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Figure 5. Aberrant P2X7 Expression in Mast Cells Induces Retinoid

Dermatitis

(A) Hematoxylin and eosin (H&E) staining of skin from mice treated with vehicle or RA with or without liarozole (liaro) for 2 weeks. Data are representative of at least

three independent experiments. Scale bars represent 100 um.

(B) Thickness of ear was measured. Data are means + SEM. **p < 0.01 (n = 4).

(C) Severity of inflammation was scored. Data are means + SEM. *p < 0.05 (n

= 4).

(D) Expression of P2X7 on skin MCs in RA- or vehicle-treated mice was examined by flow cytometry analysis.
(E) Mice (WT; diphtheria toxin-treated MaS-TRECK, MaS; diphtheria toxin-treated BaS-TECK, BaS; and nude; nu/nu) were treated with RA for 8 weeks and ear

thickness was measured (n = 6 to 24).
(F) Severity of inflammation was scored (n = 3 to 4) (means + SEM. *p < 0.05,

**p < 0.01, one-way ANOVA and Tukey’s method).

(G) Representative H&E staining of ear are shown. Scale bars represent 100 pm.

suprabasal layers, eventually leading to retinoid dermatitis
(Fisher and Voorhees, 1996; Garcia-Serrano et al., 2011). Addi-
tionally, skin irritation occurs with retinoid treatment (Varani
et al., 2003). High-dose oral administration of RA to pregnant
mice causes skin inflammation in the fetus (Okano et al., 2012).
These findings led to a hypothesis that P2X7 expression on
skin MCs induced by high concentration of RA might be of rele-
vance to skin irritation or retinoid dermatitis.

To test this hypothesis, mice were orally inoculated with 0.4%
RA twice a week for several weeks. These RA-treated mice
showed skin irritation and hypertrophy when compared with
vehicle-treated mice (Figures 5A-5C; Figure S4A). Histological
analysis showed that RA treatment caused dermatitis associated
with the accumulation of inflammatory cells and MCs (Figures 5A;
Figure S4B-S4E). Importantly, P2X7 expression in skin MCs in
RA-treated mice was augmented compared with that in vehicle-
treated mice (Figure 5D). Moreover, inhibition of Cyp26b1-depen-
dent RA metabolism by the treatment with liarozole exacerbated
the skin inflammation compared with RA treatment alone (Figures
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5A-5C; Figure S4B). These results indicated that Cyp26b1
counteract the onset of RA-induced dermatitis. Furthermore,
RA-induced dermatitis was ameliorated in P2rx7~/~- and MC-
deficient mice, but not in basophil-deficient mice (Figures 5E-5G).

We confirmed a previous report (Hall et al., 2011) that RA in-
duces the differentiation of both T helper 17 (Th17) and regulatory
T cells (Figure S4F). RA treatment also slightly induced P2X7
expression on skin T cells (Figure S4G). Therefore, to evaluate
the possible involvement of T cells in the induction of RA-induced
dermatitis, we analyzed T cell-deficient nude (nu/nu) mice (Figures
5E-5@G). We observed ear swelling accompanied by inflammation
in nu/nu mice (Figures 5E-5G), indicating that, even though RA
treatment affected the P2X7 expression in both T cells and
MCs, MCs play central roles in the induction of retinoid dermatitis.

To examine the expression of P2X7 ligands in retinoid derma-
titis, we next measured the production of extracellular ATP—a
major ligand of P2X7 —in mice with retinoid dermatitis or mice
receiving skin scratch as a control (Kawamura et al., 2012). We
detected elevated amounts of ATP in the skin of mice with
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Figure 6. Skin Commensal Bacteria Contribute to P2X7-Medaited Retinoid Dermatitis

(A) ATP concentrations released from skin tissues were measured (means + SEM. *p < 0.05; **p < 0.01).

(B) The numbers of monocytes and macrophages (Mono-Mac) and neutrophils (Neu) in the skin after RA-treatment were quantified (black bars, WT; gray bars;
P2x7~/~; white bars, diphtheria toxin-treated MaS-TRECK mice) (means + SEM. *p < 0.05; **p < 0.01).

(C) TLR2 expression was examined in MCs, CD11b" Mono-Mac, and yd T cells. Control staining with isotype control antibody is shown as gray.

