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Abstract

Resolvin D1 Downregulates IL-6-induced Monocyte
Chemoattractant Protein-1 Production through
Suppression of JAK2-STAT3 Signaling

Yeon-Seo Choi
Under the supervision of professor Young-Joon Surh
Department of Molecular Medicine and Biophamaceutical Sciences
The Graduate School
Seoul National University

Chronic inflammation is considered to increase the risk for developing a
majority of human malignancies including colorectal cancer. During
inflammation, the influx of macrophages increases, which may contribute to
cancer-prone microenvironment. Interleukin 6 (IL-6), a pro-inflammatory
i

cytokine, is considered to stimulate macrophage infiltration into the inflamed
site through Janus kinase 2 (JAK2) and signal transducer and activator of
transcription 3 (STAT3) signal transduction pathway. Hence, IL-6 is a major
linker of chronic inflammation and cancer. Resolvin D1 (RvD1), an
endogenous lipid mediator generated from docosahexaenoic acid, is known to
promote resolution of inflammation, and is speculated to prevent chronic
inflammation-induced cancer. In the present study, we found that the
infiltration of macrophage-like U937 cells was stimulated when co-cultured
with intestinal epithelial CCD841CoN cells in the presence of IL-6. However,
RvD1 abrogated IL-6-induced macrophage infiltration which was associated
with suppression of IL-6-induced monocyte chemoattractant protein-1 (MCP1) production. MCP-1 is thought to be the most important chemokine for
recruitment of macrophages during chronic inflammation. Knockdown of
STAT3 abolished IL-6-induced MCP-1 production as well as macrophage
infiltration. Through binding to IL-6 receptor, RvD1 interfered in binding of
IL-6 to its receptor, resulting in suppression of JAK2-STAT3 signaling.
Besides acting as a IL-6 antagonist, RvD1 downregulated the interaction
between gp130 and IL-6 receptor through formyl peptide receptor 2
(FPR2/ALX). Taken together, these findings suggest that RvD1 attenuates IL6-induced MCP-1 production through inhibition of JAK2-STAT3 signaling,
thereby preventing inflammation-induced macrophage infiltration.
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Introduction

Inflammation is well-known as an important risk factor for the development
of colon cancer [1]. Prolonged and excessive production of pro-inflammatory
cytokines, such as interleukin 6 (IL-6) and tumor necrosis factor-α (TNF-α), is
considered to contribute to colon carcinogenesis. Among them, IL-6 is
involved cell survival, proliferation, immune evasion and invasion [2]. IL-6
first binds to IL-6 receptor (IL-6R) and the complex of IL-6 and IL-6R
interacts with gp130, thereby leading to signal initiation. This complex
formation drives activation of Janus kinases (JAKs) and the downstream
effector signal transducer and activator of transcription 3 (STAT3) [3]. IL-6induced STAT3 phosphorylation leads to its translocation into the nucleus,
thereby promoting transcription of target genes, most of which are oncogenes
[4].
Monocyte chemoattractant protein 1 (MCP-1) is one of pro-inflammatory
cytokines induced by STAT3 [5]. MCP-1 plays a key role in stimulating
infiltration and accumulation of macrophages, which is a common feature of
chronic inflammation. Overproduction of MCP-1 is observed in several
inflammatory disorders including cancer [4].
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Chronic inflammation is a result of failure in resolution of inflammation.
Accumulating evidence suggests that resolution of inflammation is actively
regulated by several anti-inflammatory and pro-resolving lipid mediators such
as resolvins (resolution-phase interaction products) and lipoxins [6]. Resolvin
D1 (RvD1), one of the endogenous pro-resolving lipid mediators derived from
docosahexanoic acid (DHA; C22:6) [7], exerts the anti-inflammatory and proresolving effects by regulating inflammatory cell trafficking and attenuating
pro-inflammatory signaling [8]. RvD1 attenuates inflammatory diseases
including zymosan A-induced peritonitis [9], asthma [10] and rheumatoid
arthritis [11]. However, the protective effect of resolvins on cancer, especially
inflammation-induced cancer, has not been elucidated at.
In the present study, we demonstrated that RvD1 can block IL-6induced MCP-1 expression by targeting STAT3 signaling, thereby preventing
chronic inflammation and inflammation-induced colon carcinogenesis.
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Materials and Methods

