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Abstract. Monocyte chemoattractant protein-1 (MCP-1) is an 
essential cytokine for the migration of monocytes into vessels, 
and is also involved in the pathogenesis of atherosclerosis. In this 
study, we investigated the importance of janus kinase 2 (JAK2) 
and the function of the Akt and glycogen synthase kinase-3β 
(GSK3β) pathway in toll-like receptor (TLR2)-mediated MCP-1 
expression. The TLR2 agonist, Pam3CSK4, induced MCP-1 
expression in the Raw264.7 cell line. The induction of MCP-1 
was seen in the bone marrow-derived macrophages of wild-
type mice but not in TLR2 knockout mice. The TLR2-mediated 
MCP-1 induction was myeloid differentiation primary response 
gene 88 (MyD88)-independent. By contrast, the inactivation of 
JAK2 attenuated TLR2-mediated MCP-1 expression. The JAK 
inhibitor suppressed the phosphorylation of GSK3β as well as 
Akt by Pam3CSK4 stimulation. While the inactivation of Akt 
by LY294002 suppressed TLR2-mediated MCP-1 induction, 
the inactivation of GSK3β by LiCl potentiated TLR2-mediated 
MCP-1 induction. Furthermore, Akt inhibitor suppressed 
TLR2-mediated phosphorylation of GSK3β. Taken together, 
these results suggest that a MyD88-independent pathway exists 
in TLR2 signaling; the JAK2-Akt-GSK3β pathway is a novel 
MyD88-independent pathway for MCP-1 induction.

Introduction

Toll-like receptors (TLRs) are the most well-known pattern 
recognition receptors, due to their role in the detection of a 
variety of pathogen-associated molecular patterns (1). To date, 
13 TLRs have been identified, and each TLR has a specific 
ligand (2-4). In particular, TLR2 heterodimerizes with TLR1 
or TLR6, and recognizes lipopeptides or lipoproteins (5). 

TLR has been suggested to play a role in atherosclerosis 
progression (6,7); TLR2 is the most known receptor for the 
development of atherosclesosis. The direct stimulation of TLR2 
by the synthetic ligand, Pam3CSK4, accelerates lesion formation 
and, in TLR2 knockout (KO) mice, this phenomenon is inhibited 
(8). The TLR2-associated progression of atherosclerosis has 
been confirmed in various cells, including endothelial cells, 
smooth muscle cells and macrophages. For example, high 
expression of TLR2 in monocytes serves as an important risk 
factor for arteriosclerotic disease (9,10). In addition, increased 
expression of TLR2 in endothelial cells causes interruption of 
blood flow, thus leading to more severe early atherogenic events 
(11). Apolipoprotein CIII regulates atherosclerosis-related gene 
expression in adipocytes (12), and even Chlamydia pneumonia-
induced macrophage-form cell formation is mediated by 
TLR2 (13). Therefore, the verification of regulatory proteins 
in atherosclerosis induced by TLR2 may aid in the prevention 
of the disease and could provide possibilities of novel target 
medication.

Multiple regulators contribute towards the progression of 
atherosclerosis. However, the recruitment of monocytes on 
the injured sites of blood vessels is essential for the onset of 
atherosclerosis, and the most essentially effective chemokine 
is monocyte chemoattractant protein-1 (MCP-1) (14,15). 
Monocytes activated by MCP-1 differentiate into macrophages 
and are then converted into foam cells; however, each of the 
cells produce more MCP-1, thus exasperating atherosclerosis 
progression. Although MCP-1 has been shown to be associated 
with the formation of foam cells and the progression of athero-
sclerosis, many questions remain unanswered regarding the 
expression mechanism during TLR2 activation. There is very 
limited information on studies involved in the TLR2-mediated 
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MCP-1 production. At present, the function of ERK and JNK 
has been suggested in MCP-1 production by TLR4 stimulation 
(16,17) and, recently, the existence of multiple pathways, such as 
PKC, Akt and mitogen-activated protein kinase (MAPK), have 
also been suggested (16,18,19). We have previously reported 
the regulation of MCP-1 production via TLR9 by cytosolic 
PLA2 and JNK pathway (20). However, not much information 
is available regarding the MCP-1 production mechanism by 
TLR2 signaling. Although MAPK (ERK, p38, JNK) pathway is 
a well-known mechanism with the involvement of the myeloid 
differentiation primary response gene 88 (MyD88) complex in 
the TLR-mediated MCP-1 production, the participation of other 
types of kinases remains obscure. Therefore, in our present 
study, we investigated the participation of new signaling path-
ways, which regulate MCP-1 production by TLR2 stimulation.

