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Abstract CLEC-2 was first identified by sequence similarity
to C-type lectin-like molecules with immune functions and
has been reported as a receptor for the platelet-aggregating
snake venom toxin rhodocytin and the endogenous sialogly-
coprotein podoplanin. Recent researches indicate that CLEC-
2-deficient mice were lethal at the embryonic stage associated
with disorganized and blood-filled lymphatic vessels and se-
vere edema. In view of a necessary role of CLEC-2 in the
individual development, it is of interest to investigate its
phylogenetic homology and highly conserved functional
regions. In this work, we reported that CLEC-2 from different
species holds with an extraordinary conservation by sequence
alignment and phylogenetic tree analysis. The functional
structures including N-linked oligosaccharide sites and
ligand-binding domain implement a structural and functional
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conservation in a variety of species. The glycosylation sites
(N120 and N134) are necessary for the surface expression
CLEC-2. CLEC-2 from different species possesses the
binding activity of mouse podoplanin. Nevertheless, the
expression of CLEC-2 is regulated with a species-specific
manner. The alternative splicing of pre-mRNA, a regula-
tory mechanism of gene expression, and the binding sites
on promoter for several key transcription factors vary
between different species. Therefore, CLEC-2 shares high
sequence homology and functional identity. However the
transcript expression might be tightly regulated by different
mechanisms in evolution.

Keywords CLEC-2 - Homology - N-glycosylation -
Ligand-binding - Alternative splicing

Introduction

C-type lectin receptors (CLRs) are a superfamily of proteins
containing conserved C-type lectin-like domain (CTLD)
and have diverse functions including cell adhesion, regula-
tion of natural killer function, complement activation, tissue
remodeling, platelet activation, endocytosis and innate im-
munity [1, 2]. The members of CLRs encoded by the natural
killer (NK) gene complex and expressed primarily on mye-
loid cells have been the focus of recent researches, especial-
ly the Dectin-1 cluster, which includes C-type lectin domain
family 12, member A (MICL), C-type lectin domain family
1, member A (CLEC-1), C-type lectin domain family 1,
member B (CLEC-2), C-type lectin domain family 12,
member B (CLECI12B), C-type lectin domain family 9,
member A (CLEC9A), Dectin-1 and lectin-like oxidized
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LDL receptor-1 (LOX-1) [3, 4]. In contrast to its NK coun-
terparts that primarily control cellular activation through
recognition of major histocompatibility antigen class I and
related molecules [5], the Dectin-1 cluster appears to have a
wider range of functions and ligands, including those of
exogenous origin.

Since the Dectin-1 cluster mediates important functions
in innate immunity and immune homeostasis, it is of interest
to investigate the evolutionary relationship between the
genes of Dectin-1 cluster. Recent reports indicate that the
highest similarity of Dectin-1 is seen with LOX-1(44 %),
while CLEC-1 and CLEC-2 are somewhat more distantly
related (37 %) [3]. Also, members of this family from
different species share high sequence homology. Clearly,
human Dectin-1 has a 72 % homology to mouse Dectin-1
[6] and LOX-1 between human and rat suggests a 71 %
homology [7]. However, some structural variations between
different species are observed. For instance, the position and
number of N-linked glycosylation modifications are distinct
between mouse and human Dectin-1 [8]. Additionally, rat
LOX-1 possesses a triple-repeat structure within the neck
region but there is a lack of this structure in human LOX-1
[9]. So far, little is known about the functional significance
of the structural variants.

CLEC-2 is highly expressed on the surface of platelets
and megakaryocytes and at a lower level on several other
hematopoietic lineages of myeloid origin, including mono-
cytes and dendritic cells [10, 11]. The cytosolic tail of
CLEC-2 contains a novel sequence YxxL known as hemi
immunoreceptor tyrosine-based activatory motif (hemITAM).
Within ligand engagement, the hemITAM sequence would
provide docking sites for the tandem-SH2 domains of the
tyrosine kinase Syk allowing for tyrosine phosphorylation
across a CLEC-2 receptor dimmer [11-15]. Rhodocytin, iso-
lated from the venom of Calloselasma rhodostoma by affinity
chromatography assay [11, 16] and podoplanin, a type-I trans-
membrane sialomucin-like glycoprotein expressed in lym-
phatic endothelial cells, were identified as the ligands of
CLEC-2 [17, 18]. Interaction between CLEC-2 with rhodo-
cytin, podoplanin, or specific antibodies elicits powerful plate-
let aggregation and secretion, which signals through Src- and
Syk-dependent tyrosine kinases, leading to phosphorylation
of a series of adapter and effector proteins that culminate in
activation of phospholipase-Cy2 (PLCy2) and platelet acti-
vation [11]. In mouse, CLEC-2 is also expressed on peripheral
blood neutrophils and mediates phagocytosis of antibody-
coated beads and the production of proinflammatory cyto-
kines [19]. Recently, we also have demonstrated that mouse
CLEC-2 could be cleaved into a soluble form by proteases
sensitive to aprotinin and phenylmethanesulfonyl fluoride
(PMSF) [20].