Materials
RvD1 was purchased from Cayman Chemical Co. (Ann Arbor, MI, USA).
Interleukin-6 (IL-6) was obtained from Sigma-Aldrich (St Louis, Mo, USA.
Minimum Essential Medium (MEM) and fetal bovine serum (FBS) were
purchased from Gibco BRL (Grand Island, NY, USA). Primary antibodies for
IL-6 receptor, gp130, IL-6, lamin B, and actin were supplied by Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Antibodies for phosphor-JAK2, JAK2,
phosphor-STAT3, STAT3 were products of Cell Signaling Technology
(Beverly, MA, USA). The anti-rabbit and anti-mouse horseradish peroxidaseconjugated secondary antibodies were purchased from Zymed Laboratories
(San Francisco, CA, USA).

Cell culture
Intestinal epithelial CCD841CoN cells and human monocytic U937 cells were
purchased from American Type Culture Collection (ATCC, Manassas, VA,
USA). Cells were maintained in MEM (CCD841CoN) and RPMI1640 (U937)
supplemented with 10% FBS, 100 µg/ml streptomycin and 100 U/ml
3

penicillin at 37 °C in humidified atmosphere of 5% CO2 / 95% air.

Protein extraction and Western blot analysis
Whole cell lysates were prepared by suspending the cells in the lysis buffer [1
M Tris-HCl (pH 7.5), 0.5 M EDTA, 1 M NaCl, 1 M DTT, 10% NP-40, 0.1 M
PMSF, and protease inhibitors on ice for 1 h. After centrifugation at 12000 x g
for 15 min, the supernatant was collected and stored at -70 °C until use.
Cytosolic extracts were obtained by suspending the cells in hypotonic buffer
A [10 mM hydroxyethyl piperazineethanesulfonic acid (HEPES; pH7.9), 10
mM KCl, 2 mM MgCl2, 1 mM dithiothreitol (DTT), 0.1 mM
ethylenediaminetetraacetic acid (EDTA) and 0.1 mM phenylmethanesulphonylfluoride (PMSF) and Nondiet P-40 solution (0.1 %). The mixture
was then centrifuged for 5 min at 12000 x g to obtain the cytosolic fraction,
and the pellet was washed once with buffer A. To obtain the nuclear fraction,
cell pellets were then suspended in hypertonic buffer C [50 mM HEPES
(pH7.9), 50 mM KCl, 300 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 0.1 mM
PMSF and 10% glycerol. Concentration was determined by using the
Bradford Assay Reagents kit (Bio-Rad, Hercules, CA). Protein lysates (15 μg)
were electrophoresed by SDS-polyacrylamide gel electrophoresis (PAGE) and
the separated proteins were transferred to polyvinyl difluoride (PVDF)
4

membrane (0.22 μm thickness; Gelman Laboratory, Ann Arbor, MI, USA).
Blots were incubated in fresh blocking buffer (5% non-fat dry milk in PBST)
for 1 h followed by incubation with appropriate primary antibodies suspended
in 3% non-fat milk PBST buffer overnight at 4 °C. After washing with PBST
three times, blots were incubated with horseradish peroxidase-conjugated
secondary antibodies diluted in 3% non-fat milk PBST buffer for 2 h at room
temperature. Blots were washed again three times in PBST buffer, and were
visualized with an enhanced chemiluminescence detection kit (Amersham
Pharmacia Biotech, Buckinghamshire, UK).

Reverse transcriptase-polymerase chain reaction (RT-PCR)
Total RNA was isolated from CCD841CoN cells using the TRIzol reagent
(Invitrogen) according to the manufacturer’s protocol. One microgram of total
RNA was reverse transcribed using murine leukemia virus reverse
transcriptase (Promega, Madison, WI, USA) at 42 °C for 50 min and at 72 °C
for 15 min. One microliter of cDNA was amplified in sequential reactions:
94 °C for 1 min, 57 °C for 1 min, and 72 °C for 1 min 30 sec with 35 cycles
for MCP-1 and 94 °C for 30 sec, 55 °C for 1 min, and 72 °C for 1 min with 30
cycles for the housekeeping gene, GAPDH, followed by a final extension at
5

72 °C for 5 min. The primers used for the RT-PCR are as follows (forward
and reverse, respectively): MCP-1; 5’-TGC TCA TAG CAG CCA CCT TC-3’
and 5’-GTC CAT GGA ATC CTG AAC CC-3’, GAPDH; 5’-AAG GTC
GGA GTC AAC GGA TTT-3’ and 5’-GCA GTG AGG GTC TCT CTC CT3’. PCR products were resolved by 2% agarose gel electrophoresis, stained
with SYBR Green (Invitrogen) and photographed using fluorescence in LAS4000 (GE healthcare).

