
Biochemical and Biophysical Research Communications 404 (2011) 103–108
Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate /ybbrc
Clec14a is specifically expressed in endothelial cells and mediates cell
to cell adhesion

Seung-Sik Rho a, Hyun-Jung Choi a, Jeong-Ki Min b, Heon-Woo Lee a, Hongryeol Park a, Hyojin Park a,
Young-Myeong Kim c, Young-Guen Kwon a,⇑
a Department of Biochemistry, College of Life Science and Biotechnology, Yonsei University, Seoul, Republic of Korea
b Therapeutic Antibody Research Center, Korea Research Institute of Bioscience and Biotechnology, Daejeon, Republic of Korea
c Department of Molecular and Cellular Biochemistry, Kangwon National University, Chunchon, Republic of Korea

a r t i c l e i n f o
Article history:
Received 9 November 2010
Available online 21 November 2010

Keywords:
Clec14a
C-type lectin like domain
Endothelial cell
Cell–cell adhesion
Angiogenesis
0006-291X/$ - see front matter � 2010 Elsevier Inc. A
doi:10.1016/j.bbrc.2010.11.075

Abbreviation: Clec14a, C-type lectin domain famil
⇑ Corresponding author. Address: Department of

Science and Biotechnology, Yonsei University, Seoul
Fax: +82 2 362 9897.

E-mail address: ygkwon@yonsei.ac.kr (Y.-G. Kwon
a b s t r a c t

Clec14a is a member of the thrombomodulin (TM) family, but its function has not yet been determined.
Here, we report that Clec14a is a plasma membrane protein of endothelial cells (ECs) expressed specifi-
cally in the vasculature of mice. Deletion mutant analysis revealed that Clec14a mediates cell–cell adhe-
sion through its C-type lectin-like domain. Knockdown of Clec14a in ECs suppressed cell migratory
activity and filopodial protrusion, and delayed formation of tube-like structures. These findings demon-
strate that Clec14a is a novel EC-specific protein that appears to play a role in cell–cell adhesion and
angiogenesis.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Clec14a belongs to a newly described C-type lectin domain
superfamily that includes thrombomodulin (TM)/CD141, endosia-
lin/TEM1/CD248, and CD93/C1qRP/AA4 [1]. These type I trans-
membrane proteins are classified based on their ectodomain
structures consisting of a C-type lectin domain, a series of EGF
domains, and a sushi-like domain [2]. The C-type lectin is a carbo-
hydrate-binding protein domain. Proteins containing C-type lectin
domains mediate a diverse range of functions including cell–cell
adhesion, immune response to pathogens, and apoptosis [3,4].
For example, TM, which was originally identified in the vascular
endothelium, is an anticoagulant factor. TM-deficient mice show
spontaneous and fatal thrombosis in the arterial and venous circu-
lation, due to unregulated activation of the coagulation system [5].
The C-type lectin domain of TM interferes with polymorphonuclear
leukocyte adhesion to endothelial cells (ECs) [6] and counter-
acts the lipopolysaccharide-induced inflammatory response [7].
Endosialin was discovered as a human embryonic fibroblast-spe-
cific antigen and initially described as a marker of tumor endothe-
lium [8,9]; it is not expressed on normal ECs or human umbilical
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vein endothelial cells (HUVECs) [10]. Because lack of endosialin
can disrupt tumor growth and vascular differentiation, endosialin
has generated interest as a target for antiangiogenic therapy [11].
Human CD93, a receptor involved in C1q-mediated enhancement
of phagocytosis [12], is expressed on myeloid lineage cells, ECs,
platelets, and microglia; however, CD93-deficient mice are viable
and show no gross abnormalities in their vascular development.
Taken together, these observations suggest a role for the TM family
in the vasculature. The specific physiological role of Clec14a, how-
ever, remains unknown.

