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INTRODUCTION
The serum level of 27-hydroxycholesterol (27OHChol), the 

most abundant oxysterol in atherosclerotic lesions, increases 
in hypercholesterolemia [1,2]. 27OHChol initiates or amplifies 
inf lammatory and immunological responses by enhancing 
recruitment of monocytic cells, migration of CCR5-expressing 
Th1 lymphocytes, and inducing differentiation of monocytic 
cells into a mature dendritic cell (mDC) phenotype [3-5]. 
27OHChol up-regulates pattern recognition receptors, like 
CD14, in monocytic cells [4,6]. The oxysterol also induces 
expression of mDC-specific markers like CD80, CD83 and CD88 
and atherosclerosis-associated CD antigens including CD105, 
CD137 and CD166 [5]. Because these responses are important 
in initiation, progression, and development of atherosclerosis, 

elucidation of individual signaling pathways in the processes is 
very helpful to understand pathogenesis of the disease.

Multiple pathways are involved in molecular and cellular 
effects of 27OHChol. 27OHChol promotes pro-inflammatory 
processes in an animal model of atherosclerosis and growth of 
estrogen receptor-positive breast cancer via estrogen receptor 
(ER)-α [7,8]. 27OHChol enhances phosphorylation of Akt and 
ERK of monocytic cells [9]. The PI3K/Akt and ERK pathways 
are involved in expression of soluble CD14 (sCD14), MMP-9, 
chemokines, activation of the nuclear factor erythroid 2 p45-
related factor 2 (Nrf2), and monocytic cell survival [6,9,10]. 
These findings indicate that the Akt and ERK are key signaling 
molecules for 27OHChol-mediated responses of monocytic cells.

In the current study, we investigated involvement of PI3K 
and ERK in morphological, functional, and molecular changes 
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ABSTRACT 27-Hydroxycholesterol induces differentiation of monocytic cells 
into mature dendritic cells, mDCs. In the current study we sought to determine 
roles of the PI3K and the ERK pathways in the 27OHChol-induced differentiation. 
Up-regulation of mDC-specific markers like CD80, CD83 and CD88 induced by 
stimulation with 27OHChol was significantly reduced in the presence of LY294002, 
an inhibitor of PI3K, and U0126, an inhibitor of ERK. Surface expression of MHC 
class I and II molecules elevated by 27OHChol was decreased to basal levels in the 
presence of the inhibitors. Treatment with LY294002 or U0126 resulted in recovery 
of endocytic activity which was reduced by 27OHChol. CD197 expression and cell 
adherence enhanced by 27OHChol were attenuated in the presence of the inhibitors. 
Transcription and surface expression of CD molecules involved in atherosclerosis 
such as CD105, CD137 and CD166 were also significantly decreased by treatment 
with LY294002 and U0126. These results mean that the PI3K and the ERK signaling 
pathways are necessary for differentiation of monocytic cells into mDCs and involved 
in over-expression of atherosclerosis-associated molecules in response to 27OHChol.
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occurring in DC differentiation in response to 27OHCHol to 
understand underlying mechanisms leading to increased number 
of DCs in a milieu rich in cholesterol oxidation products.

Methods

Cell culture and reagents

THP-1 cells purchased from ATCC were maintained as 
described [11]. 27OHChol was purchased from Research Plus, 
Inc. (Bayonne, NJ, USA). Fluorescein isothiocyanate (FITC)-
conjugated dextran (40 kDa), LY294002 and U0126 were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). Primary 
antibodies were purchased from Santa-Cruz Biotechnology 
(Santa Cruz, CA, USA). Alexa Fluor 488-conjugated secondary 
antibodies for FACS analysis were purchased from Invitrogen 
(Eugene, OR, USA).

Cell counting

After removal of non-adherent cells by washing with PBS, 
adherent cells were counted by using Cell Counting Kit-8 (Dojindo 
Molecular Technologies, Inc. Rockville, MD, USA) following 
manufacturer’s instructions [11].

Dextran-FITC uptake assay

Endocytic activity of cells was measured after uptake of FITC 
conjugated dextran by using a FACS Canto II (BD Biosciences, 
San Jose, CA, USA) [11].

