
MOLECULAR AND CELLULAR BIOLOGY, Jan. 2008, p. 666–677 Vol. 28, No. 2
0270-7306/08/$08.00�0 doi:10.1128/MCB.01716-07
Copyright © 2008, American Society for Microbiology. All Rights Reserved.

GRP78 and Cripto Form a Complex at the Cell Surface and
Collaborate To Inhibit Transforming Growth Factor

� Signaling and Enhance Cell Growth�

Gidi Shani, Wolfgang H. Fischer, Nicholas J. Justice, Jonathan A. Kelber,
Wylie Vale, and Peter C. Gray*

Clayton Foundation Laboratories for Peptide Biology, The Salk Institute for Biological Studies, La Jolla, California 92037

Received 18 September 2007/Accepted 26 October 2007

Cripto is a multifunctional cell surface protein with important roles in vertebrate embryogenesis and the
progression of human tumors. While Cripto has been shown to modulate multiple signaling pathways, its
binding partners do not appear to fully explain its molecular actions. Therefore, we conducted a screen aimed
at identifying novel Cripto-interacting proteins. This screen led to our identification of glucose-regulated
protein 78 (GRP78), an endoplasmic reticulum (ER) chaperone that is also expressed at the surfaces of tumor
cells. Here we demonstrate that Cripto and GRP78 interact at the cell surfaces of multiple cell lines and that
their interaction is independent of prior association within the ER. Interestingly, short hairpin RNA knock-
down of endogenous GRP78 resulted in enhanced transforming growth factor � (TGF-�) signaling, indicating
that like Cripto, GRP78 inhibits this pathway. We further show that when coexpressed, GRP78 and Cripto
collaborate to antagonize TGF-� responses, including Smad phosphorylation and growth inhibition of prostate
cancer cells grown under anchorage-dependent or -independent conditions. Finally, we provide evidence that
cells coexpressing GRP78 and Cripto grow much more rapidly in soft agar than do cells expressing either
protein individually. Together, our results indicate that these proteins bind at the cell surface to enhance tumor
growth via the inhibition of TGF-� signaling.

Cripto (Cripto-1, teratocarcinoma-derived growth factor 1)
is a small, glycosylphosphatidylinositol-anchored signaling pro-
tein with essential physiological roles during embryogenesis.
The protein is also expressed at high levels in human tumors
and has been linked to several aspects of tumor initiation and
progression, including increased cellular proliferation, migra-
tion, invasion, tumor angiogenesis, and epithelial-to-mesen-
chymal transition (34).

Multiple mechanisms of action have been attributed to
Cripto that are thought to underlie its oncogenic function (34).
For example, it modulates the signaling of transforming growth
factor � (TGF-�) superfamily members by forming complexes
with some of these ligands and their respective signaling re-
ceptors. In this context, Cripto has an obligatory role in facil-
itating signaling by certain ligands, such as Nodal (29, 30),
while inhibiting signaling by activins (1, 12) and TGF-�1 (13).
Since activins and TGF-�s have tumor suppressor functions
(27), the inhibition of their signaling by Cripto provides a
mechanism that may at least partly explain the ability of Cripto
to promote tumor growth (1, 12, 13). Conversely, Cripto-de-
pendent Nodal signaling may contribute to late stages of tumor
growth and metastasis under conditions in which cells have
become refractory to growth-inhibitory effects of TGF-� li-
gands (27, 35).

Cripto can also be released from the cell in a soluble form
and act in a manner resembling that of secreted growth factors

(34). In this regard, it was reported that Cripto and the Xeno-
pus Cripto ortholog FRL-1 cause the phosphorylation of
ErbB-4 (4) and FGFR-1 (16), respectively. Cripto does not
bind these proteins directly, however, and a putative Cripto
receptor mediating these phosphorylation events has yet to be
found (4, 16). In this regard, although Cripto possesses an
epidermal growth factor (EGF)-like domain and resembles
EGF receptor ligands, it does not directly bind to any members
of the EGF receptor family (4). Furthermore, while Cripto
binds the extracellular glycosylphosphatidylinositol-anchored
proteoglycan glypican-1 to cause activation of mitogen-acti-
vated protein kinase and PI3K pathways via c-Src, a transmem-
brane protein mediating this action has not yet been identified
(5).

Therefore, while Cripto has multiple signaling mechanisms
that may contribute to tumor growth, its known cell surface
binding partners do not appear to fully explain its reported
oncogenic functions. In order to identify novel Cripto-interact-
ing proteins, we have conducted a protein interaction screen
using full-length, membrane-anchored Cripto as bait. This
screen led to the identification of glucose-regulated protein 78
(GRP78), a multifunctional regulator of endoplasmic reticu-
lum (ER) homeostasis that has also been heavily implicated in
cancer (19). Interestingly, although generally localized to the
ER, GRP78 is also selectively expressed at the plasma mem-
brane in tumor cells and we show here that Cripto binds
GRP78 at the cell surface. We provide further evidence that
Cripto and GRP78 interact in a cell-free system in a manner
that does not require their association within the ER. Finally,
we show that GRP78 and Cripto cooperate to attenuate TGF-
�-dependent growth-inhibitory effects and increase colony
growth of prostate cancer cells in soft agar. Together, our
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results indicate that these two proteins form a complex at the
cell surface and thereby confer a growth advantage to tumor
cells via inhibition of TGF-� signaling.

MATERIALS AND METHODS

Materials. NuPAGE gels, molecular weight standards and the CyQUANT cell
proliferation assay kit were from Invitrogen (San Diego, CA). Sulfo-NHS-LC-
biotin was purchased from Pierce (Rockford, IL). TGF-�1 was purchased from
R&D Systems (Minneapolis, MN). Anti-Flag (M2), antihemagglutinin (anti-
HA) (HA-7), anti-His (His-1), and anti-pan-cadherin antibodies, as well as anti-
Flag M2 gel beads, Flag peptide, and thapsigargin, were purchased from Sigma-
Aldrich (St. Louis, MO). Anti-GRP78 (N-20 and 76-E6), anti-T�RII (C16), and
protein G-PLUS-agarose beads were from Santa Cruz Biotechnology (Santa
Cruz, CA). Anti-GRP78 (KDEL) was from Stressgen Bioreagents (Ann Arbor,
MI). Anti-phospho-Smad2, anti-T�RI, and anti-pan-actin were purchased from
Cell Signaling (Danvers, MA). The p26-Flag expression construct was a generous
gift from Kuo Fen Lee (Peptide Biology Laboratories, Salk Institute). Antibodies
directed against Cripto (rabbit 6900) were raised against a peptide spanning
mouse Cripto amino acids 81 to 97 and cyclized between Cys 81 and Cys 90.
Smad2 antisera were raised against a peptide conserved between Smad2 and
Smad3, spanning amino acids 159 to 175 of human Smad3. Polyclonal antisera
targeting the Flag epitope (rabbit 6643) were raised against a 2� Flag peptide.
Rabbit polyclonal anti-Cripto, anti-Smad2/Smad3, and anti-Flag antisera were
produced by Joan Vaughan (Peptide Biology Laboratories, Salk Institute).