Observation from Dectin-1-deficient and LOX-1-
deficient mice shows no phenotypic abnormalities [21,
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22]. However, recent reports indicated that CLEC-2-
deficient mice displayed abnormal phenotype with blood/
lymphatic vessel misconnections, which suggests that
CLEC-2 is crucial to the development of embryonic vascu-
lature and formation of lymphatic vessels and implies a
necessary role of CLEC-2 on ontogenesis in contrast to
other members of Dectin-1 cluster [23, 24]. To better under-
stand the functional significance of CLEC-2, the investiga-
tion of CLEC-2 in the structural conservation and the
expression regulation is important. Here, we investigate
the structural and functional conservation of CLEC-2 and
the regulation of CLEC-2 expression in evolution. We dem-
onstrate that CLEC-2 holds with an extraordinary structural
and functional conservation among species. However, the
expression of CLEC-2 might be regulated with a species-
specific manner.

Materials and methods
Antibodies and reagents

Mouse anti-Myc antibody was purchased from Invitrogen,
rabbit anti-Myc antibody was from Cell Signaling Technology
and goat anti-mouse-IgG HRP was from Santa Cruz Biotech-
nology (Santa Cruz, CA). Goat anti-mouse IgG antibody
conjugated to DyLightTM488 and goat anti-rabbit IgG anti-
body conjugated to DyLightTM549 were from Jackson
ImmunoResearch. Mouse podoplanin-Fc chimera (mPod-Fc)
was from R&D Systems.

Amino acid sequence alignments

The deduced amino acid alignments were performed with
CLUSTAL W at the European Molecular Biology Laboratory
European Bioninformatics Institute (http://www.ebi.ac.uk/
clustalw/) with default parameters. The alignments were then
edited and shaded using GeneDoc. These cDNAs of CLEC-2
are from NM 001191978 (Rat); XM 002712905 (Rabbit);
XM 001251938 (Bovine); NM_016509 (Human) and
NM 019985 (Mouse).

Phylogenetic analysis

The cDNA sequences of CLEC-2 from different species
were obtained through Entrez (http://www.ncbi.nlm.nih.
gov/sites/entrez/) and gene prediction web server (http://
www.ensembl.org/info/about/species.html). The retrieved
sequences were subjected to further analysis by using vari-
ous bioinformatics tools including similarity search BLAST
(http://www.ncbi.nlm.nih.gov/blast) and Lasergene DNAS-
tar program (EditSeq and MegAlign). Phylogenetic trees
were built with Mega 4.0 software package [25] based on
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Table 1 Primers of CLEC-2 in different species

Species Primers (5'—3")

Mouse F: CAACTCGAGATGCAGGATGAAGATG
R: CAAGGATCCAAGCAGTTGGTCCACT

Human F: CAACTCGAGATGCAGGATGAAGATG

R: CAAGGATCCAGGTAGTTGGTCCACC
Rat F: ACACTCGAGATGCAGGATGAAGATG
R: CAAGGATCCAAGCAGTTGTTCCACT

Rabbit F: ACACTCGAGATGCAGGCTGAAGACG
R: CAAGGATCCAAGTAGTTGGTCCAGC
Bovine F: AACCTCGAGATGCAGGATGAAGATG

R: CAAGGATCCAAGTAGATGTTCCACC

F forward primer, R reverse primer

the multiple alignments of sequences by ClustalX program
and BioEdit. The statistical reliability of the tree was
assessed by the bootstrap test and branches supported by a
bootstrap <60 are collapsed.

