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Cripto-1 (CR-1) is a glycosylphosphatidylinositol (GPI)-anchored membrane glycoprotein that has been shown to play an
important role in embryogenesis and cellular transformation.
CR-1 is reported to function as a membrane-bound co-receptor
and as a soluble ligand. Although a number of studies implicate
the role of CR-1 as a soluble ligand in tumor progression, it is
unclear how transition from the membrane-bound to the soluble form is physiologically regulated and whether differences in
biological activity exist between these forms. Here, we demonstrate that CR-1 protein is secreted from tumor cells into the
conditioned medium after treatment with serum, epidermal
growth factor, or lysophosphatidic acid, and this soluble form of
CR-1 exhibits the ability to promote endothelial cell migration
as a paracrine chemoattractant. On the other hand, membranebound CR-1 can stimulate endothelial cell sprouting through
direct cell-cell interaction. Shedding of CR-1 occurs at the GPIanchorage site by the activity of GPI-phospholipase D (GPIPLD), because CR-1 shedding was suppressed by siRNA knockdown of GPI-PLD and enhanced by overexpression of GPI-PLD.
These findings describe a novel molecular mechanism of CR-1
shedding, which may contribute to endothelial cell migration
and possibly tumor angiogenesis.

The Epidermal Growth Factor-Cripto-1/FRL-1/Cryptic
(EGF-CFC)2 family of genes, including mammalian Cripto-1
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(CR-1/Tdgf1), has been shown to play an important role in vertebrate development and in tumor progression (1). EGF-CFC
proteins are indispensable for early embryonic development,
being involved in the formation of the primitive streak, patterning of the anterior/posterior axis, mesoendoderm formation,
and establishment of left-right asymmetry (2). CR-1 is an
oncofetal gene, which is expressed during early developmental
stages and is re-expressed in several types of human carcinomas
(3). In fact, CR-1 protein is highly expressed in a number of
human carcinomas, including breast (75– 82%), colon (67–
84%), and gastric cancer (33– 47%), where it is being assessed as
a tumor-specific target for immunotherapy (3, 4). Mice that
overexpress a human CR-1 transgene selectively in mammary
epithelium develop mammary hyperplasia and adenocarcinomas (5–7). Conversely, blockade of CR-1-mediated signaling
suppresses tumor growth (4, 8, 9).
CR-1 functions through at least three different signaling
pathways: 1) as a co-receptor for the transforming growth factor ␤-related proteins Nodal and growth and differentiation
factors 1 and 3 (10 –12), 2) as a ligand for glypican-1/c-Src/
MAPK/PI3K-Akt signaling (13), and 3) as an inhibitor for
activin/transforming growth factor-␤ signaling (8, 14). Nodal
requires EGF-CFC proteins as co-receptors to bind the activin
type I receptors (activin-like kinases 4 and 7) and activin type II
receptor (ActRII). Embryological defects in CR-1-null mice are
lethal mainly due to a disruption of Nodal-dependent signaling
(15). CR-1 can also function independently of Nodal as a ligand
for glypican-1, which can activate a c-Src/MAPK/PI3K-Akt
intracellular signaling pathway (3) and then promote cell proliferation, survival, migration, and invasion (5). Some of the
oncogenic actions of CR-1, such as tumor angiogenesis, utilize
this latter pathway (16).
EGF-CFC proteins contain several domains that include
an N-terminal signal peptide, a variant EGF-like domain, a
kin-6; LPA, lysophosphatidic acid; mAb, monoclonal antibody; MS, mass
spectrometry; MS/MS, tandem mass spectrometry; PKC, protein kinase
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kinase; PI3K, phosphatidylinositol 3-kinase; DAPI, 4⬘,6-diamidino-2-phenylindole; FACS, fluorescence-activated cell sorting; siRNA, small interference RNA; RT, reverse transcription.
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cysteine-rich CFC domain, and a glycosylphosphatidylinositol (GPI)-linkage signal at the C-terminus. CR-1 is tethered
to the outer leaflet of the plasma membrane via a GPI anchor
(17). Although the GPI anchoring enables CR-1 to act as a
membrane-bound co-receptor, CR-1 can also be released as
a soluble protein (18, 19). However, the endogenous regulatory mechanism controlling CR-1 shedding is largely
unknown.
We have previously found that CR-1 is a potent endothelial
chemoattractant in vitro and promotes tumor angiogenesis in
vivo (16). To facilitate endothelial cell migration in vivo, CR-1
should be released from tumor cells to interact with surrounding endothelial cells. In this respect, a recent study has demonstrated that the plasma levels of CR-1 in breast and colon cancer
patients were significantly higher than those of healthy controls
(20), suggesting that CR-1 is released into plasma from tumor
cells and that plasma CR-1 levels might serve as a surrogate
tumor marker. Therefore, shedding of CR-1 is a key biological
process in understanding the characteristics of CR-1 as a diagnostic and therapeutic target in cancer and in delineating the
mechanism by which CR-1 can initiate angiogenesis. In the current study, we have evaluated the differential roles of membrane-bound and soluble forms of CR-1 in stimulating endothelial cells and delineated the mechanism of CR-1 shedding in
vitro.

EXPERIMENTAL PROCEDURES
Cells—HEK293T (293T), MDCK, COS7, and SW480 cells
(ATCC, Manassas, VA) were maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum
(FBS). NTERA2/D1 cells (ATCC) were grown in Macoy’s 5A
medium with 15% FBS. Human umbilical vein endothelial cells
(HUVECs) were cultured as described previously (16, 21).
Human embryonic cells Per-C6 (Crucell, Leiden, The Netherlands) transfected with wild-type CR-1 were grown in Dulbecco’s modified Eagle’s medium containing 10 mM MgCl2, 0.5
mg/ml G418, and 10% FBS.
Reagents—Human CR-1 monoclonal antibodies (mAbs)
(MAB2771 and FAB2772P) were obtained from R&D Systems
(Minneapolis, MN) or developed as previously reported (B3F6)
(8). Rabbit polyclonal anti-CR-1 antibody was previously
described (20). Antibodies against total p42/44 MAPK, phospho-p42/44 MAPK, total Akt, phospho-Akt, and phosphoSmad2 were obtained from Cell Signaling (Danvers, MA), total
Smad2 from Upstate (Chicago, IL), ␤-actin from Sigma-Aldrich, and transferrin receptor (TfR) and V5 from Invitrogen.
Phosphatidylinositol-phospholipase C (PI-PLC) and horseradish peroxidase (HRP)-conjugated Cholera toxin B (CTxB) were
purchased from Sigma-Aldrich. All fluorescent dyes were purchased from Invitrogen, and all chemical compounds were
from Calbiochem (Darmstadt, Germany) or, for recombinant
proteins, from R&D Systems. Lysophosphatidic acid (LPA) was
purchased from Avanti Polar Lipids (Alabaster, AL). All other
reagents were purchased from Sigma-Aldrich unless otherwise
indicated.
Plasmids and Transfection—The cDNA encoding the open
reading frame of human CR-1 was cloned from NTERA2/D1
cells (13). All CR-1-related constructs were generated by PCR-

