, an endoplasmic reticulum (ER)-resident
molecular chaperone that facilitates the correct folding and
assembly of newly synthesized proteins (24). Overexpression of
ER lumenal GRP78 inhibits TF PCA by protecting cells from
changes in intracellular Ca>" levels and/or the generation of
reactive oxygen species (24). Furthermore, cell surface expres-
sion of GRP78 in cultured endothelial cells negatively regulates
TF PCA through a direct GRP78/TF interaction (25). However,
antibody-mediated GRP78 inhibition on the cell surface
resulted in a significant increase in TF PCA. GRP78 is also
highly expressed on the surface of many human cancers (26 —
31), where it functions as a unique signaling receptor to pro-
mote cell proliferation and survival (32). Furthermore, expo-
sure of GRP78 on the surface of cancer cells stimulates the
production of anti-GRP78 autoantibodies, high levels of which
are correlated with accelerated cancer progression, enhanced
metastatic potential, and reduced survival (33). We now report
that anti-GRP78 autoantibodies isolated from the serum of
patients with prostate cancer bind to GRP78 on the surface of
cancer cells and enhance TF PCA. Mechanistically, engage-
ment of the autoantibodies with cell surface GRP78 causes
PLC-mediated release of Ca®>* from ER stores, thereby increas-
ing cytosolic [Ca®>"]. The increase in cytosolic [Ca**] alters
plasma membrane asymmetry resulting in enhanced TF PCA.
Based on these findings, the engagement of anti-GRP78
autoantibodies with cell surface GRP78 may explain how TF is
activated on cancer cells and contributes to the hypercoagu-
lable state observed in cancer patients.

EXPERIMENTAL PROCEDURES

Cell Culture—Cancer cell lines were purchased from the
American Tissue Culture Collection (Manassas, VA). The
human bladder carcinoma cell line T24/83 was cultured in
M199 media (Invitrogen), whereas the prostate cancer cell line
PC-3 was cultured in F-12 media (Invitrogen). All media was
supplemented with 10% fetal bovine serum (Sigma-Aldrich)
containing 100 units/ml penicillin and 100 pg/ml streptomycin
(Invitrogen). Cells were maintained at 37 °C in a humidified
atmosphere of 5% CO,/95% air.

Production and Purification of Recombinant Human GRP78
in Bacteria—High level expression of recombinant human
GRP78 was achieved in bacteria (see supplemental Fig. SI).
Briefly, transformed Rosetta (DE3) cells containing the GRP78-
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pET-28b construct were grown at 16 °C in LB media and
treated with isopropyl B-p-1-thiogalactopyranoside to induce
GRP78 expression. GRP78 protein was purified by using a
nickel affinity fast protein liquid chromatography (FPLC) sys-
tem, as described previously (34). Integrity and purity of the
recombinant GRP78 protein was assessed by SDS-PAGE
(supplemental Fig. S14) and immunoblotting using anti-KDEL
antibodies (supplemental Fig. S1B). Approximately 5.0 mg of
FPLC-purified GRP78 protein was obtained from 400 ml of
bacterial culture. Consistent with previous findings for recom-
binant hamster GRP78 (35), recombinant human GRP78 con-
taining the His tag was functionally active, based on its ATPase
(supplemental Fig. S1C) and chaperone activities (supplemen-
tal Fig. S1D).

Patient Samples—Blood samples were obtained from
patients with prostate cancer from the Department of Urology,
St. Joseph’s Healthcare, Hamilton, Ontario, Canada. Written
informed consent was obtained from patients and approved
by the Research Ethics Board of St. Joseph’s Healthcare
(REB#08-3047).

Isolation of Anti-GRP78 Autoantibodies—Anti-GRP78 auto-
antibodies (GRP78 a-AB) were purified from the serum of pros-
tate cancer patients by affinity chromatography on protein
A-Sepharose, as previously described (36).

Cell Treatments—Ionomycin (Sigma-Aldrich) and thapsi-
gargin (Tg, Sigma-Aldrich) stock solutions were diluted in
DMSO as a transitional solvent and given in the appropriate
physiological buffer to achieve a final concentration of 0.5-20
uM. Tg was used as an ER stress inducer and a positive control
for the TF PCA assay. Tunicamycin (Tm, Sigma-Aldrich)
stocks were diluted in DMSO, and final concentration in phys-
iological buffers ranged from 1 to 10 ug/ml. Tm was used as an
inducer of ER stress and a negative control for the TF PCA
assay. Phospholipase C (PLC) inhibitor, U73123, and its non-
active analogue, U73122, were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA). Both chemicals were diluted to a
final concentration of 5-10 um in 1X TBS. The CNVKSDKSC
peptide (GeneMed Synthesis, San Antonio, TX) was resus-
pended at a concentration of 60 ug/ml in 1X PBS and used to
neutralize GRP78 a-AB.

Biotinylation of Cell Surface Proteins—Biotinylation of cell
surface proteins was performed using the Cell Surface Protein
Isolation Kit (Pierce). Briefly, four T75 flasks of T24/83 cells
were grown to 95% confluency, washed twice with ice-cold 1X
PBS and incubated in 0.25 mg/ml EZ-Link Sulfo-NHS-SS-Bio-
tin for 30 min at 4 °C with rocking. Following saturation with
quenching solution, the cells were scraped, pelleted at 500 X g
for 3 min, and washed several times with 1 X TBS. Cells were
lysed in 500 ul of lysis buffer for 30 min on ice with vortexing
every 5 min. The lysates were centrifuged at 10,000 X g for 2
min at4 °C, and the biotinylated proteins were isolated from the
cleared supernatant by binding to immobilized NeutrAvidin
slurry for 60 min at room temperature with rotation. The slurry
was washed four times with wash buffer containing protease
inhibitors, and the biotinylated proteins were solubilized in 400
pmlof 4X SDS-PAGE sample buffer (50 mm Tris, pH 6.8, 2% SDS,
10% glycerol, 0.01% bromphenol blue, and 50 mm DTT) for 60
min at room temperature with rotation. As a control, total cell
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lysates were collected in SDS-PAGE sample buffer. Immuno-
blot analysis was used to identify target proteins of interest in
both total and cell surface lysates.