Quantitative real-time polymerase chain reaction

Quantitative real-time PCR was performed by using 
a LightCycler 96 Real-Time PCR System (Roche, Ger
many), as described [12]. The sequence of CD molecule 
primers was forward 5’-TGGTGCTGGCTGGTCTTTC 
and reverse 5’-CTGTGCCACTTCTTTCACTTCC (CD
8 0) ;  for w a rd  5 ’-T C C T G AG C T G C G C C TAC AG  a n d 
re ver s e  5’- G C AG G G C A AGTC C AC ATC T T (C D83); 
f o r w a r d  5 ’- G T G G T C C G G G AG G AG TAC T T T  a n d 
r e v e r s e  5 ’- G C C G T T T G T C G T G G C T G TA  (C D 8 8) ; 
for ward 5’-CATCCTTGA AGTCCATGTCCTCTT and 
r e ve r s e  5 ’- G C C AG G T G C C AT T T T G C T T  (C D10 5) ; 
forward 5’-TCACTGCCTGGGGGCAGGAT and reverse 
5’-GGCGGGGTCACAGAGGATGC (CD137); for ward 
5’-TCCTGCCGTCTGCTCTTCT and reverse 5’-TTCTGA
GGTACGTCAAGTCGG (CD166). Primers for GAPDH 
were forward 5’-ATGGGGAAGGTGAAGGTCG and reverse 
5’-GGGGTCAT TGATGGCAACAATA.

Flow cytometric analysis

Fluorescence of CD80, CD83, CD88, CD105, CD137, CD166, 
CD197, and major histocompatibility complex (MHC) class I 
and II molecules were analyzed by using a FACS Canto II (BD 
Biosciences, San Jose, CA, USA) (For more information of 
antibodies, please see the cited reference) [11].

Statistical analysis

Statistical analyses were performed using one-way ANOVA, 
followed by Tukey’s multiple comparison tests, using GraphPad 
PRISM (ver. 5.01).

Results

Attenuation of mDC marker expression by treatment 
with LY294002 and U0126

The effects of 27OHChol on phosphorylation Akt and ERK1/2 
were determined by ELISA. Phosphorylated forms of Akt and 
ERK1/2 were elevated after addition of 27OHChol, but the 
elevation of p-Akt and p-ERK1/2 was blocked in the presence of 
a PI3K inhibitor, LY294002, and an MEK inhibitor, U0126, which 
inhibit activation of Akt and ERK1/2, respectively (Supplementary 
Fig. 1).

We examined whether expression of mDC-specific markers 
induced by 27OHChol was affected by LY294002 and U0126 
(Fig. 1A). Levels of transcripts of CD80, CD83, and CD88 
were dramatically increased to 10.9-, 12.5-, and 7.7-fold after 
stimulation with 27OHChol, respectively, compared with 
unstimulated control. But, the increases were reduced to basal 
levels in the presence of the inhibitors.

We examined effects of the inhibitors on surface expression 
of mDC-specific markers via FACS analysis (Fig. 1B). The 
percentage of control cells positive for CD80 was 1.2%, and 
the percentage was increased to 40.2% after stimulation with 
27OHChol. But the increase was reduced to 6.3% and 9.7% in the 
presence of LY294002 and U0126, respectively. The percentage 
of CD83-positive control cells was increased from 3.6% to 30.8% 
after 27OHChol stimulation, but the increase was reduced to 4.1% 
and 10.9% by treatment with LY294002 and U0126, respectively. 
The percentage of CD88-positive cells was increased from 5.5% to 
25.7% after the stimulation, which was reduced to 5.0% and 11.4% 
in the presence of LY294002 and U0126, respectively. Collectively, 
these results indicate that 27OHChol necessitated PI3K and ERK 
for induction of expression of mDCs-specific markers.
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Attenuated expression of MHC molecules by 
treatment with LY294002 and U0126

We investigated whether the inhibitors influenced expression 
of MHC class molecules (Fig. 2). The percentage of control cells 
positive for MHC class I molecule was 6.2% and it increased to 
22.0% by stimulation with 27OHChol. Similarly, the percentage 
of MHC class II-positive control cells was increased from 5.2% to 
27.1% by 27OHCHol stimulation. However, the surface levels of 
both MHC molecules were reduced to those that are comparable 
to control cells in the presence of LY294200 and U0126. These 
results indicate that PI3K and ERK were necessary for 27OHChol 
to induce surface expression of MHC molecules.

Recovery of endocytic function by treatment with 
LY294002 and U0126

We performed endocytic activity tests to determine whether 
PI3K and ERK are involved in functional alteration of monocytic 
cells (Fig. 3). The percentage of control cells exhibiting endocytic 
activity was 17.1%, which was significantly reduced to 3.4% 
after stimulation with 27OHChol. However, the reduction was 
recovered to 11.8% and 7.2% in the presence of LY294002 and 
U0126, respectively. These results mean that PI3K, in comparison 
with ERK, more affected functional changes of monocytic cells in 
response to 27OHChol.