Expression constructs, cell lines, and transient transfection. The wild-type
and mutant mouse Cripto-Flag expression constructs have previously been de-
scribed (13). Cripto constructs were also generated in the lentiviral vector pCSC
(26) for the production of lentivirus. Lentiviral vectors used in this study were a
generous gift from Inder Verma (Salk Institute). The T�RI-HA and T�RII-His
expression constructs were gifts from Joan Massagué (Memorial Sloan-Kettering
Cancer Center, New York, NY). Standard PCR techniques were used to gener-
ate the human GRP78 construct with an HA epitope at its C terminus. 293T
cells, P19 cells, and HeLa cells were grown in Dulbecco’s modified Eagle’s
medium, and PC3 cells were grown in F-K12 medium. Media were supplemented
with 10% fetal calf serum (293T, HeLa, and PC3) or 7.5% fetal calf serum (P19),
together with penicillin, streptomycin, and L-glutamine. For transient transfec-
tion, 293T cells were plated on polylysine-coated, 15-cm plates (�107 cells/plate)
and then transfected the following day at about 40 to 60% confluence using the
polyethyleneimine transfection reagent as previously described (14).

Mass spectrometric analysis. Mass-specific bands were excised from a Coo-
massie blue-stained gel. Gel slices were further destained by treatment with 40%
aqueous n-propanol and 50% aqueous acetonitrile. To the destained gel slice,
100 ng trypsin was added in 10 �l ammonium bicarbonate solution (20 mM).
Digestion was allowed to proceed at 37°C for 16 h. One microliter of the
supernatant was spotted onto a matrix-assisted laser desorption ionization target
and mixed with 1 �l of a saturated solution of alpha-cyano-hydroxycinnamic acid.
After being dried, the sample was analyzed on a Bruker Ultraflex TOF/TOF
(Bruker Daltonics, Billerica, MA) instrument in positive reflected time-of-flight
(TOF) mode. Mass fingerprint data were analyzed using the Mascot algorithm
(Matrix Science, London, United Kingdom).

Fluorescence imaging. 293T cells (35,000 per well) and P19 cells (500,000 per
well) were plated in 12-well plates and grown overnight on coverslips pretreated
with polylysine. Cells were washed with potassium-phosphate-buffered saline
(KPBS), fixed in 4% paraformaldehyde, and then permeabilized in buffer A
(KPBS supplemented with 2% donkey serum and 0.2% Triton X-100). 293T cells
were treated with rabbit anti-Cripto (6900; 1:600) and goat anti-GRP78 (N-20;
catalog no. sc-1050; 1:400), while P19 cells were treated with the same anti-
Cripto (6900; 1:600) and anti-GRP78 (N-20; catalog no. sc-1050; 1:125) antibod-
ies, together with mouse anti-pan-cadherin (C1821; Sigma; 1/125) in buffer A for
48 h at 4°C. Cells were washed with KPBS and then treated with anti-rabbit,
anti-goat, and anti-mouse antibodies, for 1 h at room temperature in buffer A.
After further washing in KPBS, the coverslips were mounted in the presence of
DAPI (4�,6�-diamidino-2-phenylindole) and then subjected to fluorescence visu-
alization. For confocal images, a Leica TCS SP2 AOBS confocal system (Leica,
Wetzlar, Germany) was used. Images were collected using sequential scanning of
each excited wavelength to avoid any bleed-through between fluorophores.

Design of lentiviral shRNA vectors and infection of cell lines. Target se-
quences within the human GRP78 gene were identified and selected using the
Sfold program (http://sfold.wadsworth.org/sirna.pl). The design of short hairpin
RNA (shRNA) and the production of lentiviral shRNA vectors were carried out
as previously described (33). The 83-mer used to generate the GRP78 1 (G1)

shRNA was 5�-CTGTCTAGACAAAAAACCATACATTCAAGTTGATTCTC
TTGAAATCAACTTGAATGTATGGTCGGGGATCTGTGGTCTCATACA-
3�. For viral transduction, lentivirus was produced as previously described (26).

Cell lysates and immunoprecipitations. Cell lysates were prepared in radio-
immunoprecipitation assay (RIPA) buffer as previously described (13). For im-
munoprecipitation experiments, 1 to 5 mg protein extract was precleared by
protein G-PLUS-agarose beads for 2 h at 4°C. The precleared extracts were
incubated as indicated with 40 �l anti-FLAG M2 gel beads or 20 �l G-PLUS-
agarose preincubated with 15 �l anti-GRP78 (KDEL), 10 �l anti-HA, or 25 �l
anti-His for 2 h at 4°C. Immunoprecipitates were subsequently washed four times
with RIPA buffer and two times with 54K buffer (50 mM Tris, pH 7.9, 150 mM
NaCl, 0.5% Triton X-100). We then eluted the proteins either by heating the
beads at 95°C in sample buffer or by adding 50 �l of Flag peptide (1 �g/�l),
followed by the removal of any remaining associated proteins by heating in
sample buffer.

Cell surface biotinylation. Sulfo-NHS-LC-biotin was prepared fresh at 0.5
mg/ml in HEPES dissociation buffer (HDB) and then stored on ice until used.
Adherent, intact cells were rinsed twice with ice-cold HDB and then incubated
with biotin solution for 30 min on ice by using a sufficient volume to completely
cover the cells (e.g., 1 ml/well for six-well plates). The biotinylation reaction was
then quenched following the addition of 1 M Tris, pH 7.5, to bring the biotin-
HDB solution to a concentration of 50 mM Tris final. The resulting solution was
removed, and the cells were rinsed one time in HDB containing 50 mM Tris.
Cells were then solubilized in RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate [SDS]) sup-
plemented with standard protease inhibitors. Biotinylated proteins were sepa-
rated by SDS-polyacrylamide gel electrophoresis (PAGE), blotted to nitrocellu-
lose, and then visualized following treatment with avidin-horseradish peroxidase
(HRP) and enhanced chemiluminescence.