Immunoprecipitation analysis
Cells were washed with ice-cold PBS and lysed in the lysis buffer for 1 h on
ice, followed by centrifugation at 12000 x g for 15 min. Cell lystates (300 μg)
were incubated with 10 μl of anti-IL-6R or anti-ALX antibodies for overnight.
Protein G-agarose beads (Santa Cruz Biotech) was then added to the mixture
and rotated for 4 h at 4 °C. The beads were washed with ice-cold PBS prior to
Western blot analysis.

Immunocytochemistry of STAT3
CCD841CoN cells were plated on the chamber slide at a density of 1 x 105
cells/ml and treated with IL-6 or RvD1. Cells were fixed with 95%
6

methanol/5% acetic acid at -20℃ for 5 min, washed with PBS twice, treated
with 0.1% Triton X-100 in PBS for 5 min, and washed with PBS twice. This
was followed by incubation with blocking agent [0.1% Tween-20 in PBS
containing 5% bovine serum albumin (BSA)] at room temperature for 1h.
Polyclonal rabbit anti-phospho-STAT3, diluted 1:100 in 1% BSA in PBS, was
applied overnight at 4 °C. After washing with PBS (twice for 5 min each),
cells were incubated with FITC-conjugated anti-rabbit IgG secondary
antibody diluted at 1:1000 in 1% BSA-PBS at room temperature for 1 h. Then
cells were washed with PBS (twice for 5 min each) and treated with
propidium iodide. Signals were detected using a confocal microscope (Nikon,
Tokyo, Japan).

Chromatin immunoprecipitation (ChIP) assay
ChIP material was prepared in accordance with the EX-ChIP (Milipore)
manufacturer’s instructions. Immunoprecipitation was performed using 10 µg
of anti-STAT3 antibody. Washes and eluted DNA were used for PCR analysis
using specific primers for MCP-1. The primers employed are as follows
(forward and reverse, respectively): 5’-AAG TGT CTC GTC CTG ACC CC-3’
and 5’-TCC TCT GGC TGC TT CTC TG-3’. PCR products were visualized
by agarose gel electrophoresis.
7

Docking studies
AutoDock Vina program (The Scripps Research Institute, CA, USA) was used
in the docking studies. Initial structures of RvD1 and 20S,21-Epoxyresibufogenin-3-formate (ERBF) were obtained from the Protein Data Bank
(PDB) (PDB ID : 1P9M) and coordinates for the compounds were generated
using the GlycoBioChem PRODRG2 Server. ERBF was used as a positive
control. The grid maps for docking studies were centered on the IL-6R
binding site and comprised 62 X 60 X 58 points with 1.0 Å spacing after IL6R was removed from the complex structure, as described previously [12].
AutoDock Vina program was run with four-way multithreading and the other
parameters were default settings in AutoDock Vina program.

Invasion assay
Cell invasion assay was performed with 24 well transwell chamber (8 μm,
Costa, Lowell, MA, USA) according to the manufacturer’s instruction. Briefly,
CCD841CoN cells were plated in the lower chamber and U937 cells (5×104)
were added to the upper chamber. Cells were incubated at 37 ºC in 5% CO2
for 24 h and infiltrated cells were stained with 0.5% crystal violet for 5 min.
8

After washing with PBS, the stained cells were counted under microscope in
nine different fields.
AOM/DSS-induced colon cancer model
Male Institute of Cancer Research (ICR) mice (5 weeks of age) were
purchased from Orient Bio Inc. (Republic of Korea). All animals were kept in
climate-controlled quarters (24 °C at 50% humidity) with 12 h light/12 h dark
cycle. Mice were weighed and given an intraperitoneally injection of AOM
(10 mg/kg) or vehicle (PBS) on experimental day 0. One week later, animals
received either 2.5 % DSS or normal drinking water for 1 week. Either RvD1
or PBS was intraperitoneally given before and during DSS administration
once two days. At the time of harvest, colons were resected, flushed with PBS,
opened longitudinally, and measured. Colon sections were fixed in formalin
(for immunohistochemistry staining) or snap frozen (for western blotting).
Paraffin-embedded colon sections (4 μm) were stained with hematoxylineosin and examined by light microscopy to histology. Immunohistochemical
staining was performed on paraffin-embedded colon sections using antipSTAT3 antibodies according to the procedure described previously [13].

