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There is scant knowledge regarding how cell surface lipid-anchored T-cadherin (T-cad) transmits signals
through the plasma membrane to its intracellular targets. This study aimed to identify membrane proteins
colocalizing with atypical glycosylphosphatidylinositol (GPI)-anchored T-cad on the surface of endothelial cells
and to evaluate their role as signaling adaptors for T-cad. Application of coimmunoprecipitation from endo-
thelial cells expressing c-myc-tagged T-cad and high-performance liquid chromatography revealed putative
association of T-cad with the following proteins: glucose-related protein GRP78, GABA-A receptor �1 subunit,
integrin �3, and two hypothetical proteins, LOC124245 and FLJ32070. Association of Grp78 and integrin �3
with T-cad on the cell surface was confirmed by surface biotinylation and reciprocal immunoprecipitation and
by confocal microscopy. Use of anti-Grp78 blocking antibodies, Grp78 small interfering RNA, and coexpression
of constitutively active Akt demonstrated an essential role for surface Grp78 in T-cad-dependent survival
signal transduction via Akt in endothelial cells. The findings herein are relevant in the context of both the
identification of transmembrane signaling partners for GPI-anchored T-cad as well as the demonstration of a
novel mechanism whereby Grp78 can influence endothelial cell survival as a cell surface signaling receptor
rather than an intracellular chaperone.

T-cadherin (T-cad, or H-cadherin or cadherin-13) is an atyp-
ical member of the cadherin superfamily of adhesion mole-
cules. The “classical” cadherins are transmembrane receptors
that mediate homophilic Ca2�-dependent adhesion between
the cells of solid tissues (2). The extracellular domain organi-
zation of T-cad is similar to that of classical cadherins, but it
lacks transmembrane and cytosolic domains and is attached to
the plasma membrane by a glycosylphosphatidylinositol (GPI)
anchor (57). T-cad was shown to mediate weak homophilic cell
aggregation in suspensions of transfected cells (45, 57). How-
ever, there is a large amount of data suggesting that, in contrast
to classical cadherins, atypical T-cad does not primarily func-
tion in the maintenance of intercellular adhesion; T-cad is not
concentrated at sites of cell-cell contacts, is expressed on the
luminal but not the baso-lateral surface of polarized trans-
fected cells, and locates in lipid raft domains of the plasma
membrane (29, 42, 43). In the embryonic nervous system T-cad
functions as a negative guidance cue regulating motor axon out-
growth and innervation of skeletal muscle (15). Many studies in
the cancer field have demonstrated a relationship between T-cad
expression levels in tumor cells and tumor progression, although
its influence on cell behavior varies in different cancer types,

either inhibiting invasion and growth or correlating with a high
proliferative and invasive potential (46, 52).

In the cardiovascular system T-cad is highly expressed on
endothelial cells (ECs), smooth muscle cells, and cardiomyo-
cytes. Its expression level is increased in atherosclerotic lesions
from the human aorta (22), in experimental restenosis during
neointima formation after balloon catheterization of rat ca-
rotid artery (30), and in ECs from tumor vasculature (59).
Together, these data suggest that upregulation or/and ligation
of T-cad molecules on vascular cells might importantly con-
tribute to progression of vascular pathologies associated with
vascular tissue remodelling and stress, such as atherosclerosis,
restenosis, and neovascularization of atherosclerotic lesions or
tumors. This hypothesis is supported by studies showing that
overexpression and/or homophilic ligation of T-cad in ECs
stimulates proliferation, migration, and survival under condi-
tions of oxidative stress and promotes angiogenesis in vitro and
in vivo (21, 23, 26, 40).

Signaling mechanisms underlying T-cad effects on cell
growth and motility are poorly studied. We have identified
some target signaling pathways activated in cultured vascular
ECs by surface T-cad. Changes in cell phenotype during T-cad
ligation-induced migration depend on activation of RhoA and
Rac GTPases (41). Overexpression and/or ligation of T-cad
induces increases in Akt and GSK�3 phosphorylation levels
and activation of �-catenin, and all these effects are blocked by
phosphatidylinositol 3-kinase (PI3-kinase) inhibitors (26).

There is scant knowledge regarding how cell surface lipid-
anchored T-cad transmits signals through the plasma membrane
to its intracellular targets. The absence of transmembrane and
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cytoplasmic domains implies the existence of transmembrane
“adaptors” that interact with T-cad on the outer surface of the
plasma membrane. Data in the current literature do not allow
prediction of membrane associations of T-cad, which from the
structural point of view shares homology with two distinct protein
groups, namely, cadherins and GPI-anchored proteins. Absence
of the cytoplasmic domain excludes any possibility of direct inter-
actions between T-cad and molecular mechanisms utilized by
classical cadherins, such as catenins. Recently we have demon-
strated that T-cad overexpression results in stimulation of �-cate-
nin signaling in ECs (25). However, this effect is the consequence
of Akt/GSK3� pathway activation rather than the result of a
direct physical interaction with �-catenin. A requirement for in-
tegrin-linked kinase (ILK) upstream of Akt/GSK�3/�-catenin
modulation by T-cad has recently been shown (25). However,
ILK is located intracellularly and thus cannot function as a pri-
mary molecular adaptor for surface T-cad.

The presence of a lipid GPI anchor on the C terminus of the
T-cad molecule suggests that T-cad may utilize some of the
signaling mechanisms that depend on its localization within
lipid rafts, cholesterol- and sphingolipid-rich domains of the
plasma membrane that act as signal transduction platforms
compartmentalizing, clustering, and facilitating interactions
between various lipid-anchored signaling molecules (49). How-
ever, the group of GPI proteins is highly heterogeneous both
structurally and functionally and includes membrane-associ-
ated enzymes, adhesion receptors, differentiation markers,
protozoan coat components, and other miscellaneous glyco-
proteins. Likewise, downstream raft-associated signaling is also
diverse, including small GTPases, Src kinases, lipid second
messengers, and many others (20). Moreover, molecular inter-
actions within lipid rafts have been shown to be determined by
many factors, such as the presence of receptor ligands, their
precise membrane localization (the leading edge versus overall
surface distribution), and lipid composition (ganglioside GM1-
enriched versus GM3-enriched lipid rafts), among others (7).

This study aimed to identify membrane proteins colocalizing
with atypical GPI-anchored T-cad on the surface of cultured
ECs and to evaluate the role of identified molecules as adap-
tors transmitting signals from cell surface T-cad to its intracel-
lular targets. We have identified several candidate proteins
with potential functions as membrane adaptors for T-cad,
namely, glucose-related protein Grp78/BiP, GABA-A receptor
�1 subunit, integrin �3, and two hypothetical proteins,
LOC124245 and FLJ32070. We demonstrate that the interac-
tion between T-cad and surface Grp78 is necessary for T-cad-
dependent activation of prosurvival signaling in ECs.

MATERIALS AND METHODS

Cell culture. Human endothelial cells from umbilical vein (HUVEC) were
purchased from PromoCell GmbH (Heidelberg, Germany) and cultured on
plates precoated with 0.1% gelatin in EC growth medium containing EC growth
supplement (PromoCell). HUVEC between passages 2 and 6 were used in the
experiments described herein. Human microvascular EC line HMEC-1 (1) was
cultured in the same medium supplemented with 10% fetal calf serum. HEK
293T and HeLa cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with penicillin-streptomycin and 10% fetal calf serum (Gibco,
Basel, Switzerland).

