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The two lectin receptors, CLEC-2 and Dectin-1, have been
shown to signal through a Syk-dependent pathway, despite
the presence of only a single YXXL in their cytosolic tails. In
this study, we show that stimulation of CLEC-2 in platelets
and in two mutant cell lines is dependent on the YXXL motif
and on proteins that participate in signaling by immunore-
ceptor tyrosine-based activation motif receptors, including
Src, Syk, and Tec family kinases, and on phospholipase Cv.
Strikingly, mutation of either Src homology (SH) 2 domain of
Syk blocks signaling by CLEC-2 despite the fact that it has
only a single YXXL motif. Furthermore, signaling by CLEC-2
is only partially dependent on the BLNK/SLP-76 family of
adapter proteins in contrast to that of immunoreceptor tyro-
sine-based activation motif receptors. The C-type lectin
receptor, Dectin-1, which contains a YXXL motif preceded by
the same four amino acids as for CLEC-2 (DEDG), signals like
CLEC-2 and also requires the two SH2 domains of Syk and is
only partially dependent on the BLNK/SLP-76 family of
adapters. In marked contrast, the C-type lectin receptor, DC-
SIGN, which has a distinct series of amino acids preceding a
single YXXL, signals independent of this motif. A mutational
analysis of the DEDG sequence of CLEC-2 revealed that the
glycine residue directly upstream of the YXXL tyrosine is
important for CLEC-2 signaling. These results demonstrate
that CLEC-2 and Dectin-1 signal through a single YXXL motif
that requires the tandem SH2 domains of Syk but is only par-
tially dependent on the SLP-76/BLNK family of adapters.
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The C-type lectin superfamily of transmembrane proteins
consists of at least 70 members in the human genome (1). The
superfamily can be divided into “classical” C-type lectins, which
contain a carbohydrate recognition domain and bind sugars in
a calcium-dependent manner, and the “nonclassical” C-type
lectin-like proteins, which contain a C-type lectin-like domain,
homologous to a carbohydrate recognition domain, but lacks
the consensus sequence for binding sugars and calcium (2).
Protein ligands for a number of classical and nonclassical
C-type lectin receptors have been described.

C-type lectin-like receptor 2 (CLEC-2)° is a type II trans-
membrane protein and a nonclassical C-type lectin (3). The
C-type lectin-like domain in CLEC-2 is supported by a 41-
amino acid neck region, a single transmembrane domain, and
31-amino acid cytoplasmic domain (3). CLEC-2 mRNA has
been identified in liver and in blood cells, mostly of myeloid
origin, including monocytes, granulocytes, and dendritic cells
(3). Recently, we have identified expression of CLEC-2 in plate-
lets and have shown that it functions as a receptor for the snake
venom toxin rhodocytin (also known as aggretin), which elicits
powerful platelet activation (4). Rhodocytin, however, also
binds to several other platelet receptors (5, 6), making it unclear
whether CLEC-2 is sufficient to mediate activation alone and
thereby hampering analysis of the mechanism of activation.

The cytosolic domain of CLEC-2 contains a single tyrosine
residue within a YXXL motif, a consensus sequence for phos-
phorylation by Src family kinases in immunoreceptor tyro-
sine-based activation motifs (ITAMs) and immunoreceptor
tyrosine-based inhibitory motifs (ITIMs). ITAMs have the
sequence YXX(L/I)X,_,,YXX(L/I), and ITIMs have the
sequence (L/I/V)XYXX(L/I/V). Phosphorylation of the two
tyrosine residues within an ITAM leads to recruitment of the
tyrosine kinases Syk and Zap-70 via their tandem Src homol-
ogy 2 (SH2) domains, leading to cellular activation (7, 8).

¢ The abbreviations used are: CLEC-2, C-type lectin-like receptor 2; SH, Src
homology; ITAM, immunoreceptor tyrosine-based activation motif; ITIM,
immunoreceptor tyrosine-based inhibitory motif; GST, glutathione
S-transferase; PMA, phorbol 12-myristate 13-acetate; PLCy, phospholipase
Cvy; WT, wild type; IL, interleukin; FWD, forward; REV, reverse; NFAT, nuclear
factor of activated T cells.
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Phosphorylated ITIMs binds to the SH2 domain-containing
tyrosine phosphatases, SHP-1 and SHP-2, or the lipid phos-
phatases SHIP1 and SHIP2, in most cases leading to cellular
inhibition (9).

Signaling by ITAM receptors, such as the platelet collagen
receptor complex, GPVI/FcR vy-chain, or the B and T cell anti-
gen receptors, is mediated via members of the Src, Syk, Tec,
Vav, SLP-76/BLNK, and PLCy families of signaling proteins
(reviewed in Refs. 10 —12). The specific members of each family
that mediate ITAM signaling are cell-dependent. For example,
SLP-76 is used by the T cell receptor (13) and the platelet col-
lagen receptor GPVI (14), although B cells use the homologous
protein BLNK (15).

We have shown that activation of platelets by rhodocytin is
critically dependent on the tyrosine kinase Syk and many of the
proteins that participate in ITAM signaling in platelets (4). This
has led us to propose that the snake venom toxin signals
through a similar pathway to that of ITAM receptors, with Syk
being recruited via the phosphorylated YXXL sequence in the
cytosolic tail of the lectin-like receptor. A similar coupling to
Syk has been proposed for a second C-type lectin receptor, Dec-
tin-1, which mediates activation of dendritic cells by zymosan
(16). A third YXXL-containing member of the C-type lectin
superfamily, DC-SIGN, has also been reported recently to sig-
nal to PLCy in dendritic cells, although the role of Syk in sig-
naling by this receptor is not known (17).

The aim of this study was to characterize the mechanism of
CLEC-2 signaling in platelets and in two hematopoietic-de-
rived cell line model systems and to compare this to signaling by
Dectin-1 and DC-SIGN. The results demonstrate that signaling
by CLEC-2 is completely dependent on the cytoplasmic YXXL
motif and requires both SH2 domains of Syk. The signaling
pathway activated by CLEC-2 involves Src, Syk, and Tec family
kinases and PLCy, but it is distinct from that of ITAM signaling
in that it has a partial rather than absolute dependence on the
SLP-76/BLNK family of adapter proteins. Dectin-1 signals in a
similar way to CLEC-2, whereas the mechanism of signaling by
DC-SIGN is distinct. The results demonstrate that some but
not all lectin receptors signal through a single YXXL motif lead-
ing to activation of PLCYy.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Polyclonal goat a-human
CLEC-2, a-mouse Dectin-1, and normal goat IgG were pur-
chased from R & D Systems Inc. (Minneapolis, MN). Mono-
clonal a-CD209 (DC-SIGN) was purchased from Pharmingen.
Rabbit polyclonal antibodies a-Syk, a-PLCv2, and a-Btk have
been described previously (18, 19). Anti-phosphotyrosine
monoclonal antibody 4G10, a-SLP-76 polyclonal antibody, and
a-LAT polyclonal antibody were purchased from Upstate Bio-
technology Inc. (TCS Biologicals Ltd., Bucks, UK). Anti-human
Vav3 antibody was a kind gift from Dr. Daniel Billadeau and was
raised in rabbits as described previously (20). Anti-MYC anti-
body was purchased from Cell Signaling Technology (New Eng-
land Biolabs, Herts, UK). F(ab’), fragments of the anti-human
FcyRIIA antibody IV.3 were generated as described previously
(21). Fluorescein isothiocyanate-conjugated donkey anti-goat
IgG secondary antibody was from Jackson ImmunoResearch.
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Horseradish peroxidase-conjugated sheep anti-mouse second-
ary antibody, horseradish peroxidase-conjugated donkey anti-
rabbit secondary antibody, and enhanced chemiluminescence
reagents (ECL) were purchased from Amersham Biosciences.
GST fusion proteins corresponding to single or tandem SH2
domains of Syk were prepared as described previously (22).
Rhodocytin was purified by Dr. Johannes Eble as described pre-
viously (23). The GPIIblIla antagonist lotrafiban was a gift from
GlaxoSmithKline (King of Prussia, PA), and the Gly-Arg-Gly-
Asp-Ser (GRGDS) peptide was obtained from Peptide Institute
(Osaka, Japan). The Src kinase inhibitor PD0173952 was a gift
from Pfizer Global Research and Development (Ann Arbor,
MI). The Src kinase inhibitor PP2 was purchased from Calbio-
chem. All other reagents were purchased from Sigma or from
previously described sources (18, 24).