Measurement of MCP-1 and IL-6
9

The concentrations of MCP-1 and IL-6 were determined by using Human
MCP-1 and Mouse IL-6 and MCP-1 ELISA kits (KOMA BIOTECH Inc.,
Seoul, Korea) according to the manufacturer’s instructions.

Statistical analysis
Data were expressed as means ± S.D. of at least three independent
experiments, and statistical analysis for single comparison was performed
using the Student’s t-test.
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Results

RvD1 suppresses IL-6-induced STAT3 phosphorylation
When CCD841CoN cells were stimulated with 10, 50 or 100 ng/ml of IL-6,
the level of phosphorylated STAT3 increased and peaked in cells treated with
50 ng/ml of IL-6 (Fig. 1A). In a time course study, maximum phosphorylation
of STAT3 was observed at 15 min after IL-6 treatment (Fig. 1B). Next, we
examined the inhibitory effect of RvD1 on STAT3 signaling. When
CCD841CoN cells were stimulated with IL-6, STAT3 and its upstream kinase
JAK2 were transiently phosphorylated, and this was significantly inhibited by
RvD1 treatment (Fig. 1C).

RvD1 inhibits IL-6-induced nuclear translocation of STAT3.
Phosphorylation of STAT3 at tyrosine 705 plays an essential role in its activity
and nuclear translocation [14, 15]. Consistent with this notion, the inhibition
of STAT3 phosphorylation by RvD1 resulted in the blockade of IL-6-induced
nuclear translocation of STAT3 (Fig. 2A). The inhibitory effect of RvD1 on
nucelar translocation of STAT3 was confirmed by immunocytochemical
analysis (Fig. 2B). RvD1 also abrogated IL-6-induced DNA binding of
11

STAT3 (Fig. 2C).

RvD1 inhibits the binding of IL-6 and IL-6 receptor.
To investigate the molecular mechanism underlying RvD1-mediated
suppression of JAK2/STAT3 signaling the interaction between IL-6R and
gp130 was check by immunoprecipitation assay. Stimulation with IL-6
triggered the interaction between IL-6R and gp130, but their interaction was
blocked by RvD1, suggesting that RvD1 interferes IL-6-induced recruitment
of IL-6R and gp130 (Fig. 3A). Furthermore, the interaction between IL-6 and
IL-6R was significantly inhibited in the presence of RvD1 (Fig. 3B,C). As
shown Fig. 3D, RvD1 can inhibit IL-6 binding to its receptor by interacting
with IL-6R at IL-6 binding sites. Among many residues in IL-6R, Phe279 and
Arg231 are the most important residues for IL-6 binding to IL-6R [16]. RvD1
showed high binding affinity to those residues, indicating that RvD1 can act
as IL-6 antagonist like ERBF (Fig. 3E). ERBF was used as positive control.

ALX/FPR2, a RvD1 receptor, acts as a negative regulator of IL-6Rmediated signaling
RvD1 is known as a ligand for G protein-coupled receptor (GPCR), especially
lipoxin A receptor/formyl-peptide receptor (ALX/FPR2) [17]. In this study,
12

we found that ALX/FPR2 interacts with IL-6R in normal conditions.
Interestingly, IL-6 attenuated the interaction between ALX and IL-6R, but
RvD1 restored it (Fig. 4A). To identify the function of ALX/FPR2,
CCD841CoN cells were transfected with siRNA against ALX/FPR2. In
ALX/FPR2 knockdown cells, IL-6-induced STAT phosphorylation was more
significant than scrambled siRNA-trasnfected cells (Fig. 4B). Above findings
suggest that besides antagonizing IL-6R, RvD1 suppresses IL-6R-mediated
signaling via ALX.