(D) TIr2~/~, Myd88~/~, and Tir4~'~, specific-pathogen-free (SPF), germ-free (GF), and antibiotic-treated mice were treated with retinoic acid for 8 weeks;
representative hematoxylin and eosin staining of ear are shown. Data are representative of at least three independent experiments. Scale bars represent 100 um.
(E) Severity of inflammation was scored (n = 4 to 6). Data are means + SEM. **p < 0.01; one-way ANOVA and Tukey’s method.

(F) Cathelicidin (green) expression was measured by confocal microscopy. Scale bars represent 100 um.

(G) Kallikrein (KLK) 5 (n = 9) and 7 (n = 4) expression was examined by gRT-PCR. Data are means + SEM. *p < 0.05.

retinoid dermatitis as scratched skin (Figure 6A). In addition,
degradation of extracellular ATP by local administration of
apyrase suppressed at least partly the severity of retinoid derma-
titis (Figures S5A-S5C). The ATP-P2X7 pathway leads to the pro-
duction of lipid mediators (e.g., leukotriene B4) and chemokines
(e.g., MCP1, CCL7, and CXCL2) from MCs to recruit inflamma-
tory cells such as monocytes and neutrophils (Kurashima et al.,
2012). We found that CD11b* monocytes and macrophages
and Gr-1* neutrophils were increased in the skin of mice treated
with RA, but their abundance was lower in RA-treated mice
lacking P2X7 or MCs (Figure 6B). These results suggest that
increased ATP production in the RA-treated skin caused P2X7-
and MC-dependent skin inflammation.

P2X7-Mediated Retinoid Dermatitis Requires Innate
Immune Signaling

External stimuli—especially antimicrobial signaling—can pro-
voke or inhibit skin inflammation (Jin et al., 2009). We found

that TLR2 was highly expressed by the accumulated cells (e.g.,
monocytes and macrophages) but relatively low in MCs and yd
T cells (Figure 6C). To determine whether microbial stimulation
via TLR2 participated in the induction of retinoid dermatitis,
TIr2~'~ and Myd88~'~ mice were inoculated with a high dose
of RA. Those mice had only minor incidence of retinoid dermatitis
after 8 weeks of RA inoculation, whereas identically treated
Tir4~'~ mice had typical signs of retinoid dermatitis (Figures 6D
and 6E). These results suggest that signaling from TLR2 contrib-
utes to the development of retinoid dermatitis. It remains unclear
whether TLR2 signaling is mediated by microbial components,
because other endogenous ligands, such as hyaluronan frag-
ments, biglycan, and serum amyloid A, also activate TLR2
(Erridge, 2010). Therefore, to determine the requirement for
TLR2 ligands derived from skin microbiota, we induced retinoid
dermatitis in GF mice. In addition, we used mice receiving anti-
biotics orally because, unlike GF mice, which were free from
both gut and skin microbiota, oral antibiotic administration rarely
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influences the skin microbiota but diminishes the gut microbiota
(Naik et al., 2012). Whole-mount fluorescent in situ hybridization
(FISH) analysis with EUB338 (a probe for most bacterial species)
confirmed the presence of skin bacteria in antibiotic-treated
mice, but not in GF mice (Figure S5D). When these two groups
of mice were subjected to retinoid dermatitis, inflammatory signs
were found in the antibiotic-treated mice, but not GF mice (Fig-
ures 6D and 6E). These findings suggest that recruitment and
activation of TLR2* monocytes and macrophages by skin micro-
biota are important for the aggravation of retinoid dermatitis.

Not only ATP but also the cathelicidin-derived peptide LL37
directly activates P2X7 (Elssner et al., 2004). Moreover, bacterial
components such as lipoteichoic acid, a ligand of TLR2, induce
cathelicidin production (Yamasaki et al., 2007). Indeed, we found
that expression of gene encoding cathelicidin were low in GF
mice subjected to retinoid dermatitis induction, but they were
unaltered in antibiotic-treated mice with retinoid dermatitis,
compared with SPF mice (Figure 6F). In addition, in vitro analysis
revealed that inflammatory monocytes increased the extracel-
lular ATP production and cathelicidin expression via TLR2-
dependent manner (Figures S5E and S5F). Kallikrein (KLK) 5
and 7 are required to process cathelicidin to produce LL37 in
the skin (Morizane et al., 2010). We found that RA treatment up-
regulated the expression of both Kik5 and KIk7 in the area of reti-
noid dermatitis (Figure 6G). Furthermore, another in vitro analysis
indicated that Cxc/7 and Cxc/2 expression was increased in MCs
when they were cocultured with monocytes activated via TLR2
(Figure S5@G). These observations indicated that cross-commu-
nication between skin microbiota- and TLR2-dependent produc-
tion of P2X7 ligands such as ATP and LL37 from inflammatory
monocytes and the activation of MCs via P2X7 is critical for
the development of retinoid dermatitis.