Platelet Studies—Blood was drawn on the day of experiment
from healthy, drug-free volunteers into 1:10 (v/v) sterile sodium
citrate and 1:9 (v/v) acid citrate dextrose (ACD: 120 mM sodium
citrate, 110 mm glucose, 80 mM citric acid). Washed platelets
were prepared as described previously (18).

Platelet aggregation studies were carried out using washed
platelets at a concentration of 2 X 10%/ml in a Born aggregome-
ter (ChronoLog, Havertown, PA) at 37 °C with continuous stir-
ring at 1200 rpm for 5 min. Aggregation of platelets in response
to rhodocytin (300 nm) or a-CLEC-2 antibody (10 ug/ml) was
recorded by measuring change in optical density. Platelets were
preincubated with IV.3 F(ab’), (12 wg/ml), PP2 (10 um), or
PD0173952 (25 um) for 10 min prior to stimulation where indi-
cated. Platelets were used at 1 X 10°/ml for protein studies.
Lotrafiban (10 um) or GRGDS peptide (1 mm) was included in
the resuspension buffer to block aggregation and signaling
through GPIIblIla. Stimulations were carried out in a Born
aggregometer for the times shown. Following stimulation
platelets were lysed with an equal volume of 2 X lysis buffer (300
mM NaCl, 20 mm Tris, 2 mMm EGTA, 2 mm EDTA, 2% Nonidet
P-40, pH 7.4, with 2.5 mm Na;VO,, 100 ug/ml 4-(2-aminoeth-
yl)benzenesulfonyl fluoride, 5 ug/ml leupeptin, 5 wg/ml apro-
tinin, and 0.5 ug/ml pepstatin).

Constructs—Human CLEC-2 cloned into pcDNA3 has been
described previously (25). For these experiments CLEC-2 was
subcloned into pEF6 vector with a C-terminal MYC tag, pEF6/
Myc-His A (Invitrogen). A point mutation of the cytoplasmic
tyrosine residue of CLEC-2 to a phenylalanine (Y7F) was gen-
erated by a two-step PCR method (26). The mutating primers
CLEC-2-Y7E-REV (5'-GTT TTA ATA TTT AAG GTG ATG
AAT CCATCT TCATCCTG-3')and CLEC-2-Y7E-FWD (5'-
CAG GAT GAA GAT GGA TTC ATC ACC TTA AAT ATT
AAA AC-3') were used along with vector specific primers T7
and 4150 (5'-AGG CAC AGT CGA GGC TGA TC-3'). D3A,
E4A, D5A, and G6A CLEC-2 were generated by a single step
PCR approach. The mutating primers were D3A-FWD
(5'-TAG TAG GGA TCC ATG CAG GCT GAA GAT GGA
TAC-3'), E4A-FWD (5'-TAG TAG GGA TCC ATG CAG
GAT GCA GAT GGA TAC-3'), D5A-FWD (5'-TAG TAG
GGA TCC ATG CAG GAT GAA GCT GGA TAC ATC-3'),
G6A-FWD (5'-TAG TAG GGA TCC ATG CAG GAT GAA
GAT GCA TAC ATC ACC-3’), and hCLEC-2-REV (5'-TAG
TAG GCG GCC GCA GGT AGT TGG TCCACCTTG GTC-
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3"). Porcine Syk cloned into pcDNA3 has been described pre-
viously (27). Inactivating point mutants of each SH2 domain of
Syk were made by mutating Arg-37 or Arg-190 to Ala. In both
cases T7 and BGH were used as outside primers. Specific prim-
ers for the point mutants were Syk-R37A-FWD (5'-GGG CTC
TAC CTG CTT GCC CAG AGC CGC AAC TAC-3'), Syk-
R37A-REV (5'-GTA GTT GCG GCT CTG GGC AAG CAG
GTA GAG CCC-3'), Syk-R190A-FWD (5'-GGG AAG TTT
TTG ATC GCG GCC AGG GAC AAC GGG-3'), Syk-190A-
REV (5'-CCC GTT GTC CCT GGC CGC GAT CAA AAA
CTT CCC-3'). Human GPVI cloned into pRC plasmid has been
described previously (24). For these experiments hGPVI was
subcloned into pcDNA3 with a C-terminal MYC tag (Invitro-
gen). Human FcR y-chain DNA was amplified from HEL cell
c¢DNA by PCR (hFcRy-FWD (5'-TAG TAG GGA TCC CAG
CCC AAG ATG ATT CCA GC-3’) and hFcRy-REV (5'-TAG
TAG GCG GCC GCC TAC TGT GGT GGT TTC TCA
TG-3")) and cloned into pEF6 vector with no tag (Invitrogen).
Murine Dectin-1 was amplified from ¢cDNA prepared from
murine spleen by PCR (mDectin-1-FWD (5'-TAG TAG GGA
TCA TGA AAT ATC ACT CTC ATA TAG-3’) and mDectin-
1-REV (5'-TAG TAG GCG GCC AGT TCC TTC TCA CAG
ATA C-3")) and cloned into pEF6 vector with a C-terminal
MYC tag, pEF6/Myc-His. All sequences were verified by
sequencing. Wild type DC-SIGN in pcDNA3 has been
described previously (28). A point mutation of the YXXL tyro-
sine (Tyr-31) to phenylalanine was generated by a two-step
PCR method. The mutating primers were hDCSIGNY31F-
FWD (5'-CGA CAG ACT CGA GGA TTC AAG AGC TTA
GCA GGG-3') and hDCSIGNY31F-REV (5'-CCC TGC TAA
GCT CTT GAA TCC TCG AGT CTG TCG-3'). The NFAT
luciferase reporter contains three copies of the distal NFAT site
from the IL-2 promoter (29) and was kindly provided by Prof. A.
Weiss. The pEF6-lacZ expression construct was obtained from
Invitrogen.

Cell Culture and Transfection—DT40 chicken B cells were
grown in RPMI supplemented with 10% fetal bovine serum,
1% chicken serum, 100 units/ml penicillin, 100 wg/ml strep-
tomycin, 50 uMm mercaptoethanol, and 20 mm GlutaMAX.
DT40 cells rendered deficient for SYK (30), LYN (30), LYN/
SYK (31), BLNK (32), BTK (31), and PLCvy2 (33) were
described previously and kindly provided by Dr. T. Kurosaki
(Kansai Medical University, Moriguchi, Japan). Jurkat T cells
were grown in RPMI supplemented with 10% fetal bovine
serum, 100 units/ml penicillin, 100 ng/ml streptomycin, and
20 mMm GlutaMAX. Jurkat derivatives JCaM1 and JCaM1/Lck
and J14 and J14/SLP-76 (J14-76) were kindly provided by Dr.
A. Weiss (University of California, San Francisco) and have
been described previously (34, 35). Cells were transfected in
a volume of 400 pl of nonsupplemented RPMI by electropo-
ration using a GenePulser II (Bio-Rad) set at 350 V and 500
microfaradays for DT40 and 250 V and 950 microfaradays for
Jurkat cells. 293T cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, 100 units/ml
penicillin, 100 ug/ml streptomycin, and 20 mm Glutamax. 293T
cells were transfected with 5 ug of DNA of each DNA construct by
calcium phosphate precipitation.
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Cell Line Protein Studies—Cells were transfected as
described above with 10 pug of CLEC-2 or 10 pg of Y7F
CLEC-2. Twenty hours following transfection cells were
washed and resuspended in nonsupplemented RPMI. Cells
were stimulated with 500 nm rhodocytin at room tempera-
ture for 10 min. Where indicated, inhibitors were preincu-
bated with the cells for 10 min prior to stimulation. Follow-
ing stimulation cells were lysed with an equal volume of 2X
lysis buffer. 293T cells were harvested 48 h after transfection,
washed once in phosphate-buffered saline, and lysed in 500
wl of 1X lysis buffer.