31644 JOURNAL OF BIOLOGICAL CHEMISTRY

based methods and cloned into the pCI neo vector (Promega,
Madison, WI). The stop codon (TGA) was inserted just after
Ser-161 or Ser-169 of the full-length CR-1 (amino acids 1–188,
CR1WT) to obtain CR1⌬C (Ser-161) or (Ser-169), respectively.
The transmembrane portion of ErbB4 (amino acids 651– 683)
with a FLAG tag was inserted after Ser-169 of CR1WT to
obtain CR1TM. The cDNA encoding mouse GPI-phospholipase D (GPI-PLD) was purchased from ATCC (IMAGE clone,
5052822). The open reading frame with Kozak sequence was
amplified by PCR using primers: F, ACCATGTCTGCAGGCAGGCTGTGG; R, GTCTGAGCTGAAGCTGTAGAC.
The PCR product was cloned into pEF6/V5-His TOPO TA
expression vector (Invitrogen) in-frame to generate a C-terminal-tagged mGPIPLD-V5 expression vector. DNA sequences
were validated by direct sequencing. Transfections were performed using Lipofectamine 2000 (Invitrogen). To establish
stable transfectants, transfected cells were selected by G418, at
a concentration of 1 mg/ml for 293T and MDCK cells and 2
mg/ml for SW480 cells, respectively.
Isolation of Detergent-resistant Microdomains—DRM isolation by nonionic detergent Triton X-100 was performed as
previously reported (22). NTERA2/D1 cells were washed
with cold phosphate-buffered saline and scraped into 2 ml of
MBS (MES-buffered saline; 25 mM MES, pH 6.5, 0.15 M
NaCl) containing 1% Triton X-100 and solubilized for 20
min at 4 °C. After homogenization by 10 strokes with a tightfitting Dounce homogenizer, samples were adjusted to 40%
sucrose by addition of 2 ml of 80% sucrose. Then, a 5– 40%
discontinuous sucrose gradient was formed and centrifuged
at 40,000 rpm for 20 h, in an SW40Ti rotor (Beckmann-Coulter,
Fullerton, CA). Twelve 1-ml fractions were removed from the
top of the tubes and analyzed by Western blotting for CR-1
and for the non-raft-associated membrane protein, TfR
using an anti-human TfR antibody (1:2,000) and by dot blotting for the lipid raft marker GM-1 using HRP-conjugated
CTxB (1:1,000).
Phase Separation—Phase separation by Triton X-114 was
performed as previously described (23). Cells were lysed in lysis
buffer (150 mM NaCl, 50 mM Tris-HCl, pH 8.0, 1% Nonidet
P-40, 0.5% deoxycholic acid) with Complete protease inhibitor
(Roche Applied Science), and PI-PLC treatment was performed
by incubating with 1 unit/ml PI-PLC (Sigma-Aldrich) for 30
min at 37 °C. Cell lysates and conditioned media were then
adjusted to 2% Triton X-114 using 2⫻ Triton X-114 solution
(40 mM Tris-HCl, pH 8.0, 300 mM NaCl, 4% Triton X-114).
After incubation for 1 h on ice, phase separation was carried out
by warming up to 37 °C and subsequent centrifugation at
10,000 ⫻ g, 25 °C. Before applying for Western blotting, proteins were precipitated with chloroform-methanol precipitation to remove the detergent.
Western Blot Analysis—Western blot analysis was performed
using 4 –20% gradient SDS-PAGE gels (Invitrogen), and CR-1
protein was detected with B3F6 mAb at a 1:5,000 dilution and
anti-mouse IgG HRP-conjugated secondary antibody (1:3,000,
Amersham Biosciences) (supplemental Fig. S1, A–C). For
quantification, 50 g of total cell lysates and 40 l of conditioned media were analyzed for NTERA2/D1 cells, and 20 g of
total cell lysates and 20 l of conditioned media were analyzed
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for 293T transfectants, respectively. All images of Western blot
analysis in this work were visualized, processed, and quantified
with an Image Analyzer equipped with LabWorks software
(Ultra Violet and Laboratory Products, Upland, CA).
Enzyme-linked Immunosorbent Assays—A sandwichbased enzyme-linked immunosorbent assay was performed
as previously described (20) with minor modifications. AntiCR-1 mAb B3F6 (1 g/well) was absorbed to a 96-well NuncImmuno Maxisorp Plate (Nunc, Roskilde, Denmark). The
plates were blocked with blocking solution (Kirkegaard &
Perry Laboratories, Gaithersburg, MD), washed with wash
buffer (Kirkegaard & Perry Laboratories), and incubated
overnight at 4 °C with 50 l of conditioned media from
growth factor-treated cells. Human CR-1 recombinant protein (R&D Systems) was used as a standard (supplemental
Fig. S1, D and E). After washing, a rabbit polyclonal antiCR-1 antibody (1:3,000) was added to the plates for 1 h at
room temperature. The plates were then washed five times
with washing buffer and incubated with anti-rabbit IgG
HRP-conjugated antibody (1:3,000, Amersham Biosciences) for
1 h at room temperature. The plates were developed with
3,3⬘,5,5⬘-tetramethylbenzidine peroxidasesubstrate (Kirkegaard & Perry Laboratories), and reactions were quenched with
stop solution (Kirkegaard & Perry Laboratories). Absorbance
was read at 450 nm.
Fluorescence Imaging—Cells were grown for overnight in
chambered slides. After washing with phosphate-buffered
saline, cells were fixed in 4% paraformaldehyde. Depending
on the experiment, cells were permeabilized with 0.2% Triton X-100. After blocking, CR-1 was labeled with 5 g/ml
MAB2771 and detected with Alexa Fluor 488-conjugated
secondary antibody (Invitrogen). Plasma membrane and
lipid rafts were detected with 5 g/ml wheat germ agglutinin-Alexa Fluor 594 conjugate and with 1 g/ml CTxB-Alexa Fluor 594 conjugate (Invitrogen), respectively. Prolong
Gold Antifade reagent with DAPI (Invitrogen) was used as a
mounting medium. For confocal images, a Zeiss LSM 510 NLO
Meta confocal system (Carl Zeiss, Göttingen, Germany) with an
Axiovert 200M inverted microscope equipped with a 63⫻
numerical aperture 1.4 Plan-Apochromat oil immersion objective lens was used. Z stacks were collected with Zeiss AIM software using a multitrack configuration.
FACS Analysis—293T transfectants were collected with
phosphate-buffered saline containing 4 mM EDTA. After washing with ice-cold FACS buffer (phosphate-buffered saline with
0.1% bovine serum albumin), 1.0 ⫻ 105 cells were incubated for
20 min with anti-human CR-1 phycoerythrin-conjugated antibody (FAB2772P) at a dilution of 1:50. Cells were then pelleted,
resuspended in 500 l of ice-cold FACS buffer, and analyzed
using a FACScan instrument (BD Biosciences).
Migration Assay—Transwell migration assay of HUVECs
was performed as previously described (21) with some modifications. Briefly, 24 h prior to the assay, the culture medium
of 293T or SW480 transfectants, which were seeded in the
bottom chamber, were replaced with serum-free medium
with or without growth factors or chemicals. 5 ⫻ 104 serumstarved HUVECs were seeded in the upper chamber of 8-m
pore filter 24-well Transwell plates (Corning, Acton, MA).
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After 12–16 h, cells were fixed and stained, and cells on the
upper side of the filters were wiped away with cotton swabs.
Migrated cells on the bottom side of the filter were quantified
using IMAGE (National Institutes of Health) software. Each
experiment was performed in triplicates and repeated at least
twice in independent culture conditions.
Direct Co-culture Assay—HUVECs were labeled with CellTracker green 5-chloromethylfluorescein diacetate (Invitrogen) prior to the assay. 5 ⫻ 104 labeled HUVECs were seeded
on confluent cultures of 293T transfectants that had been