In the present study, we demonstrated that Clec14a is specifi-
cally expressed in the developing vasculature of mice and in
human ECs. Results of an aggregation assay showed that Clec14a
is involved in cell–cell adhesion via C-type lectin domain-mediated
interaction. Furthermore, silencing of Clec14a in vitro attenuated
EC angiogenic activity, as shown by cell migration and tube forma-
tion on Matrigel. These results suggest that Clec14a may play a sig-
nificant role in endothelial cell–cell adhesion.

2. Materials and methods

2.1. Isolation and culture of ECs

HUVECs were isolated from human umbilical cord veins by col-
lagenase, as described previously [13], and cells from passage 2 to
passage 7 were used. HUVECs were cultured on plates 2% gelatin
coated dishes at 37 �C in a 5% CO2 humidified atmosphere using
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M199 medium (Invitrogen, Carlsbad, CA) containing 20% FBS,
100 U/mL penicillin, 100 lg/mL streptomycin, 3 ng/mL basic fibro-
blast growth factor (R&D Systems, Minneapolis, MN), and 5 U/mL
heprin.

2.2. Whole-mount in situ hybridization

Pregnant mouse (C57BL6) was sacrificed to prep embryos at
embryonic day 10.5 (E 10.5). Whole-mount RNA in situ hybridiza-
tion was performed essentially as described previously [14,15],
using BM purple (Roche, Indianapolis, IN) as the color substrate.
Mouse embryos were stored in 70% glycerol and photographed.
The cDNA sequence of mouse Clec14a was used to transcribe
cRNAs for in situ hybridization probes.

2.3. Immunostaining and fluorescence imaging

HUVECs grown on a 2% gelatin-coated glass-based dish were
transfected with plasmids expressing Clec14a-GFP, Clec14aDcyto-
GFP, Clec14aDlectin-GFP, or Clec14aDegf-GFP as indicated in
Fig. 2B. HUVECs were starved for 3 h in Medium 199 containing
1% FBS, then fixed in PBS containing 4% paraformaldehyde for
30 min at 4 �C, washed with PBS, and permeabilized with 0.1% Tri-
ton X-100 for 15 min at 4 �C. After washing with PBS, the cells were
blocked with PBS containing 3% BSA for 1 h at room temperature
and immunostained with anti-VE-cadherin (Santa Cruz Biotech-
nology, Santa Cruz, CA) and sheep anti-human Clec14a (R&D Sys-
tems, Minneapolis, MN) antibodies for 2 h at room temperature.
The eyes of postnatal day 12 (P12) mouse pups were enucleated,
and the retinas were dissected, fixed with paraformaldehyde for
3 h, and placed overnight in 70% ethanol, stained with TRITC-la-
beled Griffonia simplicifolia isolectin B4 (Invitrogen, Carlsbad, CA).
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Fig. 1. Clec14a is specifically expressed in endothelial cell in vitro and in vivo. (A) Western
Clec14a appeared in outgrowth endothelial cells (OECs), human umbilical vein endothelia
endothelial cells (ECs). (B) Immunofluorescence images of anti-VE-cadherin (green) an
colocalizes with VE-cadherin at the cell membrane. (C–E) Whole-mount in situ hybridizat
brain blood vessels and intersomitic blood vessels (arrowhead). (F) Immunofluorescence
mouse pups at postnatal day 12. Scale bars are 100 lm in (B), 1 mm in (C), and 200 lm
The retinas were co-immunostained with mouse anti-human
Clec14a antibodies (Abcam, Cambridge, UK). Proteins reacting with
antibodies were visualized with species-matched Alexa 488-
labeled or Alexa 546-labeled secondary antibodies. Fluorescence
images of Alexa 488 and Alexa 546 were recorded with an Olym-
pus IX-81 inverted fluorescence microscope (Olympus Corporation,
Tokyo, Japan). Time-lapse images of HUVECs transfected with plas-
mids expressing green fluorescent protein (GFP) were obtained by
an Olympus IX-81 inverted fluorescence microscope.