DISCUSSION

Skin and mucosa possesses immunologically unique regulatory
systems that create balanced homeostatic conditions in the face
of the harsh outside environment. It was suggested that tissue
environmental factors regulate locally unique MC phenotypes
(Xing et al., 2011). As protease expression patterns on MCs
(Xing et al., 2011), our previous findings suggested that P2X7
expression on MCs differs between the skin and intestine (Kura-
shima et al., 2012). Here, we found a function of skin fibroblasts
in reducing the P2X7 expression on MCs through the metabolism
of RA. This pathway creates unique niches for regulating the
homeostatic network of the skin-surface barrier by inhibiting
excessive ATP-mediated activation of MCs. We also proposed
the possible involvement of LL37 as another ligand of P2X7 in
skin inflammation. These observations reveal the unique tis-
sue-dependent immune regulation mediated by structural cells
such as stromal cells and fibroblasts to create homeostasis at
the skin-surface barrier. Breakdown of this system leads to the
development of inflammation such as retinoid dermatitis.
Activation of MCs is tightly regulated by multiple receptors.
For instance, elevated expression of IL-33 from epidermal kera-
tinocytes and dermal fibroblasts as a result of sun exposure
induces MC activation and hence skin inflammation (Lunder-
ius-Andersson et al., 2012). Simultaneously, various inhibitory
receptors, such as leukocyte monoimmunoglobulin-like recep-
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tor 3 and paired immunoglobulin-like receptor B, are typically ex-
pressed on MCs (Izawa et al., 2012; Masuda et al., 2007). Along
with the expression of these inhibitory receptors, regulation of
the expression of activation-type receptors such as P2X7 might
be important for inhibiting the abnormal activation of MCs under
tissue-specific environment, for example at sites where ligands
(e.g., ATP and LL37) are constantly or easily produced. Our re-
sults showed that TLR2-mediated activation was involved in
extracellular ATP release and simultaneous enhancement of
LL37 production by monocytes or macrophages. Furthermore,
MCs produced ATP via the actions of ATP synthase and adeny-
late kinase (Kurashima et al., 2012). Thus, extracellular ATP is
released from a various sources at millimolar concentration,
which are sufficient for P2X7-mediated MC activation at the
site of skin inflammation (Takahashi et al., 2013). Therefore, the
balanced and optimal expression of activation and inhibitory re-
ceptors, as well as ligand production, is required to maintain ho-
meostasis, which was tissue dependent. From this perspective,
our findings provide evidence for the presence and mechanism
of skin-specific negative regulation of ATP-mediated MC activa-
tion via the downregulation of P2X7.

RA has been used clinically to normalize skin homeostasis
in patients with acne or psoriasis (Geria and Scheinfeld, 2008).
However, topical application of excessive amounts of RA accel-
erates skin inflammation (Fisher and Voorhees, 1996). Treatment
with excessive amounts of 9-cis RA causes epidermal prolifera-
tion and increased skin thickness in mice (Garcia-Serrano et al.,
2011). Furthermore, Cyp26b1 deficiency in keratinocytes and
fibroblasts causes skin barrier disruption and inflammation in
mice (Okano et al., 2012). Our study indicated the importance
of RA-mediated upregulation of P2X7 on MCs in the develop-
ment of skin inflammation. Liarozole inhibits RA metabolism
with targeting not only Cyp26b1 but other P450 enzymes; thus,
off-target effects of liarozole could not be negligible (De Coster
et al., 1996). Our data indicated the highest expression of
Cyp26b1 in skin fibroblasts; these data, plus those from the
studies mentioned above, reflect the important aspects and ki-
netics of the skin fibroblast-Cyp26b1-mediated regulatory and
inhibitory system for creating and maintaining a physiologically
optimized skin-surface barrier system.

Mcpt expression is reversibly regulated by the tissue environ-
ment (Xing et al., 2011). Our data indicate that RA does not
regulate Mcpt expression, suggesting that the soluble signals
emanating from stromal cells and fibroblasts for MC differentia-
tion and for downregulation of P2X7 expressions differ from each
other. Our current findings also revealed that coculture with
lung fibroblasts partially reduced P2X7 expression in BMMCs.
This effect on P2X7 expression was weaker than that of skin fi-
broblasts; moreover, P2X7 suppressive capacity was correlated
with reduced expression of Cyp26b1 (data not shown). Because
concentrations of extracellular ATP were high in respiratory
inflammation and lung MCs in vivo expressed high P2X7 (Idzko
et al., 2007), reducing P2X7 expression on MCs by enhancing
Cyp26b1 expression in fibroblasts in the lung would be a thera-
peutic strategy for respiratory disorders.