Cell death assays. For each cell population, three fields each consisting of at
least 100 green fluorescent protein (GFP)-positive cells, were scored for apop-
totic cells according to their morphologies. The number of cells determined to be
apoptotic was divided by the total number of GFP-positive cells in the field,
resulting in the percentage of apoptotic cells.

Smad2 phosphorylation and Western blotting. HeLa cells or PC3 cells stably
infected with lentivirus were plated on six-well plates at a density of 200,000 cells
per well. Forty-eight hours after plating, cells were washed once with HDB and
starved for 4 h in additive-free medium and then were left untreated or were
treated with TGF-�1 for 30 min. Cells were lysed, and Smad2 phosphorylation
assays were carried out by Western blotting as previously described (13).

Cell proliferation assays and colony formation in soft agar. PC3 cells were
stably infected with pCSC lentivirus constructs as described above. Cells
were plated on 96-well plates at a density of 500 cells/well, and 24 h later, cells
were either treated with 10 pM TGF-�1 or left untreated. Eight days after
treatment, cell proliferation was measured using the CyQUANT cell prolifera-
tion kit according to the manufacturer’s instructions. To measure colony forma-
tion in soft agar, 96-well plates were prepared with 50 �l/well surface layers
consisting of 0.6% agar (Nobel) resuspended in PC3 growth medium. An addi-
tional 75 �l/well of 0.33% agar-PC3 growth medium containing 1,000 stably
infected PC3 cells was then added to each well, followed by the addition of
TGF-�1, which was included in various amounts to yield the specified final
concentrations before the agar solidified. Wells were refed with 100 �l of PC3
growth medium with or without TGF-�1 for 15 days, and then colonies were
visualized microscopically and counted. Photographs of specified wells were
taken using a Canon EOS 400D camera mounted on an inverted Olympus CK40
microscope set to its lowest magnification.

RESULTS

Identification of GRP78 as a novel Cripto binding protein.
In order to identify new Cripto-associated proteins, we em-
ployed a straightforward strategy in which Cripto was used as
bait to “pull down” its binding partners at the cellular mem-
brane. We subjected lysates from 293T cells transfected with
empty vector or Cripto-Flag to anti-Flag immunoprecipitation,
followed by specific elution of bound proteins with Flag pep-
tide. Since it was carried out under mild conditions, this elution
allowed for an additional purification step. As visualized fol-
lowing silver staining, two proteins, migrating at �72 kDa and
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�50 kDa, coprecipitated specifically with Cripto-Flag (Fig. 1A,
bands a and b, respectively).

We next sought to identify these Cripto-associated proteins
by using mass spectrometry. The approximately 72-kDa and
50-kDa bands were excised from the gel, further destained, and
subjected to in-gel trypsin digestion. Samples were then ana-
lyzed by matrix-assisted laser desorption ionization–time of
flight mass spectrometry, and mass fingerprint data were char-
acterized using the Mascot algorithm (Matrix Science, London,
United Kingdom). The top hit score of 55 for the band at
approximately 72 kDa was for GRP78, also known as BiP, and
a total of seven peptides could be assigned in the mass finger-
print with a peptide mass error tolerance of �0.1 Da (Fig. 1B).
The band at �50 kDa (protein b) has not yet been conclusively
identified.

GRP78 has multiple functions, including a prominent role in
mediating protein folding and the stress response in the ER
(18). GRP78 has also been heavily implicated in tumorigenesis
(19), and in the present study, we focused on its potential role
in binding Cripto and modulating its function. To unequivo-
cally validate the identity of GRP78 as a specific Cripto binding
partner, we repeated the coimmunoprecipitation procedure
described above and subjected precipitated proteins to West-
ern blotting using specific anti-GRP78 or anti-Cripto antibod-
ies. As shown in Fig. 1C, GRP78 is present in the Flag peptide
eluate, indicating that it coimmunoprecipitates specifically with
Cripto.

GRP78 binds Cripto at the cell surface. Although GRP78 is
thought to function primarily as an ER-associated protein (18),
several recent studies have demonstrated that GRP78 is also
expressed at the plasma membranes of cancer cells under cer-
tain conditions (19). In order to test whether Cripto and
GRP78 interact at the cell surface, we labeled intact cells with
a cell-impermeable biotin reagent and subjected resulting cell
lysates to anti-Flag immunoprecipitation, followed by elution
with Flag peptide and the detection of biotinylated proteins
with avidin. As a negative control, we used a �26-kDa trans-
membrane fragment of the p75 neurotrophin receptor referred
to as p26-Flag. This irrelevant protein is similar in size to
Cripto and was subjected to the same procedure, side by side
with Cripto-Flag. As shown in Fig. 2A, biotinylated forms of
GRP78 and protein b coimmunoprecipitated with Cripto, but
not with p26, suggesting that the association of Cripto with
GRP78 and protein b is specific. The fact that GRP78 and
Cripto were biotinylated indicates that they interact at the cell
surface and diminishes the likelihood that their association
depends on the chaperone activity of GRP78.

To further characterize the ability of Cripto to bind cell
surface GRP78, we tested whether GRP78 from one popula-
tion of cells could bind mature Cripto isolated from a separate
cell population in a cell-free system. 293T cells were infected

FIG. 1. Identification of novel Cripto binding proteins. 293T cells
were transfected with empty vector or Cripto-Flag, subjected to im-
munoprecipitation on anti-Flag beads, and then eluted with Flag pep-
tide. Cripto-associated proteins were separated by SDS-PAGE and
then either silver stained (A) or immunoblotted to nitrocellulose and

probed with anti-GRP78 or anti-Cripto antibodies (C) as described in
Materials and Methods. Bands a and b in panel A were excised and
subjected to mass spectrometric analysis as described in Materials and
Methods. Mass fingerprint data corresponding to band a identified as
GRP78 are shown in panel B. IB, immunoblot; IP, immunoprecipitate;
�, absence of; �, presence of.
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with vector or Cripto-Flag and then subjected to anti-Flag
immunoprecipitation, followed by extensive washing of the
beads. In parallel, a separate population of 293T cells infected
with GRP78 was subjected to cell surface biotinylation and
lysates from these cells were incubated with the beads previ-
ously incubated with vector or Cripto-Flag lysates. The beads
were then washed again, and bound proteins were eluted with
Flag peptide and subjected to Western blotting using avidin-
HRP, anti-GRP78, or anti-Cripto antibodies. As shown in Fig.
2B, Flag peptide specifically eluted Cripto-Flag, together with
the majority of bound GRP78. Moreover, biotinylated (i.e., cell
surface-labeled) GRP78 was specifically eluted from beads
previously exposed to Cripto-Flag lysates, but not from beads
exposed to vector lysates. These results demonstrate that the
interaction between cell surface-derived GRP78 and Cripto
occurs in vitro in a manner that is independent of cellular or
membranal contexts. In addition, since biotinylated GRP78
and Cripto originated from separate cell populations, their
interaction does not depend on prior association in the ER, on

the translational machinery, or any chaperone function of
GRP78.