2.4. In vitro tube formation and in vitro wound-healing assay

Tube formation was assayed as previously described [16]. In
brief, 250 ll Matrigel (BD Biosciences, Bedford, MA) was added to
a 24-well plate and allowed to polymerize for 20 min at 37 �C.
HUVECs were incubated in Medium 199 containing 20% FBS,
100 U/mL penicillin, 100 lg/mL streptomycin, 3 ng/mL basic fibro-
blast growth factor (Upstate Biotechnology, Waltham, MA), and
5 U/mL heparin. HUVECs were then harvested, resuspended in
M199, and seeded onto the Matrigel (1.5 � 105 cells/well). Matrigel
cultures were incubated at 37 �C and photographed at various time
points. The area covered by the tube network was determined with
an optical imaging technique; images of the tubes were scanned
into Adobe Photoshop (Adobe Systems, San Jose, CA) and quanti-
fied by ImageJ software (National Institutes of Health, Bethesda,
MD).

The wound-healing assay was performed by scratching conflu-
ent HUVECs on 2% gelatin-coated glass-based dish with a micropi-
pette tip. Images were captured at 0 and 8 h after wounding. For
quantitative analysis, five fields per plate were photographed,
and distances between front lines were measured with ImageJ.
Time-lapse images of HUVECs transfected with siRNA (Dharmacon,
lec14a IsolectinB4 Overlay

cadherin Clec14a Overlay/ DAPI

blot analysis showing expression of Clec14a in human cell types. The expression of
l cells (HUVECs), human umbilical artery endothelial cells (HUAECs), and lymphatic
tibody, anti-Clec14a antibody (red), and DAPI staining (blue) in HUVECs. Clec14a
ion of Clec14a is showing strong expression at E10.5. Clec14a mRNA was detected in

co-staining of anti-Clec14a and anti-isolectin B4 was detected in retina vessels of
in (F).
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Chicago, IL) against Clec14a were obtained by an Olympus IX-81
inverted fluorescence microscope.

2.5. Transfection siRNA

ECs were transfected with scrambled siRNA and Clec14a siRNA
by the use of lipofectamin (Invitrogen, Carlsbad, CA) for 3 h. Cells
were used for assays at 36 h after transfection. The siRNA of Cle-
c14a was designed by Dharmacon Inc. For Clec14a, a siRNA with
the sequence 50-CAAUCAGGGUCGACGAGAA-30 was used.

2.6. Cell aggregation assay

The 293F cell line was transfected with plasmids expressing
GFP, Clec14a-GFP, Clec14aDcyto-GFP, Clec14aDlectin-GFP, Clec14a-
Degf-GFP, suspended in FreeStyle 293 expression (Invitrogen, Carls-
bad, CA) medium, and seeded into 6-well plates (5.0 � 105 cells/
well). The cell aggregation assay was performed as described pre-
viously [17]. The numbers of cell aggregates (>4 cells) were
counted in at least 10 different fields.

2.7. Antibody generation

Polyclonal rabbit anti-mouse antibodies were generated against
Clec14a. The antigen sequence of mClec14a corresponding to ami-
no acids 123–136 was designed by GenScript Corporation (Piscat-
away, NJ) and the immunogen was conjugated to the carrier
protein KLH. This polyclonal antibody was purified by affinity
column.
1
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MOCK Clec14aFL Clec14a

Fig. 2. The C-type lectin domain of Clec14a is required for endothelial cell–cell contact. (A
cell contacts. (B) Constructs generated by deletion mutagenesis of Clec14a. (C) In con
fluorescent protein (GFP) expression was not detected in the region of cell–cell contact,
bars are 100 lm in (A, C).
3. Results

3.1. Clec14a is specifically expressed in the vasculature

We previously performed microchip array analysis to isolate
genes specifically regulated during endothelial progenitor cell dif-
ferentiation (GEO Accession No. GSE12891) [18], and identified
Clec14a as one of genes upregulated during this process. To iden-
tify the cells in which it is expressed, we measured Clec14a mRNA
levels in several human cell types (Supplementary Fig. 1A). In addi-
tion, we evaluated Clec14a protein expression in mouse tissues
and different types of human cells (Supplementary Fig. 1B and
Fig. 1A). Clec14a transcripts were detected in ECs, but not in other
cells. Immunostaining of ECs revealed that Clec14a is expressed in
the membrane region where VE-cadherin expression is detected
(Fig. 1B). We also analyzed Clec14a expression in mouse embryos
at day 10.5 (E10.5) by in situ hybridization. Clec14a was detected
in the vasculature including intersomitic vessels and blood vessels
of the brain in E10.5 embryos (Fig. 1C–E). Vessel-specific expres-
sion of Clec14a was also observed in the mouse retina at P12
(Fig. 1F). These results demonstrate that Clec14a is specifically ex-
pressed in vascular ECs.