grown in 6-well plates in serum-free medium. After 12–16 h,
cells were fixed and counter staining was performed with
rhodamine-conjugated phalloidin (Invitrogen) and DAPI.
Images were taken by fluorescence microscopy, on an IX51
inverted microscope equipped with a 20⫻ 0.4-nemerical aperture objective lens (Olympus, Tokyo, Japan). For quantification,
HUVECs with sprouting morphology (spindle shapes and/or
processes) were counted in total 70 –135 CellTracker-positive
HUVECs/field under low power magnification. Counting was
performed for three different fields in a blinded manner, and
three independent experiments were performed.
siRNA and RT-PCR Analysis—siRNAs against GPI-PLD
were purchased from Ambion (Foster City, CA). Sequences are
as below follows: siGPIPLD1 sense, GGAUUCCUUAGGACCAUGGtt; antisense, CCAUGGUCCUAAGGAAUCCtt; siGPIPLD2 sense, GCUAUUGAUUUUCACGGCUtt; antisense,
AGCCGUGAAAAUCAAUAGCTC; siGPIPLD3 sense, GCUCUGGAGUUUCUUCAGCtt; and antisense, GCUGAAGAAACUCCAGAGCtc. These sequences contain 1- to 4-nucleotide mismatches with mouse GPI-PLD, which was used for
the rescue experiment. Mixture of nonspecific Control siRNAs
#1, #2, and #3 (Dharmacon, Chicago, IL) were used for a negative control. Subconfluent 293T or SW480 cells were transfected with a total of 30 M siRNAs using Lipofectamine 2000.
Because the knockdown efficiencies of each siRNA were not
sufficient (⬍50% inhibition), we used a mixture of three siRNAs
and achieved a maximum inhibition of ⬎70%. RT-PCR was
performed using Supermix (Invitrogen) according to manufacturer’s instructions at the indicated cycles. A PCR primer set for
human GPI-PLD was purchased from Superarray (Frederick,
MD).
Mass Spectrometric Analysis of Released CR-1—The cultured media from CR-1-transfected Per-C6 cells was harvested and clarified, and the released CR-1 protein was affinitypurified by binding to the B3F6 mAb coupled to CNBr-activated
Sepharose.
Deglycosylation, Reduction, and Alkylation of Shed CR-1—NLinked glycans were removed from the protein with peptide
N-glycosidase F. About 1.5 l of peptide N-glycosidase F (2.5
milliunits/l, Prozyme, San Leandro, CA) was added to 40 l of
a solution containing ⬃10 g of protein. The solution was incubated at 37 °C overnight. The deglycosylated protein was then
reduced with 40 mM dithiothreitol in 6 M guanidine hydrochloride for 2 h at 37 °C, and alkylation was done by adding 0.5 l of
4-vinylpyridine into 50 l of the solution. The solution was
incubated at room temperature in the dark for 60 min. The
alkylated proteins were recovered by precipitation with 40 volumes of ⫺20 °C ethanol. The solution was stored at ⫺20 °C for
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RESULTS
CR-1 Localization in Lipid Rafts—The GPI-anchorage of
CR-1 to the cell membrane has been previously reported by the
ability of bacterial PI-PLC to release CR-1 from cultured cells
(17). We further demonstrated that CR-1 exhibits pericellular
characteristics of a GPI-anchored protein in that CR-1 can be
localized to lipid raft domains on the plasma membrane by
immunocytochemical analysis in human embryonal carcinoma
NTERA2/D1 cells, from which CR-1 was isolated and cloned
and is expressed at a relatively high level (1). CR-1 exhibited a
punctate staining pattern, a proportion of which was co-localized with the lipid raft marker GM-1, which has been labeled
with CTxB (Fig. 1A). To confirm the results from imaging analysis, biochemical isolation of DRMs was performed in
NTERA2/D1 cells. Detergent resistance has been considered
as a biochemical characteristic of lipid rafts (24). CR-1 protein was found to be enriched in DRMs, which contain GM-1
but do not contain a non-raft membrane protein TfR (25),
although a more substantial amount of immunoreactive
CR-1 was found to be associated in the soluble fractions
(fractions 9 –12, Fig. 1B).
Because apical sorting is one of the well known characteristics of
GPI-anchored proteins, we examined the CR-1 localization in a
well established model of cell polarity, MDCK cells (26). In fully
polarized MDCK cells stably transfected with CR-1, CR-1 was
stained mainly on the apical surface (supplemental Fig. S2A). A
substantial amount of CR-1 protein was detected in the condi-
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1 h and then centrifuged at 14,000 ⫻ g for 8 min at 4 °C. The
supernatant was discarded, and the precipitate was washed
once with ⫺20 °C ethanol.
Trypsin Digestion—About 10 g deglycosylated and alkylated protein was digested with 7% (w/w) of trypsin (Promega)
in 1 M urea, 0.2 M Tris-HCl, pH 8.0, 1 mM CaCl2, for 5 h at room
temperature; the final volume was 50 l.
Separation and Analysis of the Digested Shed CR-1 Protein—
The tryptic digest was analyzed on an liquid chromatographyMS/MS system composed of a nano-flow high-performance
liquid chromatograph (Dionex, Sunnyvale, CA) and a QSTAR
XL mass spectrometer (Applied Biosystems). The high-performance liquid chromatograph was equipped with a 0.3-mm ⫻
1-mm Pepmap C18-trap column for desalting and a 0.075-mm ⫻
150-mm, 100-Å, Pepmap C18 column for separation. Peptides
were eluted with a 70-min linear gradient (0 –50% acetonitrile)
in 0.03% trifluoroacetic acid at a flow rate of 200 nl/min. MS and
MS/MS spectra were acquired using information-dependent
acquisition and switched automatically between MS and
MS/MS. The nanoelectrospray was generated with a nanoelectrospray ionization source (Protana, Toronto, Canada) using a
PicoTip needle (15-m inner diameter, New Objectives,
Woburn, MA) maintained at a voltage of 1700 V. MS/MS spectra were collected in the m/z range of 50 –2,200, and the
collision energy setting was automatically determined by the
information-dependent acquisition based on the m/z values
of each precursor ion.
Statistical Analysis—Student’s t test was used to determine
the statistical significance of the quantitative results. Results
with a p value of ⬍0.05 were considered statistically significant.
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FIGURE 1. Lipid raft localization and release of CR-1 protein. A, NTERA2/D1
cells were stained with anti-CR-1 mAb (green), and lipid raft marker GM-1 was
labeled with CTxB (red) without permeabilization and analyzed by confocal
microscopy (upper panel). Magnified images for the marked regions in the
upper panel are shown in the lower left panel. Negative controls without primary antibody are shown in the lower right panel. Nuclei were stained with
DAPI (blue) in all merged images. Scale bar ⫽ 10 m. B, biochemical isolation
of DRMs with 1% Triton X-100 by sucrose-gradient centrifugation of
NTERA2/D1 cells. The gradient fractions (lanes 4 –12) were analyzed with
Western blot analysis for CR-1. Transferrin receptor (TfR) was used as a control
for non-raft membrane protein. The lipid raft marker GM-1 in the same samples was detected with HRP-conjugated CTxB by dot-blot analysis. C, comparative study of cell-associated (CL) and released (CM) CR-1 with or without
serum by semi-quantitative Western blot analysis (see Table 1 and supplemental Fig. S1, A–C). A representative blot for NTERA2/D1 cells is shown. The
indicated amount of recombinant human CR-1 protein was used as a
standard.