Antibodies. The following primary antibodies were used: polyclonal antibody
against the first extracellular domain of human recombinant T-cad (22); goat
polyclonal anti-T-cad immunoglobulin G (IgG; R&D Systems Europe Ltd.,
Abingdon, United Kingdom), mouse anti-c-myc, anti-integrin �3, anti-VE-cad-

herin, and anti-Grp78 IgG (BD Biosciences, Basel, Switzerland); rabbit and goat
anti-Grp78 IgG (Santa Cruz Biotechnology, Heidelberg, Germany); mouse anti-
integrin �V�3 monoclonal antibody 1976Z (Chemicon, Rueschlikon, Switzer-
land); anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH) IgG
(Abcam, Cambridge, United Kingdom); anti-Akt, anti-phospho-(Ser473)Akt,
anti-GSK3�, anti-phospho-(Ser9)GSK3�, anti-phospho-� subunit of eukaryotic
initiation factor 2 (eIF2�), and anti-cleaved caspase 3 (all from Cell Signaling,
New England Biolabs, Frankfurt, Germany). Nonimmune rabbit, goat, or mouse
IgG was from Sigma-Aldrich Chemie (Buchs, Switzerland). Secondary antispe-
cies antibodies coupled to horseradish peroxidase (HRP) were from Southern
Biotechnology (BioReba AG, Reinach, Switzerland), and secondary Cy2- and
Cy3-labeled IgG were from Jackson ImmunoResearch Laboratories (West
Grove, PA).

Adenovirus- and lentivirus-mediated protein overexpression. Adenovirus-me-
diated overexpression of human T-cad protein in cultured ECs was performed as
described previously (23) using empty and LacZ-expressing vectors as negative
controls. T-cad protein with c-myc tag was expressed in HUVEC using the
adenoviral vector-mediated Adeno-X expression system (Clontech, Palo Alto,
CA). cDNA encoding human T-cad without the propeptide was obtained by
PCR using mRNA from cultured human aortic smooth muscle cells as a tem-
plate. The c-myc tag was ligated to the N terminus of the full-length coding
region of mature T-cad cDNA, and the tagged protein was expressed in HUVEC
according to the manufacturer’s recommendations, as described elsewhere (23).
Briefly, T-cad/c-myc cDNA was cloned into pShuttle vector, subcloned into
Adeno-X viral DNA, and used for transfection of HEK293 cells with Lipo-
fectamine 2000 reagent. Viral particles were collected from transfected cells after
four to five lysis-infection cycles, and the viral titer was determined by endpoint
dilution assay. HUVEC were infected with viral particles in normal growth
medium at a final concentration of 10 to 100 PFU/cell. The level of T-cad/c-myc
expression was examined by immunoblotting with anti-c-myc and anti-T-cad
antibodies.

Adenoviral vector encoding constitutively active Akt (34) was kindly provided
by Brian A. Hemmings (Friedrich Miescher Institute Basel, Switzerland) and
Zhihong Yang (University of Fribourg, Switzerland).

The enhanced green fluorescent protein (EGFP)-integrin �3 fusion protein
sequence in a pcDNA3 vector (4) was a kind gift from B. Wehrle-Haller (Centre
Médical Universitaire, Geneva, Switzerland). The protein sequence was cloned
into the pWPXL vector (Tronolab, Lausanne, Switzerland). Subconfluent HEK
293T cells were cotransfected with 20 �g of pWPXL vector, 15 �g of packaging
plasmid (pCMV-�R8.91), and 5 �g of envelope plasmid (pMD2G-VSVG) by the
calcium phosphate precipitation method according to the recommendations of
the manufacturer (Tronolab). After 16 h the medium was changed, and recom-
binant lentivectors were harvested 24 h later. This step was repeated twice,
supernatants were pooled together, concentrated on a centrifugal concentrator
(molecular mass cutoff, 100 kDa), and the lentiviral titer was determined by
infection of HeLa cells with serial dilutions of virus following analysis of EGFP
fluorescence by fluorescence-activated cell sorting and by real-time quantitative
PCR. For infection of target cells virus was diluted in growth medium in the
presence of protamine sulfate (5 �g/ml), incubated for 5 min, and added to the
cells, and after incubation (4 h) fresh growth medium was added. After 48 h cells
were used for experiments.

Immunoprecipitation. Subconfluent HUVEC in 10-cm dishes were infected
with empty adenovector or vector encoding T-cad/c-myc. After 48 h cells were
washed twice with phosphate-buffered saline (PBS) and then lysed for 2 h at 4°C
with 200 �l lysis buffer containing Tris-HCl 50 mM (pH 8.0), 100 mM NaCl, 5
mM CaCl2, 0.2% sodium dodecyl sulfate (SDS), 1% Triton X-114, and complete
Mini protease inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Ger-
many). Lysates were clarified by centrifugation at 12,000 rpm for 10 min at 4°C
and used immediately for immunoprecipitation. All subsequent incubations were
performed at 4°C with rotation. Preclearing was carried out by incubation of
samples with 30 �g nonimmune IgG per sample overnight followed by addition
of 10 �l protein G-Sepharose 4 FastFlow beads (Amersham GE Healthcare
Bio-Sciences, Munich, Germany), further incubation for 2 h, and removal of the
beads by centrifugation at 12,000 rpm for 3 min. Precleared supernatants were
incubated with 10 �g of either nonimmune or specific antibody per sample
overnight and with protein G-Sepharose beads for 2 h. Immunocomplexes bound
to beads were pelleted by centrifugation at 3,000 � g for 5 min, washed twice with
lysis buffer and once with PBS, eluted in 50 �l of 2� SDS-polyacrylamide gel
electrophoresis (PAGE) loading buffer at 80°C for 10 min, and separated by
SDS-PAGE. Samples of precipitated proteins were resolved on a gradient of 5 to
19% SDS-PAGE. For initial detection of protein bands gels were either fixed and
stained using silver staining reagent (Bio-Rad, Glattbrugg, Switzerland) or ana-
lyzed by immunoblotting (see below). To prepare samples for sequencing, pro-
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tein bands on gels were visualized with Cypro orange (Bio-Rad), excised, washed
with 50% methanol and with 25 mM NH4HCO3 solution in acetonitrile, dried in
vacuo, and stored at �70°C. Immunoprecipitation was repeated on three sepa-
rate occasions, and protein bands repeatedly appearing in the precipitates were
analyzed by mass spectrometry separately as parallels from independent exper-
iments.

Biotinylation of surface proteins. HUVEC overexpressing T-cad/c-myc or
infected with empty vector were washed twice with cold PBS, and membrane
surface were proteins labeled by incubation of HUVEC with 1.5 mg/ml imper-
meant LC-sulfo-NHS-(�)-biotin (Molecular BioSciences, Socochim SA, Lau-
sanne, Switzerland) for 30 min at 4°C. Then, cells were washed twice for 20 min
with 100 mM ice-cold glycine and twice with ice-cold PBS, lysed with Triton
X-114-containing lysis buffer, and used for immunoprecipitations as described
above. Immunoprecipitation products were analyzed by Western blotting using a
streptavidin-horseradish peroxidase conjugate (Sigma-Aldrich Chemie, Buchs,
Switzerland).

Preparation of samples for sequencing: trypsin digestion and extraction of gel
slices. Identification of coprecipitated proteins was performed by A. Leitner
(Institute of Analytical Chemistry and Food Chemistry, Vienna, Austria). For
rehydration and reduction of disulfide bonds, gel slices were covered with 5 mM
dithiothreitol in 25 mM NH4HCO3 (50 to 120 �l per slice, depending on the
number of pieces) and incubated at 60°C in a water bath for 15 min. Then,
another 30 to 60 �l of 5 mM dithiothreitol was added. After a total of 30 min the
supernatant was removed and 55 mM iodoacetamide in 25 mM NH4HCO3 was
added (50 to 120 �l). Alkylation of free cysteines was performed for 30 min at
room temperature in the dark. After removal of the supernatant, the gel slices
were washed twice with 50 mM NH4HCO3 and four times with acetonitrile. After
the second acetonitrile wash, gel slices were cut into smaller pieces with a scalpel
to facilitate dehydration. Shrunken gel pieces were dried to completion in vacuo.
For digestion the pieces were rehydrated in 80 to 130 �l trypsin solution (pro-
teomics-grade trypsin; 20 �g/ml in 50 mM NH4HCO3) and incubated at 37°C in
a water bath. After 30 min a further 20 �l of trypsin solution was added to each
sample and digestion was continued overnight at 37°C. Supernatants were trans-
ferred to polypropylene tubes and the slices extracted stepwise as follows: (i)
acetonitrile-water, 30:70 (vol/vol) containing 1% trifluoroacetic acid (TFA); (ii)
1% TFA in water; (iii) acetonitrile-water, 70:30 (vol/vol) containing 1% TFA.
Steps i and ii were performed by shaking for 30 min and sonicating for 3 min.
Step iii was performed by shaking for 60 min and sonicating for 3 min. Super-
natants from each extraction step were combined, and solvent was removed
under nitrogen. Prior to analysis samples were reconstituted in 20 �l acetonitrile-
water, 5:95 (vol/vol), containing 0.1% formic acid.