Materials and methods

Cells lines and reagents. Raw264.7 cell lines were 
purchased from ATCC (Manassas, VA, USA). Primary bone 
marrow-derived monocytes were differentiated into bone 
marrow-derived macrophages (BMDM) for 5-7 days in DMEM 
supplemented with 10% L929 cell-conditioned medium [as a 
source of macrophage-colony stimulating factor (M-CSF)]. 
Cell culture reagents, including fetal bovine serum (FBS), were 
obtained from Life Technologies (Grand Island, NY, USA). 
α-Akt, α-phospho Akt (S473), α-phospho glycogen synthase 
kinase-3β (GSK3β) (S9) antibodies were obtained from Cell 
Signaling Technology (Beverly, MA, USA). α-β-actin, LiCl 
were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Reverse transcription-polymerase chain reaction (RT-PCR) 
kits were from Takara Bio (Kyoto, Japan). TLR2, MyD88, TIR 
domain-containing adapter inducing IFN-β (TRIF) siRNAs 
and TRIzol were purchased from Invitrogen (Carlsbad, CA, 
USA). Janus kinase (JAK)1, JAK2, JAK3 and TYK2 siRNA 
were purchased from Bioneer (Daejeon, Korea). α-GSK3β was 
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). LY294002 and AG-490 were purchased from Biomol 
(Plymouth Meeting, PA, USA). JAK inhibitor I was purchased 
from Merck/Calbiochem (Darmstadt, Germany). Pam3CSK4 
was purchased from InvivoGen (San Diego, CA, USA).

siRNAs and transfection. Stealth control and gene-specific 
siRNAs against the following target genes were designed using 
the Block-IT Stealth RNAi designer: i) TLR2, 5'-UUA AAG 
GGC GGG UCA GAG UUC UCC A-3'; ii) MyD88, 5'-ACC ACC 
AUG CGG CGA CAC CUU UUC U-3'; iii) TRIF, 5'-UGU UGG 
UGG AGU GUA ACG UAU GUC C-3'; iv) JAK1, 5'-UCA CCG 
GGA CUU AGC AGC AAG AAA U-3'; v) JAK2, 5'-CGG GUC 
GGC GCA ACC UAA GAU UAA U-3'; vi) JAK3, 5'-CAC AUG 
ACU CGG AAG UCC UCC UGA A-3'; vii) TYK2, 5'-GCG 
AGG AGG AGA UCC ACC ACU UUA A-3'. For transfection, 
Raw264.7 cells were plated in 35-mm plates and transfected 
with siRNA at a final concentration of 150-200 pM using 
nucleoporation reagents from Lonza (Allendale, NJ, USA). Cells 
were nucleoporated according to the manufacturer's protocol and 
incubated for 18-24 h before Pam3CSK4 stimulation.

RT-PCR. Total RNA was extracted from cells using TRIzol. 
First-strand of cDNA was synthesized from 1 µg total RNA 

in the presence of random primers, oligo(dT) and reverse 
transcriptase (Takara Bio). Cycling conditions for PCR were 
95˚C for 5 min, followed by 26-33 cycles at 95˚C for 1 min, 
60-63˚C for 1 min and 72˚C for 1 min. For semi-quantitative 
PCR, target genes were normalized for β-actin transcription. 
The sequences of PCR primers used in the present study 
were as follows: i) MCP-1 forward, 5'-AGA GAG CCA GAC 
GGG AGG AA-3' and reverse, 5'-GTC ACA CTG GTC ACT 
CCT AC-3'; ii) TLR2 forward, 5'-CGC CCT TTA AGC TGT 
GTC TC-3' and reverse, 5'-TTA TCT TGC GCA GTT TGC 
AG-3'; iii) MyD88 forward, 5'-CCA GTA TCC TGC GGT 
TCA TCA-3' and reverse, 5'-GCT CCG CAT CAG TCT CAT 
CTT-3'; iv) TRIF forward, 5'-GTA TGG GCC CTC TGA CTG 
AT-3' and reverse, 5'-ATA GGT GTG GTC TTC CCT GC-3'; 
v) JAK1 forward, 5'-ATG GAA GAC GGA GGC AAT GGT-3' 
and reverse, 5'-GGA ACT TTA GAG GCA GAA TAC-3'; 
vi) JAK2 forward, 5'-AAG AGC AAC GGA AGA TTG C-3' 
and reverse, 5'-CGT CAC AGT TTC TTC TGC CT-3'; vii) 
JAK3 forward, 5'-CAC ACC TGG CAT CCC GAA TC-3' 
and reverse, 5'-AGC AGT AGG CGG TCG GTG TG-3'; viii) 
TYK2 forward, 5'-CCT GGC CAT GAC CTG AAC AG-3' 
and reverse, 5'-TGT GCC CTT CAC TGA CGG AG-3'; and ix) 
β-actin forward, 5'-TCC TTC GTT GCC GGT CCA CA-3' and 
reverse, 5'-CGT CTC CGG AGT CCA TCA CA-3'.

