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Platelet aggregation plays crucial roles in the formation of 
hemostatic plugs and thrombosis. Although it was recen-
tly shown that canonical Wnt signaling negatively regu-
lates platelet aggregation, the role of non-canonical Wnt 
signaling remains unknown. Here, we observed that Wnt5a, 
one of the non-canonical Wnts, positively regulated plate-
let aggregation. Platelet aggregation was potentiated by 
the addition of Wnt5a to collagen- or U46619-induced rat 
platelet rich plasma (PRP). Treatment with Wnt5a to U46619- 
stimulated PRP resulted in an increase in the level of 
phosphorylated Akt, whereas phosphorylation of PKCδ 
and JNK1 was unaffected. In addition, inhibition of PI3K 
blocked the potentiating effect of Wnt5a. Taken together, 
these results suggest that Wnt5a potentiates U46619-
induced platelet aggregation via the PI3K/Akt pathway. 
 
 
INTRODUCTION 
 
Platelet aggregation, in which a platelet attaches to another 
platelet, is the major process of hemostatic plug formation or 
thrombosis at sites of vascular damage. Previously, it was 
demonstrated that several receptor-mediated signaling mecha-
nisms are involved in platelet aggregation (Jackson, 2007). 
Platelet aggregation is stimulated by soluble agonists such as 
collagen, adenosine diphosphate (ADP), U46619 (9, 11-dieoxy-
11α, 9α-methanoepoxyprostaglandin F2α; thromboxane A2 
mimetic), or thrombin (Jackson, 2007). Previous reports dem-
onstrated that activation of PLC-γ coupled with collagen recep-
tors leads to increase in the levels of intracellular Ca2+, diacyl-
glycerol (DAG), and inositol triphosphate (IP3) (Surin et al., 
2008). DAG then activates protein kinase C (PKC) isoforms, 
which leads to secretion of granules on collagen-induced plate-
let aggregation (Harper and Poole, 2010; Surin et al., 2008). 
Components in the secreted granules, including ATP, ADP, 
serotonin, and Ca2+, are essential for induction of secondary 
platelet aggregation (Holmsen, 1991). In addition, multiple ago-
nists are known to stimulate phosphoinositol 3-kinase (PI3K) in 
platelets, subsequently activating Akt via phosphorylation (Li et 
al., 2003).  

Wnt signaling is classified into canonical and non-canonical 
pathways based on the involvement of β-catenin (Veeman et 

al., 2003). Canonical Wnt signaling is referred as the Wnt/β-
catenin pathway since the regulation of cytoplasmic β-catenin is 
a key step in signal transduction. Recently, it was demonstrated 
that several components of Wnt/β-catenin signaling are present 
in platelets. It was shown specifically that pre-treatment with 
recombinant Wnt3a, one of the canonical Wnts, inhibits platelet 
aggregation (Steele et al., 2009). On the other hand, the role of 
non-canonical Wnt signaling in platelet aggregation has not yet 
been determined. Wnt5a, a typical non-canonical Wnt, stimu-
lates intracellular Ca2+ release, thereby activating PKC and 
Ca2+/calmodulin-dependent protein kinase II (CamKII) (Kuhl et 
al., 2000). In addition, Wnt5a activates PI3K/Akt signaling 
through Frizzled3 receptor in human dermal fibroblasts (Kawa-
saki et al., 2007) and enhances mammary cells binding to col-
lagen (Jonsson and Andersson, 2001). Given that these func-
tions of Wnt5a seem to overlap with signaling for platelet ag-
gregation, it is plausible that Wnt5a plays a role in platelet ag-
gregation. In this study, we demonstrate that Wnt5a potentiates 
U46619-induced rat platelet aggregation via activation of PI3K/ 
Akt signaling.  
 