MCs are involved in various skin inflammation, such as psori-
asis, atopic dermatitis, and alopecia areata (Cetin et al., 2009;
Gilfillan and Beaven, 2011; Otsuka et al., 2011). In this context,
high vitamin A concentration in serum is associated with a risk
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of atopic dermatitis (Kull et al., 2006). In addition, it was recently
reported that dietary vitamin A is involved in aggravating chronic
inflammatory status in alopecia both in mice and human (Duncan
et al., 2013). In mice with alopecia areata, RA synthesis is
increased and simultaneously RA degradation is decreased,
thus resulting in excess concentrations of RA at the site of skin
inflammation (Duncan et al., 2013). Indeed, P2X7* MCs are
accumulated at the site of alopecia in human (data not shown).
These results imply that dysregulation of P2X7 expression on
MCs occurs in particular skin inflammation associated with
disruption and interruption of RA metabolism. Therefore, it is
possible that RA-induced P2X7-MC cascades are also involved
in the RA-related skin inflammation.

Skin-resident bacteria play an autonomous role in controlling
the local inflammatory milieu by modulating the function of skin-
resident T cells (Naik et al., 2012). Functional TLRs are
expressed on MCs (Matsushima et al., 2004; Sandig and Bul-
fone-Paus, 2012). In addition, cathelicidin expression on MCs is
induced by the activation of TLR2 by lipoteichoic acid produced
by commensal bacteria. Indeed, TLR2 is highly expressed on
BMMCs (Wang et al., 2012). Therefore, it is possible that P2X7
and TLR2 dual pathways affect the skin MC-induced production
of inflammatory mediators. However, our experiments with three
different clones (6C2, mT2.7, and mT2.5) of anti-TLR2 monoclonal
antibodies revealed that TLR2 was poorly expressed on the sur-
faces of skin MCs. Indeed, reconstitution of TLR2-deficient MCs
to the MC-deficient mice showed retinoid dermatitis after RA-
treatment (data not shown). In contrast, CD11b* monocytes
and macrophages in the skin highly expressed TLR2, indicating
that skin-microbiota-mediated signaling stimulates accumulation
and activation of inflammatory cells in the skin; this might initiate
disruption of skin homeostasis, including the skin fibroblast-
Cyp26b1-mediated downregulation system of P2X7-dependent
MC activation. In addition, recruitment or activation of the
TLR2-expressing inflammatory cells is led by chemokines (e.g.,
MCP1) or lipid mediators (e.g., leukotrienes) released upon MC
activation and the induction of inflammatory responses by ATP
release. MCs also directly regulate DC activation in the skin;
indeed, maturation and migration of DCs are regulated by
TNF-o. and ICAM1 on MCs; thus, MC-DC direct interaction could
also affect the pathogenesis of skin inflammation (Otsuka et al.,
2011). Our in vitro observation revealed that TLR2" inflammatory
cells directly enhanced CXCL1 and CXCL2 expression in MCs,
which potentially led to the neutrophil recruitment into the inflam-
matory site. These results implied the existence of the inflamma-
tory loop among various immune cells including MCs.

These findings collectively reveal that MCs in various tissues
help to create tissue-specific local homeostasis operated by indi-
vidual structural cells (e.g., fibroblasts). Cyp26b1-expressing
skin fibroblasts thus play a central role in homeostatic P2X7
downregulation on skin MCs, leading to the suppression of
ATP-induced abnormal activation. When the skin homeostatic
pathway is sporadically interrupted, such as in hypervitaminosis
A, skin bacterial stimulation triggers inflammation via the TLR2-
mediated pathway. Our additional understanding of the molecu-
larand cellular bases of the functions and phenotypes of localized
MCs and their surrounding structural cells (e.g., fibroblasts and
stromal cells) will facilitate the discovery of innovative and bene-
ficial targets for the control of tissue-specific inflammation.