Nano-LC-MS/MS analysis of digests. Nanoflow liquid chromatography-tan-
dem mass spectrometry (nano-LC-MS/MS) was performed on an Agilent Nano-
flow Proteomics solution system consisting of an Agilent 1100 series nano-LC
system and an Agilent 1100 MSD Trap SL quadrupole ion trap mass spectrom-
eter equipped with an orthogonal nanoelectrospray source; 8-�m inner diameter
(ID) nano-ESI tips from New Objective were used. Four-microliter aliquots of
the sample solutions were injected onto an Agilent Zorbax 300 SB-C18 trapping
column (5 mm by 300 �m ID), and the sample was washed for 5 min using 0.05%
formic acid in water at a flow rate of 30 �l/min. Then, the trapping column was
switched in-line with an Agilent Zorbax 300 SB-C18 analytical capillary column
(50 mm by 75 �m ID). Gradient elution was performed using the mobile phases
A (0.1% formic acid in water) and B (0.1% formic acid in acetonitrile). The
gradient was as follows: 0 to 30 min from 5% B to 50% B, 30 to 35 min from 50%
B to 80% B, 35 to 40 min 80% B. The flow rate was set to 300 nl/min. MS/MS
detection was performed in the data-dependent mode, choosing the two most
abundant ions from each full scan in the mass range of 400 to 1,500 m/z. Dynamic
exclusion was used for 2 minutes after the acquisition of two MS/MS spectra.
Tandem MS spectra were acquired in the mass range of 300 to 2,000 m/z. MS/MS
spectra were processed using the instrument software, exported as MASCOT
(.mgf) files, and searched against either the Swiss-Prot database or the IPI
human database using MASCOT 2.0 software. Parameter settings were as fol-
lows: taxonomy � homo sapiens (Swiss-Prot only); enzyme � trypsin, up to one
missed cleavage, carbamidomethylation on Cys and oxidation on Met as variable
modifications; charge states � 1�/2�/3�; instrument � ESI-Trap. Matched
proteins were either classified as definite hits or highly likely hits when they
fulfilled the following criteria. Definite hits had a significant protein hit according
to the MASCOT score in both LC-MS runs; were not classified as a contaminant
(keratin); were identified with at least three high-confidence peptide hits; had
satisfactory spectral quality with at least four annotated fragment ions; and had
reasonable agreement with molecular weight information from gel electrophore-
sis. Highly likely hits had a significant protein hit according to the MASCOT
score in one LC-MS run; were not classified as a contaminant (keratin); were

identified with at least one high-confidence peptide hit and other possible hits;
had satisfactory spectral quality with at least four annotated fragment ions; and
had reasonable agreement with molecular weight information from gel electro-
phoresis.

Immunofluorescence microscopy. HUVEC were plated at a density of 105

cells/well onto 0.5% gelatin-precoated round 12-mm glass coverslips in 24-well
plates. For double staining of T-cad and integrin �3, cell monolayers were scrape
wounded to enable analysis of migrating cells. After 18 to 24 h of incubation cells
were washed with PBS, fixed with 4% paraformaldehyde, preblocked in PBS
containing 0.5% bovine serum albumin (BSA), and incubated with anti-integrin
�3 IgG (1:100) overnight at 4°C and anti-T-cad IgG (1:250) for 2 h at room
temperature, followed by staining with secondary anti-species Cy2- and Cy3-
labeled IgG diluted 1:500 in blocking solution and applied for 2 h at room
temperature. Single staining for intracellular Grp78 was performed on fixed cells
after permeabilization with 0.1% Triton X-100. For double staining of surface
Grp78 and cadherins, live HUVEC were incubated for 1 h at 37°C with goat
anti-Grp78 IgG diluted 1:100 in basal medium containing 3% BSA, rinsed with
PBS, and fixed for consecutive staining with anti-T-cad or anti-VE-cadherin
(1:200) and secondary Cy2- and Cy3-labeled IgG as described above. For non-
specific controls, nonimmune species IgG replaced the primary antibodies. Cover-
slips were mounted upside down on slides using FluorSave mounting medium
(Calbiochem, Darmstadt, Germany). Single-stained samples were studied under
a Zeiss Axiophot fluorescence microscope (Zeiss, Feldbach, Switzerland), and
photos were taken using a digital camera and AnalySIS software (Soft Imaging
System GmbH, Munich, Germany). Double-stained samples were examined
using a laser scanning confocal microscope (LSM 5410; Zeiss, Feldbach, Swit-
zerland). Images were processed and analyzed for colocalization on an O2 Work-
station (Silicon Graphics Computer Systems, Mountain View, CA) using Imaris
3.0 and Colocalization Bitplanes software (Bit Plane AG, Zurich, Switzerland).
Nonspecific controls were used to identify a threshold intensity which eliminated
	99% of the voxels in these images. Colocalization values were calculated as
averages from 20 cell images. Typical micrographs are presented below.

siRNA transfection. Grp78 silencing in HUVEC was performed using previ-
ously validated short interfering RNAs (siRNA), 5
-GGAGCGCAUUGAUAC
UAGAD-TdT-3
 and 5
-UCUAGUAUCAAUGCGCUCCD-TdT-3
, as an-
nealed oligonucleotides (56). Nonsilencing siRNA proven to have no influence
on Grp78 expression at both transcriptional and protein levels (5
-AAGGUGG
UUGUUUUGUUCAD-TdT-3
 and 5
-UGAACAAAACAACCACCUUD-Td
T-3
) was used as a negative control. siRNA oligonucleotides were purchased
from Microsynth (Balgach, Switzerland). Transfection was performed using
siPORT reagent (Ambion, Cambridgeshire, United Kingdom) according to the
manufacturer’s recommendations, and cells were analyzed 72 h posttransfection.
The efficiency of silencing, routinely determined by immunoblotting, ranged
between 70 and 80%.

Immunoblotting. The method of immunoblotting has been described previ-
ously (31). The following primary antibodies were used: anti-T-cad at 1:1,000;
anti-c-myc at 1:500, mouse anti-Grp78 at 1:1,000, anti-integrin �3 at 1:500,
anti-Akt and anti-phospho-(Ser473)Akt at 1:1,000, anti-GSK3� and anti-phos-
pho-(Ser9)GSK3� at 1:1,000, anti-cleaved caspase-3 at 1:500, and anti-GAPDH
at 1:3,000. The Amersham enhanced chemiluminescence system (Pierce, Rock-
ford, IL) or Pierce SuperSignal West Dura were variously used for detection of
immunoreactive proteins. Scanned images of immunoblots were analyzed using
Scion Image (NIH) software. Figures show representative immunoblots.

Cell survival and apoptosis assays. To measure cell survival rates and apop-
tosis under stress conditions, HUVEC were plated onto 96-well plates or 6-well
plates, respectively, at a density of 3 � 104 cells/cm2, cultured in normal growth
medium for 18 h, subjected to a 6-h period of serum deprivation (incubated in
Dulbecco’s modified Eagle’s medium supplemented with 0.1% BSA), and then
rinsed with PBS. Survival was measured by cell enumeration using a Coulter
Counter or crystal violet staining. For apoptosis assay cells were lysed and
immunoblotted with anti-cleaved caspase-3 antibodies. The validity of cleaved
caspase-3 immunoblotting for apoptosis detection was tested by comparing im-
munoblotting data with data obtained from concomitant flow cytometric analysis
of annexin V binding. Staining of cells with annexin V-fluorescein isothiocyanate
was performed using an ApoAlert kit (Clontech, Palo Alto, CA) according to the
manufacturer’s standard protocol and analyzed using a DakoCytomation cyan
flow cytometer and Summit software (DakoCytomation, Fort Collins, CO). A
fluorescence-based Sytox green inclusion assay of cell death (Invitrogen, Molec-
ular Probes, LuBioScience GmbH, Luzern, Switzerland) was performed accord-
ing to the manufacturer’s recommendations using a fluorescence enzyme-linked
immunosorbent assay reader. In some experiments anti-Grp78 IgG or nonim-
mune IgG (at 10 �g/ml) was added to normal growth medium 30 min before
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serum deprivation and also included during the full 6-h period of serum depri-
vation.