Cripto possesses two modular domains that mediate protein-
protein interactions, an EGF-like domain and a cysteine-rich
CFC domain (34). In order to explore the interaction between
Cripto and GRP78 further, we used the method described
above (Fig. 2B) to test whether cell surface-labeled GRP78
binds Cripto mutants lacking either the EGF-like domain
(	EGF) or the CFC domain (	CFC). In this experiment, we
assessed the ability of biotinylated, HA-tagged GRP78 from
one cell population to bind wild-type and mutant forms of
Cripto originating from separate cell populations. As shown in
Fig. 2C, cell surface GRP78 bound wild-type Cripto and the
Cripto 	EGF mutant to similar extents, but it did not bind the
Cripto 	CFC mutant. Therefore, this result indicates that cell
surface-derived GRP78 binds the CFC domain of Cripto.

Having shown that overexpressed Cripto and GRP78 bind at
the cell surface in a specific manner that depends on the CFC
domain of Cripto, we next tested whether these two proteins

FIG. 2. Cripto binds GRP78 at the cell surface. 293T cells transfected with the indicated constructs (A to D) and P19 cells (D) were labeled
with cell-impermeable NHS-LC-biotin. Cell lysates were subjected to immunoprecipitation by using the indicated antibodies and then eluted with
Flag peptide (peptide elute) or by heating the beads in sample buffer. Samples were resolved via SDS-PAGE and blotted with avidin-HRP or the
indicated antibodies as described in Materials and Methods. In some cases (B and C), 293T cells overexpressing GRP78 were subjected to cell
surface biotinylation and then resulting cell lysates were incubated with vector or Cripto-Flag beads. IB, immunoblot; IgG, immunoglobulin G; IP,
immunoprecipitate; �, presence of.
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are associated in an endogenous setting. Embryonal carcinoma
cell lines were reported to express high levels of Cripto protein,
and we tested whether endogenous Cripto and endogenous
GRP78 interact in mouse embryonal carcinoma P19 cells. We
treated these cells with membrane-impermeable biotin as de-
scribed above and subjected lysates to immunoprecipitation
with anti-Cripto antibody or rabbit immunoglobulin G (IgG)
as a negative control. As a positive control for the immuno-
precipitation, we used 293T cells infected with empty vector or
Cripto-Flag. As shown in Fig. 2D, anti-Cripto immunoprecipi-
tation from P19 cells, followed by anti-GRP78 Western blot-
ting, led to the detection of a band corresponding to GRP78,
while precipitation with nonimmune IgG failed to do so. Fur-
thermore, the precipitated Cripto and GRP78 proteins were
biotinylated, as indicated by their detection with avidin-HRP,
indicating that they originated from the cell surface. A similar
result was obtained with 293T cells overexpressing Cripto-Flag,
but not with empty vector cells (Fig. 2D, right panel), validat-
ing the specificity of the anti-Cripto antibody. Therefore, en-
dogenous Cripto and endogenous GRP78 specifically interact
at the cell surfaces of mouse embryonal carcinoma P19 cells
and their interaction does not require the overexpression of
either protein.

Cripto and GRP78 colocalize at the cell surface. We further
assessed the cellular localization of these proteins by immuno-
fluorescence and confocal microscopy. Initially, 293T cells in-
fected with empty vector or coinfected with Cripto and GRP78
were stained with anti-Cripto and anti-GRP78 antibodies. As
shown in Fig. 3A, vector cells displayed minimal background
level Cripto staining and weak GRP78 staining, resulting from
the presence of the endogenous protein. By contrast, 293T
cells overexpressing Cripto and GRP78 gave rise to prominent,
punctate staining of both proteins, with striking colocalization
at the cell surface (Fig. 3A). Although the significance of the
punctate structures remains to be determined, this result
clearly demonstrates the association of overexpressed Cripto
and GRP78 at the plasma membranes of intact 293T cells.

Next, we tested whether Cripto and GRP78 are similarly
associated at the cell surfaces when expressed at endogenous
levels in P19 cells. As shown in Fig. 3B, both Cripto and
GRP78 were readily detected in native P19 cells. These cells
were also stained with an anti-pan-cadherin antibody that was
used as a marker of the plasma membrane. Overall, the stain-
ing for Cripto and GRP78 appeared to be predominantly punc-
tate/vesicular in nature, with partial but substantial colocaliza-
tion. Importantly, several of the punctate structures containing
both Cripto and GRP78 displayed overlapping staining with
pan-cadherin, placing them at the plasma membranes of these
cells (Fig. 3B, inset). The colocalization of Cripto and GRP78
both at the membrane and within vesicular structures suggests
that they associate not only at the plasma membrane but also
during the endosomal/lysosomal trafficking and recycling com-
monly associated with cell surface signaling proteins.

Cripto-associated GRP78 can be targeted using shRNA.
Having demonstrated that Cripto and GRP78 are associated
cofactors at the cell surface, we next aimed to determine
whether GRP78 modulates known Cripto functions. To this
end, we developed shRNAs capable of reducing endogenous
GRP78 expression. GRP78 is induced by thapsigargin, a com-
pound that raises cytosolic calcium levels, causes ER stress,

and triggers apoptosis. Following thapsigargin treatment,
GRP78 induction alleviates ER stress and delays the cellular
apoptotic response (15). Therefore, we initially tested the abil-
ity of an shRNA targeting GRP78 (G1) to prevent the induc-
tion and function of GRP78 following thapsigargin treatment.
As shown by Western blot analysis using anti-GRP78 antibody,
thapsigargin clearly induced GRP78 expression in HeLa cells
and this induction was blocked by the G1 shRNA (Fig. 4A).
Furthermore, as shown in Fig. 4B, G1-infected HeLa cells
showed a marked increase in thapsigargin-induced apoptosis in
comparison to vector cells, demonstrating the functional con-
sequences of GRP78 knockdown by this shRNA.