EXPERIMENTAL PROCEDURES

Mice

C57BL/6, Balb/c, GF, and nu/nu™’~ mice were purchased from Japan CLEA.
Rag1~/=, Terb™'=, Terd™~, Ighm™=, P2rx7~/~, and [tgax-DTR mice were
obtained from Jackson Laboratory. TIr2~/~, Tird~'~, and Myd88~/~ mice were
obtained from Dr. S. Akira (Osaka University). /d2~/~ mice were generated as
previously described (Yokota et al., 1999). KitV-*"W-*" mice were obtained
from Dr. H. Suto (Juntendo University). MaS-TRECK and BaS-TRECK mice
were established as previously reported (Sawaguchi et al., 2012). All mice
were maintained under SPF or GF conditions at the Experimental Animal Facility
of the Institute of Medical Science, the University of Tokyo. All experiments were
approved by the Animal Care and Use Committee of the University of Tokyo.

In Vivo Treatment

To remove DCs, we intraperitoneally treated /tgax-DTR mice with DT (500 ng,
Sigma-Aldrich) (Jung et al., 2002). To deplete MCs and basophils, we injected
MaS-TRECK and BaS-TRECK mice intraperitoneally with 250 ng DT for 5
consecutive days and then with 150 ng DT every other day (S¢
2012). Mice were orally inoculated with 0.4% RA (Sigma-Aldrich) in corn oil
(Wako) twice a week. Liarozole (1 mg, intraperitoneally) or apyrase (1U/ear, grade
VII, Sigma-Aldrich, intradermally) was injected before RA treatment. Mice
received a mixture of ampicillin (1 g/L; Sigma-Aldrich), vancomycin (500 mg/L;
Shionogi), neomycin (1 g/L; Sigma-Aldrich), and metronidazole (1 g/ L; Sigma-
Aldrich) in drinking water since 2 weeks before RA treatment (Obata et al..
2010). MCs were reconstituted in Kit"V*"W-*" mice by intraperitoneal and intra-
venous (5 x 10° cells each) or intradermal (1 x 10° cells) injection of BMMCs.

aguchi et al.,

Cell Preparations

Mononuclear cells from the small intestine, colon, PEC, lung, and skin were iso-
lated, and BMMCs were obtained as previously described (Kurashima et al.,
2012; Kurashima et al., 2007). To prepare stromal cells and fibroblasts, tissues
were digested with EDTA and collagenase (Sigma-Aldrich) and adherent cells
were passaged every 4 days (process repeated once). Before coculture with
BMMCs, cells were treated with 10 ng/ml mitomycin C (Sigma-Aldrich) for
3 hr and washed twice with PBS. In some experiments, BMMCs were
cytospinned (600 rpm, 4 min) and stained for 1 hr with aician biue (Muto Pure
Chemicals, Tokyo, Japan) and for 20 min with safranin (Muto Pure Chemicals).
Inflammatory monocytes or macrophages were collected from PEC 3 days
after intraperitoneal injection of 2 ml of 4% thioglycolate.

In Vitro Treatment

For MCP1 and TNF-o.measurement, 2 x 10° cells were stimulated with 0.5 mM
of ATP for 2 days. For IL-1B measurement, 2 x 10° cells were stimulated with
0.1 ug/mL LPS for 8 hr, followed by 0, 0.5, or 5 mM of ATP for 1 hr. Chemokine
and cytokine production in the culture supernatant was measured with CBA
inflammatory cytokine kit (BD Biosciences) and IL-1f ELISA (R&D Systems).
To stimulate TLR2-mediated pathway, we cultured thioglycolate-induced
monocytes and macrophages with Pam2CSK4 (0.2 ug/mL, InvivoGen). To
measure ATP secretion from skin organ, we floated skin (8.0 mm square)
with the epidermis side upward on 12-well plates containing 1 ml PBS and
incubated on ice for 10 min. ATP concentration in the culture was measured
by ATP luciferase assay (PerkinElmer) (Kawamura et al., 2012; Kurashima
etal., 2012).

Flow Cytometry

Cells were incubated with 5 pg/ml of anti-CD16/32 antibody (Biolegend) for
5 min and then stained for 30 min at 4°C with fluorescence-labeled antibodies;
c-kit (0.2 pg/mL), Gr-1 (0.4 ug/mL), CD4 (1 pg/mL), CD11b (0.2 pg/mL), CD11c
(0.4 pg/mL), and B220 (0.4 pg/mL) (BD Biosciences); FceRle. (0.4 pg/mL)
and CD207 (0.4 pg/mL) (eBioscience); and F4/80 (20 pg/mL) and ER-TR7
(5 ng/mL) (Abcam), and P2X7 (2 pg/mL, clone 1F11) (Kurashima et al.. 2012).
Flow cytometric analysis and cell sorting were performed with FACSCalibur
and FACSAria (BD Biosciences), respectively.