Luciferase Assay—Cells were transfected as described above
with either 10 ug of CLEC-2, 10 ug of Y7F CLEC-2, 10 ug of
Dectin-1, or 2 ug of GPVI and 2 ug of FcR y-chain constructs,
in addition to 15 ug of the luciferase reporter construct and 2
pg of pEF6-lacZ to control for transfection efficiency. Where
indicated the receptor of interest was cotransfected along with
5 ug of wild type Syk, R37ASyk, or RI90ASyk into Syk-deficient
DT40 cells. Twenty hours after transfection, live cells were
counted by trypan blue exclusion, and samples were divided for
luciferase assay, (-galactosidase assay, and flow cytometry.
Luciferase assays were as described previously (36). For lucifer-
ase assays, rhodocytin was used at 50 nMm, a-CLEC-2 antibody at
40 pg/ml, a-DC-SIGN at 10 ug/ml cross-linked with sheep
a-mouse F(ab’), fragments at 30 ug/ml, zymosan at 250 pg/ml,
and convulxin at 10 ug/ml. Luciferase activity was measured
with a Centro LB 960 microplate luminometer (Berthold Tech-
nologies, Germany). Data are expressed either as luminescence
units normalized to B-galactosidase activity or as fold increase
in luminescence units over basal as indicated. All luciferase data
are averaged from three readings. Data are represented as one
experiment representative of three + S.E. for the three readings
of the experiment. B-Galactosidase assays were performed with
half a million cells using the Galacto-Light chemiluminescent
reporter assay, according to the manufacturer’s instructions
(Applied Biosystems, Bedford, MA). B-Galactosidase activity
was measured in triplicate using a microplate luminometer. All
luciferase assay data were normalized to 3-galactosidase values.

Flow Cytometry—Expression of each receptor was confirmed
by flow cytometry. For CLEC-2 or Dectin-1 detection, 5 X 10°
cells were stained in 50-ul volume for 20 min with either 10
pg/ml goat a-CLEC-2 or 10 ug/ml goat a-Dectin-1 antibody
alongside goat IgG as a negative control. Cells were then
washed and incubated for 20 min with 15 ug/ml fluorescein
isothiocyanate-conjugated «-goat IgG secondary antibody.
Stained cells were analyzed using a FACSCalibur (BD Bio-
sciences). Data were collected and analyzed using Cellquest
software.

Immunoprecipitation, Pulldowns, and Western Blotting—
Cell lysates were precleared, and detergent-insoluble debris
was removed as described (37). Following preclearing, 50-ul
aliquots of the stimulation were added to an equal volume of 2 X
Laemmli sample buffer for whole cell phosphorylation studies.
For immunoprecipitation and pulldown studies, lysates were
incubated with the indicated antibodies and a mixture of Pro-
tein A-Sepharose and Protein G-Sepharose or GST fusion pro-
teins corresponding to single or tandem SH2 domains of Syk
associated with glutathione-Sepharose. Following immunopre-
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cipitation, the Sepharose beads were washed, and resulting pro-
tein complexes were eluted with 2X Laemmli sample buffer.
The resulting whole cell lysates and immunoprecipitates were
resolved by SDS-PAGE, and Western blotting was carried out
as described previously (18).

Analysis of Data—Experiments were performed on at least
three occasions and are shown as representative data from one
experiment. Where experiments were carried out in triplicate,
results are presented as the mean of the data.

RESULTS

Anti-CLEC-2 Antibody and Rhodocytin Stimulate Similar
Patterns of Tyrosine Phosphorylation in Platelets—The snake
toxin rhodocytin binds to multiple receptors on the platelet
surface therefore making it unclear which signaling events are
mediated through CLEC-2 or by other receptors for the snake
toxin. To address this, we used an a-CLEC-2 antibody, which
we have shown previously is able to induce platelet aggregation
and phosphorylation of CLEC-2 in platelets independent of the
low affinity immune receptor, FcyRIIA (4). Experiments were
carried out in the presence of F(ab’), fragments of the antibody
IV.3 to block the FcyRIIA receptor on platelets. The antibody to
CLEC-2 (10 pg/ml) stimulated platelet shape change and
aggregation, whereas a nonspecific goat IgG control antibody
had no effect (Fig. 14, panel i). The onset of aggregation in
response to the CLEC-2 antibody occurs after a lag time that is
characteristic of platelet aggregation to rhodocytin (Fig. 14,
panel i). Aggregation to the CLEC-2 antibody is completely
inhibited by the Src family kinase inhibitor, PP2 (Fig. 14,
panel ii), as is also the case for rhodocytin (4). The same
result was observed with the structurally distinct Src kinase
inhibitor PD0173952 (data not shown). Tyrosine phospho-
rylation of platelet lysates induced by rhodocytin and the
CLEC-2 antibody was compared by Western blotting with
the anti-phosphotyrosine antibody 4G10. The two agonists
stimulated a similar pattern of tyrosine phosphorylation sug-
gesting that the increase in tyrosine phosphorylation
induced by rhodocytin is mediated through CLEC-2 (Fig.
1B). No increase in whole cell tyrosine phosphorylation was
observed in platelets incubated with nonspecific goat IgG
antibody (Fig. 1B). In addition, immunoprecipitation studies
confirmed that the CLEC-2 antibody induced tyrosine phos-
phorylation of the same set of proteins that are regulated by
rhodocytin in platelets, namely Syk, PLCvy2, Vav3, LAT, SLP-
76, and Btk (Fig. 1C). The greater level of tyrosine phospho-
rylation of Syk, LAT, and PLCvy2 induced by the CLEC-2
antibody may reflect slight differences in the kinetics of acti-
vation or differences in the level of stimulation. Importantly,
none of these proteins became phosphorylated following
stimulation with control goat IgG. These results demon-
strate that CLEC-2 is sufficient to cause platelet activation
and suggest that the major mechanism of platelet activation
by rhodocytin is through the lectin receptor.

CLEC-2 Expressing DT40 Cells and Jurkat Cells Are Acti-
vated by Stimulation of the Receptor—To further investigate
the mechanism of CLEC-2 signaling, CLEC-2 was cloned into
an expression vector and transiently transfected into cell lines.
DT40 B cells and Jurkat T cells were used as model systems for
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FIGURE 1. Platelet activation by rhodocytin and a specific antibody to
CLEC-2. A, panel i, washed platelet aggregation was measured following
addition of 300 nmrhodocytin, 10 ug/ml goat a-CLEC-2, or 10 ng/ml goat IgG.
Addition of agonist is indicated by an arrowhead. Panel ii, where indicated
washed platelets were preincubated with the Src family kinase inhibitor PP2
(10 wm) for 10 min prior to addition of agonist. In all experiments platelets
were preincubated with IV.3 F(ab’), fragments (10 pg/ml) for 5 min to block
the FcyRIIA receptor. B, washed platelets were stimulated with 300 nm
rhodocytin, 10 ug/ml goat a-CLEC-2, or 10 wg/ml goat IgG for 5 minin the
presence of lotrafiban. Whole cell lysates (WCL) of unstimulated (basal)
and stimulated platelets were prepared by addition of ice-cold lysis buffer.
Proteins in whole cell lysates were visualized by SDS-PAGE and Western
blotting (WB). The membrane was immunoblotted with a-phosphoty-
rosine antibody (pTyr). C, individual signaling proteins were immunopre-
cipitated (/P) from platelet whole cell lysates as indicated. The resulting
immunoblots were probed for phosphotyrosine (pTyr, upper panel),
stripped, and reprobed for corresponding protein (lower panel). The a-Syk
antibody does not recognize the phosphorylated form of Syk. Data are
representative of at least three experiments.