Real-time PCR. HUVEC were seeded in six-well plates and transfected with
control or Grp78 siRNA. Isolation of RNA, reverse transcription, and real-time
PCR analysis were performed as described previously (27). The expression of
target molecules was normalized to the expression of �2-microglobulin. Primer
sequences are available on request.

Isolation of rafts. Lipid rafts were isolated on the basis of their insolubility in
Triton X-100 and their low buoyant density in sucrose gradients as described
previously (42).

Statistical analysis. Unless otherwise stated all results are given as means �
standard deviations (SD). All experiments were performed on at least three
separate occasions. Statistical analyses were performed by one-way analysis of
variance followed by post hoc Bonferroni’s multiple comparison when appropri-
ate using Prism 3.0 software. A P value of �0.05 was considered significant.

RESULTS

Overexpression of tagged T-cad/c-myc protein in HUVEC.
The first experimental objective of this study was to identify
putative membrane partners for T-cad by coimmunoprecipita-
tion. Our previous experiments demonstrated that polyclonal
antibodies against human recombinant T-cad produced in our
lab are efficient on Western blotting and immunocytochemis-
try, but not for immunoprecipitation. A number of commer-
cially available anti-T-cad antibodies were tested and also
found unsuitable for immunoprecipitation. Therefore, we gen-
erated adenoviral vector encoding T-cad protein with c-myc tag
in order to be able to use commercially available anti-c-myc tag
antibodies for pull-down of T-cad. Overexpression of c-myc-
tagged mature T-cad protein was confirmed by Western blot-
ting with anti-c-myc and anti-T-cad antibodies (Fig. 1A); blots
demonstrate the presence of a major 105-kDa band corre-
sponding to the mature form of T-cad without propeptide and
also a minor 90-kDa band which is often observed in cells
endogenously expressing T-cad and might be a result of alter-
native posttranslational modification, i.e., glycosylation.

Immunoprecipitation of tagged T-cad/c-myc protein and
identification of coprecipitated proteins. Coprecipitation is
widely used for studying protein-protein interactions. How-
ever, this method is prone to artifacts since its results critically
depend on the solubilization conditions. This is particularly
relevant in the case of proteins which, like T-cad, are localized
within caveolae or lipid raft membrane domains. These mem-
brane compartments are resistant to lysis by many detergents,
and insufficient solubilization may result in mistaking nonspe-
cific location of molecules in lipid rafts for direct protein in-
teractions. To avoid this we performed coprecipitation after
cell lysis in the presence of Triton X-114, a raft-solubilizing
detergent that has been successfully used for identification of
molecules specifically associating with GPI-anchored proteins
(19).

Immunoprecipitation of lysates from HUVEC expressing
c-myc tagged T-cad with specific anti-c-myc antibodies yielded
six protein bands that were reproducibly observed in three
independent experiments but were absent in control samples,
namely, nonimmune antibody precipitates from c-myc/T-cad-
expressing cells and nonimmune or anti-c-myc antibody pre-
cipitates from empty vector-expressing cells (Fig. 1B). Other
bands that either variably appeared in both control and “spe-
cific” precipitates (i.e., anti-c-myc IgG precipitates from c-myc/
T-cad-expressing cells) or that were irreproducibly present in

“specific” precipitates (e.g., present in one experiment but not
another) were not considered for subsequent mass spectrom-
etry analysis.

To identify the six reproducibly precipitated proteins, the
bands were excised from gels and subjected to nanoflow liquid
chromatography-mass spectrometry analysis. Table 1 summa-
rizes the sequence coverage of the proteins identified. Of the
six bands, the high-molecular-weight protein (Fig. 1B, band 1)
was not positively identified. In the other five bands two pro-
teins were unambiguously identified and classified as definite
hits, namely T-cad, or cadherin-13 (bands 3, 4, and 5), and
78-kDa glucose-related protein (band 5), and five proteins
were considered highly likely hits, namely, collagen alpha 2 (I)
chain (band 2), integrin �3 (band 4), GABA receptor �1 sub-
unit (band 6), and hypothetical proteins LOC124245 and
FLJ32070 (bands 2 and 4).

FIG. 1. Precipitation of c-myc-tagged T-cad and identification of
coprecipitated proteins. (A) Efficiency of adenovirus-mediated over-
expression of c-myc-tagged T-cad in HUVEC was confirmed by West-
ern blotting with anti-c-myc and anti-T-cad antibodies. Empty, control
empty vector-infected cells; T-c-myc, cells expressing c-myc-tagged T-
cad. (B) Immunoprecipitation from T-cad/c-myc-infected and empty
vector-infected cells was performed using anti-c-myc antibodies or
nonimmune rabbit IgG. Samples were subjected to electrophoresis in
SDS-polyacrylamide gels, and protein bands were detected by silver
staining. Arrows 1 to 5 indicate protein bands specifically coprecipi-
tated with T-cad, i.e., present only in anti-c-myc IgG precipitate from
T-cad/c-myc-expressing cell lysates (the second lane from the left,
marked by the frame) and not in control samples (precipitates from
c-myc/T-cad-expressing cells by nonimmune antibodies or from empty
vector-expressing cells by nonimmune or anti-c-myc antibodies).
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T-cad associates with Grp78 and integrin �3 in HUVEC:
confirmation of mass spectrometry results by immunoprecipi-
tation and Western blotting. Of the polypeptides coprecipi-
tated with T-cad the most interesting in terms of their possible
role in T-cad-elicited signal transduction were Grp78/BiP, a
molecular chaperone playing an important role in the unfolded
protein response (UPR) that is a survival mechanism initiated
by endoplasmic reticulum (ER) disturbances (33), and integrin

�3, which has been shown to participate in EC migration,
growth, and survival (47). The next series of experiments
aimed to corroborate the T-cad association with Grp78 and
integrin �3. In order to exclude any artifacts due to immuno-
precipitation conditions or T-cad overexpression, we repeated
immunoprecipitation using two different approaches. First,
anti-c-myc antibody precipitates from T-cad/c-myc-overex-
pressing HUVEC were subjected to Western blotting analysis
with anti-Grp78 and anti-integrin �3 IgG. Figure 2A confirms
the presence of both proteins in the precipitates. No immuno-
reactivity for T-cad, Grp78, or integrin �3 could be detected by
Western blot analysis of anti-c-myc antibody precipitates from
untransfected cells (data not shown), further confirming the
specificity of c-myc antibody immunoprecipitates from T-cad/
c-myc-overexpressing HUVEC. Second, reciprocal immuno-
precipitation with anti-Grp78 and anti-integrin �3 antibodies
was performed on parental HUVEC, and immunoprecipitates
were analyzed for the presence of T-cad. In the case of integrin
�3, mouse anti-integrin �3 IgG from BD Biosciences used for
Western blotting was not efficient for immunoprecipitation of
integrin from cell lysates (not shown). However, the antibody
against integrin �V�3 (monoclonal antibody 1976Z) effectively
precipitated not only integrin but also T-cad (Fig. 2B), dem-
onstrating that it is an �V�3 heterodimer that associates with