Histology and Scoring
Skin samples were fixed in 4% paraformaldehyde and embedded in paraffin.

Tissue sections (5 pm) were stained with hematoxylin and eosin (Wako). To
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stain collagen™ fibroblasts, we stained tissue sections with anilin blue orange G
solution (Muto Pure Chemicals) for 1 hr and counterstained with toluidine blue
(Wako) for 20 min. For the staining with anti-mouse cathelicidin antibody
(Abcam), tissue sections were retrieved with Retrievagen A (BD Biosciences).

Inflammation severity was scored as follows: 0, no; 1, minimal; 2, mild; 3,
moderate; and 4, marked. The slides were blinded, randomized, and reread
to determine score. The total score was calculated as the sum of scores for
inflammation, neutrophil number, mononuclear cell number, edema, and
epithelial hyperplasia (Otsuka et al., 2011).

Whole-Mount FISH

Skin was fixed in 4% paraformaldehyde at 4°C overnight and washed with
PBS for 7 hr. Tissues were hybridized with 10 pg/mL of Alexa 488-conjugated
DNA probe (EUB338, Invitrogen) in a hybridization buffer (0.9 M NaCl, 20 mM
Tris-HCI, 0.1% SDS, and 10 pg/mL) at 42°C overnight. After washing twice ina
washing buffer (0.45 M NaCl, 20 mM Tris-HClI, 0.01% SDS) at 42°C for 10 min,
tissues were flushed with PBS and observed by confocal microscopy (DM
IRE2/TCS SP2, Leica) (Obata et al., 2010).

Microarray Analysis

Total RNA was prepared with RNeasy kit (QIAGEN). cRNA was hybridized with
DNA probes on a GeneChip Mouse Genome 430 2.0 array (Affymetrix) (Kuni-
sawa et al., 2013). Data were analyzed with GeneSpring 7.3.1 software (Silicon
Genetics).

Quantitative RT-PCR

Total RNA was prepared with TRIzol (Invitrogen) and reverse transcribed by
Superscript VILO (Invitrogen). Quantitative RT-PCR was performed with the
LightCycler 480 Il (Roche) and the Universal Probe Library (Roche). Primer
sequence is available in Table S1.

Statistical Analysis

Statistical analysis was performed with the unpaired two-tailed Student’s t test
and Welch's t test. In some experiments, one-way ANOVA and Tukey's
method were employed as indicated in figure legends.
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Stress Response Protein Cirp Links Inflammation and
Tumorigenesis in Colitis-Associated Cancer

Toshiharu Sakurai’, Hiroshi Kashida', Tomohiro Watanabe®, Satoru Hagiwara', Tsunekazu Mizushima®,
Hideki lijima®, Naoshi Nishida', Hiroaki Higashitsuji®, Jun Fujita®, and Masatoshi Kudo'

Colitis-associated cancer (CAC) is caused by chronic intestinal inflammation and is reported to be associated
with refractory inflammatory bowel disease (IBD). Defective apoptosis of inflammatory cell populations seems to
be a relevant pathogenetic mechanism in refractory IBD. We assessed the involvement of stress response protein
cold-inducible RNA-binding protein (Cirp) in the development of intestinal inflammation and CAC. In the colonic
mucosa of patients with ulcerative colitis, expression of Cirp correlated significantly with the expression of TNFa,
IL23/IL17, antiapoptotic proteins Bcl-2 and Bel-xL, and stem cell markers such as Sox2, Bmil, and Lgr5. The
expression of Cirp and Sox2 was enhanced in the colonic mucosae of refractory ulcerative colitis, suggesting that
Cirp expression might be related to increased cancer risk. In human CAC specimens, inflammatory cells expressed
Cirp protein. Cirp™’~ mice given dextran sodium sulfate exhibited decreased susceptibility to colonic inflam-
mation through decreased expression of TNFo, IL23, Bel-2, and Bel-xL in colonic lamina propria cells compared
with similarly treated wild-type (WT) mice. In the murine CAC model. Cirp deficiency decreased the expression of
TNFa, IL23/IL17, Bel-2, Bel-xL, and Sox2 and the number of Delkl™ cells, leading to attenuated tumorigenic
potential. Transplantation of Cirp™'~ bone marrow into WT mice reduced tumorigenesis, indicating the
importance of Cirp in hematopoietic cells. Cirp promotes the development of intestinal inflammation and
colorectal tumors through regulating apoptosis and production of TNFo and IL23 in inflammatory cells. Cancer

Res: 74(21): 6119-28. ©2014 AACR.