MATERIALS AND METHODS 

 
Reagents and instruments  
Collagen was purchased from Chrono-log Corporation and 
U46619 (9, 11-Dieoxy-11α, 9α-methanoepoxyprostaglandin F2α; 
thromboxane A2 mimetic) was purchased from Sigma. Anti-
phospho(Ser473)-Akt1 antibody and anti-phospho(Thr505)-PKCδ 
antibody were purchased from Cell Signaling Technology. Anti-
phospho-JNK1 antibody was purchased from Santa Cruz Bio-
tech. Recombinant Wnt5a was purchased from R&D systems.  
The number of platelets was determined using a hematology 
analyzer (Exell TM 18, Drew Scientific Inc.), whereas the de-
gree of platelet aggregation was measured using a four-chan-
nel platelet aggregometer (Model 490-X, Chrono-Log Corp.) 
connected to a personal computer.  
 
Animals 
The rats (Sprague-Dawley, 250 ± 20 g) used in this study were 
purchased form Orient Bio (Korea). They were fed a diet of 
animal chow and tap water and were housed at 23 ± 0.5°C and 
60% humidity under a 12-h light-dark cycle in accordance with
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the Guide for the Care and Use of Laboratory Animals of Seoul 
National University. Animal experiments were conducted under 
the license given by the animal ordinance issued by the Insti-
tute of Laboratory Animal Resources of Seoul National Univer-
sity and according to the guidelines of the Seoul National Uni-
versity Institutional Animal Care and Use Committee (approval 
no. SNU050502-13). 
 
Rat blood collection 
Rat blood was collected from hearts after surgery using a sy-
ringe containing 0.1 volumes of 2.2% sodium citrate. Collected 
blood was centrifuged at 200 × g for 10 min at room tempera-
ture to obtain supernatant platelet-rich plasma (PRP). Platelet-
poor plasma (PPP) was obtained from the residue after cen-
trifugation at 1500 × g for 20 min. Supernatant PRP was diluted 
with PPP and physiological saline to adjust the final platelet 
number to 4.0-4.5 × 108 platelets/ml with the aid of a platelet 
counter. 
 
Human blood collection 
A few Korean men who had not taken any medicine for 2 
weeks prior volunteered for the study. They were given informa-
tion con-cerning the purpose of the experiment. The research 
protocol was approved by the Institutional Review Board of 
Seoul National University Hospital, Korea.  

Human blood was collected from the antecubital vein using 
3.8% sodium citrate (9:1, v/v). PRP was centrifuged at 200 × g 
for 10 min, whereas PPP was collected from the residue by 
centrifugation at 1500 × g for 20 min. The number of platelets 
was adjusted to 300-350 × 106/ml by adding PPP to PRP. 
 

Platelet aggregation 
Platelet aggregation was monitored by a turbidimetric method 
using an optical aggregometer. PRP (500 μl) was incubated at 
37°C and stirred continuously at 1,200 rpm. Platelet aggrega-
tion was recorded after the final addition of an aggregating 
agent relative to PPP, which represented 100% light transmis-

sion, whereas PRP represented 0% light transmission. Reduc-
tion in the turbidity of PRP was observed as platelet aggrega-
tion proceeded. PRP was equilibrated at 37°C for 3 min prior to 
the initiation of each experiment. Briefly, 5 μl of sample or vehi-
cle (buffer) was added, followed by addition of an aggregating 
agent [collagen (0.7 μg/ml)] at 30 s. U46619 (3 μM)-induced 
platelet aggregation was measured in the presence of a thre-
shold concentration of collagen (0.5 μg/ml), which was added 
30 sec before the addition of the agent. 
 
Reverse transcriptase - PCR 
Rat and human PRP were washed twice with PBS. RNA was 
isolated with TRIzol reagent (Invitrogen) according to the manu-
facturer’s protocol. cDNA was generated using ImProm-II™ 

Reverse Transcriptase (Promega). The cDNA were amplified 
with the primers indicated in Supplementary Table 1.  
 
Western blotting 
After the reaction samples were centrifuged, the precipitated 
platelets were washed twice with PBS. The platelets were then 
lysed in lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 
0.5% TritonX-100, 50 mM NaF, 2 mM EDTA, 100 μM Na-
orthovanadate, 1 mM PMSF, 5 μg/ml of leupeptin, 1 μM pep-
statin A). The lysates were centrifuged at 13,000 rpm for 15 min 
at 4°C, after which the supernatants were removed. The protein 
samples were then resolved by SDS-PAGE and analyzed by 
Western blotting. PVDF membrane (Pall Life Sciences) was 
used for transfer, and ECL reagent (Roche or ELPIS Biotech.) 
was used to detect the chemiluminescent signal.  
 