FIG. 2. Confirmation of identity of proteins that coprecipitated with T-cad. (A) Grp78 and integrin �3 in anti-c-myc antibody and nonimmune
IgG (n/i) immunoprecipitates (IP) from T-cad/c-myc-expressing HUVEC were analyzed by Western blotting (WB) using anti-Grp78 (left panel)
or anti-integrin �3 (right panel) antibodies. (B) The anti-integrin �V�3 antibody IPs from parental HUVEC were analyzed by WB with anti-T-cad
antibodies. The positive control for T-cad is HUVEC lysate. (C) To confirm that Grp78 associates with T-cad on the cell surface, precipitation of
Grp78 was performed after treatment of parental HUVEC with biotin to label surface proteins. Goat (left panel) or rabbit (right panel) anti-Grp78
antibody immunoprecipitates were analyzed by WB using anti-T-cad antibodies and streptavidin-labeled peroxidase (strept.HRP) to visualize
biotinylated proteins. Arrows indicate the protein bands corresponding to T-cad. (D) To confirm that Grp78 associates with T-cad on the cell
surface, immunoprecipitation of c-myc-tagged T-cad was performed after treatment of T-cad/c-myc-expressing HUVEC with biotin to label surface
proteins. Anti-c-myc antibody (right panel) or n/i IgG (left panel) precipitates were analyzed by WB using anti-Grp78 antibodies (anti-Grp78) and
streptavidin-labeled peroxidase (strept.HRP) to visualize biotinylated proteins. The arrow indicates the protein band corresponding to Grp78.
(E) Lipid rafts were isolated by density gradient ultracentrifugation of Triton X-100 cell lysates. Fractions (1 to 17 from the top to the bottom of
the gradient) were electrophoresed (15 �g of protein per lane) and analyzed by WB for the presence of T-cad, Grp78, and caveolin. S, starting
cell lysate.

TABLE 1. Nano-LC and mass spectrometry identification of
proteins coprecipitated with T-cad

Protein
band
no.a

Mol mass
(kDa) Match in database

1 200–250 Not identified
2 140–150 Hypothetical protein LOC124245 or

FLJ32070, collagen alpha 2 (I) chain
3 100 T-cadherin
4 75 T-cadherin, integrin �3, hypothetical

protein LOC124245 or FLJ32070
5 70 T-cadherin, glucose-related protein

Grp78/BiP
6 60 GABA-A receptor �-1 subunit

a See Fig. 1B for further illustration.
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T-cad in ECs. Anti-Grp78 antibodies from three different spe-
cies (mouse, rabbit, and goat) were all able to coprecipitate
endogenously expressed T-cad from HUVEC (anti-T-cad im-
munoblots after either goat or rabbit anti-Grp78 immunopre-
cipitation are shown in Fig. 2C). Interestingly, anti-Grp78 IgG
precipitated not only mature 105-kDa T-cad protein but also a
smaller 75-kDa isoform.

T-cad associates with Grp78 on the surface of HUVEC.
Although Grp78 has long been recognized as an intracellular
protein localized in the ER, recent data suggest that it is also
expressed on the cell surface, where it can act as a signaling
receptor. In order to examine whether interactions between
Grp78 and T-cad occur on the cell surface, immunoprecipita-
tion was performed after labeling of surface proteins with
biotin. T-cad coprecipitated with Grp78 from parental cells by
anti-Grp78 antibodies (Fig. 2C) was detected by both anti-T-
cad IgG and streptavidin-HRP. Grp78 coprecipitated with c-
myc-tagged T-cad from T-cad/c-myc-overexpressing HUVEC
by anti-c-myc antibody was detected on Western blotting by
both specific anti-Grp78 IgG and streptavidin-HRP (Fig. 2D).
These data demonstrate that coprecipitated Grp78 and T-cad
proteins are labeled with biotin and therefore associated on
the EC surface. A series of Western blotting analyses of lipid
rafts isolated from parental HUVEC further demonstrated
that both T-cad and Grp78 are located within these plasma

membrane domains together with raft marker protein caveolin
(Fig. 2E, fractions 5 to 8).

T-cad colocalizes with Grp78 and integrin �3 in HUVEC:
confocal microscopy analysis. The next experiments applied
confocal microscopy to directly demonstrate surface colocal-
ization of T-cad with Grp78 and integrin �3. Most previous
studies of Grp78 focused on its main intracellular ER-concen-
trated pool and revealed strong expression in the perinuclear
area. We observed a similar expression pattern after single
staining for Grp78 on fixed and permeabilized HUVEC (Fig.
3A, Grp78 fixed). Our confocal studies for T-cad and Grp78
aimed to focus on cell surface Grp78 and to exclude the intra-
cellular Grp78 cellular pool from the analysis. To this end
immunostaining with anti-Grp78 antibodies was performed on
intact live HUVEC, and only then were cells fixed and probed
for T-cad. Parental HUVEC not infected with any viruses and
exhibiting endogenous levels of T-cad and Grp78 were used.
Staining of live HUVEC with anti-Grp78 antibody showed that
Grp78 is distributed in a diffuse manner on the cell surface
(Fig. 3A). A similar expression pattern of Grp78 on the surface
of prostate cancer cells has been recently reported by Whitaker
et al. (58). Combined channel analysis of surface Grp78 and
T-cad staining patterns (Fig. 3A) clearly shows surface colo-
calization of these two proteins in HUVEC. Estimated colo-
calization values were 35 � 3.6% and 45 � 4.3% of total voxel

FIG. 3. Confocal microscopy analysis of T-cad colocalization with Grp78 in HUVEC. (A) Double immunostaining for surface Grp78 on live
cells and T-cad. Panels labeled Grp78 (red channel) and T-cad (green channel) showed signals from single fluorochrome channels; the panels
labeled “Grp78 � T-cad” show merged signals for the two antigens. Confocal analysis to determine precise colocalization of the pixels from
individual channels was performed using Imaris 3.0 and Colocalization Bitplanes software and is shown in the colocalization channel (yellow). The
negative control (N/i IgG) was double stained with nonimmune (n/i) goat and rabbit IgG (merged micrograph presented). Representative images
of two different fields are shown. The image labeled Grp78 fixed (top right panel) shows the Grp78 expression pattern obtained by single staining
of fixed and permeabilized cells with anti-Grp78 IgG. (B) Double immunostaining for surface Grp78 on live cells (red channel) and VE-cadherin
(green channel). The negative control (far right panel) was double stained with respective n/i control IgG (merged micrograph presented).
Colocalization patterns are shown in yellow channel (in both panels A and B). Bar, 30 �m.
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number for Grp78 and T-cad, respectively. Staining for an-
other endothelial cell surface marker, VE-cadherin, performed
as negative control, revealed no colocalization with surface
Grp78 (Fig. 3B).

Confocal studies for T-cad and integrin �3 were performed
using two different approaches. First, parental HUVEC were
double stained for integrin �3 and T-cad with specific antibod-
ies (Fig. 4A). Secondly, HUVEC expressing integrin �3-EGFP
chimeric protein were stained for T-cad (Fig. 4B). Both ap-
proaches revealed colocalization of integrin �3 and T-cad, with
a particularly prominent colocalization pattern at the leading
edge of polarized and elongated migratory cells.

Silencing of Grp78 with siRNA attenuates T-cad-induced
signaling. We have previously demonstrated that overexpres-
sion and ligation of T-cad on ECs activates PI3-kinase/Akt axis
signaling and causes related changes in functional responses,
such as a decrease in cleaved caspase-3 levels and increased
cell survival under conditions of oxidative stress (26). In order
to analyze the functional role for Grp78 in T-cad-induced
signaling, we first exploited siRNA. The Grp78-specific siRNA
used in this study (56) resulted in at least 80% inhibition of
Grp78 protein expression 72 h posttransfection (Fig. 5A).
Functional efficiency of Grp78 siRNA is proven by the obser-
vation that Grp78 knockdown results in further promotion of
the ER stress response in cells treated with thapsigargin as
judged by stimulation of translation initiation factor eIF2�
phosphorylation (Fig. 5A). In control untreated cells and in

cells subjected to serum deprivation, Grp78 siRNA also in-
creased phospho-eIF2� levels, although less prominently than
in thapsigargin-treated HUVEC (Fig. 5A). Stimulation of ER
stress by Grp78 silencing was also demonstrated by upregula-
tion of other genes involved in UPR signaling, namely, TRB3
and vascular endothelial growth factor (see Fig. S1 in the
supplemental material), a phenomenon most probably due to
the same mechanism that initiates UPR upon a decrease of the
free Grp78 ER pool after its sequestration by accumulated
misfolded proteins.

