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Glycoprotein VI (GPVI) is the major collagen recep-
tor underlying platelet activation. We cloned the full-
length cDNA for GPVI (GPVI-1) and its two isoforms
(GPVI-2 and -3) from phorbol-ester-stimulated CMK
cells. The GPVI-1 cDNA was identical in the coding
region with the cDNA that has recently been reported
to belong to the immunoglobulin superfamily. The
GPVI gene consisted of 8 exons spanning over 23 kbp
and was mapped on the chromosome 19q13.4. The pro-
moter of GPVI gene lacked TATA and CAAT boxes and
had multiple transcription start sites like other
megakaryocytic genes. When COS-7 cells were co-
transfected with the GPVI isoforms and Fc receptor
gamma chain, Fc receptor gamma chain was associ-
ated with GPVI-1 and -2 but did not affect the GPVI
expression levels. GPVI-1 and -2 could bind the
collagen-related peptide, which exhibits triple-helical
and polymeric structure of collagen to activate plate-
lets via GPVI. © 2000 Academic Press
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Platelets adhere to the extracellular matrix protein,
collagen, at the site of vascular damage and become
activated through specific membrane receptors, result-
ing in shape change, granule release, and aggregation.
These processes contribute to the formation of a hemo-
static plug. Although many platelet surface glycopro-
teins (GPs) have been proposed as receptors for colla-
gen, it has generally been accepted that the integrin

Abbreviations used: GP, glycoprotein; CRP, collagen-related pep-
tide; FcRvy, Fc receptor y chain; RT, reverse transcription; PMA,
phorbol 12-myristate 13-acetate; RACE, rapid amplification of cDNA
ends; PBS, phosphate-buffered saline.

The nucleotide sequences reported have been submitted to the
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a,B; and GPVI play a critical role in adhesion and
activation, respectively (1).

The first report that GPVI may be involved in
collagen-platelet interactions came from the clinical
study of a patient with mild bleeding disorders whose
platelets lack GPVI but not «,8, and show selective
deficiency in collagen-induced platelet aggregation and
release reaction (2). Cross-linking GPVI by the F(ab’),
of anti-GPVI IgG stimulates platelet activation and
tyrosine phosphorylation of Syk tyrosine kinase and
phospholipase Cy2 similar to collagen stimulation,
whereas GPVI-deficient platelets specifically lack acti-
vation of Syk and phospholipase Cy2 in response to
collagen (3, 4). Since then the character of GPVI has
been studied mainly from the point of view of intracel-
lular signaling (1). Furthermore, two specific agonists
for GPVI have been discovered. One is the snake
venom convulxin from Crotalus durissus terrificus,
which has been known to be a powerful platelet acti-
vator (5, 6). The other is collagen-related peptide
(CRP), which is made up from a backbone of Gly-Cys-
Hyp-(Gly-Pro-Hyp),,-Gly-Cys-Hyp-Gly and crosslinked
via the cysteine residues (7). CRP exhibits triple-
helical and polymeric structure to activate platelets via
GPVI independent of «,3; (8, 9). Now has been evident
that GPVI is non-covalently and constitutively associ-
ated with Fc receptor vy chain (FcRy) as a signal trans-
ducing subunit containing an immunoreceptor
tyrosine-based activation motif (10). Analogy to the
antigen and Fc receptor signaling, the GPVI-FcRy com-
plex is associated with the Src family kinases Fyn and
Lyn and mediates tyrosine phosphorylation of multiple
proteins, including FcRy, Syk, phospholipase Cvy2, and
the adaptor molecules LAT and SLP-76, which are
essential for platelet activation upon collagen stimula-
tion (10-14). In contrast to characterization of the
GPVI signaling, molecular nature of GPVI itself has
not been known, until Clemetson et al. had recently
cloned the cDNA for GPVI from a bone marrow cDNA
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library (15). They revealed that GPVI is a member of
the immunoglobulin superfamily closely related to Fc
receptor for IgA and the natural Killer cell receptors.

In this report, we cloned the full-length cDNA for
GPVI that was identical with the cDNA reported by
Clemetson et al. in the coding region but different in
the 3’ untranslated region. In addition, we report two
other alternative splice forms of GPVI cDNA, the
genomic structure, the transcription start sites, the
chromosomal localization, and transfection experi-
ments in COS-7 cells.