3.2. Clec14a mediates cell–cell adhesion through the C-type lectin
domain

To further characterize the role of Clec14a in cell–cell contact,
we performed time-lapse imaging of ECs over-expressing the
Clec14a carboxy-terminal fused with GFP (Clec14aFL-GFP;
; Clec14aFL

; Clec14a lectin

; Clec14a egf-like

; Clec14a cyto

490 

Clec14a lectin Clec14a egf-likecyto

) In this image from a time-lapse movie, Clec14a was detected in the region of cell–
fluent HUVECs transfected with the deletion construct Clec14aDlectin-GFP, green

whereas the GFP expression of the other constructs was visible in that region. Scale
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Fig. 3. Aggregation assay confirms that cell–cell adhesion is mediated by the C-type lectin domain. (A) Aggregation of 293F cells in suspension expressing GFP, Clec14aFL-GFP,
Clec14aDcyto-GFP, Clec14aDlectin-GFP, and Clec14aDegf-like-GFP (phase-contrast image: upper panels, fluorescence image: lower panels). (B) To quantify aggregation, the
number of cell aggregates (cell mass >4 cells) was counted.
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Supplementary Movie 1 and Fig. 2A). Clec14aFL-GFP appeared at
the cell junctional region of contacting HUVECs. To determine
the region of Clec14a responsible for the cell–cell interaction, we
constructed a series of deletion mutants: Clec14aDcyto-GFP,
Clec14aDlectin-GFP, and Clec14aDegf-GFP (Fig. 2B). Interestingly,
localization of Clec14a in the junctional region was significantly re-
duced in HUVECs overexpressing the C-type lectin domain deletion
mutant (Clec14aDlectin-GFP), whereas the localization of other mu-
tants was similar to that of Clec14aFL-GFP (Fig. 2C). To determine
whether Clec14a mediates cell–cell adhesion, we performed a cell
aggregation assay with 293F cells in suspension. Clec14aFL-GFP-
expressing 293F cells aggregated well, and Clec14aDcyto-GFP and
Clec14aDegf-GFP expression also induced cell aggregation (Fig. 3A
and B). However, aggregation was significantly decreased in cells
expressing the C-type lectin domain deletion construct. These re-
sults suggest that the C-type lectin domain of Clec14a is involved
in mediating cell–cell adhesion.

3.3. Silencing Clec14a impairs EC angiogenic activity

To determine the potential role of Clec14a in endothelial func-
tion, we reduced its expression by transfection with siRNA against
human Clec14a (Fig. 4A). Clec14a knockdown delayed formation of
EC tubular networks on Matrigel (Fig. 4B and C). Filopodia number
in Clec14a-deficient ECs was also decreased compared to cells
transfected with scrambled siRNA at 1 or 5 h after plating on
Matrigel (Fig. 4D). Migratory activity of ECs is a critical feature of
angiogenesis. The wound healing assay revealed that Clec14a
knockdown decreased the migration distance of cells at the wound
edge (Fig. 4E and F). Taken together, these findings demonstrate
that Clec14a plays a critical role in the angiogenic activity of ECs.

