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Abstract

Background: Intestinal epithelium is essential for maintaining normal intestinal homeostasis; its breakdown leads to chronic
inflammatory pathologies, such as inflammatory bowel diseases (IBDs). Although high concentrations of S100A9 protein
and interleukin-6 (IL-6) are found in patients with IBD, the expression mechanism of S100A9 in colonic epithelial cells (CECs)
remains elusive. We investigated the role of IL-6 in S100A9 expression in CECs using a colitis model.

Methods: IL-6 and S100A9 expression, signal transducer and activator of transcription 3 (STAT3) phosphorylation, and
infiltration of immune cells were analyzed in mice with dextran sulfate sodium (DSS)-induced colitis. The effects of soluble
gp130-Fc protein (sgp130Fc) and S100A9 small interfering (si) RNA (si-S100A9) on DSS-induced colitis were evaluated. The
molecular mechanism of S100A9 expression was investigated in an IL-6-treated Caco-2 cell line using chromatin
immunoprecipitation assays.

Results: IL-6 concentrations increased significantly in the colon tissues of DSS-treated mice. sgp130Fc or si-S100A9
administration to DSS-treated mice reduced granulocyte infiltration in CECs and induced the down-regulation of S100A9
and colitis disease activity. Treatment with STAT3 inhibitors upon IL-6 stimulation in the Caco-2 cell line demonstrated that
IL-6 mediated S100A9 expression through STAT3 activation. Moreover, we found that phospho-STAT3 binds directly to the
S100A9 promoter. S100A9 may recruit immune cells into inflamed colon tissues.

Conclusions: Elevated S100A9 expression in CECs mediated by an IL-6/STAT3 signaling cascade may play an important role
in the development of colitis.
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Introduction

Crohn’s disease (CD) and ulcerative colitis (UC), which develop

as the result of chronic inflammatory reactions in the gastrointes-

tinal tract and are defined collectively as inflammatory bowel

disease (IBD), are among the most common autoimmune diseases

worldwide [1–4]. IBD results from the unregulated response of the

mucosal immune system in the gut [5]. It is involved in

autoimmune diseases and increases the risk of developing

colorectal cancer, one of the most common fatal malignancies

[6]. Despite recent advances in our understanding of IBD,

important questions about the molecular mechanisms of its

immunopathology remain unanswered.

Immune cells, which infiltrate the inflamed guts of patients with

IBD, produce various cytokines and chemokines that trigger

inflammatory responses [5]. Among the cytokines, interleukin-6

(IL-6) has a positive correlation with the disease activities of IBD,

and its production returns to normal levels when gut inflammation

becomes inactive [7–11]. Of important, IL-6 production was also

increased in DSS-induced colitis [11–14].

IL-6 plays an important role in enhancing T-cell survival and

apoptosis resistance in the lamina propria at the inflamed site

[13,15]. It is also involved in the immune deviation of regulatory T

cells toward inflammatory cells (e.g., Th17) [16] and promotes the

survival of intestinal epithelial cells [14,17]. In general, IL-6 binds

to soluble or membrane-bound IL-6 receptors (e.g., sIL-6Ra or
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IL-6Ra), resulting in the activation of janus kinase 2 (JAK2) and

the downstream effectors signal transducer and activator of

transcription 3 (STAT3) and phosphatidyl inositol 39 kinase

[11,18]. In particular, genome-wide association studies have found

a significant association between polymorphisms in the STAT3

region and clinical phenotypes of CD and UC, as well as those of

multiple sclerosis (MS) [19].

S100A8 (also called myeloid-related protein 8 [MRP8]) and

S100A9 (MRP14) are members of the S100 family of calcium-

binding proteins and exist mainly as a S100A8/S100A9 hetero-

dimer (i.e., calprotectin) in the extracellular milieu [20–22]. They

are expressed constitutively in granulocytes, monocytes, and

activated macrophages [21–27], as well as in epithelial cells under

inflammatory conditions [28,29]. Of important, it has been known

that STAT3 regulate the expression of S100A9 in breast cancer

cells and myeloid-derived suppressor cells in cancer [30,31].

The S100A8/S100A9 heterodimer as well as S100A9 induce

neutrophil adhesion to fibrinogen by activating the b2 integrin

Mac-1 and adhesion molecules (e.g., VCAM-1 and ICAM-1), as

well as proinflammatory chemokines [32–34]. In addition, this

complex functions as an endogenous activator of Toll-like receptor

4 (TLR4), promoting lethal, endotoxin-induced shock [35]. In

vascular inflammation, S100A8/S100A9 characteristically dam-

ages endothelial integrity and prompts caspase-dependent and -

independent cell death [34,36,37]. Due to their functions in

monocyte activation and leukocyte recruitment, S100A8/S100A9

have been considered hallmarks of many pathologic conditions

characterized by chronic inflammation and autoimmunity, such as

rheumatoid arthritis, systemic lupus erythematosus, MS, and IBD

[29,38–40].