TABLE 1
Semi-quantitative analysis of cell-associated and released CR-1
Cell extracts

Conditioned
media

ng/1 g total protein

293T CR1WT (serum-free)
293T CR1WT (10% serum)

⬃1.3
⬃1.4

NTERA2/D1 (serum-free)
NTERA2/D1 (10% serum)

⬃0.16
⬃0.18

ng/ml

⬃1.1-fold

⬃36
⬎500

⬎14-fold

⬃1.1-fold

⬃4
⬃130

⬃32-fold

293T CR1WT cells or NTERA2D1 cells were cultured for 24 h with indicated conditions. The amounts of released and cell-associated CR-1 were quantified by
Western blot analysis (see Fig. 1C and supplemental Fig. S1, A–C) and compared
to standard amounts of recombinant CR-1 after densitometric scanning. Values
represent average of four independent experiments.

tioned medium obtained from the apical side but not from the
basal side in CR-1-expressing MDCK cells (supplemental Fig.
S2B). These results suggest that CR-1 is sorted to the apical side of
the plasma membrane in polarized epithelial cells.
Regulation of CR-1 Shedding by Serum and Growth Factors—
To evaluate the extent of CR-1 secretion into the medium,
we compared the amount of released and cell-associated
CR-1 by semi-quantitative Western blot analysis using
recombinant human CR-1 protein as a standard (Table 1,
Fig. 1C, and supplemental Fig. S1, A–C). As summarized in
Table 1, when cells were cultured in serum-free medium,
little CR-1 protein was detected in the conditioned medium
VOLUME 282 • NUMBER 43 • OCTOBER 26, 2007
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of 293T cells stably transfected with wild-type CR-1 (293T
CR1WT cells) and in the conditioned medium from
NTERA2/D1 cells that express endogenous CR-1 (⬃36
ng/ml and ⬃4 ng/ml, respectively). However, when these
cells were cultured in the presence of 10% serum, a higher
amount of CR-1 was detected in the conditioned media from
293T and NTERA2/D1 cells (⬎500 ng/ml and ⬃130 ng/ml,
respectively), which represents ⬎14- and ⬃32-fold increase
in comparison with release of CR-1 under serum-free conditions. These concentrations of CR-1 in the medium are comparable with the concentration of exogenous recombinant
CR-1 protein that is required to induce several different cellular responses (100 –200 ng/ml) (13).
Because the difference in cell viability after 24-h cultures,
in the presence or absence of serum, could affect the amount
of released CR-1 protein in the conditioned medium, we
evaluated the short term effect of serum on shedding of
CR-1. Heat-inactivated serum in which a number of heatlabile lipases and proteinases had been inactivated could
induce an increase of ⬎3-fold in shedding of CR-1 in SW480
colon carcinoma cells transfected with wild-type CR-1
expression vector (SW480 CR1 cells) within 30 min (Fig. 2A).
SW480 colon carcinoma cells were selected because this cell
line expresses low amounts of endogenous CR-1 (1, 3). The
effect of heat-inactivated serum was also observed in other
cell types, such as 293T CR1WT and in NTERA2/D1 cells
that express native CR-1 (data not shown). This effect of
serum is dependent on phospholipase C␥ (PLC␥) and protein kinase C (PKC), because serum-induced CR-1 shedding
was inhibited in a dose-dependent manner by the PLC␥
inhibitor U73122 (Fig. 2B) and by the PKC-specific inhibitor
GF109203X, respectively (Fig. 2C). Phorbol 12-myristate
13-acetate (PMA), which is known to activate diacylglyceroldependent PKCs, was able to mimic the effect of serum on
facilitating CR-1 shedding by nearly 3-fold in both 293
CR1WT cells (data not shown) and SW480 CR1 cells
(Fig. 2D).
These findings strongly suggest that serum factor(s) can
induce CR-1 shedding through activation of PLC␥ and PKC.
To identify endogenous regulatory factors that might
enhance CR-1 shedding from cells and that might be present
in serum, the levels of released CR-1 were examined after
stimulation of 293T CR1WT and SW480 CR1 cells with different growth factors and cytokines using an enzyme-linked
immunosorbent assay (Table 2). We found that nine distinct
growth factors, including EGF, heparin binding-EGF, hepatocyte growth factor, fibroblast growth factor-2, LPA, interleukin-6 (IL-6), IL-8, tumor necrosis factor ␣, and interferon
␥, significantly stimulated CR-1 shedding. Some of the factors, including LPA, IL-6, and IL-8 had cell-type-specific
effects. For example, LPA strongly induced CR-1 shedding in
SW480 CR1 cells but had no significant effect on CR-1 shedding in 293T CR1WT cells.
Growth Factors Induce Endothelial Cell Migration by
Enhancing CR-1 Shedding—Because EGF and LPA are involved
in stimulating tumor progression and tumor angiogenesis (27,
28), and because CR-1 has also been shown to stimulate angiogenesis (16), we hypothesized that these factors might induce
OCTOBER 26, 2007 • VOLUME 282 • NUMBER 43