Conserved signaling motif

Cell culture and transfection

Cells were cultured in Dulbecco’s modification of Eagle’s
medium (Sigma) supplemented with 10 % fetal bovine
serum, 100units/ml penicillin and streptomycin at 37 °C
with 5 % CO,. All transfections were carried out using
Lipofect AMINE2000 (Invitrogen) according to the manu-
facturer’s instructions.

RT-PCR analysis

To determine the expression level of CLEC-2, total RNA
was isolated from the spleen and liver of mouse (BALB/c),
rat (Sprague-Dawley), rabbit (Newzealand white), bovine
(Chinese yellow cattle) using TRIzol (Invitrogen) according
to the manufacturer’s protocol. Then, first strand cDNA
synthesis was performed using an oligo (dT) primer and
RT-PCR kit (TaKaRa). Subsequently, cDNA was amplified
using the primers in Table 1. PCR was performed at 94 °C
for 30 s, 60 °C for 30 s, 72 °C for 40 s for 30 cycles
followed by a final extension at 72 °C for 10 min. Then
the products were separated and viewed. To determine the

DXYXXL 20 40 B 60
mouse : 61
rat : 6l
rabbit : : 62
bovine : 62
human : : 62
Cytoplasmic tail Transmembrane domain
* 80 * 100 * 120
mouse : : 123
rat : 123
rabbit : 122
bovine : : 120
human : : 123
Neck region
* 140 * 160 * 180
mouse IT ERITS KK : 185
rat TRK ITS KK : 185
rabbit : T K E : 184
bovine : 8 FNS K@sD : 182
human DN K H KENE : 185
C-type lectin domain
* 200 * 220 *
mouse TE 229
rat RNTE 229
rabbit EAT 228
bovine TGT FRE : 226
human LEBGK e P : 229

Fig. 1 Amino acid sequence alignments of CLEC-2 from mouse, rat,
rabbit, bovine and human. The data was done using CLUSTAL W and
edited by administrating GeneDoc. Shading is based on conservation,

with the red shading representing 100 % conservation, purple repre-
senting 80 % and green 60 %. Predicted N-glycosylation sites are
indicated in a black box
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sequence, the DNA bands were cut, purified, and cloned
into pMD19-T vector, and sequenced.

Western blot analysis

Proteins from total cell lysates were separated under reduc-
ing condition by SDS-PAGE and transferred onto PVDF
membranes. The expression of CLEC-2 was detected with
indicated antibodies according to Santa Cruz Biotechnology’s
protocol.

Plasmid construction and site mutagenesis

The RT-PCRs were performed using the mRNA from the
tissue samples as described above and the productions of
mouse, rat, rabbit, bovine and human CLEC-2 cDNAs were
obtained. Then, these productions were in frame cloned into
pcDNA3.1/Myc-His vector (Invitrogen) to generate Myc-
tag construct pcDNA3.1/CLEC-2, respetively. Point mutant
was generated using Product Mutan™-Super Express Km

Mutagenesis Kit (TaKaRa) according to the manufacturer’s
protocol.

Confocal microscopy

The wild CLEC-2 and mutant CLEC-2 were transfected into
HeLa cells grown on the glass coverslips. After 24~36 h,
the transfected cells were washed twice with PBS and fixed
with 4 % paraformaldehyde for 20 min at room temperature.
After washed three times with PBS, the nonpermeabilized
cells were detected for cell surface molecules with anti-Myc
antibody and were stained with goat anti-mouse IgG-FITC
antibody. To detect intracellular CLEC-2, cells were permea-
bilized with 0.1 % Triton X-100/PBS for 5 min on ice. Then,
cells were viewed with laser confocal scanning microscope
(Leica Microsystems Heidelberg GmbH, Germany).

Ligand binding assay

For the binding assay, the transfected cells seeded on cover-
slips were washed in PBS and preincubated with 50ug/ml

Fig. 2 Phylogenetic tree of a ’
CLEC-2 based on nucleotide 9 l Homo sapiens
sequences. a Phylogenetic tree Oryctolagus cuniculus
of CLEC-2 was constructed Bos tauns
between mouse, rat, rabbit, Ratt ;
bovine and human. b Phyloge- i
netic tree was built across the 100 L Mus musculus

20 predicted CLEC-2 nucleo- 005

tide sequences. Phylogenetic

trees were produced using st

alignments of complete or b ri[

nearly complete CLEC-2 Ll Sus scrofa

nucleotide sequences, from 62 Tursiops truncatus

which part of the codons were
removed. The bootstrap values,
which show as a percentage
calculated from 1,000 data sets,
are shown at the nodes