MATERIALS AND METHODS

Reagents. Convulxin was purified as described by Polgar et al. (5)
from lyophilized Crotalus durissus terrificus venom. Convulxin-
coupled Sepharose 4B beads were prepared as described previously
(11). CRP was synthesized as described previously (7). Human anti-
GPVI 1gG was prepared from serum of a patient with GPVI defi-
ciency (2, 3), who has been followed up as an outpatient in our
department. Anti-FcRy IgG was produced by immunizing rabbits as
described previously (16). [a-*P]dCTP and [y-**P]JATP (3000 Ci/
mmol, 10 mCi/ml) were supplied by DuPont NEN (Boston, MA).
Restriction enzymes, S1 nuclease, and terminal deoxynucleotidyl
transferase were obtained from Takara Shuzo Co., Ltd. (Kyoto, Ja-
pan). All other reagents were obtained as previously reported
(10, 11).

Cell culture. The CMK cells were provided by Dr. T. Sato (Chiba
University, Japan) and maintained in RPMI Medium 1640 (GIBCO
BRL, Tokyo, Japan) with 10% fetal calf serum (GIBCO BRL), 100
1U/ml penicillin, and 100 pg/ml streptomycin (17). This cell line was
derived from a child with megakaryoblastic leukemia and shows
some characteristics of mature megakaryocytes after phorbol 12-
myristate 13-acetate (PMA) treatment (18). COS-7 cells (American
Type Culture Collection, Rockville, MD) were grown in Dulbecco’s
modified Eagle medium (GIBCO BRL) supplemented with 10% fetal
calf serum, 2 mM 1-glutamine, 100 1U/ml penicillin, and 100 wg/ml
streptomycin.

Purification of GPVI. Human platelet concentrates outdated for
clinical use were obtained from Japanese Red Cross Blood Centers.
Platelets (4.0 x 10* cells) were isolated from pooled concentrates as
previously described (19) and centrifuged to form pellets. The pellets
were lysed overnight in 2 | of buffer A (20 mM Tris—HCI, pH 7.4, 50
mM NaCl, 5 mM EDTA, 1% Triton X-100, 1 mM benzamidine, 1 mM
phenylmethylsulfonyl fluoride, and 50 wg/ml leupeptine) with a mild
shake. This and all following steps were performed at 4°C. The lysate
was cleared by centrifugation at 10,000g for 1 h and determined a
protein concentration by BCA Protein Assay Kit (Pierce, Rockford,
IL). The supernatant (2 I, 2.5 mg/ml) was loaded on a DEAE Sepha-
rose FF column (2 X 10 cm, Amersham Pharmacia Biotech UK Ltd.,
Buckinghamshire, UK) equilibrated in buffer A. The column was
washed with 4 column volumes of buffer A containing 150 mM NaCl
and eluted with buffer A containing 350 mM NacCl, since our prelim-
inary experiment showed that a major portion of GPVI bound to
DEAE Sepharose beads in the buffer containing 150 mM NacCl but
unbound to them in the buffer containing 350 mM NacCl. Fractions
containing GPVI (180 ml) were determined by immunoblotting with
anti-GPVI 1gG as described below and were twice passed over a
column of 1 ml of convulxin-coupled beads. The column was washed
with 300 ml of washing buffer (20 mM Tris—HCI, pH 7.4, 500 mM
NaCl, 5 mM EDTA, 1% Triton X-100, 0.1% SDS, 1 mM benzamidine,
1 mM phenylmethylsulfonyl fluoride, and 50 wg/ml leupeptine). Ab-
sorbed protein was eluted with 800 ul SDS sample buffer (2% SDS,
5% glycerol, 5% 2-mercaptoethanol, and 62.5 mM Tris—HCI, pH 6.8).
Twenty microliters of the sample was subjected to 10% SDS-PAGE

28

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

under reducing conditions, followed by staining with Coomassie bril-
liant blue R-250 and immunoblotting with anti-GPVI 1gG. We con-
firmed that a 62-kDa band was GPVI and that the sample contained
GPVI at a concentration of 5 ng/ul, comparing with bovine serum
albumin as a standard. Thus, we could isolate about 4 ug of GPVI.