Apart from their known functions under inflammatory condi-

tions, little has been proven about the expression mechanism of

S100A9 in intestinal epithelial cells (IECs), which are important in

intestinal homeostasis [2,3]. Because IECs are able to express IL-

6Ra on the basal surface, and the ligation of IL-6Raactivates

nuclear factor kappa B (NF-kB) [41,42], we investigated whether

IL-6, which is abundantly expressed in the inflamed colon,

modulates the expression of S100A9 in colonic epithelial cells

(CECs) using an experimental colitis model. We generated a

mouse model of experimental colitis induced by dextran sulfate

sodium (DSS) and showed that IL-6 triggered S100A9 production

in CECs, which was mediated through STAT3 activation. In

addition, we suggest that the increased expression of S100A9

might give rise to the recruitment of immune cells into the colonic

epithelial area in this model, resulting in the progression of

inflammation.

Results

IL-6 is Up-Regulated in the Colon Tissue in DSS-Induced
Colitis

We established DSS-induced colitis shown a loss of approxi-

mately 20% body weight on day 11(Fig. S1A, left). Notably, the

DSS-treated mice scored up to 13 points at the end of the cycle

and their DAI scores increased gradually during the course of DSS

treatment (Fig. S1A, right). We histologically examined the colon

tissues of normal mice and those exposed to DSS for 6 and

12 days. Both groups of DSS-exposed mice showed prominent

changes in colon tissues, with mucosal ulceration and degenera-

tion, a decreased number of goblet cells, inflammatory cellular

infiltration, and submucosal edema compared to normal mice

(Fig. S1B). Histological changes were more severe on day 12, with

mucosal ulceration and degeneration as well as inflammatory

cellular infiltration into the mucosa and submucosa, indicating

that the murine colitis model was well established in our system.

To characterize the expression of the effector cytokine IL-6

during DSS-induced colitis, the mRNA expression of IL-6 was

evaluated by conventional PCR. We found that IL-6 concentra-

tions increased significantly in the colon tissue of DSS-treated mice

(Fig. 1A), although the type of cells contributing to this IL-6

production remained unclear.

STAT3 Activation and S100A9 Expression in the Colonic
Epithelial Cells in DSS-Induced Colitis

To investigate whether STAT3 is activated in CECs, where IL-

6 was increased, from DSS-treated mice, we measured

STAT3PY705 by immunofluorescence and immunoblotting.

STAT3 was highly activated in the CEC regions of colon tissues

after DSS exposure for 6 days, whereas it was not expressed in

control mice (Fig. 1B). To further confirm the activation of

STAT3, we isolated CECs from control or DSS-treated mice. The

purity of the isolated CECs was confirmed that they express E-

cadherin and villin, but not CD45, common leukocyte antigen

(Fig S2 A–B). Indeed, STAT3 activation was markedly elevated in

the CECs from mice with DSS-induced colitis (Fig. 1C). Since the

secretion of S100A9 was correlated with STAT3 [30,31], we

further investigated the expression levels of S100A9 in the CECs.

The mRNA expression of S100A9 was strongly elevated in CECs

from DSS-treated mice, with the highest expression observed after

the longest DSS exposure (Fig. 1D). These data indicate that

STAT3 activation may be related to the expression of S100A9 in

CECs during DSS-induced colitis.

IL-6 Blockade or STAT3 Knockdown Suppresses S100A9
Expression in CECs from DSS-Treated Mice

Based on these findings, the possibility that IL-6 acts as a

regulator of S100A9 expression through STAT3 activation in

CECs was examined using an IL-6 blockade method. In brief, IL-6

was abrogated by the intraperitoneal injection of 0.5 mg/kg

sgp130Fc into a group of mice after 2 days of 3% DSS treatment,

as described previously [43]. This method was used because

signaling in response to IL-6 involves binding of the cytokine to its

receptor (IL-6Ra) and subsequent homodimerization of the signal

transducer gp130. Disease severity was significantly reduced in the

sgp130Fc-injected group compared to the group receiving DSS

alone (Fig. 2A). Then we investigated whether STAT3 phosphor-

ylation could be inhibited by sgp130Fc treatment using immuno-

fluorescence staining. While the expression of STAT3PY705 was

highly up-regulated in the colon tissues of the 3% DSS-treated

group, it was notably repressed in the group of mice treated with

3% DSS and a subsequent injection of sgp130Fc (Fig. 2B).

Remarkably, a significant reduction in the expression of S100A9

mRNA (Fig. 2C) and protein (Fig. 2D) was observed in CECs from

the 3% DSS + sgp130Fc group compared to mice receiving DSS

alone, and was associated with STAT3PY705 expression (Fig. 2B).

Next, to provide direct evidence that the increased S100A9

expression by IL-6 was mediated through STAT3 activation, we

introduced a delivery system of si-STAT3 using CH-NPs [44]. si-

negative/CH-NPs or si-STAT3/CH-NPs were injected intrave-

nously twice on days 2 and 3 into the 3% DSS-treated group.