4. Discussion

The thrombomodulin (TM) protein family, a subfamily of the
C-type lectin superfamily, includes TM, endosialin, CD93, and
Clec14a [1]. Although these proteins are involved in vascular activ-
ity, their expression is not limited to ECs. TM, a potent anticoagu-
lant originally identified in ECs, is expressed not only in the
vasculature as but also in the meninges, mesothelial cells, dermal
keratinocytes, and platelets. CD93, a phagocytosis receptor, is
expressed in myeloid lineage cells, ECs, platelets, and microglia,
although several reports suggest it is predominantly expressed in
ECs [12,19]. Endosialin/TEM1 is selectively expressed in tumor vas-
cular endothelium [20] and has therefore been targeted therapeu-
tically. The new member of the TM family, Clec14a, has not yet
been characterized. In the present study, we demonstrated the
selective expression of Clec14a in ECs. The endogenous expression
of Clec14a was first detected in the developing vasculature of mice,
which suggests that Clec14a may play an important role in vessel
development.

The localization of Clec14a in the intercellular boundary region
led us to examine its role in cell–cell adhesion. Overexpression of
Clec14a-GFP in 293F cells induced aggregation, which was
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Fig. 4. Clec14a siRNA changed morphology and inhibited migration of human umbilical vein endothelial cells. (A) Down-regulation of Clec14a by siRNA is concentration-
dependent and time-dependent. Human umbilical vein endothelial cells (HUVECs) were transfected with Clec14a siRNA, and tubular network formation on Matrigel of (B)
confluent and (D) sparse cultures was photographed and (C) quantified. ⁄⁄⁄P < .001 compared with scrambled siRNA control group. (E) Endothelial cell (EC) migration after
siRNA transfection as assessed by the wound-healing assay and (F) quantified. ⁄⁄⁄P < .001 compared with scrambled siRNA control group.
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disrupted by deletion of its C-type lectin-like domain. Like other
TM proteins, the extracellular region of Clec14a is composed of a
C-type lectin-like domain, an EGF domain, and a sushi-like domain.
Although deletion of the other domains did not reduce cell aggre-
gation, C-type lectin domain was required for cell–cell interaction.
A previous report showed that TM also mediates cell–cell adhesion,
and specific binding of the C-type lectin-like domain to carbohy-
drates is responsible for these interactions [21]. Similarly, it is
likely that Clec14a mediates cell adhesion via interaction of C-type
lectin domain with carbohydrate-containing molecules, although
the physiological ligands for Clec14a have not yet been deter-
mined. The physiological significance of Clec14a-mediated cell–
cell adhesion also requires further investigation in vivo.

The potential involvement of Clec14a in angiogenesis was
investigated in the present study using the in vitro assays of tube
formation and migration of ECs. Knockdown of Clec14a limited
the ability of HUVECs to organize into tubular structures on Matri-
gel, suggesting a role for Clec14a in in vitro endothelial tube forma-
tion. Vascular tube formation requires that ECs of the newly
formed channel are stably associated. The concentration of Clec14a
proteins at junctions between ECs and the induction of cell aggre-
gation by Clec14a suggest that Clec14a participates in the forma-
tion of intercellular structures critical for stable vascular tubes.
However, in vitro tube formation not only requires the ability to
form stable cell–cell contacts, it also depends on EC motility and
the ability to change shape before association. Results of the
wound-induced migration assay demonstrated that Clec14a
knockdown blocks HUVEC motility. These data suggest a role for
Clec14a in EC motility, independent of its effects on EC-EC associ-
ation. Interestingly, we also found that Clec14 is involved in EC
adhesion to extracellular matrix (ECM; data not shown), which
may account for the effect of Clec14a on EC migration. Endosialin
has also been reported to mediate migration and cell adhesion to
the ECM by interacting with fibronectin and collagen types I and
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IV [22]. Taken together, our results indicate that Clec14a may play
a critical role in the angiogenic function of ECs through interaction
with other ECs or ECM proteins.

In conclusion, we have demonstrated that Clec14a may be an
endothelial adhesion molecule involved in multiple functions.
Because endothelial cell–cell interaction is important for stable
vessel tube formation, it is worthwhile to investigate its role in leu-
kocyte infiltration and vascular permeability, which is intimately
associated with inflammatory angiogenesis. The functional role of
Clec14a in the vasculature development has yet to be identified.
Studies to clarify these issues are now underway.
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