studying CLEC-2 signaling because B cells and T cells express
many of the same signaling proteins as platelets, and mutants of
both cell lines are available with deficiencies in the key signaling
proteins. Transfection of CLEC-2 into DT40 cells and Jurkat
cells led to expression at the cell surface as measured by flow
cytometry, although it was absent from mock-transfected cells
(Fig. 24).
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FIGURE 2. CLEC-2-expressing DT40 and Jurkat cells are activated by rhodocytin and anti-CLEC-2 anti-
body. Wild type DT40 chicken B cells and Jurkat T cells were transiently transfected with NFAT-luciferase
reporter construct, B-galactosidase construct, and either pEF6-MYC-CLEC2 or empty pEF6 vector (mock).
A, CLEC-2 expression in DT40 (panel i) and Jurkat cells (panel ii) was confirmed by flow cytometry using goat
a-CLEC-2 antibody relative to a control goat IgG. B, mock- and CLEC-2-transfected DT40 (panel i) and Jurkat
cells (panel ii) were stimulated with media alone (Basal), 50 nm rhodocytin, or 50 ng/ml PMA plus 1 um iono-
mycin (P/l). NFAT-luciferase activity was measured as a marker of PLCy activation in a luminometer. All lucifer-
ase values were normalized to B-galactosidase values to control for transfection efficiency. Data are repre-
sented as mean luciferase value from one experiment. C, mock- and CLEC-2-transfected DT40 (panel i) and
Jurkat cells (panel ii) were stimulated with media alone (Basal), 40 ug/ml normal goat IgG, or 40 pg/ml goat
a-CLEC-2, and luciferase activity was measured as described above. Data are representative of at least three

experiments.

The ability of CLEC-2 to activate PLCy in DT40 and Jurkat
cells was investigated by cotransfection with a luciferase
reporter construct encoding the luciferase enzyme under con-
trol of NFAT/AP1 sites from the IL-2 promoter. This reporter
construct is activated by protein kinase C and Ca?", and the
amount of luciferase activity is therefore a measure of PLCy
activity. Transfection of CLEC-2 conferred activation of lucif-
erase in response to the CLEC-2 antibody and to rhodocytin
(Fig. 2, Band C). Cells cotransfected with the reporter construct
and empty pEF6 vector showed no response to rhodocytin or
the CLEC-2 antibody, thereby confirming that activation is
mediated by expression of CLEC-2 (Fig. 2, B and C). All cells
exhibited a marked increase in expression of luciferase in
response to the protein kinase C-activating phorbol ester PMA
and the calcium ionophore ionomycin, which served as a posi-
tive control (Fig. 2B). These results demonstrate that neither
DT40 nor Jurkat cells express functional, endogenous CLEC-2,
and that expression of CLEC-2 is sufficient to confer responses
to rhodocytin and the CLEC-2 antibody.

Tyrosine Phosphorylation of CLEC-2 Is Critical for Activa-
tion—We have shown previously that CLEC-2 becomes tyro-
sine-phosphorylated in platelets in a Src kinase-dependent
manner following stimulation with rhodocytin (4). To investi-
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on the cell surface at a similar level
(Fig. 3C). These results demon-
strate that CLEC-2 requires the
cytoplasmic tyrosine to mediate
activation of PLCy.

CLEC-2 Signals via Src, Syk, and
Tec Family Kinases and PLCy—The
signaling pathway used by CLEC-2
was further investigated using
mutant DT40 cells lacking key sig-
naling proteins (30-33). In each
case CLEC-2 was transfected into mutant DT40 cells along with
the luciferase reporter construct described above. CLEC-2 was
expressed on the surface at a similar level in all of the mutant
cells as confirmed by flow cytometry (data not shown). The
ability of each transfectant to respond to PMA/ionomycin
within the expected range was also confirmed in each experi-
ment (data not shown). The results are shown as the fold
increase over basal luciferase levels in each cell line.

CLEC-2-expressing wild type DT40 cells exhibited a robust
increase in luciferase activity in response to rhodocytin,
whereas cells deficient in Syk, Btk, or PLCy2 failed to respond
(Fig. 4A), demonstrating a critical role for these proteins in
mediating CLEC-2 signaling. In contrast, CLEC-2-expressing
DT40 cells deficient in the major Src family kinase that is
expressed in these cells, Lyn, exhibited a potentiated response
to rhodocytin (Fig. 4B, panel i). This activation is also depend-
ent on Syk because DT40 cells deficient in both Lyn and Syk do
not respond to rhodocytin (Fig. 4B, panel i). This result may be
due to a negative feedback role of Lyn, as described previously
for the regulation of B cell receptor signaling (30, 38). Interest-
ingly, a similar negative feedback role for Lyn has also been
proposed in platelets stimulated by the ITAM receptor GPVI
(39).
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FIGURE 3. Role of CLEC-2 cytoplasmic tyrosine residue in signaling by the receptor. A, wild type DT40 cells were
transfected with pEF6-MYC-CLEC-2 or pEF6-MYC-Y7FCLEC-2 and were stimulated with 500 nm rhodocytin for 10
min. Where indicated cells were preincubated with the Src kinase inhibitor PP2 (10 um) for 10 min. Basal and
stimulated whole cell lysates were prepared by addition of ice-cold lysis buffer. Proteins were visualized by SDS-
PAGE and Western blotting (WB). The membrane was immunoblotted with a-phosphotyrosine (pTyr). Membranes
were stripped and re-probed with a-actin to confirm equal loading. B, luciferase assay was carried out on CLEC-2-
and Y7FCLEC-2-expressing DT40 cells. Cells were stimulated with 50 nm rhodocytin. Data are expressed as fold
increase over basal. G, expression of CLEC-2 in CLEC-2- and Y7F-CLEC-2-transfected cells was confirmed by flow
cytometry with goat a-CLEC-2 antibody relative to a control goat IgG. Data are representative of at least three

experiments.
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FIGURE 4. Role of Src, Syk, and Btk family kinases downstream of CLEC-2.
A, wild type (WT) DT40 cells or DT40 cells engineered to lack indicated signaling
proteins (Syk, Btk, or PLCy2) were transiently transfected with pEF6-MYC-CLEC-2.
Signaling to PLCry was assessed by measuring luciferase activity following stimu-
lation with 50 nm rhodocytin. Data are expressed as fold increase over basal.
B, panel i, wild type DT40 cells and cells deficient in Lyn (Lyn(—)) or Lyn and Syk
(Lyn(—)/Syk(—)) were transiently transfected with pEF6-MYC-CLEC-2, and lucifer-
ase activity was measured as described above following stimulation with 50 nm
rhodocytin. Data are expressed as fold increase over basal. Panel ii, Jurkat cells
deficient in Lck (JCaM1) and JCaM1 cells stably expressing Lck JCaM 1/Lck(+))
were transiently transfected with pEF6-MYC-CLEC-2, and luciferase activity was
measured following stimulation with 50 nm rhodocytin. Data are expressed as
fold increase over basal. Data are representative of at least three experiments.

In view of the potentiation observed in the absence of the Src
family kinase Lyn in DT40 cells, we extended these studies to
the Jurkat-derived cell line JCaM1, which is deficient in the T
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in luciferase activation in response
to rhodocytin, whereas JCam1 cells
transfected with CLEC-2 failed to
respond (Fig. 4B, panel ii). Together
these results demonstrate that
CLEC-2 signaling is critically
dependent on Src, Syk, and Tec
family kinases and on PLCyy.