RvD1 inhibits IL-6-induced MCP-1 expression
With IL-6 treatment, mRNA expression and production of MCP-1 were
significantly enhanced in CCD841CoN cells (Fig. 5A,B). However, IL-6induced stimulation of MCP-1 transcription was completely suppressed in the
presence of RvD1 (Fig. 5C). Likewise, the secretion of MCP-1 from IL-6treated CCD841CoN cells was dampened by RvD1 treatment (Fig. 5D).

RvD1 abrogates IL-6-induced MCP-1 expression.
To verify whether IL-6-induced expression and production of MCP-1 is
mediated by STAT3 signaling, CCD841CoN cells were transfected with
siRNA against STAT3. As shown in Fig. 6A and 6B, IL-6 failed to upregulate
MCP-1 expression as well as its production in STAT3 knockdown cells,
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indicating STAT3 as a principal transcription factor responsible for MCP-1
upregulation. Within the human MCP-1 promoter region, there are two STAT3
binding sites. To determine whether RvD1 downregulates IL-6-induced MCP1 expression by disrupting the binding of STAT3 to the MCP-1 promoter, the
ChIP assay was carried out using primers specific for the GAS site in MCP-1
promoter. In the presence of RvD1, IL-6-induced association of STAT3 with
the MCP-1 promoter was completely downregulated (Fig. 6C).

RvD1 suppresses IL-6-induced macrophage infiltration
To investigate whether RvD1 has the inhibitory role in macrophage
accumulation, a key feature of chronic inflammation, CCD841CoN cells were
co-cultured with monocytic U937 cells. In the presence of IL-6, U937
infiltration was significantly elevated, but RvD1 attenuated IL-6-induced
macrophage infiltration (Fig. 7A). To clarify the role of MCP-1 in the
induction of macrophage infiltration, CCD841CoN cells were transfected with
siRNA against MCP-1. In MCP-1 knockdown cells, there was a remarkable
reduction in IL-6-induced macrophage infiltration compared to IL-6-treated
cells producing the high level of MCP-1 (Fig 7B).

RvD1 downregulates AOM plus DSS-induced mouse colon carcinogenesis.
To determine the preventive effect of RvD1 on inflammation-associated
14

carcinogenesis, we used an AOM plus DSS-induced mouse colorectal cancer
model, with or without RvD1 (0.1 or 1 μg/mouse). As a result, mice injected
with RvD1 were protected from AOM plus DSS-induced colonic dysplasia.
Furthermore, using H&E staining, AOM plus DSS-induced infiltration of
inflammatory cells and disruption in the architecture of colonic mucosa was
observed. However, mice given RvD1 exhibited a preserved colonic structure
and less infiltration of inflammatory cells, supporting the protective effect of
RvD1 on inflammation-induced colon carcinogenesis (Fig. 8A). Next, we
measured the level of phosphorylated STAT3 in AOM/DSS-induced colon
cancer. AOM plus DSS-treated mice showed the increase in STAT3
phosphorylation, and RvD1 attenuated AOM plus DSS-induced STAT3
phosphorylation (Fig. 8B,C). Moreover, the levels of IL-6 and MCP-1 were
significantly increased in AOM and DSS-treated mice, compared with the
control group, but RvD1 prevented overproduction of IL-6 and MCP-1 (Fig.
8D,E). Taken together, these results indicate that RvD1 prevents colitisinduced colon carcinogenesis through blockade of IL-6-induced STAT3
activation and MCP-1 production.
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Figure 1. RvD1 suppresses IL-6-induced STAT3 phosphorylation in
CCD841CoN cells. (A,B) CCD841CoN cells were treated with 10, 50 or 100
ng/ml of IL-6 for 15 min (A) and with 50 ng/ml of IL-6 for the indicated time
periods. (B) The protein levels of phosphorylated and total STAT3 and actin
were determined by Western blot analysis. (C) CCD841CoN cells were
treated with DMSO or RvD1 (100 nM) for 15 min and then stimulated with
IL-6 (50 ng/ml) for 15 min. Phosphorylated and total JAK2 and STAT3 were
16

determined by Western blot analysis. Actin was used as an equal loading
control for normalization. The data were expressed as means ± S.D. (n=3),
*