Erinaceus europaeus

Felis catus
Canis familiaris
My otis lucifugus

Laoxodonta africana

Callithrix jacchus
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Pongo pygmaeus

= Pan troglodytes
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Ochotona princeps
Oryctolagus cuniculus

Dasypus novemcinctus

Choloepus hoffrmanni
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mPod-Fc proteins and rabbit anti-Myc antibody at 4 °C for
45 min. Cells were extensively washed and fixed with 4 %
paraformaldehyde for 10 min. Cells were stained with goat
anti-mouse IgG antibody conjugated to DyLightTM488 to
mark the binding mPod-Fc and goat anti-rabbit IgG anti-
body conjugated to DyLightTM549 for marking CLEC-2
expression. Finally, cell nucleus was stained with DAPIL
Labeled cells were visualized using Leica confocal
microscope.

Computer analysis of the transcription factors

To search putative binding sites for transcription factors in
the promoter region, 2000 bp upstream sequences of the
transcription start site of CLEC-2 genes were acquired from
UCSC Genome Bioinformatics (http://genome.ucsc.edu)
and the TFSEARCH program was performed to obtain the
binding sites for transcription factors (http://www.cbre.jp/
research/db/TFSEARCH.html).

Results

The amino acid sequence and structure of CLEC-2 is highly
conservative

To compare CLEC-2 sequences between different organ-
isms, CLEC-2 cDNA from rabbit and bovine were obtained
according to their genome and the amino acid sequence was
deduced. Human, mouse and rat CLEC-2 was obtained via
previous reports. Alignment of all the amino acid sequences
with the software CLUSTAL W revealed that there are 129
positions with 100 % sequence conservation, 36 positions
with 80 % sequence conservation, and 44 positions with
60 % sequence conservation (Fig. 1). Results from the
report of Genedoc showed 58 %~90 % sequence identity
of CLEC-2 among the five species. Phylogenetic tree based
on the five CLEC-2 genes was constructed to further inves-
tigate the homology of CLEC-2. By using neighbor-joining
method as implemented in Mega software, we observed that

Fig. 3 Analysis of a * 120 * 140 *
conservative N-glycosylation mouse :CATKWRYHGDSCYGFFRR EESKQYCTEQNATLVKTASQSTLDYIAER 152
sites in CLEC-2. a Two con- rat : CATKWRYHGDSCYGFFR EDSKLFCSEQNATLVKTASQSTLKYITDR:152

servative N-linked glycosyla-
tion sites are indicated in

red box. b Analysis of the
N-glycosylation sites of
CLEC-2. Myc-tagged wild-type
and mutant CLEC-2 were in- b
troduced into HEK293T cells.
The whole cell lysates were
subjected to 10 % SDS-PAGE.
The proteins on the gel were
immunoblotted with anti-Myc
antibody (WT: wild CLEC-2;
120 M: mutant CLEC-2 at

site Asn 120; 134 M: mutant
CLEC-2 at site Asn 120; DM:
mutant CLEC-2 at both sites
of Asn 120 and Asn 134).

¢ N-linked glycosylation modi-
fication impairs translocation
of CLEC-2. The expression of
wild CLEC-2 (WT) and mutant
CLEC-2 (DM) on the cell
surface (non-P) and inside cells
(P) is shown in green. Nuclear
stain (DAPI) is in blue

hunan

Rabbit Rat Mouse

Bovine

Human

rabbit: CDPNWRYYGDSCYGFFKHNLT
bovine: CDTHWRYYGDSCYGFFRHNLT
:CDTNWRYYGDSCYGEFFRHNLT

QEGKQYCSDVNATLLKITSRNILEYLKGR:151
LVKISSKSILQYFNSR:149
EESKQYCTDHMNATLLKIDNRNIVEYIKAR:152

DM DM

Bovine Rabbit Rat Mouse ©

Human

non-P non-P P
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human CLEC-2 was more closely related to rabbit CLEC-2
than the other vertebrate CLEC-2 nucleotide sequence,
while mouse CLEC-2 was more closely to rat, and the
neighbor-joining bootstrap values supporting the relation-
ship were very high, which is consistent with the results
from sequence alignment that human CLEC-2 is 70 %
identical to rabbit CLEC-2 and 62 % identical to mouse
CLEC-2 (Fig. 2a). Gene predictions were also carried
out on website Species List (http://www.ensembl.org/
info/about/species.html) in order to build a more inte-
grated phylogenetic tree including 20 CLEC-2 genes of
mammals (Fig. 2b). The Neighbor- Joining trees suggested
first that pig is closer to the cow than to the human, rabbit or
mouse. Additionally, CLEC-2 in primate species formed
separate but closely related clusters with a high degree
of reliability (i.e., bootstraps >80 %), indicating that they
arose by a gene duplication event in the common ancestor to
this group.