Immunoblotting—Total cell lysates in 4X SDS-PAGE sample
buffer were separated on a 10% SDS-PAGE gel under reducing
conditions and transferred to nitrocellulose membranes (Bio-
Rad) using the Trans-Blot Semi-Dry transfer apparatus (Bio-
Rad). Membranes were blocked overnight in 5% skim milk in
1X TBST and then incubated with a primary antibody (anti-
GRP78/Bip, catalog no. 610979, BD Transduction, San Jose,
CA; anti-Phospho-elF2a, catalog no. 97218, Cell Signaling,
Danvers, MA) followed by the appropriate horseradish peroxi-
dase (HRP)-conjugated secondary antibodies (Dako, Carpin-
teria, CA) diluted in 1X TBST containing 1% skim milk.
Membranes were visualized using the Western Lighting
Chemiluminescence Reagent (PerkinElmer Life Sciences), and
Kodak X-OMAT Blue XB-1 film (PerkinElmer Life Sciences)
was exposed and developed using a Kodak X-OMAT 1000A
processor. To control for equivalent protein loading, immuno-
blots were re-probed with a mouse monoclonal anti-S-actin
antibody (catalog no. A5441, Sigma-Aldrich).

FACS Analysis—FACS analysis was used to detect cell sur-
face TF and GRP78. Briefly, non-permeabilized T24/83 cells
were detached from cell culture plates using 2 mm EDTA and
centrifuged at 200 X g for 5 min at 4 °C. The cell pellet was
resuspended in FACS wash buffer (1X PBS/1% FBS) and cen-
trifuged at 200 X g for 3 min. To examine cell surface GRP7S,
cells were incubated (1:200 dilution) in the presence of anti-
GRP78 monoclonal antibodies conjugated to Alexa488 (catalog
no. SPA-827-488, Assay Design, Ann Arbor, MI). To examine
surface TF, cells were incubated (1:100 dilution) in the presence
of a rabbit anti-human TF antibody (catalog no. 4502, Ameri-
can Diagnostica, Stamford, CT) in FACS wash buffer for 40 min
on ice. Cells were washed three times with FACS wash buffer
and incubated (1:200) with the corresponding secondary anti-
body (catalog no. A21206, Alexa Fluor 488-conjugated donkey
anti-rabbit, Molecular Probes, Carlsbad, CA) in FACS wash
buffer for 30 min on ice in the dark. Cells were washed, fixed,
and stored in 1% fresh formaldehyde. FACS data analysis was
performed using the Cytomics FC 500 Series Flow Cytometry
Systems (Beckman Coulter Canada, Mississauga, Ontario,
Canada).

Indirect Immunofluorescence—T24/83 cells grown on cover-
slips were washed with Hanks” balanced salt solution (HBSS)
(Invitrogen) containing 1 mm CaCl,, 1 mm MgCl,, and fixed for
30 min at room temperature in 4% fresh formaldehyde in 1X
PBS. The slides were then incubated in 5% nonfat milk in 1X
PBS for 90 min at room temperature. Excess blocking buffer
was removed from the slide, and cells were incubated with a
primary sheep anti-GRP78 antibody, goat anti-human tissue
factor (catalog no. 4501, American Diagnostica), or a combina-
tion of the two in 1% nonfat milk in 1X PBS overnight at 4 °C.
The cells were then washed three times in 1X PBST and incu-
bated with a secondary antibody containing a 1:1000 dilution of
an Alexa Fluor 568-conjugated donkey anti-sheep IgG, an
Alexa Fluor 488-conjugated rabbit anti-goat IgG, or a mixture
of the two for 90 min at 4 °C in the dark. As controls, cells were
incubated with the secondary IgG alone. Finally, the cells
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were washed three times with 1X PBS and mounted. Images
were captured using a Zeiss Axio Observer fluorescence micro-
scope equipped with a 100X/1.4 numerical aperture Plan Apo-
chromat oil immersion lens (Carl Zeiss, Thornwood, NY). Con-
focal data were collected as previously described (37), and
optical sections were three-dimensionally reconstructed using
an average intensity algorithm for projections of optical section
stacks using Image] version 1.37 (National Institutes of Health,
Bethesda, MD).

SPR—Potential biomolecular interactions were investigated
using a Biacore 1000 biosensor system (Biacore, Amersham
Biosciences). Biotinylated recombinant human GRP78 or
ovalbumin, diluted in filtered and degassed Hepes-buffered
saline (20 mMm Hepes, 150 mm NaCl, pH 7.4) containing 2 mm
CaCl, and 0.005% Tween 20 (HBS-Tw), was adsorbed to a Bia-
core streptavidin SA chip ata flow rate of 5 ul/min at 25 °C until
1300 response units (RU) of biotinylated GRP78 or 2500 RU of
ovalbumin were adsorbed. To determine the binding of recom-
binant human TF (a generous gift from Dr. George P. Vlasuk,
Corvas Pharmaceuticals) to GRP78, 30-ul aliquots, in concen-
trations ranging from 62.5 to 2000 nM™, were injected over the
flow cells at a flow rate of 10 ul/min for ~5 min, followed by a
5-min wash to monitor association and dissociation, respec-
tively. It was not necessary to regenerate the flow cells between
the injections. As a positive control, an anti-human GRP78
polyclonal antibody (catalog no. C20, Santa Cruz Biotechnol-
ogy) was injected over the flow cells at a concentration of 4
pg/ml using the same protocol. Peak RU values determined for
each recombinant TF concentration were corrected for the RU
values with control ovalbumin.