p<0.05, **p<0.01.
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Figure 2. RvD1 suppresses IL-6-induced nuclear translocation of STAT3.
CCD841CoN cells were pretreated with DMSO or RvD1 (100 nM) for 15 min
and subsequently stimulated with IL-6 (50 ng/ml) for 15 min. (A) Nuclear
extracts were subjected to immunoblot analysis for measuring the level of
total and phosphorylated STAT3. Lamin B was used as an internal control for
nomalization. (B) Nuclear accumulation of STAT3 was determined by
immunocytochemistry. (C) Nuclear extracts were incubated with the [γ-32P]labeled oligonucleotides containing the STAT3 consensus sequence. ProteinDNA complexes were separated from free probe by electrophoresis.
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Figure 3. RvD1 inhibits IL-6-induced JAK2/STAT3 signaling pathway by
suppressing the binding of IL-6 to IL-6 receptor. (A,B) CCD841CoN cells
were pretreated with DMSO or RvD1 (100 nM) for 15 min and then
stimulated with IL-6 (50 ng/ml) for 15 min. IL-6R was immunoprecipitated
from total cell lysates, followed by Western blot analysis for detecting gp130
(A) and IL-6 (B). (C) Cell lysates from CCD841CoN were incubated with
biotinylated IL-6 in the absence or presence of RvD1 for 1 h in test tubes. IL20

6R was immunoprecipitated, followed by Western blot analysis for detection
of horseradish peroxidase (HRP)-conjugated streptavidin. (D) The crystal
diagram designates the interaction sites of RvD1 and ERBF with IL-6R. (E)
Stimulated docking pose of RvD1 and ERBF to IL-6R. RvD1 is represented
as a stick model with carbon and oxygen atoms in green and red, respectively.
ERBF is shown as a stick model with carbon and oxygen atoms colored in
orange and red, respectively. Important parts in IL-6R for interacting with
RvD1 or ERBF are shown as a stick model with carbon, nitrogen, and oxygen
colored as pink, blue and red, respectively.
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Figure 4. RvD1 attenuates IL-6-induced JAK2/STAT3 signaling pathway
through ALX. CCD841CoN cells were pretreated with DMSO or RvD1 (100
nM) for 15 min and subsequently stimulated with IL-6 (50 ng/ml) for 15 min.
(A) IL-6R was immunoprecipitated from total cell lysates, followed by
Western blot analysis for detecting IL-6R. (B) Cells were transfected with
scrambled or ALX siRNA for 24 h. The protein levels of phosphorylated
STAT3 and actin were determined by Western blot analysis.
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Figure 5. RvD1 inhibits IL-6-induced MCP-1 expression in CCD841CoN
cells. (A,B) CCD841CoN cells were treated with IL-6 (50 ng/ml) for the
indicated time periods. (A) Semi-quantative RT-PCR was conducted to
measure MCP-1 mRNA levels. GAPDH was used as an internal control for
RT-PCR analysis. (B) Culture supernatants were collected, and MCP-1
concentrations were measured by ELISA. (C) CCD841CoN cells were
pretreated with DMSO or RvD1 (100 nM) for 15 min and then stimulated
with IL-6 (50 ng/ml) for 15 min. Semi-quantative RT-PCR was conducted to
measure MCP-1 mRNA levels. (D) Cells were pretreated with DMSO or
RvD1 for 15 min and further stimulated with IL-6 for 3 h. MCP-1
concentrations were measured by ELISA. The data were expressed as means
23

± S.D. (n=3, each group), **p<0.01, ***p<0.001.
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Figure 6. RvD1-mediated suppression of STAT3 signaling is linked to
inhibition of IL-6-induced MCP-1 expression. (A, B) CCD841CoN cells
were transfected with scrambled or STAT3 siRNA for 24 h. (A) Cells were
pretreated with DMSO or RvD1 (100 nM) for 15 min and further stimulated
with IL-6 (50 ng/ml) for 15 min. The mRNA levels of MCP-1 and GAPDH
were determined by RT-PCR analysis. (B) Cells were pretreated with DMSO
or RvD1 for 15 min and subsequently stimulated with IL-6 for 3 h. The
concentration of MCP-1 was measured by ELISA. (C) CCD841CoN cells,
pretreated with RvD1 for 15 min and then incubated with IL-6 for 15 min,
were subjected to the ChIP analysis using an antibody against STAT3. ChIPenriched DNA was amplified by PCR with specific primers for MCP-1
25