Amino acid sequencing. The GPVI sample (750 ul) was subjected
to 10% SDS-PAGE on two gels (160 X 100 X 1 mm), followed by
Coomassie brilliant blue staining. GPVI was subjected to in-gel di-
gestion with lysyl endopeptidase (Wako, Tokyo, Japan) and to
reversed-phase HPLC on a TSK gel ODS-80Ts QA (2.0 X 250 mm,
Tosoh, Tokyo, Japan). Three peptides among four isolated peptides
were sequenced with the Hewlett-Packard G1005A Protein Sequenc-
ing System (Hewlett-Packard, Co., Palo Alto, CA).

Construction of a ¢cDNA library. CMK cells were cultured in
RPMI 1640 with 20 nM PMA for 3 days. Poly(A)+ RNA was isolated
from the cells with the FastTrack 2.0 Kit (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. A cDNA library was
constructed from 5 ug of the poly(A)+ RNA primed with oligo(dT)
using the ZAP Express cDNA Synthesis Kit (Stratagene, La Jolla,
CA) and ZAP Express cDNA Gigapack 111 Gold Cloning Kit (Strat-
agene) according to the manufacturer’s instructions. The primary
cDNA library in the ZAP Express lambda vector (5 X 10° plaque-
forming units) was once plaque-amplified for screening by infection
into Escherichia coli XL1-Blue MRF'.

cDNA cloning of the GPVI isoforms. The degenerate primers
were designed based on the amino acid sequences obtained above.
Degenerate PCR was performed on the first strand cDNA synthe-
sized from the poly(A)+ RNA of CMK cells using the Omniscript
Reverse Transcriptase (Qiagen Inc., Valencia, CA) and oligo(dT)
primers. A 209-bp DNA product was amplified by PCR using the two
primers, 5'-CARGCNGTNYTNTTYATHCC (a sense primer based on
QAVLFIP) and 5-CCRTANCKNGTYTGRCAYTG (an antisense
primer based on QCQTRYG). The PCR product was labeled with
[a-*P]dCTP using Random Primer DNA Labeling Kit (Takara Shuzo
Co., Ltd.). The CMK cDNA library was screened by the labeled DNA
according to the standard method described by manufacturer. Posi-
tive clones were in vivo excised into insert-containing pBK-CMV
phagemid vector by infection with ExAssist helper phage (Strat-
agene) followed by transduction of filamentous phage particles into
Escherichia coli XLOLR according to the manufacturer’s protocols.

Rapid amplification of cDNA ends. The rapid amplification of 5’
cDNA ends (5'-RACE) of GPVI was performed as described previ-
ously (20). The poly(A)+ RNA from PMA-treated CMK cells was
reversed-transcribed into cDNA using the gene-specific primer 5'-
GTAGGGTTACGTCCCCTCCT (positions +406 to +425 of the
cDNA). The first strand cDNA was purified with QlAquick PCR
Purification Kit (Qiagen) and added oligo(dA) at the 5’ ends by
terminal transferase. 5’-ends of the GPVI cDNA was PCR-amplified
using the gene-specific primer SP5 5'-CTTCCGTTCTGGTA-
GGAGCA (positions +290 to +309 of the cDNA) and oligo(dT) prim-
ers and sequenced.

DNA sequence analysis. PCR products subcloned into pBlue-
script vector or cDNAs inserted into pBK-CMV vector were se-
quenced both strands by the BigDye Terminator Cycle Sequencing
Kit using the ABI PRISM 310 Genetic Analyzer (Applied Biosys-
tems, Inc., Foster City, CA). Analysis of the sequence data was
performed using the BLAST and Electronic PCR programs on the
World Wide Web server of the National Center for Biotechnology
Information and the Genetyx-Mac ver. 7.3 program (Software Devel-
opment Co., Ltd., Tokyo, Japan).

S1 mapping. S1 nuclease protection analysis was performed on
the poly(A)+ RNA from PMA-treated CMK cells as described (21).
A single-stranded DNA probe (positions —213 to +72) was syn-
thesized by genomic PCR using a *P-labeled primer at a 5’ end
and was isolated by electrophoresis on a denaturing 5% polyacryl-
amide gel. The probe and 2 ug of the RNA was hybridized over-
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GPVI-3