The inflammatory bowel diseases (IBD)—ulcerative colitis
and Crohn disease—are thought to result from aberrant acti-
vation of the intestinal mucosal immune system (1). Although
the pathogenesis of IBD remains unclear. a number of studies
have suggested the involvement of abnormal apoptosis in
intestinal epithelial cells, resulting from increased production
of cytokines, such as TNF, ILs, and IFNs (2). TNFo is a key
mediator of inflammation in IBD and has been the primary
target of biologic therapies (3). This cytokine induces inflam-
mation by promoting the production of IL1f and IL6, expres-
sion of adhesion molecules, proliferation of fibroblasts, acti-
vation of procoagulant factors, and cytotoxicity of the acute
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phase response (4). The 1L23/T17 (T-helper IL17-producing
cell) pathway has been identified to play a critical role in IBD.
IL23 has been shown to promote the expansion of a distinct
lineage of T;17 cells that are characterized by production of a
number of specific cytokines not produced by T;1 or T2 cells,
including IL17A, IL17F, IL21, and IL22 (5). IL23/IL17 signaling
enhances the immunosuppressive activity of regulatory T cells
and reduces CD8™ cells in tumor, leading to enhanced tumor
initiation and promotion (6, 7). Recently, a study has suggested
that colorectal cancer tissue-derived Foxp3™ IL17™ cells have
the capacity to induce cancer-initiating cells in vitro (8). The
most conspicuous link between inflammation and colon can-
cer is seen in patients with IBD (9), and development of
colorectal cancer is one of the most serious complications of
IBD. which is also referred to as colitis-associated cancer (CAC;
ref. 10). Thus, it is of great importance to improve our under-
standing of the molecular link between chronic inflammation
and CAC to identify a target molecule with therapeutic poten-
tial for the treatment of IBD and prevention of CAC.

It is widely accepted that most tumors harbor cancer stem
cells. which are crucial for a tumor's evolutionary capability.
Cancer stem cells resemble normal stem cells in their capacity
to self-renew and continuously replenish tumor progeny
(11. 12). The G-protein-coupled receptor Lgr5 and the poly-
comb group protein Bmil are 2 recently described molecular
markers of the self-renewing multipotent adult stem cell
populations residing in intestinal crypts that mediate regen-
eration of the intestinal epithelium (13, 14). Pluripotency-
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associated transcription factors like Sox2 are known to regu-
late cellular identity in embryonic stem cells. Sox2 expression
specifically increased the numbers of stem cells and repressed
Cdx2, a master regulator of endodermal identity. /n vivo studies
demonstrated that Sox21, another member of the SoxB gene
family, was a specific, immediate, and cell-autonomous target
of Sox2 in intestinal stem cells (15). Sox2 participates in the
reprogramming of adult somatic cells to a pluripotent stem cell
state and is implicated in tumorigenesis in various organs (16).

Cold-inducible RNA-binding protein (Cirp, also called Cirbp
or hnRNP A18) was originally identified in the testis as the first
mammalian cold shock protein (17) and is suggested to
mediate the preservation of neural stem cells (18). Cirp is
induced by cellular stresses such as UV irradiation and hypoxia
(19-21). In response to the stress, Cirp, which migrates from
the nucleus to the cytoplasm, affects posttranscription expres-
sion of its target mRNAs (22-24) and functions as a damage-
associated molecular pattern molecule that promotes inflam-
matory responses when present extracellularly (25). Cirp also
affects cell growth and cell death induced by TNFo or geno-
toxic stress (26, 27). However, the involvement of Cirp in colitis
and CAC is not well understood.

Here, we examined whether Cirp plays a role in inflamma-
tory immune responses and tumorigenesis in the gut by using a
murine CAC model of Cirp-deficient (Cirp ™'~ ) mice and found
that Cirp promoted colitis and colorectal tumorigenesis by
inhibiting apoptosis and increasing TNFo and IL23 production
in inflammatory cells. In patients with ulcerative colitis, refrac-
tory inflammation is associated with increased Cirp expression
in the colonic mucosa, which would increase the risk for CAC.
This study represents the first report of the functional link
between Cirp and intestinal tumorigenesis.