Both SH2 Domains of Syk Are
Required for Binding and Signaling Downstream of CLEC-2—We
have previously reported that fusion proteins corresponding to
the tandem SH2 domains of Syk associate with phosphorylated
CLEC-2 in platelet lysates (4). Similarly, a phosphopeptide cor-
responding to the CLEC-2 cytoplasmic tail is able to pull down
Syk from platelet lysates (4). To investigate whether this inter-
action requires either or both of the SH2 domains of Syk, we
have used recombinant N-terminal, C-terminal, and tandem
SH2 domains of Syk to precipitate CLEC-2 from platelet lysates.
Strikingly, both SH2 domains were required for precipitation of
CLEC-2 as shown in Fig. 54, thereby suggesting that both SH2
domains of Syk are required for the interaction with the lectin
receptor. To confirm this conclusion, we introduced inactivat-
ing point mutations into the SH2 domains of Syk by mutating
either Arg-37 or Arg-190 of porcine Syk to alanine residues.
The residues were identified by alignment with rat, murine, and
human Syk sequences (Fig. 5B). In addition, mutation of these
residues, in combination with neighboring amino acids, has
been demonstrated previously to inactivate the SH2 domains of
porcine Syk and to block the ability of porcine Syk to reconsti-
tute signaling in the chicken cell line DT40 (30). Mutation of the
corresponding residues in rat Syk has been reported previously
to be required for Syk binding to phosphorylated tyrosine resi-
dues in ITAMs. In both cases these mutations have been dem-
onstrated to render the SH2 domains inactive without affecting
the autoactivated kinase activity of the enzyme (30, 40 —42). In
agreement with this, constructs for R37A and R190A porcine
Syk translate a full-length Syk (Fig. 5C) that induces a degree of
basal signaling when overexpressed in DT40 cells (data not
shown). Syk-deficient DT40 cells were cotransfected with wild
type or mutant Syk and CLEC-2. In each case, expression of
CLEC-2 was confirmed by flow cytometry and was of an equiv-
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FIGURE 5. Syk is recruited by CLEC-2 and signals via both its SH2 domains. A, washed human platelets
were stimulated with or without 500 nm rhodocytin for 5 min in the presence of GRGDS peptide, lysed, and
incubated with glutathione-Sepharose associated with GST-Syk-SH2, N, C, or N+C-terminal domains.
Associating CLEC-2 was visualized by immunoblotting with a-CLEC-2 antibody. Platelet whole cell lysate
(WCL) was run as a control. IP, immunoprecipitated; WB, Western blot. B, N-terminal and C-terminal SH2
domains of rat, mouse, pig, and human Syk were aligned using ClustalW. Identical amino acids are indi-
cated with an asterisk; conservative substitutions are indicated with a colon; and semi-conservative sub-
stitutions are indicated with a dot The conserved arginines that form the phosphotyrosine-binding site of
the SH2 domains are highlighted by boxes and by boldface type. C, Syk-deficient DT40 cells were tran-
siently transfected with luciferase reporter constructs, pEF6-MYC-CLEC-2 and either empty pcDNA3 vec-
tor, pcDNA3-MYC-Syk (WT), pcDNA3-MYC-R37ASyk, or pcDNA3-MYC-R190ASyk. Luciferase activity was
measured following stimulation with 50 nm rhodocytin. Data are expressed as fold increase over basal. Syk
expression was confirmed by Western blotting of whole cell lysates with an a-Syk antibody. Data are
representative of at least three experiments.
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alent level in each cell line (data not
shown). Syk expression was con-
firmed by Western blotting (Fig.
5C). Signaling by CLEC-2 was meas-
ured by luciferase assay following
stimulation with rhodocytin. Wild
type Syk was able to reconstitute
signaling responses in Syk-deficient
cells following CLEC-2 stimulation
(Fig. 5C). However, inactivation of
either SH2 domain of Syk was suffi-
cient to block signaling responses
following rhodocytin stimulation.
Therefore, signaling by CLEC-2 is
critically dependent on both SH2
domains of Syk.

Differential Regulation of BLNK/
SLP-76 Downstream of GPVI and
CLEC-2—Signaling downstream of
ITAM receptors is critically de-
pendent on the SLP-76/BLNK fam-
ily of adapter proteins (43—46). A
notable difference between the sig-
naling cascade used by the platelet
ITAM receptor GPVI and by the
CLEC-2 ligand rhodocytin is the
ability of high concentrations of
rhodocytin to overcome the block-
ade caused by the absence of SLP-76
(4). This difference could be due to
the ability of rhodocytin to activate
other receptors in platelets, such as
integrin @2B1 or GPlba (47) or
because the adapter plays a partial
role in signaling by the lectin recep-
tor. Thus there may be a fundamen-
tal difference between the contribu-
tion of the SLP-76/BLNK family of
adapter proteins to signaling down-
stream of CLEC-2 relative to ITAM
receptors.

To compare the role of BLNK and
SLP-76 in signaling by GPVI and
CLEC-2, we have transfected
CLEC-2 or GPVI and FcRvy-chain
into mutant DT40 and Jurkat cells
lacking BLNK and SLP-76, respec-
tively (32, 35). Stimulation of wild
type DT40 cells expressing the
GPVI/EcR +y-chain complex with
the snake venom toxin convulxin
resulted in a robust increase in lucif-
erase activity, which was totally
abrogated in the absence of BLNK
(Fig. 6A). In comparison, rhodocy-
tin generated a significant but
diminished (~30% of wild type)
response in the absence of BLNK
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FIGURE 6. BLNK/SLP-76 plays a differential role in signaling by GPVI and
CLEC-2. A, wild type (WT) or BLNK-deficient (BLNK~/~) DT40; B, SLP-76-defi-
cient Jurkat (J74) or J14 reconstituted with SLP-76 (J14-76) cells were trans-
fected with either pcDNA3-GPVI and pEF6-FcRy-chain or pEF6-MYC-CLEC-2
along with the luciferase reporter construct. GPVI-expressing cells were stim-
ulated with 10 ug/ml convulxin and CLEC-2-expressing cells with 50 nm
rhodocytin. C, SLP-76-deficient (J14) or J14 reconstituted with SLP-76 (J14-76)
cells were transfected with pEF6-MYC-CLEC-2 and the luciferase reporter con-
struct and stimulated with 40 pwg/ml goat a-CLEC-2 antibody or negative
control goat IgG. Luciferase activity was measured following stimulation and
is expressed as fold increase over basal. Data are representative of at least
three experiments.

even though it stimulated a similar increase to that induced by
convulxin in wild type cells (Fig. 6A). A similar set of observa-
tions was made in the Jurkat-derived cell line J14, which lacks
SLP-76. J14 cells stably transfected with SLP-76 were used as a
control (J14-76) for these studies as these cells were also made
by chemical mutagenesis, which could have introduced addi-
tional genetic modifications. SLP-76-expressing cells trans-
fected with CLEC-2 or GPVI/FcR +y-chain give similar robust
responses to rhodocytin and convulxin, respectively (Fig. 6B).
The response to convulxin was abolished in the absence of SLP-
76, whereas the response to rhodocytin was reduced by 60%. To
further confirm that the partial dependence on BLNK/SLP-76
was not because of rhodocytin binding to another receptor on
the cell lines, we have investigated whether CLEC-2 signaling
induced by a CLEC-2-specific antibody was able to bypass
SLP-76in Jurkat cells. J14 and J14-76 cells were transfected with
CLEC-2 and stimulated with the anti-CLEC-2 antibody. In
response to CLEC-2 antibody, CLEC-2 signaling is significantly
reduced in the absence of SLP-76, but the receptor is still able to
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signal without this adapter (Fig. 6C). These data therefore dem-
onstrate a fundamental difference in signaling by CLEC-2 and
the ITAM receptor, GPVI-FcR y-chain complex, in that activa-
tion by the lectin receptor is only partially dependent on the
SLP-76/BLNK family of adapter proteins.