781 AAAGGAGTCAGACTCTCCAGCT(SIBBETCCTGCCCGCCAGTACTACACCAAGGGCAACC
KESDSPAGESTEC VLIHQGQFP

GPDMPRGCDPNNPGGVSGRGLAQPEEAPAAQGQGCAEAASAPAAPPADPEITRGSGWRPT
GCSQPRVMFMTAEPQARSYPREGSWHGRRLKDWRVWS VEAGGQRLQLWKRGHAASSWCST
REPFGQCLSVCLPLCLRAPSIWDGRNLWRPHPPPCTLWMTWYPGWTTYWPLSSTSLIWAP
DGSLRFPALRVDSVPSSVANPPVLPFGPLCSCLYFPRNSHPHSISHCGLTNLLSSLRTGL
AGSLGMSFIFLSVKLARCPLPFTLENKISLCNMVKPHLYQANKKTQKLARCGGASLYSQQ
LGGLRWENGLSLGGRGCSELRSHHCTLARVTKPDLVSKNTGMNMSITLI*

FIG. 1. Nucleotide sequence and the predicted amino acid
sequence of the GPVI isoform cDNAs. The three peptides derived
from purified GPVI are shaded. The putative signal sequence and

GTCGGCCCCCAGCGACCCCCTGGAGCTTGTGGTCACAGGAACCTCTGTGACCCCCAGCCG

29

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

night at 55°C, digested with S1 nuclease for 30 min at 37°C, and
analyzed on a denaturing 8% polyacrylamide gel, followed by
autoradiography.

Transient expression in COS-7 cells. The cDNA of GPVI was
amplified by reverse transcription (RT)-PCR from the CMK RNA
using the primers 5'-CAGAGCTCAGGACAGGGCTG (positions +2
to +21) and 5'-GCCTCCCATGCCATGATCCC (positions +1083 to
+1102), subcloned into pBluescript vector and sequenced. The insert
was excised from the vector with EcoRl, since the GPVI cDNA had a
restriction site for EcoRI at the positions +692 to +697. The insert
was ligated into EcoRI-digested pBK-CMV containing the GPVI iso-
form cDNAs that was screened and cloned above. To enhance expres-
sion in eukaryotic cells, the vector was digested with Nhel and Spel
and religated to remove the prokaryotic 5’-untranslated sequence as
recommended by the supplier. Thus, we constructed the expression
vectors pBK-CMV-GPVI-1, -2, and -3 that contained the entire
cDNAs of GPVI isoforms. The cDNA of the entire coding region of
FcRy was also amplified by RT-PCR from the CMK RNA, subcloned
into pBluescript vector, and sequenced. The insert was subcloned
into pBK-CMV (pBK-CMV-FcRy) at EcoRI and Xhol sites. The pBK-
CMV-GPVI-1, -2, or -3 (1 pg/dish) was transfected with or without
pBK-CMV-FcRy (1 ng/dish) into subconfluent COS-7 cells in 60 mm
dishes using the Effectene Transfection Reagent (Qiagen) following
to the manufacturer’s protocol. The cells were studied 72 h after
transfection.

Affinity precipitation of convulxin-binding proteins. GPVI and
FcRy associated with it were isolated from COS-7 cells with
convulxin-coupled Sepharose 4B beads as described previously (11).
Briefly, transfected cells were washed twice with phosphate-buffered
saline (PBS) and lysed in buffer containing 1% Triton X-100 (1
ml/dish). The lysates were incubated with 40 ul convulxin-coupled
beads. After washing the beads, proteins were eluted in 90 ul SDS
sample buffer and boiled for 5 min. For preparation of whole cell
lysates, the Triton X-100 lysates were diluted with 2 X SDS sample
buffer and boiled for 5 min.

Immunoblotting. Immunoblot analysis of GPVI and FcRy was
performed as described previously (10, 11). The whole cell lysates of
COS-7 cells or convulxin-binding proteins were subjected to SDS—
PAGE and transferred to nitrocellulose membranes. Immunoblot-
ting was carried out with protein detection by enhanced chemilumi-
nescence.