FIGURE 2. Inducible shedding of CR-1 by serum and PMA. A, rapid induction of CR-1 shedding by serum in SW480 CR1 cells. Cells were stimulated with
5% FBS for 0 – 60 min. Released CR-1 in the conditioned medium (CM) and
cell-associated CR-1 in total cell lysates (CL) were evaluated by Western blot
analysis. EV, empty vector; RDU, relative densitometry unit. B and C, effect of
U73122 or GF109203X (GFX) on serum-induced CR-1 shedding. SW480
CR1 cells were treated with or without 5% serum for 30 min with the
indicated dose of indicated chemicals, and released CR-1 in the conditioned medium was analyzed by Western blotting. Cells were pretreated
with chemicals 30 min before the treatment with serum. Me2SO (DMSO)
was used for vehicle controls. U73343 was used for a negative control
analogue for U73122. D, CR-1 release by PMA. SW480 CR1 cells were stimulated with 50 nM PMA for 0 –120 min. Released (CM) and cell-associated
CR-1 (CL) was analyzed by Western blotting.

endothelial cell migration by facilitating the release of CR-1
from the tumor cell membrane. The effect of LPA and EGF was
therefore examined on SW480 colon cancer cells. The induction of CR-1 shedding by LPA or EGF in transfected SW480
CR1 cells that had been grown in serum-free medium was confirmed by Western blot analysis (Fig. 3A). CR-1 shedding
induced by LPA or EGF was inhibited by the PKC inhibitor
JOURNAL OF BIOLOGICAL CHEMISTRY
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TABLE 2
Effect of growth factors on CR-1 shedding
293T CR1WT cells or SW480 CR1WT cells were stimulated for 6 – 8 h with the
indicated factors (EGF, HB-EGF, FGF-2, HGF, IL-6, and TNF␣, 50 ng/ml; LPA; 5
M; IL-8, 100 ng/ml; and IFN␥, 10 ng/ml). After stimulation, conditioned medium
was collected and enzyme-linked immunosorbent assay was performed as described
under “Experimental Procedures.” Values represent average (ng/ml) ⫾ S.D. of four
independent experiments.
Control
EGF
HB-EGF
FGF-2
HGF
LPA
IL-6
IL-8
TNF␣
IFN␥
a

293T CR1WT cells

SW480 CR1WT cells

12.6 ⫾ 5.7
55.3 ⫾ 8.1a
59.4 ⫾ 16.0a
58.0 ⫾ 18.4a
52.6 ⫾ 14.6a
7.7 ⫾ 3.5
39.2 ⫾ 11.3a
12.4 ⫾ 4.1
60.4 ⫾ 19.0a
41.0 ⫾ 12.3a

8.5 ⫾ 1.8
43.3 ⫾ 6.7a
44.7 ⫾ 5.7a
27.6 ⫾ 3.2a
25.5 ⫾ 2.2a
56.8 ⫾ 11.6a
12.8 ⫾ 4.2
28.6 ⫾ 8.0a
39.2 ⫾ 13.2a
30.0 ⫾ 10.0a

p ⬍ 0.05 compared with control by Student’s t-test.

GF109203X (data not shown), suggesting that these factors utilize a pathway similar to that induced by serum and by PMA.
We then evaluated the biological response of CR-1 shedding induced by EGF and LPA in facilitating HUVEC migration. EGF or LPA had weak direct effects on endothelial cell
migration unlike vascular endothelial growth factor (Fig.
3B). The effect of CR-1 shedding on HUVEC migration was
then evaluated with an indirect co-culture assay (Fig. 3C)
using SW480 cells, which express little amount of CR-1 protein (Fig. 2A). Pretreatment of SW480 CR1 cells that were
expressing an exogenous CR-1 expression vector with EGF
or LPA strongly induced migration of endothelial cells,
whereas these factors had significantly weaker effects on
SW480 cells transfected with empty vector (SW480 EV cells)
(Fig. 3D). These results indicate that EGF or LPA can induce
endothelial cell migration toward tumor cells by inducing
the release of CR-1 from tumor cells. We also tested the
effect of an EGF receptor (EGFR) tyrosine kinase inhibitor,
PD168393,onEGF-mediatedCR-1shedding.PD168393dosedependently inhibited EGF-mediated CR-1 shedding from
SW480 CR1 cells at concentrations of 0.2–1.0 M (Fig. 3E),
which corresponds to the dose of PD168393 necessary to
inhibit phosphorylation of the EGFR and of signaling molecules that are downstream of EGFR (29). PD168393 significantly suppressed the induction of endothelial cell migration
by EGF-treated SW480 CR1 cells at the same range of concentrations (Fig. 3F), suggesting that inhibiting the EGFR
may have an indirect effect for suppression of tumor angiogenesis by the ability to block CR-1 shedding from tumor
cells.
Distinct Roles between Soluble and Membrane-bound Forms
of CR-1—To more fully evaluate the detailed mechanism of
biological activity of secreted CR-1, three artificial mutants of
CR-1 in the C-terminal domain were generated: a soluble CR-1,
which lacks the GPI signal (CR1⌬C Ser-161 and Ser-169), and a
transmembrane CR-1 (CR1TM) in which the GPI signal was
replaced by the TM domain of the EGF receptor-related receptor ErbB4, which is not cleavable by phospholipases (Fig. 4A).
SDS-PAGE mobility of each product in the cell lysates was compatible with the estimated size from the difference in amino
acid sequences (Fig. 4B). High amounts of both CR1⌬C mutant
proteins were detected in the conditioned medium containing
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1% serum, whereas a lower amount of CR1WT, and none of
CR1TM, were detected (Fig. 4C). Immunocytochemical analysis in transiently transfected 293T cells confirmed the cell-surface localization of CR1WT and CR1TM without permeabilization following co-staining with a membrane marker wheat
germ agglutinin (Fig. 4, D and F). In contrast, CR1⌬C Ser-161
(Fig. 4E) and Ser-169 (data not shown) mutants were undetectable without permeabilization. Intracellular trans-Golgi network localization of CR1WT, CR1⌬C Ser-161, and CR1TM was
detected only after permeabilization with Triton X-100, as
assessed by co-localization with a Golgi marker DsRed-Golgi
(Fig. 4, G–I). Similar staining patterns with each mutant were
obtained in transiently transfected COS7 cells (supplemental
Fig. S3, A–F). In COS7 cells, a weak signal of extracellular
deposits of CR-1 was detectable around the transfected cells in
both CR1⌬C Ser-161 (data not shown) and Ser-169 (supplemental Fig. S3B), which was likely due to the higher amount of
the overexpressed protein than that found in the CR-1-transfected 293T cells. The cell-surface expression of CR1WT and
CR1TM but not soluble forms of CR-1 mutants in stably transfected 293T cells were confirmed by live cell staining with an
anti-CR-1 phycoerythrin-conjugated antibody followed by
FACS analysis (Fig. 4J).
The ability of each mutant to stimulate HUVEC migration
was then assessed in an indirect co-culture migration assay
with HUVECs and 293T cells that were stably transfected
with empty vector or each CR-1 mutant (293T EV, CR1WT,
CR1⌬C (Ser-161), (Ser-169), or CR1TM cells) (Fig. 5A).
Under the serum-free conditions where little of the GPIanchored CR-1 protein is released (Table 1), only 293T
CR1⌬C (Ser-161 and Ser-169) cells could stimulate migration of HUVECs as compared with 293T EV cells (Fig. 5B).
The serum-free conditioned medium from only the 293T
CR1⌬C (Ser-169) cells could induce a 2- to 4-fold increase in
phosphorylation of p42/44 MAPK and Akt, but not Smad2
phosphorylation in serum-starved HUVECs (Fig. 5C), suggesting that the effect of a soluble form of CR-1 is dependent
on a Nodal-independent, MAPK/PI3K-Akt-dependent pathway as previously demonstrated (16).
To validate the biological activity of the CR-1 mutants in
direct cell-to-cell interactions, a direct co-culture assay of fluorescence-labeled HUVECs with 293T transfectants was performed (Fig. 5A). In contrast to the indirect migration assay,
when HUVECs were directly seeded onto 293T cells expressing
either CR1WT, CR1TM, or CR1⌬C (Ser-169), all of the CR-1
transfectants could equally facilitate endothelial cell sprouting
(Fig. 5, D and E), suggesting that cell-surface CR-1 is able to
induce a response through a direct interaction with endothelial
cells.
GPI-PLD Regulates CR-1 Shedding—The present results suggested that the release of CR-1 as a soluble factor may be important with respect to the ability of CR-1 to induce endothelial cell
migration, leading us to delineate the mechanism(s) by which
CR-1 shedding from the cell membrane might occur. We performed Triton X-114 phase partitioning to clarify whether
released CR-1 is free from lipid anchoring (Fig. 6A). Cell-associated CR-1 was enriched in the detergent phase and not in the
aqueous phase. However, PI-PLC treatment released a majority
VOLUME 282 • NUMBER 43 • OCTOBER 26, 2007
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FIGURE 3. Effects of LPA and EGF on shedding of CR-1 and endothelial cell migration. A, confirmation of the effect of LPA and EGF on CR-1 shedding
by Western blot analysis. SW480 CR1 cells were stimulated with the indicated factors for 6 h. B, direct effect of LPA and EGF on migration of HUVECs.
Transwell migration assay of HUVECs was performed for the indicated factors at the indicated concentrations. Vascular endothelial growth factor (50
ng/ml) was used as a positive control. *, p ⬍ 0.05; **, p ⬍ 0.01 compared with Control. C, scheme of indirect co-culture migration assay. D, indirect effect
of LPA and EGF on migration of HUVECs that are co-cultured with SW480 EV or CR1 cells. SW480 EV or CR1 cells were seeded on the bottom chamber and
pretreated with indicated factors (5 M for LPA and 50 ng/ml for EGF). After 24 h, Transwell migration assay of HUVECs was performed. N.S., p ⬎ 0.05.
E, effect of PD168393 on CR-1 shedding. SW480 CR1 cells were pretreated with the indicated concentrations of PD168393 for 30 min and stimulated with
EGF (50 ng/ml) for 6 h. Conditioned medium was analyzed by Western blotting. F, effect of PD168393 on CR-1 shedding-mediated endothelial cell
migration. The co-culture migration assay of HUVECs with SW480 CR1 cells was performed with the indicated concentration of PD168393 in the same
condition with D. SW480 CR1 cells were pretreated PD168393 30 min prior to stimulation with EGF. N.S., p ⬎ 0.05. All graphs represent mean ⫾ S.D. of
triplicate experiments.