Western blot analysis. Macrophages were cultured in 35-mm 
Petri dishes and treated with Pam3CSK4 in the presence or 
absence of inhibitor. Cell pellets were resuspended in lysis buffer 
(50 mM Tris-HCl, pH 8.0; 5 mM EDTA; 150 mM NaCl; 0.5% 
Nonidet P-40; 1 mM phenylmethylsulfonyl fluoride; and protease 
inhibitor cocktail). Proteins were separated on an 8% reducing 
SDS-PAGE gel and transferred onto nitrocellulose membranes 
in 20% methanol, 25 mM Tris and 192 mM glycine. Membranes 
were then blocked with 5% non-fat dry milk and incubated 
overnight with primary antibody at 4˚C before washing, followed 
by 1 h of incubation with horseradish peroxidase-conjugated 
secondary antibody. Further washing steps were followed with 
subsequent development with an enhanced chemiluminescence 
system (GE Healthcare, Buckinghamshire, UK).

Results and Discussion

Pam3CSK4 stimulates MCP-1 mRNA expression through TLR2-
dependent, but MyD88-independent pathway. Previously, we 
as well as others have reported on the formation of foam cells 
by the TLR2 ligand; the foam cell is a hallmark of early athero-
sclerosis lesions (13,20). We studied the nature of molecules 
involved in TLR2-induced foam cell formation and found that 
MCP-1 plays a major role. RT-PCR showed maximal induc-
tion of MCP-1 mRNA expression by Pam3CSK4 in both cell 
lines, Raw264.7 (Fig. 1A) and BMDM (Fig. 1B). Subsequently, 
we investigated whether the induction was TLR2-dependent 
using TLR2 KO mice. While MCP-1 expression was induced 
by Pam3CSK4 in BMDM from wild-type mice, its expression 
was not affected in BMDM from mice with deletions in TLR2 
(TLR2 KO; Fig. 1B). Therefore, we postulated that MCP-1 
expression by Pam3CSK4 is dependent upon TLR2. Many 
types of TLR ligands (LPS, flagellin, FSL1 and CpG-ODN) 
other than the TLR2 ligand have also been found to induce the 
expression of MCP-1 (data not shown). These results suggest 
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that MCP-1 induction by TLR ligands is a general charac-
teristic. MCP-1 was found at higher expression levels within 
atherosclerotic lesions and, thus, considered  a key player in the 
recruitment of monocytes into the arterial wall (21). Therefore, 
our data suggest that the Pam3CSK4-induced MCP-1 expression 
is associated with atherosclerosis.

We further investigated the involvement of MyD88 by 
TLR2 stimulation in Raw264.7 cells. TLR2 or MyD88 siRNA 
transfected into cells was capable of successfully downregu-
lating their respective target genes. While MCP-1 expression 
induced by Pam3CSK4 decreased in TLR2 siRNA cells, there 
were no changes in MCP-1 expression in MyD88 siRNA cells 
(Fig. 1C). These results suggest that MCP-1 expression induced 
by Pam3CSK4 is TLR2-dependent, but MyD88-independent. 
Currently, MyD88 is the most known adaptor molecule in the 
TLR2 signaling pathway (22). However,  there are currently 
very few studies on the MyD88-independent pathway. The 
TLR2 signaling pathway is a well-known mechanism through 
which MyD88 activates the NF-κB transcription factor and 
induces various genes, including cytokines, chemokines and 
inflammatory mediators (23). However, as our results demon-

strate, the fact that MCP-1 production by TLR2 stimulation is 
MyD88-independent is very unique.

The MyD88-independent pathway has mainly been studied 
in association with the TLR3 or TLR4 signaling pathway, and 
the functions of TRIF-related adaptor molecule (TRAM) and 
TRIF have mainly been focused upon. Studies on the MyD88-
independent pathway in TLR2 signaling are very limited. Chen 
et al (24) reported the TRIF-dependent pathway in Chlamydia 
pneumonia, TLR2 ligand-induced foam cell formation. Our 
preliminary data also demonstrate the participation of TRIF in  
TLR2 signaling. In other words, TRIF siRNA cells exhibited 
decreased MCP-1 expression by TLR2 stimulation (Fig. 1D). 
These results suggest the existence of the MyD88-independent 
pathway in TLR2 signaling and the feasibility of the TRIF-
dependent pathway.