Then we also investigated whether STAT3 knockdown could

affect disease development using si-STAT injection. Disease

activities were significantly decreased on day 6 of DSS exposure

in the STAT3 suppression group compared to the negative si-

RNA-treated mice (Fig. 3A). The expression levels of S100A9

mRNA (Fig. 3B) were notably suppressed in the group of mice
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treated with si-STAT3/CH-NPs, resulting that STAT3 regulated

the expression level of S100A9 in the CECs in DSS-induced colitis

(Fig. 3C).

IL-6/STAT3 Signaling Cascades Induce S100A9 Expression
in Caco-2 Cells In Vitro

To further confirm whether IL-6 directly triggers S100A9

expression through STAT3 activation, in vitro experiments were

performed using a human IEC line (Caco-2). Sustained STAT3

activation was observed until 60 min (Fig. 4A) and S100A9

expression was significantly increased at mRNA levels after IL-6

stimulation for 3 or 6 h (Fig. 4B). S100A9 was released in the cell

culture supernatant up to 24 h after stimulation of these cells with

IL-6 (Fig. 4B). Thus, IL-6 can be postulated to mediate

phosphorylated STAT3 and up-regulate S100A9 expression in

Caco-2 cells.

IL-6-mediated S100A9 expression was further investigated to

determine whether it is dependent on STAT3 activation using

various agents that inhibit STAT3 signaling cascades. S3I and the

STAT3 inhibitor, which inhibit phosphorylation by targeting a

tyrosine residue or by dimerizing STAT3, respectively were

incubated for 3 h prior to IL-6 stimulation. After 6 h, the

expression of S100A9 at both mRNA and protein levels was

measured. The expression of S100A9, which increased in response

to IL-6 stimulation, was returned to resting levels by the two types

of STAT3 inhibitors (Fig. 4C). These findings indicate that

S100A9 expression by IL-6 in Caco-2 cells was directly mediated

via the STAT3 signaling pathway.

To investigate whether STAT3 regulates the transcription of

S100A9 upon IL-6 stimulation through direct binding to its

promoter region, we performed a ChIP assay. Increased binding

of STAT3PY705 to the S100A9 promoter in response to IL-6 was

observed (Fig. 4D). Taken together, these data suggest that

STAT3 activated in the presence of IL-6 interacts directly with the

S100A9 promoter, resulting in the production of S100A9.

Leukocytes Infiltration, Presumably Mediated by S100A9,
in the Colonic Epithelium in DSS-Induced Colitis

Lastly, we explored the effects of S100A9 protein in CECs on

DSS-induced colitis. Because the up-regulation of S100A9 is

associated exclusively with the recruitment of leukocytes

[21,22,38], we investigated whether IL-6-mediated S100A9

expression in CECs is associated with the recruitment of immune

cell in the colonic epithelial area in DSS-treated mice using

immunofluorescence staining for Gr-1 and CD11c. In fact, human

recombinant S100A9 were evaluated in vitro in chemotaxis assy for

human promyelocytic leukemia (HL-60) cell line at concentrations

varying from 32 to 1,024 ng/ml. Cell migration was induced
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Figure 1. Increased IL-6 expression, activation of STAT3 in colon tissue, and S100A9 in isolated colonic epithelial cells (CECs), from
a mouse model of dextran sulfate sodium (DSS)-induced colitis. (A) In control and DSS-treated mice at 6 or 12 days after DSS administration,
colon tissues were homogenized using a tissue homogenizer. IL-6 and GAPDH mRNA levels in each group of colonic tissue samples was analyzed by
conventional reverse-transcription polymerase chain reaction assays. Data are representative of three independent experiments. (B) Activation of
STAT3 (STAT3PY705) in colon sections on day 6 from mice treated with 0% or 3% DSS was determined by immunohistochemistry. Scale bars = 100 mm.
Data are representative of four independent experiments. (C) CECs from mice treated with 0% or 3% DSS were purified on day 6. Expressions of
STAT3PY705, total STAT3, and alpha-tubulin were analyzed by immunoblotting. Data are representative of four independent experiments. (D) CECs
from mice treated with 3% DSS for 0, 6, or 12 days were prepared, and S100A9 mRNA expression was analyzed by quantitative reverse-transcription
polymerase chain reaction (qRT-PCR). The qRT-PCR data were analyzed by comparative Ct quantification. Data are presented as means 6 standard
deviations of values from six mice per group. P values were obtained using the two-tailed Student’s t-test.
doi:10.1371/journal.pone.0038801.g001
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directional migration, depending on concentration of S100A9

(Fig. S4). We noticed a significant infiltration of Gr-1+ cells in the

epithelial lining, but found no expansion of CD11c+ cells in DSS-

induced colitis (Fig. 5A, E). Importantly, the infiltration of

leukocytes in the colonic epithelium (Fig. 5A) was markedly

suppressed when IL-6 was blocked by sgp130Fc injection (Fig. 5C).