Flow cytometry. Convulxin and CRP were biotinylated with 5-(N-
succinimidyloxycarbonyl)pentyl p-biotinamide (Dojindo, Kumamoto,
Japan) as described previously (22). Transfected cells were washed
twice with PBS and detached by treatment with PBS containing 5
mM EDTA. The cells suspended in 100 ul PBS containing 2 mM
EDTA and 0.5% bovine serum albumin were stained with biotinyl-
ated convulxin or CRP for 30 min at 4°C, followed by staining for 15
min at 4°C with fluorescein-conjugated streptavidin (Caltag Labora-
tories, Burlingame, CA). After washing, the cells were analyzed on a
FACScan (Becton Dickinson Immunocytometry Systems, San Jose,
CA). Washed human platelets were prepared from normal donors or
a GPVI deficient patient as described previously (4). The platelets
(1 X 107 cells/100 wl) were analyzed by flow cytometry as described
above.

transmembrane domain are indicated by dotted underlines. The
expressed sequence tags AA308708 and AA494446 are thin under-
lined. The stop codons (TGA) are boxed. The polyadenylation motif
(AATAAA) is in boldface type. The bold underlined nucleotide se-
quence is deleted in GPVI-2. The boxed nucleotides (GTGA) are
inserted in GPVI-3, resulting in a frame shift.
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Amino acid MW kDa

GPVI-1 339 (319) 37.0 (34.9)

GPVI-2 321 (301) 35.2 (33.1)

GPVI-3 620 (600) 67.3 (65.3)

FIG. 3. Genomic structure of the GPVI gene. The eight exons are shown as boxes. The numbers over the boxes are nucleotides referred
in Fig. 1. The positions of the start and stop codons are indicated. The signal sequence, 1g-C2 domains, and transmembrane domains are
hatched. The untranslated regions are shaded. The numbers of amino acids and theoretical molecular masses of the GPVI isoforms are
indicated. The values excluding the signal sequence are also denoted in the parentheses.

RESULTS AND DISCUSSION

cDNA cloning of the GVI isoforms. Because con-
vulxin specifically and strongly binds GPVI (5, 6, 11),
we used affinity chromatography on convulxin-coupled
agarose beads to concentrate GPVI from the Triton-X
100 soluble phase of platelet lysate and directly sub-
jected the GPVI-rich extract to SDS-PAGE. A 62-kDa

PSLQALPSSLVPLEK; peptide-2, PSLSAQPGPAVSS-
GGDVTLQCQTRYGFDQ; peptide-3, LSSSRYQDQAV-
LFIPAMK. Because we have found that treatment of
CMK cells with PMA induced surface expression of
GPVI accompanied by expression of FcRy (manuscript
in preparation), we chose PMA-treated CMK cells as a
source of MRNA for RT-PCR and to construct a cDNA

band under reducing conditions was identified as GPVI
with immunoblotting using anti-GPVI antibody. Using
this two-step purification method, we could success-
fully isolate about 4 ug of GPVI from human plate-
let concentrates. Four peptides were separated by
reversed-phase HPLC after the protein was digested
with lysyl endopeptidase. We obtained the following
amino acid sequences from three peptides; peptide-1,

library for cloning of the GPVI cDNA. PCR with two
degenerate primers, CARGCNGTNYTNTTYATHCC (a
sense primer based on QAVLFIP of peptide-3) and
CCRTANCKNGTYTGRCAYTG (an antisense primer
based on QCQTRYG of peptide-2), generated a 209-bp
DNA product. We then screened the CMK cDNA li-
brary with the PCR product as a hybridizing probe and
obtained several clones matching the sequences of

FIG. 2. Determination of the transcription start sites for GPVI. (A) 5’'-RACE was performed using the primers SP5 (lanes 2, 3, and 5) and
UP (lanes 2, 4, and 5) with (lanes 2—4) or without reverse transcription (lane 5) on poly(A)+ RNA from PMA-treated CMK cells. The products
were subjected to 1.2% agarose gel electrophoresis and ethidium bromide staining. Molecular size markers were run in lane 1. (B) The
5’-end-labeled probe (extending from —213 to +72) was annealed to poly(A)+ RNA from PMA-treated CMK cells (lane 3) or no RNA (lane
4). The product was digested by S1 nuclease and separated on a denaturing 8% polyacrylamide gel, followed by autoradiography. The
5’-end-labeled probe (lane 2) and molecular size markers (lane 1) were also run in parallel. The positions of the transcription start sites are
shown on the right. (C) The 5’-end of GPVI cDNA and the 5’-flanking region of the gene are shown. The 5’ ends of the 5'-RACE products from
A are denoted by asterisks. Five of the ten clones sequenced were positioned at +1. The primer SP5 used in A is indicated by an arrow. The
probe used in B is dotted underlined. (D) Comparison of the transcription start sites of megakaryocyte- or platelet-specific genes, including
GPVI, human a,,, and «, integrins, GPIX, PF4, and GPV genes, with mouse terminal deoxynucleotidyl transferase gene (Tdt). The sequences
flanking the +1 position of them are shown. Bold letters represent nucleotides corresponding to the consensus sequence PyPyPyPyCAPYy-
PyPyPy of the Tdt gene.
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TABLE |
Sequences at the Exon—Intron Junctions of the GPVI Gene