Furthermore, the prediction of N-glycosylation sites
showed that there are three or four potential N-glycosylation
sites on CLEC-2 from different species. Of note, there are
two conservative sites (N120, N134) in these species
(Fig. 3a), which implies a necessary role in the functional
significance of CLEC-2. Previous studies demonstrate that
the covalent and hydrophobic interactions within the CTLD
of CLEC-2 determine its space conformation [26]. Ex-
cept that three conserved disulfide bonds in the CTLD
of C-type lectin-like receptors including C102-C113,
C130-C216, and C195-C208 have a completely identical
location, three core hydrophobic regions including two
stacked tyrosine rings Y109 and Y148, two perpendic-
ular tryptophan rings W123 and W158 and a conserved
Trp-x-Trp motif with a leucine at position 161, are
completely identical. These features suggest that the
CTLD of CLEC-2 from different species should be of
a highly resembled space conformation. Additionally,
sequence alignment revealed that CLEC-2 from different
species has a highly conservative cytoplasmic tail with
an identical hemITAM motif, which implies that CLEC-2
employs a similar mechanism to propagate its signals in
different species.

Site N120 together with N134 is necessary
for the expression of CLEC-2 on cells

To determine whether N120 and N134 could be glycosy-
lated, both sites N120 and N134 were replaced with amino
acid Ala. Wild and mutant construct of CLEC-2 were trans-
fected into HEK293T cells, respectively, and western blot
analysis was performed with anti-Myc antibody. As shown
in Fig. 3b, mutant at sites N120 and N134 increased the
electrophoretic mobility of CLEC-2 in SDS-PAGE gel,
compared with wild type CLEC-2. In fact, an increase of
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electrophoretic mobility of CLEC-2 was also observed
when only site N120 or site N134 was replaced with Ala
(Fig. 3b). These data suggested that both sites N120 and
N134 of CLEC-2 from different species are conservative
and could be glycosylated. N-linked oligosasaccharides at
Asn-X-Ser/Thr sequence are crucial modifications for the
folding, stability, localization and ligand binding of trans-
membrane proteins [27-29]. Subsequently, we determined
whether mutant at both sites N120 and N134 would impair
the translocation of CLEC-2 to the cell surface. HeLa cells
were transfected with wild or mutant CLEC-2 construct and
immunofluorescence analysis was performed with anti-Myc
antibody. As illustrated in Fig. 3c, the expression of mutant

mPod CLEC-2 DAPI Merge

PLAGI PLAGZ PLAG3

H:56
§:56
AGAR : 57
&:55
§:56

Fig. 4 Podoplanin binds to CLEC-2 on Hela cells. a Hela cells were
transiently transfected with CLEC-2 and confocal microscopy analysis
was performed as described in Materials and methods. Confocal mi-
croscopy assay was performed and the localization of CLEC-2 (red)
and mPod (green) and their colocalization (yellow) are shown (original
magnification 364). Nuclear staining (DAPI) is in blue. b Amino acid
sequence alignments of podoplanin PLAG domain. Completely con-
served residues are shaded black; 80 % is shaded dark gray; 60 % is
shaded light grey. Conserved Thr52 in the PLAG domain is indicated
in red box
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CLEC-2 (N120A and N134A) could not be detected on the
cell surface while the expression of wild type CLEC-2 could
be seen on the cell surface. There is no expression of CLEC-2
because the expression of CLEC-2 was significantly viewed
inside the cells. These data suggested that modification of N-
linked glycosylation at both sites N120 and N134 of CLEC-2
from different species has an identical role and is necessary for
the translocation of CLEC-2 to the cell surface.