In order to confirm the possibility whether inflammatory

chemokine is involved in recruitment of immune cells at

inflammatory site, we measured CXCL10 (IP-10) expression.

The expression of CXCL10 mRNA was mildly decreased but not

significant statistically (Fig S3), suggesting that leukocytes infiltra-

tion is secondary to S100A9 expression not chemokine. Moreover,

tissue damage in sgp130Fc injected colitis mice was restored to the

level of normal mice with alleviated mucosal ulceration and

degeneration, a decreased number of goblet cells, inflammatory

cellular infiltration, and submucosal edema (Fig. 5B).

To further confirm whether these findings result from S100A9

expression in CECs from mice with DSS-induced colitis, we

suppressed S100A9 expression by si-S100A9/CH-NP injection.

The expression of S100A9 was markedly reduced by treatment

with si-S100A9/CH-NPs (Fig. 5D). In particular, disease activities

were significantly decreased on day 8 of DSS exposure in the

S100A9 suppression group compared to the negative si-RNA-

treated mice (Fig. 5G). The infiltration of GR-1+ cells and

histopathology of colon tissue were consistently and notably

reduced when S100A9 expression was down-regulated (Fig. 5E–F),

suggesting that the recruitment of immune cells in the colonic

epithelium results from IL-6-induced S100A9 expression in CECs

in DSS-induced colitis.

Discussion

We demonstrated a novel mechanism in which IL-6 increases

S100A9 levels via STAT3 activation in CECs in an experimental

murine model of DSS-induced colitis. S100A9 expressed in the

CECs may contribute to the disease progression of active colitis by

recruiting leukocytes within the colonic epithelia, presumably

resulting in the breakdown of the epithelial lining and intestinal
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Figure 2. Effect of soluble gp130-Fc (sgp130Fc) injection on the expression of S100A9 in colonic epithelial cells (CECs) from mice
with dextran sulfate sodium (DSS)-induced colitis. (A) Changes in the disease activity indices (DAI) of mice treated with DSS + phosphate-
buffered saline (PBS) or DSS + sgp130Fc were assessed daily. Data are presented as means 6 standard deviations of values from six mice per group.
*p,0.01 vs. control mice (two-tailed Student’s t-test). (B) Colon sections from mice in each group were examined for STAT3PY705 (red) levels by
immunofluorescence on day 6 of DSS treatment. Data are representative of three independent experiments. DAPI, 49,6-diamidino-2-phenylindole.
Scale bars = 50 mm. (C) CECs from mice treated with or without 3% DSS for 8 days and a subsequent sgp130Fc or PBS injection were prepared, and
S100A9 mRNA expression was analyzed by quantitative reverse-transcription polymerase chain reaction (qRT-PCR). Data are presented as means 6
standard deviations of values from six mice per group. P values were obtained using the two-tailed Student’s t-test. (D) Expression of S100A9 in colon
sections from mice treated with 0% or 3% DSS for 10 days was determined by immunohistochemistry. Scale bars = 100 mm. Data are representative of
four independent experiments.
doi:10.1371/journal.pone.0038801.g002
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homeostasis. Our finding that non-immune cells, including

mucosal epithelial cells, trigger immune responses through the

release of damage-associated signals, such as S100A9, expands our

understanding of the pathogenesis of UC in humans.

Although S100A9 is highly up-regulated in patients with UC,

and is considered a fecal marker of gastrointestinal inflammation,

previous studies have not determined whether CECs express

S100A9 in colonic inflammation [22,45]. A growing body of

evidence indicates that ECs help to maintain homeostasis in the

gut by acting as physiological barriers against pathogenic bacteria

or by generating anti-inflammatory signals. In contrast, our results

suggest that ECs can also trigger inflammatory responses by

secreting S100A9 in mice with colitis (Fig. 5E–G). Once the

epithelial barrier is disrupted, ECs actively secrete damage-

associated signals (i.e., S100A9) to prevent potentially pathogenic

microorganisms from entering the systemic circulation, which can

lead to severe infections, such as peritonitis or sepsis. S100A9,

which has been identified as a danger-associated molecular

pattern, is recognized by TLR4 in both dendritic cells (DCs) and

ECs [21,22,46]. The S100A8/S100A9 heterodimer is also an

active component that induces a complex signaling cascade

comprising the translocation of myeloid differentiation primary

response protein 88 and the activation of IL-1 receptor-associated

kinase-1, mitogen-activated protein kinases, and the inhibitor of

kB kinase by interacting with TLR4-myeloid differentiation

factor 2, promoting lethality during septic shock by elevating

tumor necrosis factor-a [35]. In addition, S100A9 triggers the

infiltration of leukocytes, including granulocytes, which rapidly

engulf invaders, damaged cells, or cellular debris [21,22,38,47].