We next examined whether the G1 shRNA could similarly
target the cell surface pool of GRP78 associated with Cripto.
HeLa cells infected with empty vector or G1 shRNA were
subsequently infected with Cripto-Flag. These cells were then
subjected to cell surface biotinylation, followed by anti-Flag
immunoprecipitation and specific elution with Flag peptide as
previously described. Eluted proteins were subsequently ana-
lyzed by Western blotting using avidin-HRP, anti-GRP78, or
anti-Cripto antibodies. As shown in Fig. 4C, the amount of cell
surface-biotinylated GRP78 that coimmunoprecipitated with
Cripto was substantially reduced in the presence of the G1
shRNA construct. Importantly, this result indicates that the G1
shRNA can disrupt functions of GRP78-Cripto complexes at
the cell surface.

Targeted reduction of GRP78 expression enhances TGF-�-
dependent Smad2 phosphorylation. We previously demon-
strated that shRNA knockdown of endogenous Cripto in HeLa
cells causes an increase in TGF-�-induced Smad2 phosphory-
lation (13). Here we have shown that GRP78 and Cripto in-
teract at the cell surface, raising the possibility that Cripto and
GRP78 work in concert to inhibit TGF-� signaling. Having
demonstrated that the G1 shRNA effectively targets the
Cripto-associated pool of GRP78 at the plasma membrane, we
next tested whether it, similar to the Cripto shRNA, could
enhance TGF-� signaling. Once again, the same HeLa cells
infected with empty vector or G1 were tested in the absence
(Fig. 5A) or presence (Fig. 5B) of 5 �M thapsigargin. In each
case, cells were treated with a range of TGF-�1 doses and
resulting levels of phospho-Smad2 and total Smad2 were mon-
itored. As shown in Fig. 5A, G1 shRNA cells were more re-
sponsive to TGF-� than vector-infected cells at lower doses
(e.g., 1 pM TGF-�1). Following thapsigargin treatment, the
TGF-� dose-response relationship was shifted substantially to
the right (Fig. 5B). Again, cells infected with G1 had a greater
sensitivity to TGF-�, with a prominent phospho-Smad2 band
detected at 10 pM TGF-�1. Interestingly, the G1 shRNA effect
of sensitizing cells to TGF-� was more pronounced in the
presence of thapsigargin than in its absence. This result sug-
gests that the induction of cell surface GRP78 by thapsigargin
causes an inhibition of TGF-� signaling that can be blocked by
the G1 shRNA construct.

To test whether thapsigargin causes the induction of cell
surface GRP78 that is targeted by G1, the same HeLa cells
infected with vector or G1 were treated with vehicle or thap-
sigargin and then subjected to cell surface biotinylation. To
visualize biotinylated GRP78, cell lysates were subjected to
immunoprecipitation with anti-GRP78 antibody, followed by
Western blotting with avidin-HRP. As shown in Fig. 5C, thap-
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sigargin treatment induced GRP78 at the cell surface and this
induction was blocked by the G1 shRNA construct. Finally, as
an additional control, we tested whether GRP78 knockdown or
induction results in altered levels of type I and/or type II
TGF-� signaling receptors. As shown in Fig. 5D, neither the
presence of G1 shRNA nor treatment with thapsigargin sig-
nificantly affected receptor levels, with one exception being
that T�RI levels were slightly higher in vector cells than in G1
cells in the absence of thapsigargin. This discrepancy did not
correlate with TGF-� signaling, however, since phospho-
Smad2 levels were higher in G1 cells than in vector cells (Fig.
5A). Thus, GRP78 does not appear to affect TGF-� signaling
by altering the levels of these receptors. In summary, these

data indicate for the first time that in a manner similar to that
of endogenous Cripto, endogenous GRP78 inhibits TGF-�
signaling. Furthermore, these findings are consistent with a
novel role for cell surface GRP78-Cripto complexes in block-
ing TGF-� signaling.

GRP78 does not directly bind TGF-� signaling receptors.
Our finding that GRP78 inhibits TGF-� signaling raised the
possibility that it does so by binding directly to type I and/or
type II TGF-� signaling receptors. We have shown above that
endogenous cell surface GRP78 coimmunoprecipitates with
Cripto when Cripto is overexpressed in 293T cells and with
endogenous Cripto in P19 cells. Here we have further tested
whether GRP78 similarly coimmunoprecipitates with T�RI

FIG. 3. Cripto and GRP78 colocalize at the cell surface. (A) 293T cells stably infected with vector or GRP78 and Cripto (GRP78 � Cripto)
were stained with anti-Cripto antibody (red) and anti-GRP78 antibody (green) as described in Materials and Methods. Scale bar 
 20 �m. (B) P19
cells were stained with the same anti-Cripto (red) and anti-GRP78 (green) antibodies as in panel A and anti-pan-cadherin antibody (blue) as
described in Materials and Methods. Magnified images corresponding to the boxed region are presented to highlight colocalization of Cripto,
GRP78, and cadherin proteins. Scale bar 
 10 �m. All cells were analyzed using confocal microscopy as described in Materials and Methods.
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and T�RII. 293T cells were transfected with p26-Flag, Cripto-
Flag, T�RI-HA, or T�RII-His, and surface proteins were bio-
tinylated as before. Each of these proteins was immunopre-
cipitated as bait, and then immune complexes were assessed
for the presence of GRP78. As shown in Fig. 6, the avidin-HRP
panel reflects the fact that similar amounts of these different
cell surface bait proteins were precipitated in these pull-downs.
However, only Cripto pulled down endogenous GRP78, as
detected by both avidin-HRP and anti-GRP78 antibody (Fig.
6). Therefore, under these conditions, cell surface GRP78 does
not bind T�RI or T�RII but rather appears to associate ex-
clusively with Cripto. This result suggests that the effect of
GRP78 on TGF-� signaling is not likely to occur via its direct
independent binding to either signaling receptor.