Fig. 1. Effects of PI3K and ERK inhi­
bitors on the transcription and surface 
expression of mDC-markers induced 
by 27OHChol. (A) THP-1 cells were 
treated for 2 h with 10 µM of LY294002 
(a PI3K inhibitor) or U0126 (an MEK inhi
bitor) and incubated with 27OHChol 
(2.5 µg/ml) for 48 h. Transcript levels of 
CD80, CD83 and CD88 were assessed 
by real-time PCR. Data are expressed as 
the mean±SD (n=3 replicates/group). 
***p<0.001 versus control; ###p<0.001 
versus 27OHChol. (B) THP-1 cells were 
treated for 2 h with LY294002 or U0126 
(10 µM each) followed by an incubation 
with 27OHChol (2.5 µg/ml) for 48 h. Cells 
were immunostained with antibodies 
against CD80, CD83 and CD88 and 
analyzed by flow cytometry. Results 
represent one of three independent ex
periments.
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Decreased cell adhesion by treatment with LY294002 
and U0126

CD197 (CCR7) is highly expressed on mDCs stage [13]. We 
examined effects of the inhibitors on CD197 expression by 
flow cytometry (Fig. 4A). The percentage of cells positive for 
CD197 was increased from 5.1% to 13.7% after stimulation 
with 27OHChol, but the percentage was reduced to 5.7% and 
4.3% by treatment with LY294002 and U0126, respectively. We 
examined whether the inhibitors affected cell adherence (Fig. 
4B). The number of adherent cells was increased by 20.4 fold after 
27OHChol stimulation, but the increase was reduced by 3.9- and 
7.6-fold in the presence of LY294002 and U0126, respectively. 
These data mean that PI3K and ERK were involved in the 
morphological changes and over-expression of the molecule 
involved in migration.

Attenuated expression of atherosclerosis-associated 
CD molecules by treatment with LY294002 and U0126

We investigated whether PI3K and ERK participate in 
expression of CD molecules associated with atherosclerosis. 
Levels of transcripts of CD105, CD137 and CD166 were assessed 
by realtime-PCR. Compared with control, transcripts levels of 
CD105, CD137, and CD166 were elevated by 13.1-, 11.2-, and 14.3-

fold by stimulation with 27OHChol, respectively. However, the 
increases were significantly reduced to basal levels in the presence 
of LY294002 and U0126 (Fig. 5A).

We also investigated effects of the inhibitors on surface 
expression of the molecules by flow cytometry (Fig. 5B). The 
percentage of control cells positive for CD105 was 3.2% and it 
increased to 16.5% after stimulation with 27OHChol, but the 
percentage was reduced to 4.4% and 6.1% by treatment with 
LY294002 and U0126, respectively. The percentage of CD137-
positive control cells was increased from 7.6% to 16.4% after 
27OHChol stimulation. But the percentage was decreased 
to 9.5% and 7.8% in the presence of LY294002 and U0126, 
respectively. The percentage of CD166-positive control cells 
was increased from 4.7% to 14.7% after the stimulation, which 
was reduced to 4.0% and 3.2% in the presence of LY294002 and 
U0126, respectively. These results indicate that PI3K and ERK 
could mediate expression of CD105, CD137, and CD166 at the 
transcriptional and protein levels.

Discussion
Monocytes differentiate into DCs via interleukine-4 (IL-4) and 

granulocyte-macrophage colony-stimulating factor (GM-CSF)-
dependent manner [14,15], and the differentiation is modulated 

Fig. 2. Effects of inhibition of PI3K and 
ERK on expression of MHC class I and 
II molecules induced by 27OHChol. 
THP-1 cells were treated with 10 µM of 
LY294002 (a PI3K inhibitor) or U0126 
(an MEK inhibitor) for 2 h followed by 
stimulation with 27OHChol (2.5 µg/
ml) for 48 h. The stimulated cells were 
immunostained for MHC class I and II. 
Fluorescence was analyzed by flow cy
tometry. Results represent one of three 
independent experiments.
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by multiple signaling pathways [16]. A GM-CSF signal induces 
activation of PI3K, STAT, MAPK, and NF-κB, which regulate 
development of DCs. 27OHChol also induces the differentiation 
of monocytic cells into mDCs [5]. However, it is unknown 
which signaling pathway is responsible for the differentiation in 
response to 27OHChol. We presumed that the PI3K/Akt pathway 
would be involved in 27OHChol-induced differentiation because 
Akt was activated by 27OHChol [3,9]. Results of the current study 
indicate involvement of PI3K in DC differentiation induced by 
27OHChol. Taken together, these findings suggest that PI3K/Akt 
pathway is necessary for differentiation of monocytes into DCs in 
response to distinct stimuli.

Some surface molecules are highly expressed on stage of 
mDCs. Levels of CD molecules like CD80, CD83 and CD88, 
and MHC class I/II molecules are elevated on cell surface 
during differentiation of immature DCs (imDCs) to mDCs [14]. 
Expression of the molecules is modulated through multiple 

Fig. 3. Effects of inhibition of PI3K and ERK on functional alteration 
of monocytic cells induced by 27OHChol. THP-1 cells were treated 
for 2 h with 10 µM of LY294002 (a PI3K inhibitor) or U0126 (an MEK 
inhibitor) and stimulated with 27OHChol (2.5 µg/ml) for 48 h. Cells were 
analyzed by flow cytometry after incubation with 1 mg/ml of FITC-
conjugated dextran for 1 h. Results represent one of three independent 
experiments.