The Lectin Receptor Dectin-1 Signals through a Similar Path-
way to CLEC-2—Dectin-1 is also a member of the C-type lectin
receptor family, which has recently been shown to activate Syk
via a single YXXL motifin its cytosolic tail in both dendritic cells
and in macrophages (16, 48). However, the signaling events
downstream of Syk activation in response to Dectin-1 stimula-
tion have not been characterized. A series of studies was there-
fore undertaken in transfected DT40 and Jurkat cells to com-
pare the signaling pathway used by Dectin-1 to that used by
CLEC-2 using zymosan as the activating ligand.

Transfection of DT40 and Jurkat cells with Dectin-1 leads to
expression of the lectin receptor on the cell surface as measured
by flow cytometry using a goat a-Dectin-1 antibody (Fig. 7A). In
comparison, there was no specific binding of the antibody to
mock-transfected cells suggesting that Dectin-1 is not endog-
enously expressed on either cell line (Fig. 7A). Transfection of
Dectin-1 conferred marked activation of luciferase in response
to zymosan in DT40 cells (Fig. 7B) and in Jurkat T cells (data not
shown), although there was no response in mock-transfected
cells confirming the absence of expression of endogenous
receptor (Fig. 7B and data not shown). Stimulation with PMA
and ionophore stimulated robust activation of luciferase in
Dectin-1 and mock-transfected DT40 (Fig. 7B) and Jurkat cells
(data not shown), thereby confirming cell viability. These
observations demonstrate that expression of Dectin-1 confers
signaling responses to zymosan in both DT40 and Jurkat cell
lines.

To investigate if the Dectin-1 signaling pathway shares the
same characteristics as for CLEC-2, the lectin receptor was
transfected into DT40 cells deficient in Syk, BLNK, Btk, or
PLCv2 and in Jurkat cells deficient in the Src kinase Lck
(JCaM1) or SLP-76 (J14). In all cases, Dectin-1 was cotrans-
fected with the luciferase reporter construct, and luciferase
activity was measured following stimulation with zymosan.
Flow cytometry studies confirmed that similar levels of Dec-
tin-1 were expressed in each cell line (data not shown).

As observed with CLEC-2, Dectin-1 signaling was com-
pletely inhibited in the absence of Syk, Btk, and PLC+y2 in
DT40 cells (Fig. 7C, panel i) and in the absence of Lck in
JCaM1 cells (Fig. 7C, panel ii). Furthermore, Dectin-1 sig-
naling was partially but not fully dependent on the adapters
BLNK and SLP-76 in DT40 and Jurkat cells, respectively (Fig.
7C, panels i—iii). In both cases, the response to zymosan was
~40% of that in the control (Fig. 7C, panels i—iii). Dectin-1
signaling was also markedly inhibited in Syk-deficient DT40
cells transfected with either of the SH2 domain mutants of
Syk described above relative to the response seen with trans-
fection of wild type Syk (Fig. 7D, panel i). Mutation of the
N-terminal (R37A) or C-terminal (R190A) SH2 domain of
Syk reduced the response to Dectin-1 by ~80% in both cases
(Fig. 7D, panel i). Expression of similar amounts of Syk and
the two Syk mutants in the DT40 cells was confirmed by
Western blotting (Fig. 7D, panel ii). The marked but partial
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FIGURE 7. Role of Src, Syk, and Tec kinases, PLC+y, and SLP-76/BLNK in Dectin-1 signaling. Wild type DT40
chicken B cells and Jurkat T cells were transiently transfected with NFAT-luciferase reporter construct, B-galac-
tosidase construct, and either pEF6-MYC-Dectin-1 or empty pEF6 vector (mock). A, Dectin-1 expression in DT40
(panel i) and Jurkat cells (panel ii) was confirmed by flow cytometry using a goat a-Dectin-1 antibody relative to
a negative control goat IgG. B, mock- and Dectin-1-transfected DT40 cells were stimulated with media alone
(Basal), 250 pg/mlzymosan, or 50 ng/ml PMA plus 1 umionomycin (P/l). NFAT-luciferase activity was measured.
Allluciferase values were normalized to B-galactosidase values. Data are represented as mean luciferase value.
G, panel i, wild type DT40 cells or DT40 cells deficient in BLNK, Syk, Btk, or PLC~y2; panel ii, Jurkat cells deficient
in Lck (JCaM 1) and JCaM1 cells stably expressing Lck (JCaM 1/Lck(+)); or panel iii, SLP-76-deficient Jurkat (J74) or
J14 reconstituted with SLP-76 cells (J14-76) were transfected with pEF6-MYC-Dectin-1 along with the luciferase
reporter construct. Cells were stimulated with 250 pg/ml zymosan. Luciferase activity was measured following
stimulation and is expressed as fold increase over basal. D, panel i, Syk-deficient DT40 cells were transiently
transfected with luciferase reporter constructs, pEF6-Dectin-1, and either empty pcDNA3 vector,
pcDNA3-MYC-Syk (WT), pcDNA3-MYC-R37ASyk, or pcDNA3-MYC-R190ASyk. Luciferase activity was measured
following stimulation with zymosan. Data are expressed as fold increase over basal. Panel ii, Syk expression was
confirmed by Western blotting of whole cell lysates with an a-Syk antibody. Data are representative of at least
three experiments.

inhibition of response to Dectin-1 observed with the Syk

Akt, and PLCy phosphorylation
and increases in intracellular cal-
cium in dendritic cells (17). DC-
SIGN also contains a single YXXL
motif in its cytoplasmic tail,
although it is not known whether
this undergoes tyrosine phospho-
rylation upon activation. Experi-
ments were therefore designed to
compare the signaling pathway
used by DC-SIGN with that of
Dectin-1 and CLEC-2 and to
investigate whether this requires
the YXXL motif of DC-SIGN.

Jurkat cells cotransfected with
the luciferase reporter construct
and DC-SIGN conferred a marked
increase in luciferase activity over
mock-transfected cells in response
to cross-linking with an antibody
to DC-SIGN, whereas there was
no increase in response to an iso-
type-matched negative control
(Fig. 8A). Strikingly, cells trans-
fected with a mutant form of DC-
SIGN, in which the Tyr residue of
the YXXL sequence has been
replaced by phenylalanine (Y31F
DC-SIGN), gave a slightly greater
response upon cross-linking of
DC-SIGN relative to cells trans-
fected with wild type receptor (Fig.
8A). Expression of similar levels of
the YXXL mutant of DC-SIGN and
wild type DC-SIGN was confirmed
by flow cytometry (data not
shown). All cells exhibited a simi-
lar increase in expression of lucif-
erase in response to PMA and
ionomycin (data not shown).
These results demonstrate that
DC-SIGN signals through a dis-
tinct pathway to that used by
CLEC-2 and Dectin-1.

To investigate the role of Src kinases in signaling by DC-

SH2 domain mutants contrasts with the complete abolition
of response to CLEC-2 (Fig. 5C).

These results demonstrate that CLEC-2 and Dectin-1 signal
through a similar signaling cascade, which can be distinguished
from that used by ITAM receptors through the partial depend-
ence on the SLP-76/BLNK family of adapter proteins. The
CLEC-2 and Dectin-1 signaling pathways can be distinguished
from each other by their complete or partial dependence on the
phosphotyrosine-binding properties of the Syk SH2 domains.