Cripto and GRP78 cooperate to inhibit TGF-� signaling.
TGF-� has been shown to inhibit both anchorage-dependent
and anchorage-independent growth of human prostate carci-
noma PC3 cells (39). Therefore, we tested whether Cripto and
GRP78 work together to modify TGF-� effects in these cells.
First, we tested the effects of Cripto and GRP78 on TGF-�-
dependent Smad2 phosphorylation. As shown in Fig. 7A, treat-
ment of vector-infected cells with 10 pM TGF-�1 resulted in
Smad2 phosphorylation and this effect was moderately atten-
uated when GRP78 or Cripto was overexpressed separately.
When cells were infected with both Cripto and GRP78, how-
ever, the TGF-� effect was inhibited to a much greater extent.
The intensities of the phospho-Smad2 bands presented in Fig.
7A were then quantitated and normalized to corresponding
total Smad2 levels (Fig. 7B). This quantitation shows that
TGF-� signaling was inhibited in cells expressing GRP78 or
Cripto by about 40% and�43%, respectively. By contrast, cells

FIG. 4. Targeted reduction of GRP78 expression using RNA inter-
ference. HeLa cells were infected with lentivirus containing either
GRP78 shRNA (G1) or empty vector and were either left untreated or
treated with thapsigargin as indicated. (A) Cell lysates were analyzed
by Western blotting using anti-GRP78 or anti-actin antibodies as de-
scribed in Materials and Methods. (B) Bars represent the number of
apoptotic cells per 100 GFP-positive cells as described in Materials and
Methods. Error bars indicate standard deviations. (C) Cells infected
with vector or G1 shRNA virus were reinfected with virus containing
Cripto-Flag. Lysates from these cells were subjected to immunopre-
cipitation by using anti-Flag beads and then eluted with Flag peptide.
Eluted proteins were subjected to Western blot analysis using avidin-
HRP, anti-GRP78, and anti-Cripto as described in Materials and
Methods. IB, immunoblot; IP, immunoprecipitate; TG, thapsigargin;
�, absence of; �, presence of.

FIG. 5. Inhibition of endogenous GRP78 expression enhances
TGF-�-induced Smad2 phosphorylation. HeLa cells were infected
with lentivirus containing either shRNA (G1) targeted against GRP78
or empty vector and were then left untreated or treated with 5 �M
thapsigargin as indicated. Following overnight thapsigargin treatment,
cells were treated with the indicated doses of TGF-�1 (A and B) and
then phospho-Smad2 and total Smad2 levels were determined by
Western blot analysis as described in Materials and Methods. Alter-
natively, the same cells treated as indicated were labeled with cell-
impermeable biotin with resulting lysates subjected to immunoprecipi-
tation with anti-GRP78 antibodies (anti-KDEL), followed by Western
blotting using avidin-HRP (C), or lysates were subjected directly to
Western blotting using anti-T�RI, anti-T�RII or anti-actin antibodies
(D) as described in Materials and Methods. IP, immunoprecipitate;
TG, thapsigargin; �, absence of; �, presence of.
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coexpressing GRP78 and Cripto together showed a reduction
of about 74% in TGF-�-induced Smad2 phosphorylation.
Next, we tested whether the overexpression of Cripto and/or
GRP78 affected the levels of TGF-� signaling receptors in
these cells. As shown in Fig. 7C, the levels of these receptors
were not significantly altered (Fig. 7C). Together, these data
further support a novel role for GRP78 as a TGF-� antagonist
and indicate that Cripto and GRP78 function cooperatively to
inhibit TGF-� signaling.

Next, we measured the relative proliferation rates of in-
fected PC3 cell populations in the absence or presence of 10
pM TGF-�1. As shown in Fig. 7D, TGF-�1 treatment of vec-
tor-infected cells reduced proliferation by about 58%, while
the treatment of cells expressing GRP78 or Cripto alone re-
duced proliferation by about 42% and 19%, respectively.
Again, when GRP78 and Cripto were expressed together in
these cells, the effect was stronger. Interestingly, TGF-�1 treat-
ment in this case actually resulted in an increase in cellular
proliferation of about 31% (Fig. 7C). Importantly, the data
presented here demonstrate that while GRP78 and Cripto
each attenuate the antiproliferative effects of TGF-�, their
coexpression, which allows for their physical interaction, cre-
ates conditions that cause TGF-� to enhance cellular growth.

GRP78 and Cripto collaborate to block the antiproliferative
effects of TGF-�. Finally, we tested the effects of GRP78 and
Cripto on anchorage-independent growth in the presence or
absence of TGF-�1. The same PC3 cells infected with empty
vector, GRP78, Cripto, or both were seeded in soft agar in the
presence of escalating doses of TGF-�1, and colonies were

allowed to grow for 15 days. As shown in Fig. 8A, TGF-�1
inhibited colony formation in a dose-dependent manner. In
order to highlight the relative effects of TGF-� on each cell
population, the same data are also presented as the number of
colonies in the presence of TGF-�1 normalized to the number
of colonies in its absence (Fig. 8B). Two major conclusions can
be drawn from these data. First, in the absence of TGF-�
treatment, cells expressing either GRP78 or Cripto formed
more colonies than did vector cells and this increase was
largely enhanced in cells expressing both GRP78 and Cripto
(Fig. 8A). Second, while GRP78 and Cripto each have some
ability to block the growth-inhibitory effects of TGF-� individ-
ually, they have a much greater ability to do so when expressed
together (Fig. 8B). The extent to which coexpression of GRP78
and Cripto attenuated the growth-inhibitory effect of TGF-� is
further illustrated by photographs of these colonies. As shown
in Fig. 8C, 100 pM TGF-�1 was sufficient to dramatically
reduce colony formation of vector-infected cells and had a
similar but weaker inhibitory effect on cells expressing either
Cripto or GRP78 individually. By contrast, cells expressing
both GRP78 and Cripto together appeared to be more refrac-
tory to the cytostatic effects of TGF-�, as illustrated by both
the number and the sizes of the colonies. Once again, these
data support a cooperative function for GRP78 and Cripto in
blocking TGF-� inhibition of anchorage-independent growth.

Figure 8D depicts a model in which GRP78 and Cripto
function as cell surface binding partners to restrict TGF-�-
dependent growth inhibition and to promote cell proliferation.
Our data indicate that Cripto and GRP78 carry out these
functions in a cooperative manner, presumably as a complex,
since they physically interact and since their effects were co-
operatively enhanced. However, our data do not completely
rule out the possibility that these proteins can partly inhibit
TGF-� signaling and cause enhanced proliferation on their
own. Finally, in addition to its ability to activate cytostatic
signaling, TGF-� itself has been reported to activate survival
pathways under certain conditions. This report coincides with
our observation that TGF-� causes enhanced proliferation of
PC3 cells only when the cells coexpress both Cripto and
GRP78 (Fig. 8D).

DISCUSSION

In the present study, we have identified GRP78 as a novel
Cripto binding partner and shown that these two proteins form
a cell surface complex that inhibits cytostatic TGF-� signaling
and promotes tumor cell growth. GRP78 has been extensively
characterized as an ER chaperone that assists in protein fold-
ing, maturation, and assembly and also coordinates the un-
folded protein response (3, 17, 18). GRP78 is induced under
conditions of hypoxia and nutrient deprivation, and it is there-
fore not surprising that it is found at high levels in tumor cells
(19). Evidence for a necessary role for GRP78 in tumor pro-
gression first emerged from the elegant demonstration that the
inhibition of GRP78 induction in fibrosarcoma cells with an-
tisense rendered them completely incapable of forming tumors
in nude mice without affecting their growth in vitro (15). More-
over, the delivery of a suicide transgene driven by the GRP78
promoter into fibrosarcoma and breast tumor cells caused
complete eradication of sizable tumors in mice (6, 10, 11).