Continuous Measurement of Cell Surface TF PCA—W'e have
recently developed a continuous assay for the measurement of
TF PCA on intact cancer cells (31). Briefly, cells were seeded
into a 96-well tissue culture plate (1 X 10* cells/well) the day
before the experiment. The culture media was then removed,
and the cells were washed once with 1X TBS. A mixture con-
taining 1 nM human FVIIa, 30 nm human FX, 10 mm CaCl,, and
0.4 mm chromogenic substrate S-2765 (Diapharma, West
Chester, OH) in 1X TBS was added to each well. Following
addition of the test agent diluted in 1X TBS, the absorbance at
405 nm was measured every 2 min for 3 h at 37 °C. A standard
curve was generated where 100 units of TF activity was defined
as the amount of activity in 0.3 ul of human recombinant TF,
which is equivalent to 450 ug of TF (as determined by the
American Diagnostica ELISA). V, . was calculated using Soft-
Max Pro and used to determine the amount of FXa generated
per 10,000 cells (units/10,000 cells).

RNA Isolation and RT-PCR—RNA was isolated using an
RNeasy Mini kit (Qiagen), and cDNA was synthesized using a
High Capacity cDNA Reverse Transcription kit (Applied Bio-
systems). Real-time RT-PCR reactions were carried out
based on protocols described previously using SYBR Green
MasterMix (Applied Biosystems) (38, 39) using primers
listed in Table 1.

Calcium Imaging—Confluent cells (1 X 10* cells per well)
grown in 96-well plates were washed in HBSS (Invitrogen) con-
taining 20 mm HEPES. Fura-2 AM was prepared in 20% plu-
ronic acid F127 (Invitrogen) in DMSO. A 10 um working solu-
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TABLE 1
Quantitative RT-PCR primers
Gene Forward primer Reverse primer
Spliced XBP1 5'-TTGAGAACCAGGAGTTAAG-3' 5'-CTGCACCTGCTGCGGACT-3'
CHOP 5'-AGAACCAGGAAACGGAAACAGA-3' 5'-TCTCCTTCATGCGCTGCTTT-3"
B-ACTIN 5’ -TGGGCATGGGTCAGAAGGAT-3’ 5'-AAGCATTTGCGGTGGACGAT-3’

tion of Fura 2-AM in HBSS was incubated on the cells at room
temperature for 30 min. Cells were washed three times with
HBSS and preincubated in HBSS for 15 min before experiments
at 37 °C to allow for de-esterification of the dye. Plates were
read at 37 °C kinetically at two wavelengths (A), A; (340 nm
excitation, 515 nm emission, measuring dye bound to Ca*"),
and A, (380 nm excitation, 515 nm emission, measuring
unbound dye). Measurements were made for 5 min to establish
a baseline followed by the addition of the agonist Tg (1 um), Tm
(5 ng/ml), or ionomycin (10 um) diluted in 1X PBS. PBS was
also used without test substance as a vehicle control. Plates
were then read kinetically at A; and A, for 30 min to establish a
ratio of Ca®>" bound over free dye representing the change in
cytosolic [Ca®"].

Measurement of Intracellular Calcium in Single Cells—Intra-
cellular calcium in T24/83 cells was measured using the fluo-
rescent indicator Fura-2 AM (40). The cells were plated on
sterile coverslips in 35-mm tissue culture dishes and incubated
at 37 °C for 18 —24 h. On the day of the experiment, Fura-2 AM
(2 mm) was added, and the dish was incubated at 37 °C for 30
min. Cell monolayers were then rinsed twice with HBSS con-
taining 10 mm HEPES, pH 7.4, 3.5 mm NaHCO,, and once with
DMEM containing 0.1% BSA. Cell monolayers grown on cov-
erslips were placed on the inverted microscope stage, and intra-
cellular [Ca®>"] was measured using a Digital Imaging Micros-
copy system (Inovision Corp., Research Triangle Park, NC)
employing dual excitation ratio imaging techniques at 37 °C.
After collecting baseline data, increasing concentrations of the
anti-GRP78 autoantibodies was added to the cell monolayers to
determine the effect of ligand binding on calcium mobilization.
A digitized video image was obtained by averaging up to 256
frames with the following filter combination: Fura-2 excitation,
340 and 380 nm; emission, >450 nm. Routinely, excitation
intensity was attenuated 100- to 1000-fold before reaching the
cell, and the background images were obtained. Intracellular
[Ca®>"] was measured by subtracting the background from
images on a pixel basis. To obtain the intracellular [Ca®>*] for an
individual cell, the mean value of the pixel ratio for the cell was
compared with values obtained with the same equipment using
Fura-2-containing EGTA-Ca>* buffers (41).

Statistical Analysis—Excel software was used to determine
the standard error of the mean for each treatment. Significance
of differences between control and various treatments was
determined by analysis of variance. On finding significance
with analysis of variance, an unpaired Student’s ¢ test was per-
formed. For all analyses, p = 0.05 was considered significant.

RESULTS
T24/83 Cells Express Cell Surface GRP78 and TF—We (24,

31) as well as others (42) have demonstrated that the T24/83
human bladder carcinoma cell line displays prothrombotic
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characteristics due to enhanced TF expression and PCA. Based
on these findings, T24/83 cells were chosen as our cancer cell
model to investigate the effect of cell surface GRP78 on TF PCA.