Sequence at exon/intron junction

Exon # (size) 5’ splice donor . . . (intron size) ... 3" splice acceptor Exon #

1 (62 bp) CTG TCT TG gtgagtcctga. . . (5665 bp) . .ctttcctcag G GCT GTG 2
cC L G L C

2 (31 bp) GCA GAG TG gtgagtcctt. . . (109 bp) . .cctettccag G ACC GCT 3
Q S G P L

3 (257 bp) TGC CAC GG gtaaaggaag. . . (4276 bp) . .tttctcccag G AGT TTT 4
A T G \% F

4 (284 bp) GGT CAC AG gtaggggtag. . . (2306 bp) . .gatttcccag G AAC CTC 5
\% T G T S

5 (53 bp) GGT AGC AG gtaggttetg. . . (6506 bp) . .gctttcttag A ATT CTC 6
\% A E F S

6 (59 bp) CAC AAC TG gtgagtaacc. . . (2001 bp) . .tggttcccag A GAC TTC 7
T T E T S

7 (50 bp) TCC AGC TG gtgagtaagt. . . (517 bp) . .cattctccag G TCC TGC 8
P A G P A

7' (54 bp) TCC AGC TGG TGA gtaagta. . . (513 bp) . .cattctccag GTC CTG 8
P A G E S C

Note. Exon 7' represents a splice variant for GPVI-3.

peptide-2 and -3. Because none of them contained the
sequence of peptide-1 and an expected start ATG
codon, we performed 5'-RACE on RNA from PMA-
stimulated CMK cells with the primer SP5 (Fig. 2C).
This yielded a product of about 380 bp (Fig. 2A). We did
subcloning the DNA fragment and sequenced ten
clones. 5’-end of a half of the sequenced clones started
at the same position that we defined as +1, while the
other clones started at upstream positions between —1
and —113 (Fig. 2C). These clones encoded peptide-1
and -3, and a putative signal peptide with a starting
methionine. Thus, we cloned a full-length cDNA for
GPVI of 2260 bp with an open-reading frame and a
poly-A signal at the 3’ end (designated as GPVI-1 in
Fig. 1). We also isolated two other variant cDNAs for
GPVI with the same screening. Some positive clones
with the screening described above had 54-base dele-
tion from +657 to +710. Another clone had additional
4 bases (GTGA) from +822. We named the deletion
variant as GPVI-2 and the insertion variant as GPVI-3.
The coding region of the GPVI-1 cDNA was identical to
the cDNA for GPVI that Clemetson et al. have recently
reported (15), while the 3’-untranslated region (from
+1109 to the last) differed from their cDNA. Although
the reason why it differs from ours is unknown, our
sequence of the 3’-untranslated region was confirmed
by the genomic sequence of GPVI described below. We
isolated and sequenced the cDNA for GPVI-1 (+1 to
+1756) with RT-PCR on poly(A)+ RNA from human
platelets and conformed that it was the same as the
GPVI-1 cDNA from CMK cells. As previously reported
(15), the cDNA for GPVI-1 encoded 339 amino acids
including a leader signal sequence, two Ig-C2-like do-
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mains, a putative transmembrane domain, and a
unique cytoplasmic tail (Fig. 1). The deletion of 18
amino acids in GPVI-2 was between the 1g-C2 domains
and the transmembrane domain without a frameshift
(Fig. 1). The 4-base insertion in GPVI-3 caused a frame
shift resulting in elongation of 361 amino acids with no
apparent transmembrane domain following two 1g-C2-
like domains. The 3’-untranslated region contained
two expressed sequence tags, AA308708 and
AA494446, derived from colon cancer cells. This sug-
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FIG. 4. Chromosomal localization of the GPVI gene. On the
middle are shown relative positions of framework markers on the
Généthon human genetic linkage map and FcaR, KIR2, and MIR-10
genes on the chromosome 19q13.4. The sequence-tagged sites SHGC-
13495 and HS319VBS5 are positioned relative to the exons of GPVI on
the right. Note that HS319VB?5 is derived from D19S418.
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FIG. 5. Western blot analysis of COS-7 cells transfected with the GPVI isoforms and FcRy. COS-7 cells were transfected with
pBK-CMV alone, pBK-CMV-FcRy, pBK-CMV-GPVI-1, -2, or -3 (lanes 1-5), or were cotransfected with pBK-CMV-FcRy and pBK-CMV-
GPVI-1, -2, or -3 (lanes 6-38). (A) Cells were lysed in SDS sample buffer, resolved on 10% (a) or 12.5% (b) SDS-PAGE, transferred to
nitrocellulose membranes, and immunoblotted with anti-GPVI IgG (a) or anti-FcRy 1gG (b). (B) Cells were lysed in Triton X-100-
containing lysis buffer. Proteins were precipitated by affinity with convulxin-coupled Sepharose 4B and subjected to immunoblot
analysis as described in A. Molecular mass markers are indicated in kDa on the left. Positions of the GPVI isoforms and FcRy are