FIG. 6. GRP78 does not bind directly to TGF-� type I and type II
receptors. 293T cells were transfected with p26-Flag, Cripto-Flag,
T�RI-HA, or T�RII-His and then subjected to immunoprecipitation
using anti-Flag, anti-HA, or anti-His antibodies as indicated. Precipi-
tated proteins were analyzed via Western blotting using avidin-HRP or
the indicated antibodies as described in Materials and Methods. IB,
immunoblot; IP, immunoprecipitate; �, presence of.
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Thus, the environment found within solid tumors causes the
induction of GRP78 and its expression facilitates tumor
growth.

Although GRP78 resides predominantly within the ER, it
can exist as a transmembrane protein (28) and is localized to
the plasma membrane in tumor cells as was initially demon-
strated in human rhabdomyosarcoma cells following treatment
with thapsigargin (8, 9). Subsequently, global profiling of the
cell surface proteome has confirmed that GRP78 is surface
exposed on tumor cells (31). Indeed, GRP78 has been shown
to function, together with major histocompatibility complex
class I, at the cell surface as a coreceptor for viruses (36) and
to act as a receptor for plasminogen-derived Kringle 5 domain
(7) and activated �2-macroglobulin (23, 24). Of note, GRP78
receptor function was shown to cause the activation of growth
pathways, leading to increased cellular proliferation and anti-
apoptotic behavior (21, 22, 24). Such a receptor function of
GRP78 draws cancer-related relevance from the observation
that the presence of autoantibodies to GRP78 has been linked
to increased prostate cancer progression and decreased patient
survival (20). Moreover, a causal role for GRP78 in the pro-
gression of cancer was supported by the finding that suicide

peptides targeting GRP78 at the plasma membrane were dem-
onstrated to selectively kill tumor cells (2). Importantly, these
findings validate cell surface GRP78 as a putative target for
cancer therapy.

GRP78 and Cripto form a complex at the cell surface that
does not require prior association in the ER. We have shown
here that GRP78 forms a complex with Cripto at the cell
surface, a discovery with functional as well as potential thera-
peutic implications. This interaction appears to be specific and
exclusive, since GRP78 was one of only two cell surface pro-
teins observed to copurify with Cripto and since an irrelevant
transmembrane protein similar in size to Cripto did not copu-
rify with GRP78. Likewise, both type I and type II TGF-�
receptors were unable to immunoprecipitate GRP78 under the
same conditions. Our results also indicate that Cripto/GRP78
binding does not depend on GRP78 ER chaperone function
since their interaction was observed in a cell-free environment
following the maturation and processing of these proteins
within separate cell populations. This result also supports the
existence of this complex at the cell surface since the GRP78
shown to bind Cripto under these conditions was derived from
the plasma membrane. Furthermore, this result suggests that

FIG. 7. Cripto and GRP78 cooperate to inhibit TGF-� signaling. (A) PC3 cells infected with empty vector, GRP78, Cripto, or both were either
left untreated or treated with TGF-�1 (10 pM) as indicated. Phospho-Smad2 (pSmad2) and total Smad2 (Smad2) levels were determined by
Western blot analysis as described in Materials and Methods. (B) Phospho-Smad2 bands from panel A were quantitated using densitometry and
normalized relative to corresponding Smad2 bands as described in Materials and Methods. (C) PC3 cell lysates were subjected to Western blotting
using anti-T�RII, anti-T�RI, and anti-actin antibodies as indicated and as described in Materials and Methods. (D) Cells were plated on 96-well
plates, and then cell proliferation was measured 8 days later as described in Materials and Methods. Error bars indicate standard deviations. �,
absence of; �, presence of.
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the information required for this specific binding interaction
may be contained in full within the tertiary structures of these
two proteins and it raises the possibility of targeting tumor cells
through the future development of molecules that specifically
disrupt their interaction.

Similar to what we have observed with overexpressed pro-
teins, we found that endogenous Cripto and endogenous
GRP78 could be isolated as a complex originating from the
surfaces of mouse embryonal carcinoma cells. This finding
further supports an intrinsic role for their interaction as sig-
naling cofactors at the plasma membrane and again argues
against the possibility that GRP78 simply plays a role in the
folding of overexpressed Cripto in the ER. We have also ex-
plored the localization of Cripto and GRP78 in the same cells

via immunocytochemistry, and interestingly, we found that
Cripto and GRP78 were predominantly colocalized in punc-
tate structures, a portion of which were present at the cell
surface. This finding supports our conclusion that Cripto and
GRP78 function together at the plasma membrane, but it also
indicates that they are associated during vesicular transport, as
is common for signaling proteins. In addition, the punctate
nature of the cell surface staining is consistent with previous
reports showing both of these proteins to associate with lipid
rafts (37, 38). Future research will now be aimed at character-
izing the exact nature, contents, and dynamics of these cell
surface structures.

GRP78 binds the CFC domain of Cripto. The specificity of
the interaction between Cripto and GRP78 was further sup-

FIG. 8. GRP78 and Cripto collaborate to inhibit the antiproliferative effects of TGF-� on anchorage-independent growth of prostate carcinoma
cells. PC3 cells infected with vector, GRP78, Cripto or both were grown for 15 days under anchorage-independent conditions in soft agar in the
presence of either vehicle or escalating doses of TGF-�1 as described in Materials and Methods. Data are presented as the number of colonies
counted within a single field in the absence or presence of the indicated doses of TGF-�1 (A) or as the number of colonies counted in the presence
of the indicated TGF-�1 concentrations divided by the number of colonies counted in the absence of TGF-�1 treatment (% basal) (B).
(C) Photographs taken from the indicated fields either in the presence of 100 pM TGF-�1 or in its absence. (D) Model illustrating oncogenic
function of Cripto/GRP78 complex. TGF-� potently inhibits proliferation of many cell types by signaling via the Smad2/3 pathway (left). Cripto
and GRP78 interact to form a complex and act cooperatively to attenuate TGF-�-dependent Smad signaling and growth inhibition. In addition,
they independently increase cell proliferation/survival. In the presence of Cripto and GRP78, TGF-� can also increase cellular proliferation
(dashed arrow). Error bars indicate standard deviations.
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ported by our demonstration that the CFC domain of Cripto
appeared to be both necessary and sufficient for GRP78 bind-
ing. This finding is also noteworthy since it suggests that Cripto
may bind TGF-� via its EGF-like domain, as we have previ-
ously shown (13), while simultaneously binding GRP78 via its
CFC domain. We speculate that larger-order protein com-
plexes containing Cripto, GRP78, TGF-�, and TGF-� recep-
tors may also form and result in reduced and/or altered TGF-�
signaling. In addition, our observation that the CFC domain of
Cripto binds GRP78 has further relevance with regard to pos-
sible effects of GRP78 on Cripto modulation of signaling by
other TGF-� ligands, such as Nodal and activins. For example,
it has previously been shown that the CFC domain of Cripto
specifically binds the activin/Nodal type I receptor ALK4 (40)
and GRP78 may therefore compete with ALK4 for Cripto
binding. Alternatively, GRP78 may participate in protein com-
plexes containing ALK4, Cripto, and activin/Nodal. Future
mechanistic studies will now be directed toward further char-
acterizing the role of GRP78 in modulating Cripto effects on
signaling by these TGF-� ligands.