DC-SIGN Cross-linking Results in PLCy Activation, Inde-
pendent of Tyrosine Phosphorylation of its YXXL Motif—Acti-
vation of a third member of the C-type lectin family, DC-SIGN,
with specific antibodies has been reported to lead to ERK1/2,

APRIL 27,2007 «VOLUME 282-NUMBER 17

SIGN, we transfected the Lck- deficient Jurkat cell line JCam1
with DC-SIGN and stimulated them with a-DC-SIGN anti-
body as above. JCam1/Lck(+) cells were used as a control. DC-
SIGN antibody induced a robust signal in JCam1/Lck(+) cells,
whereas in JCam1 cells DC-SIGN was unable to signal (Fig. 8B).
Treatment of either cell line with a nonspecific IgG did not
induce signaling. These results demonstrate that although DC-
SIGN signaling is independent of the YXXL motif of the recep-
tor, it does require Src family kinases. Together these data dem-
onstrate a marked difference in the mechanism of signaling of
the C-type lectin receptor DC-SIGN relative to that used by the
C-type lectin receptors CLEC-2 and Dectin-1 in that signaling
by the former is independent of its YXXL motif.
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FIGURE 8. DC-SIGN signaling is not dependent on the YXXL motif. A, Jurkat
cells were transiently transfected with NFAT-luciferase reporter construct,
B-galactosidase construct, and either pcDNA3-DC-SIGN, pcDNA3-Y31FDC-
SIGN, or empty pcDNA3 vector (mock). Cells were stimulated with media
alone (Basal), a-DC-SIGN (10 wg/ml) cross-linked with sheep a-mouse F(ab’),
fragments (a-DC-SIGN), or control mouse IgG (10 ug/ml) cross-linked with
sheep a-mouse F(ab’), fragments (/gG). NFAT-luciferase activity was meas-
ured. Data are represented as mean luciferase value from one experiment,
representative of at least three experiments. B, JCam1/Lck(+) cellsand JCam1
cells were transfected with NFAT-luciferase reporter construct, B-galactosid-
ase construct, and pcDNA3-DC-SIGN. Cells were stimulated with media alone
(Basal), a-DC-SIGN, or control mouse IgG as above, and NFAT-luciferase activ-
ity was measured. All luciferase values were normalized to B-galactosidase
values. Data are represented as fold increase over basal from one experiment
and representative of at least three experiments.

CLEC-2 Signaling Is Dependent on the DEDG Sequence Pre-
ceding Its YXXL Motif—Because CLEC-2 and Dectin-1 are both
able to signal via their YXXL motifs and DC-SIGN is not, we
have compared the sequences flanking the YXXL in all three
receptors (Table 1). CLEC-2 and Dectin-1 have four identical
amino acids preceding their YXXL motifs, DEDG, whereas DC-
SIGN does not have this sequence. To investigate the role of
these amino acids in signaling by CLEC-2, we have made a
series of mutants, substituting each amino acid in turn for ala-
nine. These mutants were cotransfected into DT40 cells with
the NFAT-luciferase reporter construct. Cells were stained
with a-CLEC-2 antibody and analyzed for receptor expression
by flow cytometry. They were then stimulated with rhodocytin
and signaling measured by luciferase assay. D3A, E4A, and G6A
were expressed at the surface of the cells at similar levels to WT
CLEC-2 (Fig. 94). However, D5A CLEC-2 was not detected at
the cell surface (Fig. 94). In response to rhodocytin, D3A and
E4A CLEC-2 responded to the same degree as WT CLEC-2
(Fig. 9B). D5A CLEC-2-transfected cells did not respond to
rhodocytin consistent with the lack of surface expression of this
mutant. Strikingly, signaling by the G6A mutant of CLEC-2 is
significantly reduced to ~25% of WT CLEC-2.

To investigate if D5A CLEC-2 is retained in an intracellular
compartment, WT CLEC-2 and D5A CLEC-2 were transfected
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TABLE 1
C-type lectin receptors containing YXXL motifs
Signaling Name Sequence Cell types”
Activatory CLEC-2 DEDGYITL Neutrophils, Mo,
DC, platelets
Dectin-1 DEDGYTQL DC, M¢
Inhibitory MAFA-L DSVIYSML Basophils, NK
MICL EEVTYADL Neutrophils, Mo
CD72 EAITYADL B
Unknown CD23 EEGQYSEI B, Mo, T, DC, NK,
LC, eosinophils, platelets
NKp80/KLRF1 DEERYMTL NK, T
DC-SIGN QTRGYKSL DC
ASGPR MTKEYQDL iDC, M¢
HNKR-P1A/CD161 QQAIYAEL NK, T

“ The abbreviations used are as follows: Mo, monocytes; DC, dendritic cells (iDC,
immature); M¢, macrophages; NK, natural killer cells; T, T cells; B, B cells; LC,
Langerhans cells.

into 293T cells, and whole cell lysates were Western-blotted for
CLEC-2. 293T cells were used for these experiments because
they tolerate high levels of exogenous protein expression there-
fore facilitating analysis by Western blotting. Consistent with
the results in DT40 cells, CLEC-2 was detectable on the surface
of 293T cells transfected with WT CLEC-2 but not on the sur-
face of mock-transfected or D5A CLEC-2-transfected cells.
CLEC-2 was detectable by Western blot in 293T cells trans-
fected with WT CLEC-2 but not in cells transfected with empty
vector or D5A CLEC-2. The multiple immunoreactive bands in
the cells transfected with WT CLEC-2 likely reflect a combina-
tion of different glycosylation states (4) and breakdown prod-
ucts of the receptor.

Together, these results demonstrate that aspartate 5 and gly-
cine 6 are important for CLEC-2 signaling. Whether the analo-
gous residues of Dectin-1 are important for signaling and how
these residues effect CLEC-2 and Dectin-1 signaling are worthy
of further investigation.

DISCUSSION

In this study, we have used a specific antibody to CLEC-2 and
the snake venom toxin rhodocytin to dissect the signaling path-
way used by the lectin receptor in a physiologically relevant
system, the platelet, and in two transfected cell lines. We have
further compared the molecular basis of signaling by CLEC-2
with that of the two C-type lectin receptors Dectin-1 and DC-
SIGN, both of which have a YXXL motif in their cytosolic tail.
The results support a model in which CLEC-2 and Dectin-1
signal through Src, Syk, and Tec tyrosine kinases leading to
activation of PLCy downstream of tyrosine phosphorylation of
the YXXL motif. In striking contrast, signaling by DC-SIGN is
independent of its YXXL motif.

The signaling pathway used by CLEC-2 and Dectin-1 resem-
bles that regulated by ITAM receptors in hematopoietic cells.
However, the signaling pathway used by the two lectin recep-
tors can be distinguished from that used by ITAM receptors by
its partial rather than absolute dependence on the SLP-76/
BLNK family of adapter proteins and by the presence of a single
rather than dual YXXL motif within their cytoplasmic tail.
Many of the signaling proteins used by CLEC-2 and Dectin-1
also participate in the regulation of PLC+y2 by integrin receptors
in hematopoietic cells, but the integrin pathway can be distin-
guished by the complete dependence on activation of the
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FIGURE 9. CLEC-2 signaling is dependent on the DEDG sequence preceding its YXXL motif. Wild type DT40
cells were transfected with empty pEF6 vector (mock), pEF6-MYC-CLEC-2, pEF6-MYC-D3ACLEC-2, pEF6-MYC-
E4ACLEC-2, pEF6-MYC-D5ACLEC-2, or pEF6-MYC-G6ACLEC-2 together with the NFAT-luciferase reporter and
B-galactosidase constructs. A, CLEC-2 expression was assessed by flow cytometry with goat a-CLEC-2 antibody
relative to a negative control goat IgG. B, luciferase assay was carried out on the transfected cells stimulated
with 50 nm rhodocytin. Data are expressed as fold increase over basal. C, 293T cells were transfected with empty
PEF6 vector (mock), pEF6-MYC-CLEC-2, or pEF6-MYC-D5ACLEC-2. Expression of CLEC-2 was assessed by flow cytom-
etry (panel i) using goat a-CLEC-2 antibody relative to negative control goat IgG or by Western blotting (WB) (panel
ii) whole cell lysates with a-MYC monoclonal antibody. Data are representative of at least three experiments.