JAK2 is involved in the TLR2-mediated MCP-1 expression. 
We tried searching for the downstream molecules of TLR2 in 
MCP-1 expression and found that JAK plays a role in MCP-1 
induction. For example, pre-treatment with the JAK inhibitor 
blocked MCP-1 expression induced by Pam3CSK4 (Fig. 2A). 

Figure 1. Pam3CSK4 induces MCP-1 expression by a TLR2-dependent, 
but MyD88-independent pathway. (A) Raw264.7 cells were treated with 
Pam3CSK4 (100 ng/ml) for the indicated duration of times. MCP-1 mRNA 
expression was determined by RT-PCR and normalized to β-actin control. (B) 
BMDMs were isolated from wild-type or TLR2 knockout (KO) mouse bone 
marrow and treated with Pam3CSK4 (100 ng/ml) for the indicated duration of 
times. MCP-1 mRNA expression was determined by RT-PCR and normalized 
to β-actin control. (C) Raw264.7 cells were transfected with either control 
or TLR2 or MyD88 siRNA (200 pM) for 24 h. Cells were stimulated with 
vehicle or Pam3CSK4 (100 ng/ml) for 6 h. TLR2, MyD88 and MCP-1 mRNA 
expression was determined by RT-PCR and normalized to β-actin control. 
(D) Raw264.7 cells were transfected with control or TRIF siRNA (200 pM) 
for 24 h. Cells were stimulated with vehicle of Pam3CSK4 (100 ng/ml) for 
6 h. TRIF and MCP-1 mRNA expression was determined by RT-PCR and 
normalized to β-actin control.

Figure 2. JAK2 mediates TLR2-stimulated MCP-1 expression. (A and B) 
Raw264.7 cells were treated with Pam3CSK4 (100 ng/ml) for 6 h in the 
presence or absence of JAK inhibitor I (10 µM) or JAK2 inhibitor AG490 
(10 µM). MCP-1 mRNA expression was determined by RT-PCR and nor-
malized to β-actin control. (C) Raw264.7 cells were transfected with JAK1, 
JAK2, JAK3 or TYK2 siRNA (200 pM) for 24 h. Cells were stimulated with 
vehicle or Pam3CSK4 for 6 h, and MCP-1 mRNA expression was determined 
by RT-PCR and normalized to β-actin control.
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AG490, the JAK2 inhibitor, also inhibited MCP-1 expression 
induced by Pam3CSK4 (Fig. 2B). To confirm the role of JAK2, 
the effects of Pam3CSK4 were compared after decreasing JAK 
expression using the siRNA method. The expression of JAK 
mRNA was decreased to 60-80% in each siRNA-transfected 
cell. While TLR2-mediated MCP-1 expression had no effects 
in JAK1, JAK3 or TYK2 siRNA cells, the expression of MCP-1 
was decreased in the JAK2 siRNA cells (Fig. 2C).

Four types of JAKs have been identified and they play an 
essential role in tyrosine kinase receptor signaling. Although 
the participation of JAK2 in TLR2 signaling is of interest, 
systematic study has not yet been performed. While not much 
data is available on the correlation between TLR and JAK, 
the function of JAK2 in TLR4-induced macrophage activation 

(25) and the function of TYK2 in TLR4-induced endotoxin 
shock have been suggested (26). Currently, there are no reports 
on the direct correlation between TLR2 and JAK2. In our 
data, the role of JAK2 in TLR2-mediated MCP-1 production 
was highly feasible through the MyD88-independent (TRIF) 
pathway. However, we still do not know how TRIF regulates 
JAK2 activity for the MCP-1 expression.

Akt-GSK3β pathway is downstream of JAK2 for MCP-1 
expression. We searched for the identity of the signaling 
proteins regulated by JAK2 and found the involvement of the 
Akt-GSK3β pathway. It is well-known that GSK3β is down-
stream kinase of Akt in many signaling pathways. We tested 
the phosphorylation of two proteins using the JAK inhibitor 
to confirm the correlation between JAK and the Akt-GSK3β 
pathway. The JAK inhibitor dramatically decreased Akt and 
GSK3β phosphorylation induced by Pam3CSK4 (Fig. 3A and B). 
These results suggest that JAK regulates the Akt-GSK3β 
pathway. Furthermore, LY294002 pre-treatment significantly 
inhibited both Akt phosphorylation and MCP-1 expression 
induced by Pam3CSK4 (Fig. 4A and B). These results show 
that Akt phosphorylation inhibited by JAK regulates MCP-1 
expression induced by TLR2. Previously, the possibility of 
PI3K-Akt pathway activation by JAK in TLR2 signaling was 
assumed according to the role played by IL-6 (27,28). The 
importance of the PI3K-Akt pathway has also been suggested 
in TLR signaling. A number of studies have demonstrated that 