Survival-related signaling activation in Grp78 siRNA-trans-
fected cells was measured by Western blotting. We examined
immunoblotting for cleaved caspase-3 as a sensitive and reli-
able readout for apoptosis by comparing immunoblotting data
with those obtained from concomitant flow cytometric analysis
of annexin V binding, which is a widely accepted quantitative
method of early apoptosis detection. The two methods gave
concordant results (see Fig. S2 in the supplemental material),
thus validating the use of immunoblotting for cleaved
caspase-3 to detect apoptosis.

Grp78 siRNA did not exhibit a major influence on the phos-
pho-Akt/caspase-3 axis in control parental HUVEC (Fig. 5B)
and in empty vector-transduced HUVEC (Fig. 5C and D)
under serum-free conditions. Although there was a tendency
toward decreased phospho-Akt and increased cleaved caspase-3
levels in Grp78-silenced cells, analysis of data from multiple
experiments showed no statistically relevant difference (Fig.

FIG. 4. Confocal microscopy analysis of T-cad colocalization with integrin �3 in HUVEC. (A) Double immunostaining for integrin �3 (red) and
T-cad (green). The visual combination of signals from red and green channels is shown in the panel labeled “integrin �3 � T-cad.” The
colocalization panel (yellow) shows precise colocalization of pixels from separate channels. The negative control (far right panel) was double
stained with n/i mouse and rabbit IgG (merged micrograph presented). (B) Immunostaining for T-cad (red channel) in HUVEC expressing the
EGFP-integrin �3 fusion protein (green channel). The negative control is stained empty vector-expressing cells with nonimmune rabbit IgG (far
right panel; merged micrograph presented). Colocalization patterns are shown in the yellow channel (A and B). Note the prominent colocalization
of integrin �3 and T-cad at the leading edges of migrating cells (A and B). Bar, 30 �m.
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5C, graph). Inconsistencies in effects of Grp78 siRNA on phos-
pho-Akt/caspase-3 axis signaling in control cells might be due
to subtle differences in the cell preactivation state before the
experiment. Taken together, these data suggest that Grp78 per

se, although playing an important role in cell survival during
ER stress, does not significantly affect prosurvival signaling
under the experimental serum-free conditions used in this
study.

FIG. 5. Silencing of Grp78 with siRNA attenuates activation of Akt/GSK3� signaling pathway in T-cad-overexpressing cells. (A) Efficiency of
Grp78 siRNA and its influence on levels of eIF2� in parental HUVEC under normal growing conditions, after 6-h serum deprivation, or after 6-h
treatment with 1 �M thapsigargin (thaps) was analyzed by Western blotting. GAPDH was used as an internal control for protein loading.
(B) Western blot analysis of the effect of Grp78 siRNA on phospho-Akt and cleaved caspase-3 levels after 6 h of serum deprivation. GAPDH was
used as an internal control for protein loading. (C) HUVEC expressing empty adenoviral vector (E) or T-cad (T) were cotransduced with Grp78
siRNA or control siRNA and subjected to serum deprivation for 6 h. Levels of phospho-Akt, phospho-GSK3�, and cleaved caspase-3 were
determined by Western blotting and are expressed relative to that of the internal protein loading control GAPDH (arbitrarily taken as 100%).
Asterisks indicate significant differences (*, P � 0.05; **, P � 0.01, between T-HUVEC and the controls E-HUVEC) and § indicates a significant
difference (§, P � 0.05; §§, P � 0.01) between T-HUVEC cotransduced with control or Grp78 siRNA. (D) HUVEC expressing empty adenoviral
vector (E) or T-cad (T) were cotransduced with constitutively active Akt mutant, and levels of phospho-Akt and caspase-3 after 6 h of serum
deprivation were measured by Western blotting and expressed relative to that of GAPDH. Significant differences: **, P � 0.01; ***, P � 0.001
(between HUVEC expressing empty adenoviral vector or T-cad). §§, P � 0.01 between T-HUVEC cotransduced with control or Akt vectors.
Histograms in panels C and D present data (means � SD) obtained from three independent experiments; representative blots are shown.

VOL. 28, 2008 Grp78 MEDIATES T-CADHERIN EFFECTS ON CELL SURVIVAL 4011



To analyze effects of Grp78 silencing on T-cad signaling,
HUVEC or HMEC-1 overexpressing T-cad (T-cad�) and con-
trol empty vector were transfected with Grp78 or control
siRNA, subjected to stress by serum deprivation, and com-
pared with respect to levels of phospho-Akt, phospho-GSK3�,
and cleaved caspase-3. Identical results were obtained for the
two cell types; Fig. 5C shows only data for HUVEC. As ex-
pected (26), phosphorylation of Akt and GSK3� was increased
and the level of active caspase-3 was decreased in T-cad� cells
compared to controls after 6 h of incubation in serum-free
medium. Transfection with Grp78 siRNA abrogated T-cad-
induced changes in phospho-Akt, phospho-GSK3�, and
cleaved caspase-3 levels, bringing them to the same status as in
control cells (Fig. 5C). These results indicate that Grp78 is
necessary for T-cad signaling through the PI3-kinase/Akt axis.
The abrogation of T-cad-dependent prosurvival effects by
Grp78 siRNA could be reversed by cotransduction of cells with
adenoviral vector encoding constitutively active Akt mutant
(Fig. 5D), confirming that Akt is a key downstream mediator of
Grp78-coupled, T-cad-dependent survival signaling.

Function blocking of anti-Grp78 antibodies attenuates T-
cad-induced signaling. The data shown in the previous section
do not permit clear differentiation between the impact of sur-
face and ER-concentrated Grp78, since previous studies re-
ported that silencing of Grp78 with siRNA reduces both the

main intracellular Grp78 pool and its surface expression level
(35). In order to unequivocally establish the role of the surface
Grp78 in T-cad signaling, Grp78 was inactivated on live, intact
HUVEC using function-blocking antibodies (goat anti-Grp78
IgG [Santa Cruz]), recognizing the N-terminal end of the
Grp78 molecule. Specific or nonimmune antibodies were in-
cluded in the culture medium both 30 min prior to and during
serum deprivation. Similarly to Grp78 siRNA, blocking anti-
Grp78 antibodies abrogated effects of T-cad on Akt and
GSK3� phosphorylation and caspase-3 activity (Fig. 6). These
data demonstrate that it is the interaction between T-cad and
Grp78 on the surface of the plasma membrane that is impor-
tant for T-cad signaling.

Silencing of Grp78 with siRNA and blocking antibodies
abrogates T-cad effects on cell survival. To confirm the role for
Grp78 role in T-cad survival-related signaling and to test
whether the interaction between the two proteins is function-
ally relevant for EC behavior, we analyzed the effects of Grp78
siRNA and antibodies on T-cad-induced endothelial survival
responses. Empty vector- and T-cad-infected HUVEC were
transfected with either Grp78-siRNA or control siRNA. Sur-
vival was determined after a 6-h period of serum deprivation.
Neither Grp78 siRNA (Fig. 7A to C) nor function-blocking
anti-Grp78 antibodies (Fig. 7D) per se influenced survival
rates of control vector-infected ECs. However, in T-cad-over-

FIG. 6. Function-blocking anti-Grp78 antibodies attenuate activation of the Akt/GSK3� signaling pathway in T-cad-overexpressing cells.
HUVEC expressing empty adenoviral vector (E), LacZ (LZ), or T-cad (T) were serum deprived for 6 h with inclusion of either function-blocking
anti-Grp78 antibodies or control nonimmune (n/i) IgG (10 �g/ml). Levels of phospho-Akt, phospho-GSK3�, and cleaved caspase-3 were
determined in cell lysates by Western blotting; alterations in their levels are expressed relative to that of the internal protein loading control,
GAPDH (arbitrarily taken as 100%). Histograms present the data (means � SD) obtained from three independent experiments, and blots from
a single given experiment are shown. Asterisks indicate significant differences (*, P � 0.05; ***, P � 0.001) between T-HUVEC and either of the
controls (E- or LZ-HUVEC), and § indicates a significant difference (§, P � 0.05; §§, P � 0.01) between T-HUVEC treated with anti-Grp78
antibodies or n/i IgG.
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expressing HUVEC, which exhibit the expected higher survival
rate (26), the prosurvival function of T-cad was abrogated both
in HUVEC cotransduced with Grp78 siRNA (Fig. 7A to C)
and by inclusion of function-blocking anti-Grp78 antibodies
(Fig. 7D).