RESULTS AND DISCUSSION 

 
Presence of Wnt receptors in platelets 
Since the function of Wnt5a depends on its receptors, we inves-
tigated whether or not receptors for Wnt, Frizzleds (Fzd), and 
LRP5/6 (low-density lipoprotein receptor-related protein) are 
present in rat and human platelets using RT-PCR analysis (Fig. 

Fig. 1. Wnt receptors are present in rat and human platelets.

RNA from rat and human platelets was used for RT-PCR.

The indicated receptors were amplified using the primers

listed in Supplementary Table 1. 

Fig. 2. Effects of Wnt5a on collagen- or U46619-induced rat

platelet aggregation. The degree of platelet aggregation was

measured based on the level of light absorption. Rat PRP

was stimulated by (A) collagen (0.7 µg/ml) with or without

Wnt5a (50 or 100 ng) or (B) U46619 (a thromboxane A2

mimetic, 3 µM) with or without Wnt5a (50 or 100 ng). Colla-

gen (0.5 µg/ml) was added 30 s prior to stimulation. The

aggregation traces are representative of three separate

experiments. 
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Fig. 3. Wnt5a enhances phosphorylation of Akt1 in rat platelets. Rat 

PRP was stimulated by collagen and U46619 with or without Wnt5a 

and analyzed by Western blotting using the indicated antibodies. 

The β-actin was used as a loading control. Collagen (0.5 μg/ml) was 

added 30 s prior to U46619-induced stimulation. 
 
 
1). In rat platelets, all known Frizzled receptors except Fzd1 
and 10 were detected. Fzd3, 5, 6, and 7 displayed higher ex-
pression compared to Fzd2, 4, 8, and 9 (Fig. 1; upper panel). 
All Fzd receptors were present in human platelets, whereas 
expression of Fzd8, 9, and 10 was relatively low (Fig. 1; lower 
panel). Expression of both LRP5 and 6, Wnt co-receptors, was 
observed in rat and human platelets. Fzd3 was the most abun-
dant receptor in rat and human platelets, suggesting that Fzd3 
might play a crucial role in platelet function.  
 
Potentiation of collagen or U46619-induced platelet  

aggregation by Wnt5a  

Steele et al. (2009) previously showed that Wnt5a has no in-
hibitory effect on platelet aggregation. However, they did not 
examine the potentiative effect of Wnt5a on platelet aggrega-
tion. Given that Wnt5a leads to PKC activation (Koyanagi et al., 
2009), Akt phosphorylation (Kawasaki et al., 2007), and inhibi-
tion of canonical Wnt signaling (Topol et al., 2003), Wnt5a may 
augment platelet aggregation. To test this possibility, we inves-
tigated whether or not Wnt5a can induce aggregation of plate-
lets on rat PRP. The degree of platelet aggregation was ana-
lyzed based on the level of light absorption. As shown in Fig. 2, 
recombinant Wnt5a alone did not lead to aggregation of plate-
lets in rat PRP. To test the potentiative effect of Wnt5a, we used 
collagen or U46619 at the threshold concentration in which plate-
let aggregation does not occur. Further, U46619 was used in 
the presence of a low concentration of collagen since the 
threshold concentration of collagen must be surpassed for 
U46619-induced platelet aggregation in rat PRP (Hanasaki et 
al., 1987; Nakano et al., 1987). Interestingly, Wnt5a potentiated 
platelet aggregation in a dose-dependent manner at the thre-
shold concentration of collagen (0.7 μg/ml) (Fig. 2A) or collagen 
(0.5 μg/ml) plus U46619 (3 μM) (Fig. 2B).  
 