Figure 3. JAK inhibitor attenuates Pam3CSK4-mediated phosphorylation of 
Akt and GSK3β. (A) Raw264.7 cells were treated with Pam3CSK4 (100 ng/
ml) in the presence or absence of JAK inhibitor I (10 µM) for the indicated 
duration of times. Akt phosphorylation was determined by western blotting 
using α-phospho-Akt antibody (S473) and normalized to Akt total protein. (B) 
Raw264.7 cells were treated with Pam3CSK4 (100 ng/ml) in the presence or 
absence of JAK inhibitor I (10 µM) for the indicated duration of times. GSK3β 
phosphorylation was determined by western blotting using α-phospho-GSK3β 
antibody (S9) and normalized to GSK3β total protein.

Figure 4. Akt is an effecter of TLR2-mediated MCP-1 expression. (A) 
Raw264.7 cells were stimulated with Pam3CSK4 (100 ng/ml) in the presence 
or absence of LY294002 (10 µM) for the indicated duration of times. Akt 
phosphorylation was determined by western blotting using α-phospho-Akt 
antibody (S473) and normalized to Akt total protein. (B) Raw264.7 cells 
were treated with Pam3CSK4 (100 ng/ml) for 6 h in the presence or absence of 
LY294002 (10 µM). MCP-1 mRNA expression was determined by RT-PCR 
and normalized to β-actin control.

Figure 5. GSK3β is a downstream molecule for Akt in TLR2-mediated 
MCP-1 expression. (A) Raw264.7 cells were treated with Pam3CSK4 (100 ng/
ml) in the presence or absence of LiCl (20 mM) for the indicated duration 
of times. GSK3β phosphorylation was determined by western blotting using 
α-phospho-GSK3β antibody (S9) and normalized to GSK3β total protein. (B) 
Raw264.7 cells were treated with Pam3CSK4 (100 ng/ml) for 6 h in the pres-
ence or absence of LiCl (20 mM). MCP-1 mRNA expression was determined 
by RT-PCR and normalized to β-actin control. (C) Raw264.7 cells were treated 
with Pam3CSK4 (100 ng/ml) in the presence or absence of LY294002 (10 µM) 
for the indicated duration of times. GSK3β phosphorylation was determined 
by western blotting using α-phospho-GSK3β antibody (S9) and normalized to 
GSK3β total protein.
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the activation of the PI3K pathway by a TLR2 agonist exerts 
effects on the production of inflammatory mediators (29). 
The TLR4 agonist, LPS, has been shown to induce Akt phos-
phorylation on both T308 and S473, in which the blockade of 
PI3K attenuated phosphorylation (30). However, the correlation 
between the JAK and PI3K pathway has not been sufficiently 
studied to date. Hirata et al (31) suggested that IL-10 produc-
tion by LPS plus imiquimod in dendritic cells can be regulated 
by the JAK-PI3K axis. Our results also showed the significant 
inhibition of TLR2-mediated Akt phosphorylation by the JAK 
inhibitor, and therefore we believe that the JAK-PI3K-Akt 
pathway is an essential step in MCP-1 regulation.

PI3K and Akt have been identified as kinases involved in the 
ability of TLRs to mediate the regulation of GSK3β activity (32). 
Pam3CSK4 increased GSK3β phosphorylation, decreased activa-
tion and pre-treatment with the GSK3β inhibitor LiCl potentiated 
GSK3β phosphorylation by stimulating Pam3CSK4 (Fig. 5A). 
Additionally, LiCl pre-treatment amplified MCP-1 expression 
by stimulation of Pam3CSK4 (Fig. 5B). We then confirmed the 
relationship between Akt and GSK3β. The PI3K-Akt inhibitor 
blocked the TLR2-mediated GSK3β phosphorylation (Fig. 5C). 
These results suggest that the JAK2-Akt-GSK3β pathway 
contributes to TLR2-mediated MCP-1 expression.

Overall, our results demonstrate a MyD88-independent 
pathway in TLR2 signaling, thus providing a different mecha-
nism other than the already known MyD88-dependent pathway 
to regulate MCP-1 expression, and thereby causing foam cell 
formation and atherosclerosis. Additionally, TLR2-mediated 
GSK3β induced MCP-1 production in a negative manner 
through the JAK2-Akt signaling pathway.
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