of the CR-1 protein into the aqueous phase. The electrophoretic mobility of the GPI-digested form was slightly slower
than the undigested form. Most of the released CR-1 in the
conditioned medium was partitioned into the aqueous phase
and had an electrophoretic mobility similar to PI-PLC-treated
CR-1, suggesting that the released form of CR-1 shedding is free
from lipid anchoring. Shedding of CR-1 may not be mediated by
proteolytic digestion because increasing concentrations of
serum stimulated release of CR1WT but failed to stimulate the
release of CR1TM, which tethers CR-1 to the cell membrane via
a transmembrane domain (Fig. 6B). These results may suggest
OCTOBER 26, 2007 • VOLUME 282 • NUMBER 43

that CR-1 shedding is mediated by the digestion of the GPI
linkage.
GPI-PLD is involved in facilitating the shedding of a number of GPI-anchored proteins in mammalian cells (30).
Serum-induced CR-1 shedding was nearly completely inhibited by the GPI-PLD inhibitor 1, 10-phenanthroline (PNT)
(31) (Fig. 6C). In contrast, CR-1 shedding in the absence of
serum was induced by 2- to 3-fold by suramin (SRM), which
is reported to enhance the action of the membrane-bound
GPI-phospholipases (23). RT-PCR analysis revealed that
GPI-PLD mRNA is expressed in 293T, SW480, and
JOURNAL OF BIOLOGICAL CHEMISTRY
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NTERA2/D1 cells (Fig. 6D). To more fully determine
whether GPI-PLD is involved in directly regulating CR-1
shedding, selective knockdown experiments using human
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GPI-PLD-specific siRNAs (si-hGPIPLD) were undertaken.
si-hGPIPLD suppressed GPI-PLD mRNA expression ⬃70%
in 293T CR1WT cells (Fig. 6E), and constitutive CR-1 shed-
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FIGURE 5. Activity of soluble or membrane-bound forms of CR-1 mutants on endothelial cells. A, indirect co-culture migration assay and direct co-culture
assay (see “Experimental Procedures”). B, indirect co-culture migration assay using 293T cells, which had been stably transfected with the indicated expression
vectors. Migration of HUVECs was evaluated. The values represent mean ⫾ S.D. of a typical experiment performed in triplicate. *, p ⬍ 0.05 compared with EV.
C, phosphorylation status of p42/44 MAPK, Akt, and Smad2 in HUVECs. HUVECs were treated with serum-free conditioned medium from 293T transfectants for
15 min. Phospho-/total protein ratio was quantified by densitometric analysis (bottom of each panel). D and E, direct co-culture assay using 293T cells, which had
been stably transfected with indicated expression vectors. HUVECs were seeded on confluent monolayers of 293T transfectants. 5-chloromethylfluorescein
diacetate labeled HUVECs (green) were visualized with a fluorescence microscope (upper panels). Counter staining was performed with F-actin (red) and DAPI
(blue) (lower panels for three-color merged images). HUVECs with sprouting morphology (arrowhead) were quantified as described under “Experimental
Procedures” (E). Scale bar ⫽ 50 m. *, p ⬍ 0.05 compared with EV. The values represent mean ⫾ S.D. of three independent experiments.