Neutrophil granules also serve as reservoirs for digestive enzymes

before delivery into the phagosome. Among them, azurophilic

granule contents possess microbicidal activity and play an

important role in tissue destruction during inflammation [47–

49]. Consequently, the infiltration of granulocytes can facilitate the

disintegration of the colonic epithelia and exacerbate colitis-

associated symptoms in active UC. Moreover, our results suggest

that S100A9 blockades, in combination with appropriate antibi-

otics, may be considered a treatment strategy for patients with UC.

In the present study, we found increased IL-6 expression in

CECs from mice with DSS-induced colitis (Fig. 1A) and

demonstrated directly that IL-6 induced S100A9 expression in

both CECs from mice with colitis and in a human IEC cell line

(Fig. 1D, 4B). The activation of TLR4 leads to the induction of IL-

6 through the NF-kB signaling pathway [50]. Although CECs

express low levels of TLR4 under normal conditions, the

expression of TLR4 and IL-6 is increased in CECs from patients

with UC, as well as in leukocytes and ECs [12,51], suggesting that

intestinal ECs may produce IL-6 through TLR4 expression during

inflammation [52].

Our results provide supporting evidence for the crucial role of

IL-6 in the generation of colonic inflammation, as IL-6 blockade

delayed disease onset and attenuated colitis-associated symptoms
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in DSS-treated mice (Fig. 2A). This finding is consistent with

Atreya et al. [13], who demonstrated that the blockade of IL-6

trans-signaling suppressed T-cell resistance to apoptosis in intestinal

inflammation. Collectively, IL-6 elicits colonic inflammation in

various ways, such as by stimulating innate immune organs (i.e.,

epithelial barrier), inducing the differentiation of adoptive immune

cells (i.e., Th17 cells), and enhancing T-cell survival. This evidence

provides insight into IL-6 function in multiple steps of UC

generation and suggests a rationale for therapeutic approaches

using IL-6 blockades, which could be effective treatment

modalities for patients with UC.

However, IL-6 has a protective effect on enterocytes and IECs

[14,17,53]. In the development of colitis-associated cancer (CAC),

the IL-6/STAT3 axis acts as an oncogenic signal cascade in CECs

by promoting BCL-XL and cyclin D [14]. In addition, it has been

known that patients with active UC had significantly more IL6

and p-STAT3-positive epithelial cells than both patients with

inactive UC and controls [53]. Notably, mice lacking IL-6 (IL-

6 null) or STAT3 in IECs show reduced CAC tumorigenesis but

develop more severe DSS-induced colitis, with pronounced

colonic ulceration and body weight loss, than do wild-type

counterparts [14]. Tebbutt et al. [54] also showed that IL-6 null

mice or those harboring the reciprocal mutation ablating STAT1/

3 signaling show impaired colonic mucosal wound healing after

DSS administration.

There are several possible explanations for the difference

between our findings and the results of previous studies of the

blockade of IL-6 signaling or STAT3 activation. It could stem

from the use of knockout mice, the administration of the soluble

receptor blocker (sgp130Fc), or different methods of targeting the

S100A9 molecule. In intestinal inflammation, S100A9 is an

effector molecule that enhances TLR signaling [35] and recruits

granulocytes [21,22,38,47]. Thus, the blockade of this molecule

can ameliorate disease severity in DSS-induced colitis (Fig. 5A–C).

Thus, our data and previous findings suggest that IL-6 can finely

tune the balance between negative and positive signals during

DSS-induced colitis by providing protective signals to IECs or by

promoting inflammation via interaction with CECs and inflam-

matory cells.
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stimulated with IL-6 (20 ng/ml) for 0, 30, or 60 min, and the cell lysates were analyzed by immunoblotting for STAT3PY705 and total STAT3. Data are
representative of three independent experiments. (B) The expression levels of S100A9 in Caco-2 cells stimulated with IL-6 (20 ng/ml) for 0, 3, or 6 h
were analyzed by quantitative reverse-transcription polymerase chain reaction (qRT-PCR, left panel). The qRT-PCR data were analyzed by comparative
Ct quantification. S100A9 levels in the culture supernatants of Caco-2 stimulated with IL-6 for 0, 6, 12, or 24 h were determined by ELISA (right panel).
Data are presented as means 6 standard deviations of values from each group. (C) Up-regulation of IL-6-mediated S100A9 expression by STAT3
activation in Caco-2 cells. To measure the expression level of S100A9 in Caco-2 cells, the cells were pretreated with or without one of inhibitors for
3 h and then incubated in the presence or absence of IL-6 (20 ng/ml) for 6 h:S3I (20 mM); or STAT3 inhibitor peptide (5 mM). The transcriptional levels
of S100A9 were analyzed by qRT-PCR (left panel) and secreted S100A9 were determined by ELISA (right panel). Data are presented as mean 6
standard deviations of values from each group. P values were obtained using the two-tailed Student’s t-test (B, C). (D) Caco-2 cells were stimulated
with or without IL-6 (20 ng/ml) for 24 h. The cell lysates were prepared and sonicated (30 s on/1 min off for three cycles) to form a sheared, cross-
linked chromatin. After incubation with anti-STAT3PY705 or rabbit immunoglobulin G (IgG), the eluted DNA was amplified and analyzed by
conventional polymerase chain reaction assay. Data are representative of four independent experiments.
doi:10.1371/journal.pone.0038801.g004
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Figure 5. Gr-1+ cells infiltration in the colonic epithelial area of mice with dextran sulfate sodium (DSS)-induced colitis. (A) Colon
sections from control mice and those treated with 3% DSS + phosphate-buffered saline (PBS) or 3% DSS + soluble gp130-Fc (sgp130Fc) were
examined for Gr-1 (green), CD11c (red), and 49,6-diamidino-2-phenylindole (DAPI; blue) expression by immunofluorescence on day 10 of DSS
treatment. Data are representative of three independent experiments. Scale bars = 50 mm. (B) Colon histology was examined in control and DSS-
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In conclusion, our results suggest the existence of an immune-