Fig. 4. Effects of PI3K and ERK inhibitors on cell adhesion and 
expression of CD197. (A) THP-1 cells were treated for 2 h with 10 µM of 
LY294002 (a PI3K inhibitor) or U0126 (an MEK inhibitor) and stimulated 
with 27OHChol (2.5 µg/ml) for 48 h. After harvesting, cells were 
immunostained with an anti-CD197 antibody and analyzed by flow 
cytometry. Results represent one of three independent experiments. 
(B) THP-1 cells were treated for 2 h with LY294002 or U0126 (10 µM 
each) followed by stimulation with 27OHChol (2.5 µg/ml) for 48 h. After 
removal of non-adherent cells, adherent cells were counted. Data are 
expressed as the mean±SD (n=3 replicates/group). ***p<0.001 versus 
control; ###p<0.001 versus 27OHChol.
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signaling pathways, including MAPK, ERK and NF-κB [13-
15]. We observed reduction of the CD molecules and MHC I/
II molecules by treatment with LY294002 and U0126, which 
means that the PI3K and the ERK pathways affect the 27OHChol-
induced differentiation of monocytic cells into mDCs. An 
increased expression of MHC class molecules and a reduced 
endocytic activity are major characteristics of mDCs. The 
mDCs differentiated from monocytes by oxysterols secrete 
inflammatory cyto-/chemokines like IL-6, IL-8 and TGF-β, 
which induce recruitments of inflammatory cells [2,13,17]. These 
results are in line with the previous study that reported regulation 
of MHC class molecules on cell surface via PI3K/Akt [18].

CD197, a CD molecule highly expressed on mDCs, specifically 
interacts with CCL19 and CCL21 which are expressed in 
endothelial cells and in T cell zone of lymphoid organs [19-

21]. Therefore, CD197 is involved in migration of mDCs into 
secondary lymph nodes, like spleen. The migrated mDCs 
stimulate naïve T cells in secondary lymph nodes. The results of 
inhibition of CD197 expression by treatment with LY294002 and 
U0126 suggest that 27OHChol can affect migration of mDCs and 
stimulation of T cells via overexpression of CD197 and that the 
PI3K and the ERK pathways may regulate the migration and T 
cell activation in the presence of oxysterol molecules.

We also determined expression of CD molecules, such as 
CD105, CD137 and CD166, involved in progression, acceleration 
and development of atherosclerosis [11,22]. Our results indicate 
that 27OHChol-induced expression of these molecules is 
regulated by PI3K and ERK, which agrees with previous study. 
Lee et al. have reported that CD105 (endoglin) interacts with 
PI3K subunits and activates PI3K/Akt pathway at angiogenesis 

Fig. 5. Effects of PI3K and ERK inhibitors 
on expression of atherosclerosis-as­
sociated CD molecules. (A) THP-1 cells 
were treated for 2 h with 10 µM of 
LY294002 (a PI3K inhibitor) or U0126 
(an ERK inhibitor) and stimulated with 
27OHChol (2.5 µg/ml) for 48 h. Total 
RNA was extracted from the cells, and 
transcript levels of CD105, CD137 and 
CD166 were assessed by real-time PCR. 
Data are expressed as the mean±SD (n=3 
replicates/group). ***p<0.001 versus 
control; ###p<0.001 versus 27OHChol. 
(B) THP-1 cells were treated for 2 h with 
LY294002 or U0126 (10 µM each) fol
lowed by stimulation with 27OHChol 
(2.5 µg/ml) for 48 h. Cells were immu
nostained with antibodies against CD105, 
CD137 and CD166 and analyzed by flow 
cytometry. Results represent one of 
three independent experiments.
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[23]. CD137 (4-1BB), part of the tumor necrosis factor receptor 
superfamily 9 (TNFRSF9), can directly or indirectly promote 
activity of PI3K and Akt [24]. CD166 (Alcam) is regulated 
through the PI3K/Akt pathway in liver cancer cells [25]. Taken 
together, these results suggest possible involvement of the PI3K 
and the ERK pathways in pathogenesis of atherosclerosis.

The current study sought to investigate and compare 
involvement of PI3K and ERK in DC differentiation induced by 
27OHChol. Results of this study indicate that both the PI3K and 
the ERK pathways participate in differentiation of monocytic cells 
into mDCs as well as in over-expression of molecules associated 
with atherosclerosis in a milieu rich in cholesterol oxidation 
product.
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