A number of studies have identified GRP78 on the surface of
avariety of human cancer cells (26 —31, 43— 45). To determine if
GRP78 is similarly expressed on the surface of T24/83 cells, cell
surface proteins were isolated using a biotin-based technique
followed by immunoblotting with anti-GRP78 antibodies.
GRP78 was identified in both total cell lysates and on the cell
surface of T24/83 cells using this approach (Fig. 1A4). As
expected, TF was predominantly expressed on the cell surface,
consistent with its localization in the plasma membrane. In
contrast to GRP78 and TF, several nuclear proteins, including
proliferating cell nuclear antigen and lamin B were exclusively
found in the total cell lysates and not on the cell surface. Con-
sistent with these biochemical findings, FACS analysis (Fig. 1B)
and three-dimensional image reconstruction of optical sections
captured using confocal microscopy (Fig. 1C) demonstrated the
presence of GRP78 on the cell surface. In these reconstructions,
GRP78 was observed throughout the cell surface; however,
punctuate regions of high GRP78 expression were apparent
above the nucleus. Indirect immunofluorescence on non-per-
meabilized cells showed the presence of GRP78 and TF on the
surface of T24/83 cells (Fig. 1D). Both cell surface GRP78 and
TF were expressed in a similar staining pattern over the cell
surface. Negative controls with the secondary antibody alone
showed little or no immunofluorescence. Taken together, these
findings demonstrate that T24/83 cells actively express both
GRP78 and TF on their cell surface.

GRP78 Does Not Directly Bind to TF or Modulate TF PCA—
Previous studies have suggested that GRP78 can negatively reg-
ulate procoagulant activity by directly associating with TF on
the cell surface of endothelial cells (25). Although anti-GRP78
antibodies were able to immunoprecipitate TF, as observed on
immunoblots, anti-TF antibodies failed to pull down GRP78
(data not shown). To further assess the direct interaction
between GRP78 and TF, surface plasmon resonance (SPR) was
used to measure binding between immobilized recombinant
human GRP78 and full-length non-lipidated recombinant
human TF. As shown in Fig. 2A (upper panel), the shallow and
linear slope of the dose-response curves between TF and
GRP78 suggests no specific binding. As a positive control, a
strong and direct interaction was observed between the immo-
bilized GRP78 and an anti-GRP78 antibody (Fig. 24, bottom
panel). Further, treatment of quiescent T24/83 cells with
increasing doses of recombinant GRP78 had no effect on TF
PCA (Fig. 2B). Because exogenous recombinant GRP78 did not
activate TF PCA on quiescent T24/83 cells, we examined
whether it could modulate TF PCA induced by thapsigargin.
Again, increasing doses of recombinant GRP78 had no effect on
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FIGURE 1. GRP78 and TF are expressed on the surface of T24/83 cells. A, cell surface proteins were biotin-
ylated, and cell lysates were subjected to streptavidin pulldown. Cell surface proteins were eluted, separated
on 10% SDS-PAGE gels, transferred to nitrocellulose membranes, and immunoblotted with antibodies to
GRP78 (GRP78), anti-proliferating nuclear cell antigen (PCNA), lamin B (lamin B), or TF (TF). Cell surface fractions

(surface) were compared with proteins in total cell lysates (total). The nuclea

not present in the surface fractions. B, cell surface GRP78 and TF were detected by FACS analysis using anti-

bodies against GRP78 or TF, respectively. Secondary antibody staining alo
negative controls. Histograms were generated using the Cytomics FC 500
C, T24/83 cells grown on coverslips were fixed without permeabilization,

subjected to confocal analysis. Optical sections of the cells were three-dimensionally reconstructed and pro-

jected using ImagelJ software at rotation angles of 30, 50, 90, 130, and 150
GRP78. D, identification of cell surface GRP78 and TF in T24/83 cells. Co-immu
performed on fixed, non-permeabilized cells and viewed by fluorescence mi
overlap for GRP78 and TF in the merged image appear as yellow staining.

the ability of thapsigargin to enhance TF PCA (Fig. 2C). These
findings suggest that GRP78 does not directly bind to TF and
fails to modulate TF PCA on T24/83 cells.

Increased Cytosolic [Ca®" ] and Not UPR Activation Induces
TF PCA in T24/83 Cells—W'e have demonstrated recently that
the ER stress-inducing agents ionomycin and thapsigargin up-
regulate TF PCA by increasing cytosolic [Ca®*"] (24, 31). To
determine whether increased TF PCA results from UPR activa-
tion or a specific elevation of cytosolic [Ca®*] brought about by
thapsigargin, T24/83 cells were also treated with tunicamycin,
an inducer of ER stress that inhibits GIcNAc phosphotrans-
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Fluorescence intensity