Targeted knockdown of Cripto-associated GRP78 inhibits
TGF-� signaling. As outlined above, multiple lines of evidence
have shown that Cripto and GRP78 each promote tumorigen-
esis and both proteins are selectively expressed at the cell
surfaces of cancer cells. The novelty of the present study,
however, stems from the discovery that these two proteins,
both of which have previously been implicated in the promo-
tion of tumor growth, form a complex at the cell surface. This
discovery links these proteins physically and also mechanisti-
cally via the inhibition of TGF-� signaling.

Initially, we studied the role of GRP78 in TGF-� signaling
by developing an shRNA capable of reducing the levels of
GRP78 associated with Cripto at the plasma membrane. In-
terestingly, this shRNA enhanced TGF-�-dependent Smad2
phosphorylation, providing evidence that endogenous GRP78
can restrict TGF-� signaling. To our knowledge, this finding
represents the first demonstration that GRP78 affects TGF-�
signaling and, significantly, it constitutes a novel mechanism
through which cell surface GRP78 may convey its tumorigenic
message. This result also coincides with the previous demon-
stration that endogenous Cripto has a similar role in these cells
(13) and is consistent with the hypothesis that GRP78 binds
Cripto at the cell surface to antagonize growth-inhibitory
TGF-� signaling.

GRP78 and Cripto cooperate to attenuate cytostatic TGF-�
signaling and enhance proliferation in human prostate carci-
noma cells. Our demonstration that GRP78 and Cripto inhibit
TGF-�-dependent Smad2 phosphorylation to a greater extent
when expressed together than when expressed separately indi-
cates that they function together to inhibit TGF-� signaling.
Also, since the level of Smad phosphorylation depends directly
on the extent of receptor activation, this result suggests that
Cripto and GRP78 exert their inhibitory effect by reducing the
ability of TGF-� to activate its receptors. Such an interpreta-
tion is further supported by the fact that the overexpression of
Cripto and/or GRP78 in these cells does not alter TGF-�
receptor levels. Furthermore, our inability to detect a direct
interaction between GRP78 and either type I or type II TGF-�
receptors suggests that GRP78 may exert its inhibitory effect

on TGF-� signaling by binding Cripto or by directly binding
TGF-� or both Cripto and TGF-�.

We have further shown that Cripto and GRP78 function
cooperatively to enhance cell growth and inhibit the cytostatic
effects of TGF-�. When cells were grown under anchorage-
dependent conditions, Cripto and GRP78 each attenuated the
growth-inhibitory effects of TGF-� and, interestingly, their co-
expression caused TGF-� to switch from being antiprolifera-
tive to being pro-proliferative in nature. Although the mecha-
nism underlying this joint effect of Cripto and GRP78 on the
proliferative response of cells to TGF-� remains to be deter-
mined, TGF-� was shown to increase proliferation/survival
under conditions in which its cytostatic effects have been lost
(27). Likewise, we found that Cripto and GRP78 had a coop-
erative ability to block the cytostatic effects of TGF-� under
anchorage-independent conditions. However, unlike what was
observed in monolayers, TGF-� treatment did not enhance the
growth of cells coexpressing Cripto and GRP78 in soft agar.
Another difference was that GRP78 and Cripto increased col-
ony growth in soft agar in the absence of TGF-� treatment
both when expressed separately and, more prominently, when
coexpressed.

Therefore, our results indicate that GRP78 and Cripto in-
fluence cell growth and TGF-� responsiveness in a manner
that varies depending on the specific growth conditions. This
result is not surprising in light of the distinct signaling pathways
activated in response to the environment in cells grown under
anchorage-dependent as opposed to anchorage-independent
conditions. For example, tumor cells utilize signaling pathways,
such as FAK and Src, to facilitate anchorage-independent
growth and avoid anoikis (25). Thus, although the specific
mechanisms remain to be elucidated, the convergence of sig-
nals emanating from TGF-� with signaling pathways specifi-
cally associated with a particular growth setting can lead to
nuances in growth effects. Despite the differences we observed,
we consistently found the effects of Cripto and GRP78 on
TGF-� responsiveness to be greater when both proteins were
expressed together than when each was expressed individually.
Thus, cell surface Cripto-GRP78 complexes displayed a clear
and consistent role in inhibiting cytostatic TGF-� responses
under both anchorage-dependent and -independent growth
conditions.

TGF-� is a major tumor suppressor, and the loss of its
cytostatic function is associated with tumor initiation and pro-
gression (27). This loss of growth-inhibitory TGF-� signaling
may result from the reduction of receptor signaling, impaired
Smad function, or the disruption of the transcriptional regula-
tors or their targets that together constitute the cytostatic pro-
gram (32). Indeed, TGF-� signaling frequently exacerbates the
growth and spread of tumors that are resistant to its antipro-
liferative effects (27). Cripto and GRP78 have each been im-
plicated separately in human cancer progression, and each of
these proteins is selectively expressed on the surfaces of tumor
cells. Here we have provided the first evidence that these two
proteins physically interact at the cell surface. We have further
provided the first demonstration that they cooperate to en-
hance tumor cell growth and reverse the tumor suppressor
effects of TGF-�. We propose that this complex leads to
increased malignancy and that it confers a competitive prolif-
erative advantage to tumor cells via inhibition of TGF-� sig-
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naling at the receptor level. In light of these findings, the cell
surface Cripto-GRP78 complex may represent a desirable tar-
get with significant therapeutic potential because of its intrinsic
selective advantage of affecting only cancer cells but not their
normal tissue counterparts.
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