triggering mechanism mediated by S100A9 released by CECs that

helps to scavenge invading microorganisms when epithelial

barriers are impaired. This mechanism may also induce further

undesirable destruction in epithelial linings, leading to the

exacerbation of colitis symptoms. Further studies should investi-

gate how this mechanism can be controlled without interfering

with immune surveillance in CECs. Our findings suggest that

drugs inhibiting STAT3 signals may be good candidates for

controlling disease activities in patients with UC while avoiding

CAC development.

Materials and Methods

Cell Culture
A Caco-2 human IEC line was obtained from the Korean Cell

Line Bank (Seoul, Republic of Korea). Human embryonic kidney

cell line 293T and human colon cancer cell line HCT116 were

purchased from the American Type Culture Collection (Manassas,

VA, USA). The cells were cultured in appropriate media with 10%

heat-inactivated fetal bovine serum (Lonza, Walkersville, MD,

USA).

Reagents and Inhibitors
DSS (molecular weight, 35,000–50,000 Da; United States

Biochemical, Cleveland, OH, USA) was used to induce experi-

mental colitis in mice. IL-6 (PeproTech, Rocky Hill, NJ, USA) was

used to stimulate Caco-2 cells. The following inhibitors were used

to treat Caco-2 cells throughout IL-6 stimulation: S3I and STAT3

inhibitor peptide (Merck) to block phosphorylation by targeting a

tyrosine residue and to dimerize STAT3, respectively [55,56].

To prepare small interfering (si) RNA-incorporated chitosan

nanoparticles (CH-NPs), siRNAs for STAT3 and S100A9 were

purchased from Bioneer Corporation (Daejeon, Republic of

Korea). siRNA-incorporated CH-NPs were prepared according

to a previously described method [44] by ionic gelation of anionic

tripolyphosphate (TPP; Sigma Chemical, St. Louis, MO, USA)

and siRNA with cationic chitosan (Sigma Chemical). The weight

ratio of chitosan to TPP was set to 3:1 to generate particles about

200:nm in size. The prepared siRNA/CH-NPs (si-STAT3/CH-

NPs and si-S100A9/CH-NPs) were injected intravenously twice

into mice with DSS-induced colitis.

Establishment of an Experimental DSS-Induced Colitis
Mouse Model

Six-week-old male C57BL/6 mice were purchased from

Joongang Laboratory Animal Co. (Seoul, Republic of Korea)

and maintained under specific pathogen-free conditions. As

described previously [57], colitis was induced with water

containing 3% DSS. The disease activity index (DAI) represents

the combined scores of weight loss, stool consistency, and bleeding,

according to scoring criteria described previously [58,59]. Body

weight loss (scores: 0, none; 1, 1–10%; 2, 11–20%), stool

consistency (scores: 0, normal; 1, soft; 2, liquid), hemoccult

positivity, and the presence of blood (scores: 0, negative fecal

occult blood; 1, positive fecal occult blood; 2, visible rectal

bleeding) were assessed daily in each group of mice. In some

experiments, mice were injected intraperitoneally with soluble

gp130-FC fusion protein (sgp130Fc, 0.5 mg/kg; R&D Systems,

Minneapolis, MN, USA) or phosphate-buffered saline (PBS). All

surgical and experimental procedures were reviewed and ap-

proved by the Institutional Animal Care and Use Committee

(IACUC) in College of Medicine, Seoul National University.

Isolation of Colonic Epithelial Cells
CECs were isolated using a modified version of previously

described methods [60,61]. In brief, colon pieces were incubated

in Ca2+- and Mg2+-free Hanks Balanced Salt Solution (HBSS;

Sigma Chemical) containing 2% calf serum at 37uC for 30 min

while stirring. After collecting the supernatant, remaining tissue

was resuspended in HBSS with 3 mM ethylenediaminetetraacetic

acid (EDTA). The tissues were incubated while stirring at 37uC for

30 min. The supernatant was then collected and centrifuged at

3006g for 10 min.