as the spliced form of XBP-1 in
T24/83 cells treated with thapsigar-
gin or tunicamycin (Fig. 3B). How-
ever, only thapsigargin was able to
increase cytosolic [Ca*>*] (Fig. 3C).
As expected, ionomycin treatment
also caused a significant and sus-
tained increase in cytosolic [Ca®"].
Comparison of the effect of tunica-
mycin and thapsigargin on TF PCA
revealed thatonlythapsigargin dose-
dependently increased TF PCA in
T24/83 cells (Fig. 3D). Given that
thapsigargin depletes ER Ca®"
stores and increases cytosolic
[Ca®>"], we investigated whether
chelating the free cytosolic Ca®>"
would reduce TF PCA activation.
Pretreatment of cells with 1,2-bis(2-
aminophenoxy)ethane-N,N,N',N’-
tetraacetic acid (BAPTA), a specific
Ca®" chelator (47), significantly re-
duced thapsigargin-mediated TF
PCA (Fig. 3E). These findings sug-
gest that increases in cytosolic
[Ca*>*] induce TF PCA independent
of ER stress and UPR activation.
Anti-GRP78 Autoantibodies In-
crease Cytosolic [Ca®* ] and Induce
TF PCA—Previous studies have
reported that anti-GRP78 auto-
antibodies from prostate cancer
patients bind to cell surface GRP78
on several human prostate cancer
cell lines and cause the release of
Ca?" from ER stores (26). Consistent with these findings, anti-
GRP78 autoantibodies were able to dose-dependently
increase cytosolic [Ca®"] over a human IgG control in T24/83
cells (Fig. 4A). Importantly, autoantibody concentrations of 60
ug/ml caused a >6-fold increase in cytosolic [Ca®"], intracel-
lular levels that are necessary to up-regulate TF PCA (15). To
elucidate the effect of anti-GRP78 autoantibodies on TF PCA,
cells were treated with increasing concentrations of the anti-
GRP78 autoantibody: 7 ug/ml, which corresponds to the max-
imum levels observed in the healthy population, and 30-60
pg/ml, which corresponds to the levels observed in prostate
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lated TF PCA in the T24/83 but not
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face GRP78 is necessary for autoan-
tibody-mediated TF PCA.
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FIGURE 2. Recombinant human GRP78 does not bind to TF and fails to modulate TF PCA. A, binding of
recombinant human GRP78 to TF using SPR. Biotinylated recombinant human GRP78 was adsorbed to a
separate flow cell of an SA BlAcore chip containing pre-immobilized streptavidin to ~1300 RU. As a control,
ovalbumin was adsorbed to a separate flow cell to ~2500 RU. Increasing concentrations of recombinant
human TF (62.5-2000 nm) were injected into the flow cells at 10 wl/min, followed by a 5-min wash to monitor
dissociation (top panel). Data indicate that the addition of increasing doses of TF do not bind to immobilized
GRP78. As a positive control, robust binding was demonstrated between an anti-GRP78 antibody and the
immobilized GRP78. B, effect of exogenous recombinant human GRP78 on TF PCA. T24/83 cells (1 X 10*
cells/well) seeded in a 96-well plate were treated with increasing doses of exogenous recombinant human
GRP78 (hrGRP78) for 3 h, and TF PCA was measured using the continuous assay (n = 8). C, effect of exogenous
recombinant human GRP78 (hrGRP78) on TF PCA induced by thapsigargin. T24/83 cells were seeded in a
96-well plate and treated with 5 um thapsigargin (Tg) in the absence or presence of increasing concentrations
of exogenous recombinant human GRP78.TF PCA was measured using the continuous assay (n = 8).*, p < 0.05

versus non-treated cells (NT).

cancer patients (Fig. 4B) (26). Our results demonstrated that
treatment of cells with 7 ug/ml of the anti-GRP78 autoantibod-
ies had no effect on TF PCA. However, 60 ug/ml of the autoan-
tibody caused a significant increase in TF PCA similar to that
observed with thapsigargin (Fig. 4B). A similar enhancement in
TF PCA was observed with 30 pg/ml of the autoantibody. This
effect on TF PCA was abolished by preincubation with an
anti-TF inhibitory antibody, implying that this effect was medi-
ated exclusively by TF. In contrast, the nonspecific anti-GFP
antibody had no significant effect on TF PCA induced by the
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linear primary amino acid sequence
Leu®®-Leu’'® located in the N-ter-
minal region of GRP78 (33). Based
on these findings, we determined
whether the CNVKSDKSC peptide
inhibits TF PCA in T24/83 cells
treated with the anti-GRP78 au-
toantibodies. As shown in Fig. 54,
pretreatment of the anti-GRP78

5 10 15
hrGRP78 (ugimL)

Tg autoantibodies with the CNVKS-
DKSC peptide significantly inhib-
ited TF PCA in T24/83 cells. The
observation that the CNVKSDKSC
peptide failed to inhibit TF PCA fol-
lowing thapsigargin treatment indi-
cates that the peptide has no direct
inhibitory effect on TF PCA (data
not shown).