ding in the presence of serum was inhibited ⬎50% after the
attenuation of GPI-PLD expression (Fig. 6F), suggesting that
CR-1 shedding is mediated by the enzymatic activity of
GPI-PLD.
We then evaluated the effect of GPI-PLD overexpression
on CR-1 shedding. Transient transfection of C-terminal
V5-tagged mouse GPI-PLD cDNA (mGPIPLD-V5) strongly
induced shedding of CR1WT into the conditioned medium
from 293T cells that had been grown in serum-free medium but
had little effect on CR1TM (Fig. 6G). A substantial amount of
mGPIPLD-V5 protein was detected in conditioned medium

(Fig. 6G), which is consistent with the previous description that
GPI-PLD is a secreted enzyme (32, 33). Similar results were
obtained with a wild-type (non-tagged) mouse GPI-PLD construct (data not shown). FACS analysis revealed a decrease of
the cell-surface CR1WT but not of CR1TM by GPI-PLD overexpression (Fig. 6H), indicating that GPI-anchored CR-1 had
been cleaved from the cell surface by overexpressed GPI-PLD.
Overexpression of mouse GPI-PLD was also able to induce
CR-1 shedding in stably transfected 293T CR1WT cells (Fig. 6I)
and to rescue the attenuation of CR-1 shedding by siRNAs
against human GPI-PLD (Fig. 6J).

FIGURE 4. Generation of CR-1 mutants in the C-terminal domain. A, scheme of CR-1 mutants. B and C, validation of expression of each CR-1 mutant
in cell lysates and conditioned medium. 293T cells were transiently transfected with indicated expression vectors in the presence of 1% serum. Total cell
lysates (B) and conditioned media (C) were collected 24 h after transfection and were analyzed by Western blot analysis. ␤-Actin and Ponceau S staining
were used as loading controls. Results from the same blot detected by regular ECL or more sensitive ECL plus are shown in C. EV was used as a negative
control. D–I, subcellular localization of CR-1 mutants. Immunocytochemistry of indicated CR-1 mutants (green) in transiently transfected 293T cells was
performed without permeabilization (D1–F1) or with permeabilization by Triton X-100 (G1–I1). Plasma membranes were stained with wheat germ
agglutinin in D2–F2 (red) and DsRed-Golgi was co-transfected with CR-1 construct in G2–I2. Nuclei were counterstained with DAPI (blue), and three-color
merged images are shown in D3–I3. Images were visualized with confocal microscopy. Arrowhead, co-localization of CR-1 with Golgi marker. Scale bar ⫽
20 m. J, FACS analysis for the cell-surface expression of each CR-1 mutant. 293T cells stably transfected with indicated expression vectors were stained
with anti-CR-1 PE-conjugated antibody and analyzed with FACS. EV was used as a negative control.
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Direct physiochemical evidence of the release of CR-1 by
GPI-PLD was obtained by MS analysis of secreted CR-1 in
CR-1-transfected Per-C6 cells. The major GPI component of
CR-1 has a structure, Ser-NH-(CH2)2-OPO2(OH)ManManMan
(phosphoethanolamine)GlcN-Hex (Fig. 7A). The detected mass,
3613.6 Da, for this modified peptide matches the predicted
mass, 3613.49. The detected masses for all fragment ions in the
MS/MS spectrum of this peptide also match the predicted ion
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fragments (Fig. 7B). The detected GPI structure of shed CR-1 is
consistent with that of a protein, which is released by GPI-PLD
but not by PI-PLC, because the phosphate that should be contained after PI-PLC digestion was not observed.
We then studied the role of GPI-PLD in growth factor-induced CR-1 shedding. LPA-, EGF-, and PMA-induced CR-1
shedding is also mediated by GPI-PLD, because the CR-1 shedding by these factors in SW480 CR1 cells was completely
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FIGURE 7. A, structural analysis of released CR-1 was performed using MS.
B, enlarged MS/MS spectrum of tryptic CR-1 peptide containing residues
140 –161. The sequences of the peptide, fragmentation pattern, and detected
fragment ions are shown at the top of the panel. Cysteine residues in the
peptide are pyridethylcysteine, because the protein was reduced with dithiothreitol and alkylated with 4-vinylpyridine. “b” designates ions that contain
the N-terminal region of the peptide plus one or more amino acid residues
generated by collision-induced dissociation. Calculated m/z values for some
critical ions are shown in parentheses.

blocked by PNT and further enhanced by combination with
SRM (Fig. 8A). si-hGPIPLD suppressed GPI-PLD mRNA
expression ⬃70% also in SW480 CR1 cells (data not shown),

FIGURE 8. Effect of GPI-PLD knockdown on EGF-induced CR-1 shedding
and endothelial cell migration. A, effect of PNT and SRM on LPA-, EGF-, or
PMA-induced CR-1 shedding. SW480 CR1 cells were stimulated under indicated conditions of indicated factors for 6 h, and conditioned medium was
analyzed by Western blotting. PNT, 1 mM; SRM, 20 M. B, effect of GPI-PLD
knockdown on EGF-induced CR-1 shedding. SW480 CR1 cells were transfected with indicated siRNAs. After 24 h, medium was replaced with serumfree medium and incubated for 16 h. Cells were then stimulated with 50
ng/ml EGF for 6 h. Released CR-1 was analyzed by Western blotting. C, effect
of GPI-PLD knockdown on EGF-induced endothelial cell migration. SW480
CR1 cells that were treated with siRNAs as described in B were used for indirect co-culture migration assay with HUVECs with or without 50 ng/ml EGF
stimulation. N.S., p ⬎ 0.05.

and si-hGPIPLD was able to suppress EGF-induced CR-1
shedding (2.1-fold increase in si-control and 1.4-fold
increase in si-hGPIPLD, Fig. 8B). Furthermore, suppression
of GPI-PLD expression significantly blocked the ability of