Similar conformation of C-type lectin-like domain
of CLEC-2

Since CLEC-2-deficient mice displayed abnormal pheno-
type with blood/lymphatic vessel misconnections, we spec-
ulate that the binding of Podoplanin to CLEC-2 should be
conservative to maintain the development of embryonic
vascular and formation of lymphatic vessel. To test our
speculation, the binding of recombinant mPod-Fc fusion
protein to CLEC-2 was performed. Results from confocal
microscopy analysis showed that mPod-Fc could bind to the
cell surface. CLEC-2 from different species were also
detected on the cell surface and extensively colocalized with
mPod-Fc, as revealed by merged images, which confirms
the results from sequence alignment that the CTLD of
CLEC-2 from different species should be of a highly resem-
bled space conformation (Fig. 4a). Previous studies have
demonstrated that a disialyl-corel on Thr52 plus the platelet
aggregation-stimulating domain 3 (PLAG3) are critical for
the CLEC-2-binding activity of Podoplanin [30]. Sequence

alignment revealed that Thr52 together with PLAG3 is
highly conserved across species (Fig. 4b), which suggests
that this region of podoplanin remains a proper conformation
to bind to CLEC-2 in evolution.

The alternative splicing of the pre-mRNA of CLEC-2
is differently regulated

We subsequently investigate whether the expression of
CLEC-2 from different species is regulated by a similar
mechanism in evolution. To determine the expression of
CLEC-2, RT-PCR was performed on RNA from liver and
spleen. As shown in Fig. 5a, a different expression profile of
CLEC-2 in liver from different species was observed. The
observable bands were purified, cloned into pMD19-T vec-
tor and the sequences were determined. The isoforms of
CLEC-2 from different species were indicated in Fig. Sc.
The coding sequences of rabbit and bovine CLEC-2 confirmed
the deduced sequences from their genomes and submitted to
GenBank (Accession nos. HQ738490 and HQ738491).
Results from sequencing show that the pre-mRNA of CLEC-
2 could be alternatively spliced, which implies that the expres-
sion of CLEC-2 could be regulated by pre-mRNA splicing in
different species. Furthermore, these splicing variants of
CLEC-2 generated by alternative splicing differ from each
other in different species, which suggests that the alternative
splicing of the pre-mRNA of CLEC-2 is regulated in a species-
specific manner. In fact, similar results were obtained in spleen,
which confirms our observation (Fig. 5b).

1000bp B B —
&000p ML S~ — g g — g —g B -
S (B smre s—— B =
-
] ———
— — — _ — Il ——]
GAPDH 5 D_x//\ ——
b 1 2 3 4 o
O |A-TC—2m— T T8 -
1000bp udJ B - —ams 2 g S— 6 =
500bp! 2lC-1 S~ Y - 6 -
é D-1 P W 5 - 6 =
Rabbit
o — — — I e

Fig. 5 Expression profiles of CLEC-2 transcripts. a Expression profile
of CLEC-2 transcripts in liver of different species by RT-PCR analysis,
and human from peripheral blood mononuclear cell (PBMC). Lane 1:
mouse; lane 2: rat; lane 3: rabbit; lane 4: bovine; lane 5: human PBMC.
b Expression profile of CLEC-2 transcripts in spleen of different

species by RT-PCR analysis. Lane 1: mouse; lane 2: rat; lane 3: rabbit;
lane 4: bovine. ¢ Genomic structure of CLEC-2 gene. Rat isofoms and
bovine isoforms are shown with putative length of encoding peptides
(Cyto, cytoplamic tail; TM, transmembrane domain; NECK, neck
region; CTLD, C-type lectin-like domain)
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The promoter of CLEC-2 gene from different species
displays a disparity

The promoter acts as an important regulator for the level of
gene expression and we subsequently determined whether
the transcription of CLEC-2 gene from different species is
regulated in a similar manner. The transcription factors-
binding sites in the promoter region of CLEC-2, 2000 bp
upstream of the transcription initiation site, were predicted.
Shown in Table 2 are the binding sites for several key
transcription factors in hematopoietic development includ-
ing NF-kB, activator protien-1 (AP-1), Ikaros, Oct-1, GATA
family members GATA-1/2/3, AML1, MZF1 and C/EBP
[31]. Significantly, the binding sites in the promoter region
of CLEC-2 gene for several key transcription factors display
a wide disparity and differ from each other, which suggest
that the initiation of transcription of CLEC-2 might be under
the control of different transcription factors in different
species (Table 2).