promoter. Input was used as internal control.
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Figure 7. RvD1 suppresses IL-6-induced macrophage infiltration through
MCP-1 inhibition. (A,B) A matrigel invasion assay was performed using
CCD841CoN and U937 cells. U937 cells which invaded the matrigel onto the
lower side of the plates were fixed, stained, and photographed at 4×
magnification. The number of invaded cells for each filter was counted. The
data indicate means ± S.D. (n=3), *p<0.05, ***p<0.001. (A) CCD841CoN cells
in the bottom chamber were pretreated with DMSO or RvD1 (100 nM) for 15
min and then stimulated with IL-6 (50 ng/ml) for 24 h. When IL-6 was treated,
U937 cells were added onto the upper chamber. (B) CCD841CoN cells were
27

transfected with scrambled or MCP-1 siRNA for 24 h. CCD841CoN cells
were pretreated with RvD1 for 15 min and then co-cultured with U937 cells in
the absence or presence of IL-6 for 24 h.
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Figure 8. RvD1 downreaulates phosphorylation of STAT3 in AOM plus
DSS-induced mouse colon carcinogenesis. (A) Paraffin-embedded sections
were stained with hematoxylin-eosin. Photomicrographs of representative
sections are shown at 40x (B) Nuclear extracts were isolated from colon
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tissues, and the levels of phosphorylated STAT3 in the nucleus were
determined by Western blot analysis. (C) Tissue sections were analyzed by
immunohistochemistry

for

phosphorylated

STAT3

expression.

Photomicrographs of representative sections are shown at 100x. (D) IL-6 and
MCP-1 concentration were measured by ELISA using tissue lysates. Data
were expressed as means a ± S.D. (n=3, each group), *p<0.05,
***

p<0.001.
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**

p<0.01,

Fig. 9. The proposed mechanisms underlying RvD1-mediated inhibition
of MCP-1 expression by suppressing STAT3 activation
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Discussion