Anti-GRP78 Autoantibody In-
creases Cytosolic [Ca*"] via Phos-
pholipase C Activation—It has been
reported that cell surface GRP78 interacts with a heterotrim-
eric G protein, resulting in Gqa-protein-dependent activation
of phospholipase C (PLC) (48). PLC cleaves phosphatidylinosi-
tol 4,5-bisphosphate to produce diacylglycerol and IP,. Once
formed, IP, molecules bind specific IP, receptors/Ca** chan-
nels on the ER membrane (49), thereby increasing cytosolic
[Ca®™], which could enhance TF PCA. To evaluate the role of
PLC in autoantibody-mediated TF PCA, T24/83 cells were
treated with the PLC inhibitor U73122 or its non-active ana-
logue U73343. As shown in Fig. 5B, treatment of cells with
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FIGURE 3. Differential effects of ER stress agents on cytosolic [Ca>*]and TF PCA in T24/83 cells. A, detec-
tion of UPR markers in T24/83 cells following treatment with tunicamcyn (Tm) or thapsigargin (Tg). T24/83 cells
in 6-well plates were treated with ER stress-inducers tunicamycin (2.5 wg/ml) or thapsigargin (300 nm) for 24 h.
Total protein lysates solubilized in SDS-PAGE sample buffer were separated in 10% SDS-PAGE gels, transferred
to nitrocellulose membranes, and immunoblotted for phospho-elF2« (p-elF2«) and GRP78. Membranes were
stripped and reprobed with B-actin as a loading control. Results shown are representative of three indepen-
dent experiments. B, quantitative RT-PCR analysis of CHOP and spliced XBP-1 mRNA in T24/83 cells treated with
thapsigargin or tunicamycin for 2, 4, and 8 h. Total RNA was isolated, reverse transcribed to single-stranded
cDNA, and analyzed by quantitative RT-PCR using primers specific for human CHOP or spliced XBP1.Results are
expressed as -fold induction of target gene mRNA levels versus B-actin. *, p < 0.05 versus non-treated (NT) cells.
C, effect of thapsigargin or tunicamycin on cytosolic [Ca?*]in T24/83 cells. Calcium fluorometry of T24/83 cells
treated with thapsigargin (1 um), tunicamycin (5 pwg/ml), ionomycin (10 wm), or drug vehicle (1X PBS), was
determined utilizing the ratiometric calcium-sensitive dye Fura-2 AM. Ratiometric measurements were made
for 30 min after agonist stimulation. D, TF PCA in T24/83 cells following treatment with increasing concentra-
tions of thapsigargin or tunicamycin. *, p < 0.01 versus non-treated cells (NT). E, TF PCA in T24/83 cells following
treatment with 5 um thapsigargin (positive control). T24/83 cells were pre-treated for 30 min in the absence or
presence of increasing doses of BAPTA. *, p < 0.05 versus non-treated cells (NT). =, p < 0.05 versus Tg-treated
cells.
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U73122, but not U73343, dose-de-
pendently inhibited the up-regula-
tion of TF PCA induced by the anti-
GRP78 autoantibodies.

Tunicamycin Pretreatment Re-
duces TF PCA—GRP78 is a major
ER lumenal Ca”>"-storage protein,
and its overexpression can protect
cells from Ca*"-induced cytotoxic-
ity (50). Preconditioning of cells
with sub-lethal doses of tunicamy-
cin can increase GRP78 protein lev-
els and prevent disturbances in ER
Ca®* (51). Based on these findings,
T24/83 cells were pretreated with
tunicamycin for 24 h to induce the
expression of GRP78 (Fig. 3A) with-
out an up-regulation of TF PCA
(Fig. 3C). Following tunicamycin
pretreatment, T24/83 cells were
tested for TF PCA up-regulation
in the absence or presence of either
thapsigargin or anti-GRP78 autoan-
tibodies. As shown in Fig. 5C, tuni-
camycin pretreatment significantly
reduced the effects of thapsigargin
or anti-GRP78 autoantibodies on
TF PCA. Furthermore, tunicamycin
pretreatment caused a significant
repression in TF PCA in non-
treated T24/83 cells.

Annexin V Inhibits TF PCA Medi-
ated by Thapsigargin or Anti-
GRP78 Autoantibodies—Increases
in cytosolic [Ca>"] have been shown
to activate TF at the cell surface by
perturbing the plasma membrane
PS asymmetry leading to exposure
of PS molecules (15) and the accel-
eration of coagulation reactions on
the cell surface (16, 52—54). Treat-
ment of T24/83 cells with increasing
doses of annexin V, a specific PS-
binding protein (16), resulted in a
significant repression in TF PCA
mediated by thapsigargin or anti-
GRP78 autoantibodies (Fig. 5D).
Unlike tunicamycin pretreatment,
annexin V had no inhibitory effect
on TF PCA in non-treated T24/83
cells.

DISCUSSION

The majority of tumor cells dis-
play increased TF expression and
the prothrombotic state observed in
cancer patients has been largely
attributed to the activation of TF
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FIGURE 4. Effect of anti-GRP78 autoantibodies on cytosolic [Ca®'] and TF
PCA. A, T24/83 cells were loaded with Fura-2 AM (4 um), and changes in
intracellular [Ca®*] were measured using digital imaging microscopy on sin-
gle cells after the addition of 5 (orange circles), 10 (violet circles), 20 (green
circles), or 60 (red circles) ug/ml of anti-GRP78 autoantibodies. Human IgG
(blue circles) was used as a negative control. B, TF-PCA on intact T24/83 cells
treated with 5 um (Tg) thapsigargin or increasing concentrations of the anti-
GRP78 autoantibody (GRP78 a-AB). 60+antiTF represents cells pretreated for
1 hwith 10 ug/ml of an anti-TF neutralizing antibody. 60+ antiGFP represents
cells pretreated for 1 h with 10 ug/ml anti-GFP antibody. TF-PCA was mea-
sured continuously for 3 h on T24/83 cells treated with 60 wg/ml of the anti-
GRP78 autoantibody (GRP78 a-AB). C, cell surface detection of GRP78 on PC-3
cells by FACS analysis using antibodies against GRP78. Secondary antibody
staining alone and unstained cells acted as negative controls. Histograms
were generated using the Cytomics FC 500 series flow cytometry software.
D, TF-PCA was measured in T24/83,and PC-3 cells were treated in the absence
or presence of 5 um thapsigargin (Tg) or 60 ug/ml anti-GRP78 autoantibody
(GRP78 a-AB). *, p < 0.05 versus non-treated cells (NT).