Silencing of Grp78 with siRNA prevents effects of T-cad
ligation. In order to demonstrate that the functional impor-
tance of interaction between Grp78 and T-cad is not limited to
an artificial system like adenovirus-transduced cells, we tested
the effect of Grp78 siRNA on T-cad ligation-dependent sig-
naling in parental HUVEC. An increase in Akt phosphoryla-
tion can be induced by homophilic ligation of T-cad on the
surface of endothelial cells with our affinity-purified polyclonal
rabbit IgG (40) and with goat polyclonal IgG from R&D (Fig.
8A). Grp78 siRNA completely abrogated this ligation-induced
stimulation of Akt phosphorylation in normally growing cells
(Fig. 8B).

DISCUSSION

This study is the first to report on interactions of GPI-
anchored T-cad with other proteins on the cell surface and
their possible roles in the transmembrane transduction of sig-
nals initiated by surface T-cad engagement.

To search for, and identify, molecular partners for T-cad, we
utilized a direct coprecipitation approach with subsequent se-
quencing of proteins specifically pulled down together with
T-cad from lysates of HUVEC expressing c-myc-tagged T-cad
protein using anti-Tag antibodies. As expected, three definite
hits in the precipitate were identified by mass spectrometry as
T-cad, confirming the efficiency of immunoprecipitation. Pro-
teins that reproducibly coprecipitated with T-cad included glu-
cose-related protein Grp78/BiP, integrin �3, collagen �2 (I)
chain, GABA-A receptor �1 subunit, and two hypothetical
proteins, LOC124245 and FLJ32070. Three of these proteins,

FIG. 7. Silencing of Grp78 inhibits the stimulatory effect of T-cad on cell survival. (A to C) HUVEC expressing empty adenoviral vector (E) or
T-cad (T) were cotransduced with Grp78 siRNA or control siRNA and subjected to serum deprivation for 6 h. Differences in cell survival/death
rates were determined by enumeration of the surviving cells by using a Coulter Counter (A) or crystal violet staining (B) and by a fluorescence-
based assay of Sytox green inclusion (C). (D) E-, LacZ-, and T-cad-infected HUVEC were serum deprived for 6 h with inclusion of either
function-blocking anti-Grp78 antibodies or control nonimmune (n/i) IgG (10 �g/ml). The number of surviving cells was determined by cell counting
using a Coulter Counter. In panels A to D, survival and death rates after serum deprivation are expressed relative to the respective numbers under
control serum-containing conditions (arbitrarily taken as 100%). Histograms present the data (means � SD) obtained from three independent
experiments Asterisks indicate significant differences (**, P � 0.01; ***, P � 0.001) between T-HUVEC and control E-HUVEC, and § indicates
a significant difference (§, P � 0.05; §§§, P � 0.001) between T-HUVEC cotransduced with control or Grp78 siRNA (A to C) or between
T-HUVEC treated with anti-Grp78 antibodies or n/i IgG (B).
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namely Grp78, integrin �3, and GABA-A receptor, have been
previously shown to localize within lipid rafts (17, 54) (al-
though lipid domains containing GABA-A receptor in rat cer-
ebellar granule cells seem to be a distinct unusual type of rafts,
poor in cholesterol and soluble only in the nonionic detergent
Brij 98 [11]). It is important to note that even if lipid rafts serve
as assembly platforms for T-cad complexes with their partners,
interactions between T-cad and the identified proteins were
observed even after disruption of lipid rafts with Triton X-114.
Therefore, the detected interactions with T-cad are direct and
specific and cannot be attributed simply to localization of the
proteins within the same membrane compartment. Coprecipi-
tation results were further proven for two of the identified
proteins, Grp78 and integrin �3. These two proteins are in-
volved in the same processes affected by T-cad in ECs (sur-
vival, proliferation, and motility) (33, 47) and therefore were
considered as the most likely candidates to serve roles as func-
tional adaptors for T-cad. Confirmation of the initial coprecipi-
tation results was done using several independent techniques:
detection of Grp78 and integrin �3 in T-cad precipitates by West-
ern blotting with specific antibodies, reciprocal precipitation using
anti-Grp78 and anti-integrin IgGs and detection of T-cad in the
precipitates, confocal microscopy, and demonstration of the sur-
face location of the Grp78/T-cad complex by biotinylation of
surface proteins prior to precipitation.

Subsequent experiments focused on determining whether
Grp78 might be involved in the effects of T-cad on EC survival.
Glucose-related protein Grp78 (immunoglobulin heavy chain
binding protein, or BiP) belongs to the Hsp70 gene family of
stress proteins. The main cellular pool of Grp78 is located in
the endoplasmic reticulum, where it works as a molecular
chaperone, assisting correct protein folding and assembly and

preventing export of misfolded proteins from the ER lumen
(16). Grp78 plays an important role in initiating the UPR, the
adaptive signaling cascade aimed at protection of cells from
conditions causing disturbances in the ER microenvironment,
such as accumulation of misfolded proteins, glucose depriva-
tion, disturbances in Ca2� balance and redox regulation, and
viral infections, among other things (60). The immediate sig-
naling targets of Grp78 during UPR activation include PERK
and Ire1 kinases and transcription factor ATF6, which mediate
the initial adaptation response to stress, activation of alarm
genes such as NF�B, and finally, if the cell fails to adapt to
severe and prolonged ER stress, apoptosis. Many pathophysi-
ological conditions are characterized by cell death induced by
ER stress, among them neurodegeneration such as in Alzhei-
mer’s and Parkinson’s diseases, diabetes, tissue ischemia (hy-
poglycemia and hypoxia) and reperfusion injury, hyperhomo-
cysteinemia, accumulation of free cholesterol in macrophages,
and pathological changes in adipose tissue (reviewed in refer-
ence 60). Grp78 has been shown to protect cardiomyocytes
from ischemia-induced apoptosis (3, 39, 50, 53) and promote
survival of the renal epithelium during oxidative stress. An
important role has been attributed to Grp78 in cancer. Grp78
is markedly upregulated in cancer cells, promoting their pro-
liferation, survival, and metastasis and conferring resistance to
drugs and T-cell toxicity (reviewed in reference 32). Grp78 may
also promote tumor angiogenesis: it mediates glutamine de-
privation-induced interleukin-8 and vascular endothelial growth
factor proangiogenic signaling in tumor cells (8) and inhibits
EC apoptosis caused by topoisomerase inhibitors (9).