Histopathology and Immunohistochemistry of Colon
Tissue

Large intestine specimens were fixed in 10% neutralized

formalin for 24 h, embedded in paraffin, and sectioned at 4 mm.

Colon sections were stained with hematoxylin and eosin (H&E) for

histopathological analysis, and stained immunohistochemically as

described previously to investigate the expression of phospho-

STAT3 (STAT3PY705) [62]. Briefly, paraffin-embedded slides

were hydrated with ethanol and distilled water, followed by

antigen retrieval in 10 mM sodium citrate buffer. Sections were

incubated with anti-S100A9 (Abcam, Cambridge, MA, USA) and

anti-STAT3PY705 immunoglobulin G (IgG; Cell Signaling Tech-

nology, Danvers, MA, USA) and stained with 3,3-diaminobenzi-

dine substrate. Image acquisition and processing were performed

using a Leica microscope and the Leica Application Suite (Leica

Microsystems, Buffalo Grove, IL, USA).

Immunofluorescence of Colon Tissue
To perform immunofluorescence analyses, mouse large intestine

specimens were embedded in optimal cutting temperature

compound (Sakura Finetek Japan, Tokyo, Japan) and sectioned

at 10 mm by cryostats (Leica Microsystems). The sections were

incubated with a combination of anti-Gr-1-biotin and purified

anti-CD11c antibodies (BD Biosciences) or with rabbit anti-

STAT3PY705 IgG at 4uC overnight, followed by incubation with

appropriate secondary antibodies. Stained sections were mounted

in VectaShield 49, 6-diamidino-2-phenylindole (DAPI) mounting

treated mice at 10 days after DSS or DSS + sgp130FC administration by hematoxylin and eosin staining of paraffin-embedded sections. Scale
bars = 100 mm. Data are representative of three independent experiments. (C–D) Small interfering-negative chitosan nanoparticles (si-negative/CH-
NPs) or si-S100A9/CH-NPs were injected intravenously twice on days 2 and 3 into 3% DSS-treated mice. On day 10 of DSS-exposure, expression of
S100A9 in colon sections from mice was determined by qRT-PCR (C) and immunohistochemistry (D). qRT-PCR data are presented as mean 6 standard
deviations of values from each group. P values were obtained using the two-tailed Student’s t-test Scale bars = 100 mm. Immunohistochemistry data
are representative of four independent experiments. (E) The colon sections of DSS-exposed mice receiving si-negative/CH-NP or si-S100A9/CH-NP
injections were examined for Gr-1 (green), CD11c (red), and DAPI (blue) expression by immunofluorescence on day 10 of DSS treatment. Data are
representative of three independent experiments. Scale bars = 50 mm. (F) Colon histology was examined in control and DSS-treated mice at 10 days
after si-negative/CH-NP or si-S100A9/CH-NP injections by hematoxylin and eosin staining of paraffin-embedded sections. Scale bars = 100 mm. Data
are representative of three independent experiments. (G) Changes in the disease activity indices (DAI) of DSS-exposed mice receiving si-negative/CH-
NP or si-S100A9/CH-NP injections were assessed daily. Data are presented as mean 6 standard deviations of values from six mice per group. *p,0.01
vs. control (two-tailed Student’s t-test).
doi:10.1371/journal.pone.0038801.g005
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medium (Vector Laboratories, Burlingame, CA, USA) and

analyzed under a confocal laser scanning microscope (LSM 510;

Carl Zeiss, Gottingen, Germany). Images were taken under a

confocal microscope using a 406 objective.

Immunoblotting
Cells were harvested in a lysis solution (Santa Cruz Biotech-

nology, Santa Cruz, CA, USA) in the presence of a protease

inhibitor cocktail (Roche, Basel, Switzerland) and phosphatase

inhibitor (Santa Cruz Biotechnology). After incubation for 30 min

on ice, insoluble debris was removed by centrifugation for 15 min

at 4uC. Total protein was resolved by sodium dodecyl sulfate

polyacrylamide gel electrophoresis and transferred to nitrocellu-

lose membranes (GE Healthcare, Pittsburgh, PA, USA). The

membranes were then probed with antibodies against a-tubulin

(Thermo Fisher Scientific, Fremont, CA, USA), STAT3 (Cell

Signaling Technology), or STAT3PY705 and visualized using

SuperSignal West Femto Chemiluminescent Substrate (Thermo

Fisher Scientific).