(4). Our previous studies have demonstrated that overexpres-
sion of GRP78 in the ER lumen inhibits TF PCA by protecting
cells from changes in cytosolic [Ca®>*] and/or the generation of
reactive oxygen species (24, 37). However, unlike normal cells,
GRP78 is present on the cell surface of a wide variety of human
cancer cells (26-31, 43—45). In this study, we investigated
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whether the presence of cell surface GRP78 modulates TF PCA in
T24/83 cells, a well established human bladder carcinoma cell line
with prothrombotic characteristics (42). Our findings suggest that
the binding of anti-GRP78 autoantibodies to cell surface GRP78
causes PLC-mediated release of Ca>" from ER stores, thereby
increasing cytosolic [Ca**]. This in turn alters plasma membrane
asymmetry resulting in enhanced TF PCA. Thus, our findings may
explain how TF is activated on the surface of cancer cells and con-
tributes to the hypercoagulable state observed in cancer patients.

Our initial experiments were designed to assess the effects of
ER stress-inducing agents on cytosolic [Ca®"] and TF PCA.
Treatment of T24/83 cells with thapsigargin or tunicamycin,
two well known ER stress-inducing agents, elicited diametri-
cally opposed effects on TF PCA. Thapsigargin, a well defined
sarco/endoplasmic reticulum Ca®>"-ATPase pump inhibitor,
induces ER stress by depleting ER Ca®" stores and increasing
cytosolic [Ca®>*] (55). In contrast, tunicamycin induces ER
stress by inhibiting N-linked glycosylation (46). Both tunicamy-
cin and thapsigargin induced ER stress in T24/83 cells, as dem-
onstrated by a similar activation of UPR markers. However,
unlike thapsigargin, tunicamycin treatment did not increase
cytosolic [Ca®>*]. Moreover, thapsigargin, but not tunicamycin
treatment, dose-dependently up-regulated TF PCA suggesting
that depletion of ER Ca** stores and not ER stress/UPR activa-
tion is required for the up-regulation of TF PCA. Further sup-
port for this concept comes from the additional observation
that chelation of cytosolic Ca>* with BAPTA-AM attenuated
thapsigargin-induced TF PCA.

The ability of tunicamycin to induce the expression of
GRP78 without altering cytosolic [Ca®"] implies that pretreat-
ment with this ER stress-inducing agent could potentially
inhibit TF PCA. This is based on previous studies showing that
GRP78 is a major ER lumenal Ca®*-storage protein and pro-
tects from Ca**-induced cell death (50). In a previous study, we
also reported that overexpression of GRP78 by tunicamycin
reduces the release of Ca®>" from ER stores (37). Indeed, tuni-
camycin preconditioning inhibited TF PCA induced by anti-
GRP78 autoantibodies or thapsigargin. These findings provide
evidence that suppressing the release of ER Ca®>" by overex-
pressing GRP78, and likely other ER chaperones in the ER
lumen, can block TF PCA.

Cell surface biotinylation was used to demonstrate the
expression of TF as well as GRP78 on the surface of T24/83
cells, a finding consistent with other cancer cells (26 —30). Indi-
rect immunofluorescence and FACS analysis confirmed the
presence of cell surface GRP78 and TF. Three-dimensional
reconstructions of optical sections acquired by confocal
microscopy revealed high GRP78 expression above the nucleus
of T24/83 cells. Although not completely understood, localiza-
tion of GRP78 expression to this region may reflect distinct
focal points for the recruitment of GRP78 to the cell surface.
Thus, it is interesting to note that ER-resident chaperone pro-
teins such as GRP78, calnexin, and calreticulin can associate
with focal adhesions to mediate IL-1-induced Ca*>* signaling
(56, 57).

The cellular localization of GRP78 to the ER lumen is dic-
tated by its C-terminal KDEL (Lys-Asp-Glu-Leu) sequence, an
ER retention signal found on many ER-resident chaperones (30,
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autoantibodies. B, effect of PLC inhibition on TF PCA induced by anti-GRP78 autoantibodies. T24/83 cells were
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untreated cells (NT). ¢, p < 0.05 versus thapsigargin treated cells. £, p < 0.05 versus autoantibody treated cells.
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cells. =, p < 0.05 versus autoantibody treated cells.
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58, 59). However, GRP78 is found
on the cell surface of many cancer
cells where it acts as a signaling
receptor (26, 29, 32). Currently, it
remains unclear how GRP78
escapes ER retrieval mechanisms
mediated by the KDEL receptor,
given that GRP78 isolated from the
cell surface retains its KDEL se-
quence (30, 58). Two possible expla-
nations are that the KDEL receptors
on the ER membrane are down-reg-
ulated, modified, or saturated with
other ER lumenal proteins or that
the KDEL sequence on GRP78 is
somehow masked by the co-chaper-
one MT]J-1 (60). Recent studies have
also demonstrated that ER stress
may mediate specific mechanisms
for GRP78 surface localization
and/or ER retention (58). In addi-
tion to its cell surface localization on
cancer cells, the ability of GRP78 to
be incorporated into the plasma
membrane is of major interest. Pre-
vious studies have demonstrated a
subpopulation of GRP78 that is
present on the cytosolic surface of
the ER membrane (61), consistent
with that of a transmembrane pro-
tein. In addition to GRP78, calnexin
is another ER transmembrane pro-
tein found on the cell surface (62).
Recent studies have suggested a
direct GRP78/TF interaction at the
surface of cultured vascular endo-
thelial cells (25) and platelets (63),
suggesting that GRP78 can directly
bind TF to negatively regulate its
activity (25). However, our SPR
studies failed to reveal binding of
functional recombinant GRP78 to
TF. Although we could immuno-
precipitate TF from the surface of
T24/83 cells with anti-GRP78 anti-
bodies, in reciprocal experiments
we were unable to immunoprecipi-
tate cell surface GRP78 with an
anti-TF antibody. These observa-
tions suggest in cancer cells that the
interaction between cell surface
GRP78 and TF is weak or that
an antibody-mediated conforma-
tional change occurs in cell surface
GRP78 or TF that alters binding.
The inability of exogenously ad-
ded human recombinant GRP78
to modulate TF PCA on the sur-
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FIGURE 6. A model for enhanced TF PCA following the binding of anti-GRP78 autoantibodies to cell surface GRP78. Cell surface GRP78 forms a putative