Recent data demonstrate that a fraction of the Grp78 cel-
lular pool can escape retention in the ER and translocate to
the plasma membrane. There is evidence for low constitutive

FIG. 8. Silencing of Grp78 inhibits T-cad ligation-dependent activation of the Akt/GSK3� signaling pathway. Parental HUVEC (A) and cells
transduced with control or Grp78 siRNA (B) were treated with anti-T-cad antibodies or nonimmune IgG (n/i IgG) diluted in normal growth
medium (10 �g/ml) for the indicated intervals. Levels of phospho-Akt, Grp78, and GAPDH were determined in cell lysates by Western blotting.
Alterations in phospho-Akt levels are expressed relative to that of the internal protein loading control, GAPDH (arbitrarily taken as 100%).
Histograms present the data (means � SD) obtained from two independent experiments, and representative blots are shown. *, significant
difference (P � 0.05) between HUVEC treated with anti-T-cad or n/i IgG; §, significant difference (P � 0.01) between control or Grp78
siRNA-transduced HUVEC treated with anti-T-cad antibodies.
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surface expression of Grp78 on several cell types, including
vascular endothelia (6, 12). Increased levels of surface Grp78
have been detected under pathological conditions on the
highly metastatic prostate carcinoma cell line, 1-LN (36),
TE671/RD rabdomiosarcoma cells (13), and on endothelial
and monocyte/macrophage-like cells in atherosclerotic lesions
(6). Grp78 was also present on procoagulant microparticles
shed from the plasma membrane of activated ECs (5). When
expressed on the cell surface, Grp78 is able to initiate various
functional responses: it acts as a coreceptor for dengue virus
(24) and coxsackievirus, the latter inducing accumulation of
Grp78 and integrin �V�3 within lipid rafts (54), associates with
major histocompatibility complex class I molecules (55), com-
plexes with Ro-52 antigen on mouse splenocytes, presumably
contributing to autoimmunity during rheumatoid arthritis (44),
inhibits procoagulant activity of tissue factor (6), and binds the
K5 kringle domain of plasminogen, which results in Grp78
internalization and inhibition of its antiapoptotic effect on pro-
caspase-7 (12).

In the context of the present study, of particular interest are
publications by Misra et al., who demonstrated a function for
surface Grp78 as a receptor for �2-macroglobulin and delin-
eated its multiple downstream signaling targets. Grp78 medi-
ates �2-macroglobulin-induced intracellular Ca2� elevation
and the IP3 cascade (37) and activates PAK-2, Rac-1, LIMK,
and cofilin in a tyrosine kinase- and PI3-kinase-dependent
manner that results in increased proliferation and motility
(36). �2-Macroglobulin-dependent promotion of proliferation
and survival is due to Grp78-mediated activation of PI3-kinase,
Akt, ERK 1/2, and p38 mitogen-activated protein kinase, up-
regulation of Bcl-2, phospho-Bad, phospho-FOXO1, phospho-
GSK3�, XIAP, and NF-�B and its upstream activators IKK
and I�B, cyclin D1, GADD45, phospho-Ask1, and TRAF2
(35). Our previous work showed that proproliferative and an-
tiapoptotic effects of T-cad are due to initiation of a signaling
cascade that includes PI3-kinase, phosphorylation of Akt and
GSK3�, activation of �-catenin, and elevation of cyclin D1 (25,
26). Therefore, we considered it plausible that association of
Grp78 with T-cad on the cell surface may be functionally rel-
evant and results in activation of pathways common for the two
proteins. This hypothesis was tested by examining the effects of
both Grp78 transcript silencing and Grp78 function blockade
on the ability of T-cad to promote EC survival and to activate
related signaling during serum deprivation. T-cad-induced al-
terations in phospho-Akt, phospho-GSK3�, caspase-3 activity,
and survival rates were completely abolished by Grp78 siRNA
or blocking antibodies, suggesting that Grp78 indeed functions
as a molecular adaptor for lipid-anchored T-cad and that the
effects of T-cad on EC survival depend upon formation of a
complex with Grp78 on the cell surface.

Establishing the functional relevance of T-cad interaction
with other proteins identified by mass spectrometry is beyond
the scope of this study. For integrin �3 we confirmed its colo-
calization with T-cad by direct and reverse immunoprecipita-
tion and by confocal microscopy. We were able to identify at
least one integrin heterodimer containing a �3 subunit that
interacts with T-cad, namely, �V�3. Further circumstantial ev-
idence for T-cad–�V�3 interaction is the presence of the col-
lagen �2 (I) chain in the precipitates. Since denatured collagen
type I, a major component of gelatin, is recognized by integrin

�V�3 (10), the two proteins might have been pulled down
together from HUVEC cultured on gelatin-coated dishes. Our
previous data showed that T-cad homophilic ligation and over-
expression promotes EC migration and angiogenesis in vitro
and in vivo. Interaction with integrins (i.e., �v�3) (47) might be
an alternative mechanism which, together with stimulation of
proliferation via Akt/GSK3�, contributes to proangiogenic T-
cad effects. Accordingly, the most prominent colocalization of
T-cad and integrin �3 was observed at the leading edges of
migrating cells, where signaling machinery involved in regula-
tion of motility is concentrated. Integrin-mediated signaling
represents a complex network of pathways and effectors, ILK
being one of the principal downstream integrin targets (18).
We have shown that T-cad-induced activation of Akt and
GSK3� depends on ILK (25). It is plausible that T-cad, ILK,
integrin �3, Grp78, and perhaps other signaling molecules
form a dynamic multiprotein complex within lipid raft domains
of the plasma membrane and differentially contribute to T-cad
effects, depending on conditions and cell activation state. Re-
cently, T-cad has been shown to regulate cell-matrix adhesive-
ness by suppressing integrin �1 trafficking in cutaneous squa-
mous carcinoma cells (38). One may speculate that differential
effects of T-cad in various cell types might depend on its asso-
ciation with different integrins resulting either in promotion or
inhibition of cell motility. Interestingly, integrin �3 coprecipi-
tated with T-cad as two bands of 100 and 75 kDa, identified
both by mass spectrometry and specific antibodies on Western
blots. This might be an artifact related to partial protein deg-
radation during immunoprecipitation and preparation of sam-
ples for sequencing. However, as shown for human platelets,
where a 60-kDa polypeptide corresponding to the integrin �3C

alternative transcript was detected (14), the presence of alter-
native integrin �3 isoforms in EC is possible. Ongoing studies
in our laboratory are aimed at determining the impact of in-
tegrin �3-T-cad interactions in promigratory and proangio-
genic signaling.

Data on the function of GABA receptors, Cl� channels
mediating neurotransmission by gamma-aminobutyric acid, in
ECs is limited. GABA-A, -B, and -C receptors are expressed
on ECs (61). Chronic GABA-A receptor activation has been
shown to influence vascular tone by increasing NO production
(28). Interestingly, the present study is not the first to report a
connection between GABA receptors and integrins in the en-
dothelium: Shastry et al. demonstrated that GABA-A receptor
activation mediates homocystein-induced shedding of integrin
�1 and matrix remodeling by microvascular ECs (48). The
deduced sequences of hypothetical proteins LOC124245 and
FLJ32070 are based on analysis of genomic DNA; the corre-
sponding polypeptides have not been cloned and described,
and their function in the cell is unknown.

Concerning the mass spectrometry results, there was an in-
teresting issue presented by the various protein isoforms iden-
tified in the coprecipitates. In vascular EC and smooth muscle
cells, T-cad is expressed as two major isoforms, 105 and 130
kDa (mature protein and its partially processed precursor).
Additionally, minor 90-kDa and 75-kDa bands are occa-
sionally detected in cell lysates (unpublished observations).
Takeuchi and colleagues have reported the presence of 80- and
45-kDa T-cad isoforms in human lung extract and in the lung
cancer cell line A549 transfected with human T-cad cDNA
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sequence obtained from a human brain cDNA library (51).
These distinct bands may be the products of alternative splic-
ing, and our preliminary data show that at least some of these
forms are polypeptides that diverge in degree of glycosylation.
In the current study analysis of c-myc coprecipitates revealed
the presence of T-cad in three protein bands, namely, in the
expected 100-kDa band 3 (Fig. 1B) and also in the slices
excised from the 75-kDa (band 4) and 70-kDa (band 5)
areas. Possibly some of the endogenously expressed T-cad iso-
forms might have coprecipitated as a complex with overex-
pressed c-myc-tagged T-cad and T-cad adaptors. Similarly, re-
verse precipitation of T-cad with anti-Grp78 antibody showed
that both 105- and 75-kDa T-cad isoforms coassociate with
Grp78, the 75-kDa band being more abundant in the copre-
cipitates. It could be that the distinct forms of T-cad might
interact with diverse sets of molecular partners within the
plasma membrane.

The findings in this study are relevant in the context of both
the identification of transmembrane signaling partners for
GPI-anchored T-cad and the demonstration of a novel mech-
anism whereby Grp78 can influence endothelial cell survival as
a cell surface signaling receptor rather than an intracellular
chaperone.
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