Discussion

In this work, we investigate the structural and functional
conservation of CLEC-2 and the regulation of CLEC-2
expression in evolution. CLEC-2 from different species
holds with an extraordinary conservation and the functional
structures including N-linked oligosaccharide sites and C-
type lectin-like domain implement a structural and function-
al conservation. Nevertheless, the alternative splicing of pre-
mRNA and the binding sites on promoter region for several
key transcription factors vary between different species.

The sequence alignment of CLEC-2 from five species in
this study displays an amazing homology. Proteins with a
highly-homology manner are usually reported such as heat
shock proteins [32]. These molecules might have an essen-
tial role in the individual development and cell survival.
CLEC-2-deficient mice are lethal at the embryonic and
neonatal stage with blood/lymphatic misconnections, which
suggests that CLEC-2 plays an important role in the regu-
lation of blood-lymphatic vascular separation. In fact, many
genes have a functional conservation and need not a highly
sequence homology in evolution, and the reason that CLEC-2
shows an amazing homology remains to be investigated.
Therefore, further understanding of the function of CLEC-2
might be helpful to clarify this issue.

Some pattern motifs and domains are widely employed in
the regulation of protein function. N-linked oligosasacchar-
ides at Asn-X-Ser/Thr sequence are crucial modifications
for the folding, stability, localization and ligand binding of
transmembrane proteins. Unlike dectin-1 with different N-
linked carbohydrate sites between human and mouse [8],
CLEC-2 possesses two identical N-linked glycosylation
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sites (N120 & N134). Our results indicate that N120 and
N134 of CLEC-2 could be glycosylated and mutant of both
N120 and N134 abolished the translocation of CLEC-2 to
the cell surface, which implies that N-linked oligosasacchar-
ides at N120 and N134 of CLEC-2 are essential for the
surface expression of CLEC-2. Furthermore, our results
show that mouse Podoplanin could bind to CLEC-2 from
different species, which suggests CLEC-2 from different
species has a highly similar space conformation to recognize
mouse Podoplanin. Additionally, sequence alignment
reveals that the site Thr52 plus the PLAG3 of Podoplanin,
critical for the CLEC-2-binding activity, is a conservative
site in evolution, which implies the binding of Podoplanin to
CLEC-2 is necessary and conservative to maintain the de-
velopment of embryonic vascular and formation of lymphat-
ic vessels in evolution. However, Kaneko et al. reported that
the bovine podoplanin has a sporadic deletion mutation in
the first PLAG domain and did not induce the aggregation
of platelets [33], which is consistent with recent reports that
a disialyl-corel on Thr52 plus the PLAG3 are necessary, but
not enough to induce the aggregation of platelets [30]. These
observations imply that bovine Podoplanin could bind to
CLEC-2 with the inability to induce aggregation of platelets.
It is possible that the activity of Podoplanin to maintain the
development of embryonic vascular and formation of lym-
phatic vessels in bovine could be compensated by other
mechanisms.

Alternative splicing is one of the most important mecha-
nisms to generate a large number of mRNA and protein
isoforms from the surprisingly low number of human genes
[34]. Unlike promoter activity, which primarily regulates the
amount of transcripts, alternative splicing changes the struc-
ture of transcripts and their encoded proteins. For instance,
LOXIN, a gene variant of LOX-1, was deficient in ligand
binding, but interacted with the full-length LOX-1 receptors
and blocked their surface expression, ox-LDL binding ac-
tivity and its uptake [35]. Although CLEC-2 shares a high
sequence-homology, the splicing variants of CLEC-2 gen-
erated by alternative splicing differ from each other in the
detected tissues. Furthermore, different tissues have distinct
expression profile of these isoforms of CLEC-2 in the same
species. Moreover, analysis of the promoter region of
CLEC-2 gene shows that the binding sites for several key
transcription factors differ from each other, which suggests
that the initiation of transcription of CLEC-2 might be under
the control of different transcription factors in different
species. We do not have suitable cell lines from these
species to test whether these elements have a role in initiat-
ing the transcription of CLEC-2 while we observe that the
promoter region of CLEC-2 contains a number of binding
sites for GATA-1, important transcription factors for mega-
karyocytes differentiation [36, 37], which implies that the
prediction of the binding sites for transcription factors is to a
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certain extent reliable. As a result, the biological function of
CLEC-2 might be tightly controlled and differently regulat-
ed in species although CLEC-2 from different species shares
a high sequence-homology and functional identity in
evolution.
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