complex with the G-protein-11 (G-, 3,y-11) complex. Anti-GRP78 autoantibodies bind to the Leu?®-Leu’'® N-terminal domain of GRP78 exposed on the cell
surface. Upon binding, a signaling cascade involving Ga,;, is activated, leading to enhanced PLC activation and inositol 1,4,5- trlsphosphate (IP3) production.
IP; molecules can readily diffuse through the cytosol where they bind to their specific receptors on the ER, leading to the opening of Ca®* channels on the ER
membrane and elevating cytosolic [Ca®*]. This increase in cytosolic [Ca®*] can result in TF de-encryption by disrupting plasma membrane asymmetry and
leading to the exposure of PS on the cell surface. TF de-encryption triggers an increase in TF PCA, resulting in increased thrombosis.

face of resting or activated T24/83 cells again implies no
direct interaction. This finding is consistent with a recent
report demonstrating that exogenously added recombinant
GRP78 does not bind to the cell surface (58). Although our
findings suggest that GRP78 and TF do not form a direct com-
plex, at least in the context of purified components, we cannot
rule out the possibility that GRP78 and TF form transient mul-
tiprotein complexes on the cell surface, in different cell types or
under varying stress conditions, such as ER or oxidative stress.
Clearly, additional studies are required to further clarify the
cellular factors or stress conditions that affect GRP78/TF inter-
actions on the cell surface.

The topography of cell surface GRP78 and its adaptation to
function as a signaling receptor can somehow affect its immu-
nogenicity (26, 32, 33). Autoantibodies to GRP78 have been
identified in the serum from patients with prostate, ovarian, or
gastric cancer (32, 33). In virtually all these cancers, these
autoantibodies recognize the linear GRP78 primary amino acid
sequence Leu®®*~Leu''®, implying that this region in the N-ter-
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minal domain of cell surface GRP78 is highly immunogenic. In
terms of clinical significance, the presence of anti-GRP78
autoantibodies in human plasma correlates with accelerated
cancer progression, enhanced metastatic potential, and re-
duced survival (33). In this study, we showed that treatment of
T24/83 cells with levels of anti-GRP78 autoantibodies (60
pg/ml) comparable to those found in the plasma of prostate
cancer patients caused a significant increase in cytosolic [Ca*"]
and enhanced TF PCA. In contrast, exposure of the cells to
lower concentrations of these anti-GRP78 autoantibodies (7
pg/ml) found in the plasmas of healthy individuals failed to
affect cytosolic [Ca®"] or up-regulate TF PCA (26). As confir-
mation for a role of cell surface GRP78 in activating TF PCA, we
utilized the PC-3 prostate cancer cell line that expresses TF but
little or no GRP78 on the cell surface (26). Here, we were able to
show that treatment with anti-GRP78 autoantibodies did not
enhance TF PCA; however, a significant increase in TF PCA
was still observed when PC-3 cells were treated with thapsigar-
gin. Taken together, these findings suggest that, in addition to
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GRP78 exposure on the cell surface, the TF PCA response also
requires the presence of a certain threshold level of circulating
anti-GRP78 autoantibodies.

The receptor function of cell surface GRP78 has been dem-
onstrated in respect to a,M signaling (64) and as a co-receptor
for the COX A9 virus (65, 66). Additionally, immunoprecipita-
tion studies of plasma membrane fractions from activated o, M
stimulated macrophages demonstrated cell surface GRP78
coupled to the pertussis toxin-insensitive G-protein, Gy,
(48). Studies have demonstrated that anti-GRP78 autoantibod-
ies bind to the same tertiary epitope on GRP78 (Leu®®*~Leu''®)
as a,M (26), suggesting that similar signaling mechanisms with
anti-GRP78 autoantibodies may be similar to those with a,M.
Treatment with the PLC inhibitor, U73122, but not its non-
active analogue, U73343, inhibited TF PCA elicited by the anti-
GRP78 autoantibodies. Activation of PLC increases cytosolic
inositol 1,4,5-trisphosphate (IP;), which then binds to specific
receptors on ER Ca®" channels and causes ER Ca>* release
(49). These results are consistent with a mechanism of
increased cytosolic [Ca®"] mediating the effect of GRP78
autoantibodies on TF PCA (Fig. 6), similar to that observed for
thapsigargin (31).

The binding of anti-GRP78 autoantibodies to cell surface
GRP78 can increase cytosolic [Ca®"] at levels sufficient to dis-
turb flippase activity (15, 16) and therefore may cause exposure
of PS molecules on the cell surface. Previous studies have shown
that PS expression on the cell surface de-encrypts TF and facil-
itates its interaction with its co-factor FVIIa (15). Based on our
findings, we present a model in Fig. 6 showing that engagement
of GRP78 autoantibodies with cell surface GRP78 activates
PLC, which triggers an increase in [IP;] and subsequent ER
Ca®" release. This in turn leads to PS exposure, TF de-encryp-
tion, and enhanced TF PCA, which culminates in a fibrin-rich
clot. In addition to its role in thrombosis, enhanced TF PCA is
also linked to increased tumor cell survival, angiogenesis, and
metastasis (17-20, 67— 69). Thus, strategies aimed at blocking
cell surface GRP78 signaling have the potential of decreasing
the risk of cancer-related thrombotic events as well as tumor
growth.
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