indicated on the right.

gests that GPVI might be expressed and plays some
roles in cancer cells, although GPVI has been reported
to be only expressed in platelets and megakaryocytes
among normal tissues or cells (10, 23).

Genomic structure and chromosomal localization of
GPVI. By searching the database with the GPVI
cDNA sequence, we found the full span of GPVI gene in
the chromosome 19 clones CTC-550B14 and RP11-
700B5, which have been sequenced in the Human Ge-
nome Project. CTC-550B14 and RP11-700B5 consisted
of unordered 11 and 23 contigs, respectively. A 58-kbp
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contig in length of CTC-550B14 contained the full
GPVI gene consisted of 8 exons spanning over 23 kbp,
whereas the GPVI gene divided into three contigs of
RP11-700B5 (Fig. 3). Thus, we could determine the
genomic structure of the GPVI gene and its 5’-flanking
region. The sequences at the all exon—intron junctions
followed to the GT/AG rules (Table I). The exon 1 and
2 encoded a signal sequence of 20 amino acids, whereas
the exon 3 and 4 encoded Ig-C2-like domains. A mucin-
like sequence was encoded in the exon 5-7. The exon 8
of 1460 bp in length encoded a transmembrane domain
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and contained a 3’-untranslated region and a poly-A
signal. The exon 5 was deleted in the cDNA for GPVI-2
without a frameshift, whereas the GPVI-3 cDNA had a
4-bp insertion at the end of the exon 7, producing a
frameshift. It became evident that GPVI-2 and -3 were
alternatively spliced forms (Fig. 3). To determine the
localization of the GPVI gene on the genome, we
searched the contig including the GPVI gene for
sequence-tagged site markers with the electric PCR
program of the National Center for Biotechnology In-
formation. We detected two sequence-tagged sites,
HS319VB5 and SHGC-13495, in the first intron and
the 5'-flanking region of the GPVI gene, respectively.
HS319VBS5 is derived from the microsatellite frame
marker D19S418, which has been mapped on the chro-
mosome 19g13.4 on the Généthon genetic map (24),
whereas SHGC-13495 is derived from an expressed
sequence tag and falls at the same position by RH
mapping (25). Thus, the GPVI gene was mapped on the
chromosome 19q13.4 (Fig. 4). The genes for FcaR and a
series of the NK cell receptors are located near the
GPVI gene (25). They all belong to the immunoglobulin
superfamily and are closely related.

Determination of transcription start sites for GPVI
gene. To confirm the transcription start sites of
GPVI, we conducted an S1 nuclease mapping exper-
iment on the mRNA from PMA-treated CMK cells
with a probe designed from the 5’ end of GPVI gene
(positions —214 to +72) (Figs. 2B and 2C). The re-
sults obtained from the S1 nuclease mapping con-
sisted with that of the 5'-RACE described above. The
major start site in S1 nuclease mapping was +1
position, whereas the minor sites were positioned at
between —13 and —94. The promoter of the GPVI
gene lacked TATA and CAAT boxes and had multiple
transcription start sites like other megakaryocytic
genes, such as the integrin «,, and «a,, GPIX, PF4,
and GPV genes (26-29). The major start sites of
those genes including the GPVI gene matched the
consensus sequence for initiation found in the mouse
terminal transferase gene (Fig. 2D) (26-29).