FIGURE 6. Regulation of CR-1 shedding by GPI-PLD. A, Triton X-114 phase separation was performed for cell lysates (CL) and conditioned medium (CM) from 293T
CR1WT cells and analyzed by Western blotting. The same cell lysate was treated with 1 unit/ml PI-PLC. A, aqueous phase; D, detergent phase. p42/44 MAPK was used
for a representative hydrophilic protein. B, effect of serum in shedding of each CR-1 mutant. 293T cells transfected with the indicated CR-1 mutants were incubated
with 0 –5% serum for 30 min, and released CR-1 in the conditioned medium was analyzed by Western blotting. C, effect of PNT and SRM on CR-1 shedding. Serumstarved 293T CR1WT cells were treated with or without serum for 30 min with the indicated dose of PNT (upper panel). The same cells were treated with the indicated
dose of SRM for 30 min in the absence of serum (lower panel). Released CR-1 in the conditioned medium was analyzed by Western blotting. Ethanol (EtOH) was used
for vehicle controls. D, GPI-PLD mRNA expression in indicated cell lines. RT-PCR was performed for 35 cycles for GPI-PLD and 25 cycles for GAPDH. The RNA from 293T
cells was processed without reverse transcriptase and shown as a negative control (RT-). E, evaluation of siRNA against GPI-PLD by semi-quantitative RT-PCR. 293T cells
were transfected with a total 30 nM of the indicated siRNAs, and RNA was collected 48 h after transfection. si-Control, mixture of three different control siRNAs; si-GPIPLD,
mixture of three different specific siRNAs against GPI-PLD. RT-PCR was performed for 30 cycles for GPI-PLD and 20 cycles for GAPDH. F, effect of GPI-PLD knockdown
on basal release of CR-1. 293T CR1WT cells were transfected with the indicated siRNAs. After 24 h, medium was replaced with 5% serum containing medium and
incubated for 24 h. Conditioned medium was collected, and released (CM) and cell-associated CR-1 (CL) were analyzed by Western blotting. G and J, effect of V5-tagged
mouse GPI-PLD (mGPIPLD-V5) overexpression on CR-1 shedding. G, 293T cells were transiently transfected with indicated expression vectors. After 24 h of transfection,
total cell lysates (CL) and conditioned media (CM) were collected and analyzed by Western blotting. *, nonspecific bands. H, 293T cells were transiently transfected with
the indicated expression vectors. After 24 h of transfection, cell-surface CR-1 was stained with anti-CR-1 PE-conjugated antibody and analyzed by FACS. I, stably
transfected 293T CR1WT cells were transfected with indicated expression vectors. EV was used as a negative control and non-transfected control is also shown (⫺).
After 24 h, total cell lysates (CL) and conditioned media (CM) were collected and analyzed by Western blotting. J, 293T CR1WT cells were co-transfected with the
indicated siRNAs and expression vectors. After 24 h, medium was replaced with 5% serum containing medium and incubated for 24 h. Total cell lysates (CL) and
conditioned medium (CM) were collected and analyzed by Western blotting.
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FIGURE 9. Mechanism of CR-1-mediated tumor angiogenesis.

SW480 CR1 cells to induce endothelial cell migration upon
EGF stimulation (Fig. 8C).

DISCUSSION
We have previously shown that CR-1 exhibits pro-angiogenic activity through a Nodal-independent, c-Src/MAPK/
PI3K-Akt-dependent pathway (16). In the present study, we
have further delineated the mechanism by which CR-1 can
function as an endothelial migration factor. Soluble forms of
CR-1 protein were able to induce endothelial migration in contrast to the cell-associated CR-1. On the other hand, membrane-bound forms (a GPI-anchored or a transmembrane
form) of CR-1 were able to induce endothelial cell sprouting
through a direct cell-to-cell interaction. These findings suggest
that soluble CR-1 can act as a paracrine chemoattractant for
endothelial cells and that membrane-bound CR-1, which is
expressed on the surface of tumor cells, can locally stimulate
endothelial cells to potentially form vessels.
Previous reports have shown that the shedding of GPI-anchored proteins can be induced by various factors (34), some of
which were also found to facilitate CR-1 shedding in colon cancer cells, such as PMA (35) and EGF (36). The present study
demonstrates that LPA or EGF can stimulate tumor cells that
are expressing CR-1 to facilitate shedding, which could then
possibly enhance endothelial cell migration. The concentration
of CR-1 protein from SW480 cells stimulated with growth factors such as EGF or LPA was ⬃40 – 60 ng/ml by enzyme-linked
immunosorbent assay, and we have previously reported that
the range plasma CR-1 level in the clinical cancer patients was
0.86 –19.18 ng/ml. Based on these findings, it is speculated that
the local concentration of CR-1 protein in clinical tumor tissues
could be high enough for its biological activity. The present
findings may also explain one additional indirect mechanism by
which either LPA or EGF might induce tumor angiogenesis
(27, 28). The fact that an EGFR inhibitor blocked the effect of
EGF to facilitate CR-1 shedding and subsequently to attract
endothelial cells may suggest the possible usage of EGFR
inhibitors to block tumor angiogenesis enhanced by CR-1
shedding (Fig. 9).
This is the first study to define a detailed cellular mechanism
by which CR-1 can be released as a soluble growth factor.
Native or overexpressed CR-1 protein was released from cells
into the conditioned medium by stimuli, such as serum, PMA,
or several growth factors or cytokines. Release of GPI-anchored
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CR-1 was found to be mediated by GPI-PLD, which is the only
identified mammalian phospholipase that can cleave the GPI
linkage of GPI-anchored proteins (30). Recent reports have
shown that the tumor marker carcinoembryonic antigen,
which is also a GPI-anchored protein, is released from cells by
the enzymatic activity of GPI-PLD in a regulatory mechanism
that is similar to the release of CR-1 (37, 38). In addition, CR-1
was found to be present in the plasma of breast and colon cancer patients, suggesting the possible use of plasma CR-1 levels
as a tumor marker (20). Therefore, the regulation of CR-1 shedding might also be important for diagnosis of cancer.
CR-1 shedding by GPI-PLD is inducible by certain stimuli
such as serum, EGF, or LPA. A PLC␥-PKC intracellular signaling pathway is known to be a common signaling pathway that is
activated by these factors (39, 40). In fact, the PLC␥ inhibitor or
the PKC inhibitor blocked CR-1 shedding induced by these
factors. These data suggest inducible regulation of the enzymatic activity of GPI-PLD via a PLC␥-PKC pathway, although
there are no reports of such inducible activation of this enzyme.
To prove the inducible activation of this enzyme, analysis based
on enzyme assay(s) should be performed in the future. Because
GPI-PLD is a secreted enzyme as described previously (33) and
as we demonstrated here, the translocation of CR-1 protein
could be another possible mechanism of inducible shedding of
CR-1 by GPI-PLD.
The importance of ectodomain shedding of cell-associated
pro-ligands has previously been described (41). In this context,
the EGF family of growth factors are initially synthesized as
membrane-bound precursors and processed by a disintegrin
and metalloproteinase domain (ADAM) proteases to function
as mature ligands (42, 43). Inhibition of shedding of EGF-related growth factors may be effective as a therapeutic target of
cancer (44). Initially, CR-1 was discovered as an EGF-related
peptide and has since been shown to induce signaling through a
Nodal-independent signaling pathway that is similar to pathways that are activated by EGF family ligands through the EGFR
(1, 3). Even though the one or more precise mechanisms of this
Nodal-independent signaling pathway, including its receptor(s)
or functional domain(s), remain to be investigated, it is likely
that the shedding of CR-1 might have similar importance with
that of other EGF family ligands. This study strongly suggests
the possibility that the angiogenic and oncogenic effects of
CR-1 might be enhanced by its shedding and that shedding of
CR-1 could be a potential target for cancer therapy.
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