Wnt5a enhances phosphorylation of Akt1 in U46619- 

induced platelet aggregation 

It has been shown that the PI3K/Akt pathway is activated by 
Wnt5a through Fzd3 in human dermal fibroblasts (Kawasaki et 
al., 2007). Akt isoform 1 is known to be responsible for platelet 
aggregation (Chen et al., 2004). In our results, Fzd3 was highly 
expressed compared to other Fzds in rat and human platelets 
(Fig. 1). These results suggest that Wnt5a might potentiate 
platelet aggregation via activation of PI3K/Akt signaling. We 
next tested the effect of recombinant Wnt5a on the level of 
phosphorylated Akt1 during platelet aggregation. Both Wnt5a 
and U46619 alone slightly induced phosphorylation of Akt1 in 
rat platelets. However, phosphorylation of Akt1 was remarkably 

 
 
 
 
 
 
 
 
 
 
Fig. 4. Wortmannin blocks potentiation of platelet aggregation by 

U46619 and Wnt5a. PRP was stimulated with U46619 (3 μM) with 

or without Wnt5a (100 ng). Wortmannin (10 μM) or vehicle was 

added 30 s prior to stimulation. Collagen (0.5 μg/ml) was added 30 

s prior to stimulation. The aggregation traces are representative of 

three separate experiments. 
 
 
increased in the presence of both Wnt5a and U46619 (Fig. 3), 
and the amount of increase paralleled the degree of platelet 
aggregation, as shown in Fig. 2B.  

In addition to Akt1 activation, Wnt5a can relay signaling via 
activation of JNK and PKC in the planar cell polarity (PCP) 
pathway (Brade et al., 2006). Among PKC family proteins, 
PKCδ is implicated in the regulation of the convergent exten-
sion movement of Xenopus embryos by the Wnt/JNK pathway 
as well as the regulation of cardiac gene expression by Wnt5a 
in human circulating progenitor cells (Kinoshita et al., 2003; 
Koyanagi et al., 2009). In our Western blot experiment, how-
ever, neither Wnt5a, U46619, nor Wnt5a with U46619 stimu-
lated PKCδ, based on the level of phosphorylated PKCδ, in rat 
platelets (Fig. 3). In addition, no detectable difference was ob-
served in JNK phosphorylation when Wnt5a was added during 
U46619-induced rat platelet aggregation. These results suggest 
that Wnt5a specifically induces the activation of Akt1, but not 
PKCδ or JNK, in U46619-induced rat platelet aggregation. 
 
Potentiative effect of Wnt5a on rat platelet aggregation is  

blocked by Wortmannin 

To confirm that the potentiative effect of Wnt5a is mediated by 
activation of PI3K/Akt signaling, we performed the same experi-
ment shown in Fig. 2B using Wortmannin, a PI3K inhibitor. In 
the presence of Wortmannin, platelet aggregation potentiated 
by Wnt5a was completely blocked (Fig. 4). Similarly, the poten-
tiative effect of Wnt5a was blocked by LY294001, another PI3K 
inhibitor (data not shown). These data suggest that Wnt5a 
could potentiate U46619-induced platelet aggregation via acti-
vation of PI3K/Akt signaling. 

 Wnt5a is known to be expressed in melanoma. Especially,
Wnt5a is strongly expressed in metastatic melanoma cells
(Weeraratna et al., 2002). This suggests that Wnt5a most likely
participates in the metastasis of cancer cells. To metastasize,
cancer cells must not only invade blood vessels but also over-
come stresses such as blood shear forces and immune re-
sponses (Fidler et al., 2010; Gupta and Massague, 2006). Al-
though it is known that Wnt5a promotes the invasion of cancer
cells into blood vessels (Pukrop et al., 2006), the role of Wnt5a
during circulation of cancer cells remains unknown. Platelet
aggregation is a critical step for metastatic cells to survive in the
circulation. It was previously shown that metastatic cells protect
themselves from shear forces and immune cells by using ag-
gregated platelets as a shield (Gupta and Massague, 2006). In
this study, we showed that most of the Wnt receptors are pre-
sent in platelets and that Wnt5a functions positively in collagen-
or U46619-induced platelet aggregation. Although our study
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could not provide evidence of Wnt5a secretion by circulating 
metastatic cells, it is still possible that Wnt5a might be involved 
in metastatic progression via induction of platelet aggregation 
after invasion into blood vessels.  
 
Note: Supplementary information is available on the Molecules 
and Cells website (www.molcells.org). 
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