BLNK/SLP-76 family of adapters
and by the fact that integrin recep-
tors regulate Syk independent of a
YXXL or an equivalent motif (49).

For ITAM receptors, phospho-
rylation of the two tyrosines in the
dual YXXL motif is essential for
activation of the Syk/ZAP-70 family
of tyrosine kinases by virtue of bind-
ing to their tandem SH2 domains.
Mutagenesis studies in T cells have
shown that activation of the Syk
family kinase ZAP-70 by the T cell
receptor requires a doubly phos-
phorylated ITAM to bind the tan-
dem SH2 domains of ZAP-70 (7, 8,
50). The individual SH2 domains of
ZAP-70 do not bind appreciably
with phosphorylated ITAM pep-
tides (51) and the tandem SH2
domains of ZAP-70 bind to mono-
phosphorylated ITAM peptides
with a 100 —1000-fold lower affinity
than to the corresponding doubly
phosphorylated peptides (52). Simi-
lar studies in B cells have shown that
a small degree of Syk activation can
be seen following phosphorylation
of the N-terminal ITAM tyrosine
alone, but marked activation of Syk
requires phosphorylation of both
ITAM tyrosine residues and the
integrity of both Syk SH2 domains
(40,41, 53). The coupling of CLEC-2
and Dectin-1 to Syk is also depend-
ent on tyrosine phosphorylation of
the YXXL motif within their cytoso-
lic tail (present study and see Refs.
16 and 54), but it is not known how a
single YXXL motif is sufficient to
cause robust activation of the Syk
family of tyrosine kinases.

One of the striking features of the
YXXL motifs in the cytosolic tails of
CLEC-2 and Dectin-1 is conserva-
tion of the four upstream amino

#}\3"52 . it acids, namely DEDG. Moreover, although eight other C-type
Grece;z or motits S lectin receptors contain a cytosolic YXXL sequence, none of
roup Name cquence these contain the preceding sequence DEDG (Table 1). The
BCR gg;g]i ggg?ggt:::g?gggiﬁggi sequence DEDG YXXL is also absent from ITAM receptors,
TCR {chain 1 QNQLYNEL----- NLGRREEYDVL although an acidic residue is often found three amino acids
{ chain 2 QEGLYNEL- - - -QKDKMAEAYSET . .
¢ chain 3 HDCIY0GL CTARKDTYDAL upstream of the first ITAM tyrosine (Table 2), and from ITIM
CD3y NDQLYQPL----- KDREDDQYSHL receptors (not shown).
(C:gg‘z ﬂﬁ%ﬁ%g?::iﬁiggﬁfﬁgt The alanine scan of the DEDG sequence in CLEC-2 in this
FcR FcR y-chain SDGVYTGL- - - - STRNQETYETL study implicates the Asp-5 and Gly-6 residues as playing an
FeyRIA ADGGYMTLNPRAPTDDDKNIYLTL important role in CLEC-2 stability and signaling. These studies
Others Dap-12 TESPYQEL- - QGQRSDVYSDL

“ The abbreviations used are as follows: BCR, B cell receptor; TCR, T cell receptor;

suggest that the upstream amino acids are important in allow-

FcR, Fe receptor. ing the YXXL to confer signaling and that the YXXL motif alone
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is not sufficient to confer the ability to signal. Consistent with
this is the observation in this study that DC-SIGN does not
signal via its YXXL motif. These observations raise the possibil-
ity that the sequence DEDGYXXL is sufficient to activate the
Syk family of tyrosine kinases. Studies are currently underway
to investigate this possibility.

An unexpected observation in this study was that only the
Syk tandem SH2 domains and not the single SH2 domains were
able to precipitate CLEC-2 from stimulated platelets and that
site-directed mutagenesis of the single SH2 domains in Syk
abrogated signaling by CLEC-2 and inhibited that of Dectin-1
by ~80%. The crystal structure of ZAP-70 interacting with an
ITAM peptide maps the binding sites for the ITAM tyrosine
residues to the ZAP-70 SH2 domains (55). The binding site for
one of the tyrosines of the ITAM lies within the C-terminal SH2
domain of the kinase, whereas the binding site for the other
ITAM-tyrosine lies in the interface between the two SH2
domains. The observation that association of the CLEC-2
YXXL motif with Syk requires both SH2 domains could be
explained by the binding taking place in the interface between
the two SH2 domains of Syk, as is the case for ZAP-70. How-
ever, this does not explain the abolition or marked reduction in
signaling observed following the introduction of point muta-
tions into the N-terminal and C-terminal SH2 domains of Syk.
It is possible that the two SH2 domains of Syk bind to two
CLEC-2 receptors and that this is necessary for its activation.
However, if this were the case it would be expected that either
SH2 domain of Syk alone would bind CLEC-2, and this does not
seem to be the case. Crystallization and structural studies of the
signaling complex between Syk and tyrosine-phosphorylated
CLEC-2 or Dectin-1 would provide valuable information on
this.

A further surprising difference between the downstream sig-
naling pathway of the lectin receptors and that used by ITAM
receptors is their dependence on the SLP-76/BLNK adapter
family. Signaling through the GPVI/FcR +y-chain complex is
completely abrogated in SLP-76- and BLNK-deficient Jurkat
and DT4O0 cells, respectively, whereas the response to CLEC-2
or Dectin-1 is only reduced by 60-70% in both cases. Further
examples of the absolute dependence of ITAM signaling on
SLP-76/BLNK include the complete block in T cell develop-
ment in SLP-76-deficient mice as a result of a failure of signal
transduction through the pre-TCR (44, 45) and abrogation of B
cell signaling in the absence of the SLP-76 homologue BLNK
(46). It is therefore of interest to establish the way in which the
signaling pathway used by CLEC-2 and Dectin-1 differs from
that used by ITAM receptors. It is possible that spatial separa-
tion of signaling pathways in membrane microdomains such as
membrane rafts or tetraspanin webs (56) may be responsible for
this difference. Alternatively, CLEC-2 and Dectin-1 may be
capable of using one or more adapter proteins that function as
alternatives to SLP-76 or BLNK, such as Clnk or Slnk (57).
Interestingly, a very recent study has also highlighted a differ-
ence in the proteins used by ITAM receptors and Dectin-1 in
regulating NF-«B in immune cells (58). The caspase recruit-
ment domain family adapter protein, Card9, plays a critical role
in the activation of NF-«B by Dectin-1 but is dispensable for
NE-«B regulation by the T cell and B cell antigen receptors (58).
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Further analysis of the signaling pathways activated down-
stream of these receptors may lead to identification of other
differences in signaling by this class of receptor and novel sig-
naling proteins.

The ability of CLEC-2 to activate platelets represents a novel
role for this family of proteins in platelet function. To date,
C-type lectin receptors are known to play important roles in
pathogen recognition within the immune system. For example,
Dectin-1 is known to recognize B-glucan-bearing pathogens
and is responsible for phagocytosis of various fungi into mac-
rophages (59— 61). In addition to its role in pathogen internal-
ization, Dectin-1 has been shown to initiate signaling responses
leading to production of cytokines IL-2 and IL-10 in dendritic
cells and reactive oxygen species in macrophages (16, 48).
Therefore, the possibility that CLEC-2 may also bind one or
more exogenous ligands such as bacterial or yeast envelope pro-
teins or viral coat proteins, as well as rhodocytin, is worthy of
consideration. Indeed we have recently reported a role for
CLEC-2 in platelet binding to human immunodeficiency virus
and transmission of the virus to permissive cells in culture (62).
It is noteworthy that many systemic infections such as sepsis or
human immunodeficiency virus result in platelet-based com-
plications such as thrombocytopenia or thrombosis (63, 64).
The role of CLEC-2 in mediating responses of platelets and
other blood cells to pathogens and its role in infection-induced
hemostatic complications is therefore worthy of investigation.
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