Transient expression of the GPVI isoforms in COS-7
cells. To characterize the GPVI isoforms that we
cloned, we performed a transient expression experi-
ment in COS-7 cells. When COS-7 cells were trans-
fected with GPVI-1, -2, and -3, the GPVI isoforms
were expressed with molecular masses of 56, 50, and
70 kDa, respectively, under non-reduced conditions
(Fig. 5A), and of 60, 54, and 74 kDa, respectively,
under reduced conditions (data not shown) on immu-
noblot with anti-GPVI antibody. The theoretical mo-
lecular masses of GPVI-1, -2, and -3 excluding the
signal sequence were 34.9, 33.1, and 65.3 kDa, re-
spectively (Fig. 3). The increase of molecular masses
seems to be due to glycosylation of GPVI in COS-7
cells. GPVI has a putative N-glycosylation site in the
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FIG. 6. Flow cytometric analysis of COS-7 cells transfected with
the GPVI isoforms and FcRy. COS-7 cells were transfected with
pBK-CMV alone, pBK-CMV-GPVI-1, -2, -3, or pBK-CMV-FcRy (pan-
els a—e), or were cotransfected with pBK-CMV-FcRy and pBK-CMV-
GPVI-1, -2, or -3 (panels f—h). (A) Transfectants were stained with
biotinylated convulxin or bovine serum albumin as a negative con-
trol, followed by fluorescein-labeled streptavidin and were ana-
lyzed by flow cytometry. (B) Transfectants were stained with bio-
tinylated CRP or bovine serum albumin as a negative control, fol-
lowed by fluorescein-labeled streptavidin and were analyzed by flow
cytometry.

1g-C2 like domains and the mucin-like region that
might be modified by O-glycosylation (15). To detect
surface expression level of the GPVI isoforms, we
developed flow cytometry with biotin-labeled con-
vulxin, which bound to normal platelets but not
GPVI-deficient platelets (data not shown). GPVI-1
and -2 were strongly expressed on the surface of
COS-7 cells, whereas GPVI-3 was weakly expressed
(Fig. 6A). Since GPVI is non-covalently and consti-
tutively associated with FcRy in platelets (10), we
cotransfected COS-7 cells with the GPVI isoforms
and FcRy. The cotransfection of FcRy did not affect
either the protein expression level or surface expres-
sion level of the GPVI isoforms in COS-7 cells, judg-
ing from immunoblot of whole cell lysates (Fig. 5A)
and flow cytometry (Fig. 6A). Convulxin-coupled
beads precipitated the GPVI isoforms from the trans-
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fected COS-7 cells (Fig. 5B). FcRy was coprecipitated
with GPVI-1 and -2 but not with GPVI-3 (Fig. 5B).
GPVI-1 and -2 have a positively charged arginine in
the transmembrane domain that seems to play an
important role in association with FcRvy, as reported
on the Fc receptors associated with FcRy (30),
whereas GPVI-3 did not have a distinct transmem-
brane domain. Although FcRvy is known to enhance
expression of FceRI and FcyRIIIA, but not FcyRI and
FcaR among the Fc receptors (30), the expression
levels of the GPVI isoforms were not affected by
FcRwy in our transfection experiment. CRP exhibits
triple-helical and polymeric structure of collagen and
activates platelets via GPVI independent of «,3; (7—
9). We determined the ability of the GPVI isoforms to
bind CRP by flow cytometry with biotin-labeled CRP.
We confirmed that biotin-labeled CRP bound to nor-
mal platelets but not GPVI-deficient platelets (data
not shown). Biotin-labeled CRP bound to GPVI-1
and -2 expressed on COS-7 cells, irrespectively of
FcRy, whereas GPVI-3 did not bind CRP (Fig. 6B).
Thus, GPVI-1 and -2 by themselves had ability to
recognize and bind the triple-helical structure of col-
lagen that CRP mimics.

We reported the full-length cDNA for the GPVI iso-
forms, the genomic structure, the transcription start
sites, the chromosomal localization, and transfection
experiments in COS-7 cells. Although physiological
and pathological roles of the GPVI isoforms remain to
be investigated, this study provides the molecular ba-
sis for further understanding the collagen receptor
GPVI.
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