In inflammatory

microenvironment,

chronic overproduction of pro-

inflammatory cytokine IL-6 is considered as a result of failure in resolution of
inflammation. It is clearly revealed that defects in resolution of inflammation
lead to chronic inflammatory disorders including inflammatory bowel disease,
pulmonary disease, rheumatoid arthritis and cardiovascular disease [18].
However, there is no evidence supporting the correlation between failure in
resolution of inflammation and cancer. In this study, we notably found that
pro-resolving lipid mediator RvD1 attenuates inflammation-induced colon
carcinogenesis.
Transcription factors such as NF-κB and STAT3 are key molecules
implicated in inflammation-associated cancer [19]. NF-κB is well known to
mediate inflammation and tumor progression, and it has been reported that
RvD1 inhibits NF-κb activation and attenuate inflammation [20]. STAT3 is
also known to mediate both inflammation and tumorigenesis [21], but the
inhibitory effect of RvD1 on STAT3 signaling has not been elucidated yet. So,
we firstly report that RvD1 attenuates STAT3 signaling, thereby preventing
chronic inflammation as well as inflammation-associated colorectal cancer.
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We also found that RvD1 suppressed IL-6-induced JAK2/STAT3 signaling by
inhibiting the interaction between IL-6R and gp130. Interestingly, this antiinflammatory effect of RvD1 was observed when it was pretreated to
CCD841CoN cells prior to IL-6 stimulation. These data indicate that RvD1
competes with IL-6 for binding to IL-6R like IL-6 antagonist. Interestingly,
RvD1 can be suppressed only when it pre-treat in CCD841CoN cells. From
these findings, it is indicated that RvD1 can act as an IL-6 antagonist.
It has been recently reported that RvD1 exerts anti-inflammatory
effects through its G-protein receptors including ALX and GPR32 [22]. In this
study, we notably found that ALX interacted with IL-6R, and inhibited IL-6Rmediated signaling, especially STAT3 activation. IL-6 induced dissociation
between IL-6R and ALX, but RvD1 restored it, indicating that RvD1 can
suppress IL-6-induced STAT3 activation via ALX.
It has been reported that MCP-1 is the most important chemokine for
recruitment of macrophages during chronic inflammation [23]. MCP-1 is
known to be regulated by STAT3 signaling [24]. As expected, RvD1 inhibited
MCP-1 overproduction by suppressing STAT3 signaling. The infiltrated
macrophages may in turn secrete a variety of chemokines and other cytokines
that further promote a inflammatory response and affect gene expression [25].
The data from the present study reveals that RvD1 activation of macrophages
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infiltration induced by IL-6. Moreover, RvD1 significantly reduced
macrophage accumulation in AOM plus DSS-induced colon carcinogenesis
models. From these findings, we suggest that RvD1 has the inhibitory effect
on macrophage infiltration and for their accumulation by suppressing MCP-1
expression. Hence, RvD1 can prevent chronic inflammation as well as
inflammation-induced carcinogenesis. RvD1 has anti-inflammatory effects
and stimulates pro-resolving mechanism by suppressing macrophage
accumulation.
In summary, our study demonstrate that RvD1 suppresses chronic
inflammation and carcinogenesis by downregulating STAT3 signaling. RvD1
inhibits JAK2/STAT3 signaling by blocking IL-6 receptor and by restoring the
interaction between IL-6 receptor and ALX. In addition, RvD1 attenuates IL6-induced upregulation of MCP-1 production through inhibition of
JAK2/STAT3 signaling. Taken together, the present work suggest that RvD1
has anti-inflammatory effect in which the JAK2/STAT3 signaling axis plays a
predominant role.
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국 문 초 록
염증은 감염이나 조직 손상에 대한 인체의 초기 방어 기작으로, 염
증 개시부터 염증 해소까지 이르는 일련의 과정 동안 다양한 매개
체가 염증 반응을 조절한다. 만성 염증은 지속적인 감염, 조직 손상
의 반복, 내생적으로 합성되는 항염증 매개체에 의한 염증 조절 실
패에 기인하는데 만성 염증은 인체 악성종양으로 발전하는 주요한
원인으로 보고되어 있다. 염증 반응 동안에 대식세포의 유입이 증가
하게 되면 암으로 진행되기 쉬운 환경을 촉진 시키게 된다. 이때
Docosahexaenoic acid에서 유래한 물질인 Resolvin D1은 인체의
몸에서 만들어지는 지질 매개체로서, resolution이라는 생리적 방어
를 촉진하고 만성 염증이 암으로 진행되는 과정을 예방한다. 본 연
구에서는 대장 상피 세포인 CCD841CoN과 macrophage-like
U937 cell의 공생 배양 시 pro-inflammatory cytokine인 IL-6를
처리하였을 때 대식세포의 침입이 촉진되는 것을 확인했다. 그러나
Resolvin D1은 IL-6에 의해 유도된 대식세포의 침입을 막고 이는
MCP-1의

발현을

감소시켰다.

MCP-1은

pro-inflammatory

cytokine 으로서 염증 반응 시에 대식세포의 유입을 촉진해 염증
상황을 유지하게 된다. 또한, STAT3를 knock-down 시켰을 때 대
식세포의 침입뿐만 아니라 IL-6에 의해 유도된 MCP-1의 발현이
억제되는 것을 확인하였다. 이는 STAT3 기전에 의해 MCP-1의
발현이 저해되는 것을 시사한다. STAT3는 인간의 세포에서 여러
유전자의 전사에 관여하는 전자조절인자로서 종양 미세환경 내의
면역세포들과 종양 세포 모두에서 활성화된다. STAT3는 종양 세포
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에 대항하는 면역 활성화에 필요한 중재자의 발현을 억제함으로써
종양 세포의 증식과 생존, 종양의 혈관생성과 침윤, 종양 형성과 면
역억제 사이의 직접적인 역할을 한다고 보고되고 있다. 하지만
Resolvin D1은 IL-6에 유도되는 IL-6 receptor와 gp130의 결합
을 방해하면서 결과적으로는 JAK2-STAT3의 기전을 막는다는 것
을 발견하였다. 이는 Resolvin D1이 IL-6의 경쟁자로 작용한다는
것에 대한 가능성을 열어주는 결과이다. 지금까지의 내용을 종합하
면, Resolvin D1은 JAK2-STAT3 기전을 통해서 IL-6에 의해 유
도된 MCP-1의 발현을 억제하고 염증이 유도하는 대식세포의 침입
을 예방하는 역할을 할 것으로 사료된다.
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