Quantitative and Conventional Reverse-Transcription
Polymerase Chain Reaction Assays

Total RNA was isolated from colon tissues and cDNA was

synthesized using a QuantiTech Reverse Transcription Kit

(QIAGEN, Valencia, CA, USA), then mixed with QuantiFast

SYBR Green polymerase chain reaction (PCR) master mix

(QIAGEN) and specific primers. Quantitative reverse-transcrip-

tion PCR (qRT-PCR) was performed with an Applied Biosystems

7300 Real-Time PCR System (Life Technologies, Carlsbad, CA,

USA) and analyzed by comparative Ct quantification [63]. The

conventional PCR products were generated by AccuPower PCR

Premix (Bioneer). The specific primers for genes used in this study

were obtained from QIAGEN.

Enzyme-linked Immunosorbent Assay (ELISA)
Cell culture supernatants were analyzed for S100A9 levels using

an S100A9 ELISA kit (Cyclex Co., Ltd, Nagano, Japan) according

to the manufacturer’s instructions.

Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) assays were performed

using a Chromatin Immunoprecipitation Assay Kit (Millipore,

Billerica, MA, USA) according to the manufacturer’s instructions.

Briefly, Caco-2 cells were fixed with formaldehyde for 10 min at

room temperature. After sonication (30 s on/1 min off for three

cycles), the fragmented soluble chromatin was immunoprecipitat-

ed with anti-STAT3PY705 IgG or rabbit IgG. Cross-links were

reversed by incubating at 65uC. Precipitated DNA was amplified

by conventional PCR using specific primers covering the canonical

STAT3 binding motif within the S100A9 promoter: forward, 59-

ACACATCTTGCCCACCAGGAGGCTA-39; reverse, 59-

AAATCCTGCTCCCAGCAAGGGTTCC-39.

Statistical Analysis
Data are presented as means 6 standard deviations (SDs). P

values ,0.05 were considered statistically significant. Two-tailed

Student’s t-tests were conducted using the GraphPad Prism

software (ver. 5.01; GraphPad Software, La Jolla, CA, USA).

Supporting Information

Figure S1 Changes in interleukin-6 (IL-6) expression in
the colons of an experimental ulcerative colitis mouse

model established by dextran sulfate sodium (DSS)
treatment. (A) The difference (%) between baseline and

subsequent body weight was measured daily for 11 days (left).

Changes in clinical symptoms are represented by the disease

activity index (DAI; right). Data are presented as means 6

standard deviations of values from six mice per group. *p,0.01,

**p,0.001 vs. control mice (two-tailed Student’s t-test). PBS,

phosphate-buffered saline. (B) Colon histology was examined in

control and DSS-treated mice at 6 or 12 days after DSS

administration by hematoxylin and eosin (H&E) staining of

paraffin-embedded sections. Scale bars = 100 mm. Data are

representative of three independent experiments. (C) In each of

three groups, colon tissues were homogenized using a tissue

homogenizer. IL-6 and GAPDH mRNA levels in each group of

colonic tissue samples was analyzed by conventional reverse-

transcription polymerase chain reaction assays. Data are repre-

sentative of three independent experiments.

(EPS)

Figure S2 The purity of the isolated colonic epithelial
cells (CECs) from a mouse model of dextran sulfate
sodium (DSS)-induced colitis. (A) Epithelial cells were

isolated from colon tissue specimens from DSS-treated or control

mice, and the purity of the isolated CECs was confirmed by

staining with fluorescein isothiocyanate-labeled antibodies against

E-cadherin (BD Biosciences, San Diego, CA, USA) by flow

cytometry. Numbers indicate the percentage of positive cells in the

histogram. Data are representative of three independent experi-

ments. (B) CD45 and villin mRNA expression was analyzed by

conventional reverse-transcription polymerase chain reaction (RT-

PCR) for isolated CECs and intraepithelial lymphocyte (IEL),

which is control cell expressing CD45.

(EPS)

Figure S3 Effect of soluble gp130-Fc (sgp130Fc) injec-
tion on the expression of CXCL10 in colonic epithelial
cells (CECs) from mice with dextran sulfate sodium
(DSS)-induced colitis. CECs from mice treated with or without

3% DSS for 8 days and a subsequent sgp130Fc or PBS injection

were prepared, and CXCL10 mRNA expression was analyzed by

quantitative reverse-transcription polymerase chain reaction

(qRT-PCR). Data are presented as means 6 standard deviations

of values from six mice per group. P values were obtained using

the two-tailed Student’s t-test.

(EPS)

Figure S4 S100A9 is potent chemotactic factors for
human promyelocytic leukemia (HL-60) in vitro. Chemo-

taxis assays were performed using CytoSelect Cell migratory Assay

Kit (Cell Biolabs, San Diego, CA, USA). Media (control) or

increasing concentration of S100A9 (Cyclex Co. Nagano, Japan)

were added to the lower chamber. HL-60 cells were added to the

upper chamber (56103 cells) and allowed to migrate through the

membrane (5 mm pore size) for 6 h. Migrated cells were stained

with trypan blue and counted with hemocytometer. Results are the

mean % of migrated cells. Data are presented as means 6

standard deviations of values from triplicate experiments. P values

were obtained using the two-tailed Student’s t-test.

(EPS)
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