Materials and M
Human tissue samples

In total, 236 colonic mucosa specimens were obtained by
endoscopy or surgery from patients with ulcerative colitis,

including 67 cases of refractory ulcerative colitis, 98 cases of

nonrefractory active ulcerative colitis, and 20 cases in remis-
sion, as well as 21 colonic mucosa of patients with Crohn
disease and 30 normal colonic mucosa specimens from con-
trols without IBD. Refractory ulcerative colitis was defined
according to endoscopic criteria and categorized as being
active for more than 6 months. Active inflammation was
defined as Mayo endoscopic score >2. CAC specimens were
obtained from 10 patients who had undergone colorectal
resection. The clinical study protocol conformed to the ethical
guidelines of the 1975 Declaration of Helsinki and was
approved by the relevant institutional review boards.

Mice and treatment

Cirp~'~ mice showing neither gross abnormality nor colonic
inflammation were used as a murine CAC model. The gener-
ation of Cirp~’~ mice has been described previously (28). Sex-
and age-matched C57BL/6 wild-type (WT) and Cirp™'~ mice
(8-12 weeks old) received 2.5% (w/v) dextran sodium sulfate
(DSS; molecular weight, 36,000-50,000 kDa; MP Biomedicals)

in drinking water. Mice were intrapertioneally injected with 20
mg/kg anti- TNFo antibody (#16-7423, eBioscience) or an IgG
isotype control before DSS treatment.

Isolation of lamina propria cells was performed as described
previously (29). The isolated cells were sorted using immuno-
magnetic beads coated with monoclonal antibodies against
CD11b (MACS Beads, Miltenyi Biotec) with the help of a
separation column and a magnetic separator from the same
company in accordance with the manufacturer's recommen-
dations for isolating murine macrophages.

As the protocol for the murine CAC model, mice were
intraperitoneally injected with 125 mg/kg azoxymethane
(AOM; Sigma-Aldrich). After 5 days, 2.0% DSS was included
in the drinking water for 5 days, followed by 16 days of regular
water. This cycle was repeated 3 times. Then, 1.5% DSS was
included in the drinking water for 4 days, followed by 7 days of
regular water. Upon sacrifice, the colon was excised from the
ileocecal junction to the anus, cut open longitudinally. and
prepared for histologic evaluation. Colons were assessed mac-
roscopically for polyps under a dissecting microscope.

Bone marrow transplantation (BMT) experiments were
performed as previously described, with slight modifications
(30). Bone marrow from the tibia and femur was washed twice
in Hank balanced salt solution, and 10" bone marrow cells were
injected into the tail vein of lethally irradiated (11 Gy) recipient
mice. Eight weeks posttransplantation, the mice were sub-
jected to the murine CAC protocol. Bone marrow cells were
grown in culture dishes in the presence of macrophage colony-
stimulating factor (M-CSF; 10 ng/mL) and then differentiated
to bone marrow-derived macrophages in 10 days. All animal
procedures were performed according to approved protocols
and in accordance with the recommendations for the proper
care and use of laboratory animals. The animal study protocol
was approved by the Medical Ethics Committee of Kinki
University School of Medicine (Osaka-Sayama, Japan).

Colonic injury scoring

Excised colons were rolled up and fixed in 10% formalde-
hyde, embedded in paraffin. and stained with hematoxylin and
eosin (H&E). The degree of colonic injury was assessed by
histologic scoring as described previously (31), with minor
modifications. The protocol is described in detail in Supple-
mentary Materials and Methods.

Biochemical and immunochemical analyses

Real-time qPCR. immunoblotting. and immunohistochem-
istry were previously described (32). Primer sequences are
given in Supplementary Materials and Methods. The following
antibodies were used: anti-actin and anti-DCAMLK1 (Dclk1)
from Sigma-Aldrich; anti-Bcl-2, anti-phospho-IxkBo., anti-
IxBo, anti-phospho-ERK, anti-ERK, anti-Sox2, anti-E-cad-
herin, anti-PCNA from Cell Signaling; and anti-F4/80 from
eBioscience. Generation of anti-Cirp polyclonal antibody was
previously described (28). Immunohistochemistry was per-
formed using ImmPRESS reagents (Vector Laboratory) accord-
ing to the manufacturer's recommendations. Immunofluores-
cent terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) staining was performed to measure
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apoptosis in paraffin-embedded sections using the In Situ
Apoptosis Detection Kit as described by the manufacturer
(Takara). Nuclei were stained with 4.6'-diamidino-2-phenylin-
dole to count the total cells per crypt. A minimum of 10 crypts
were counted per section.

Statistical analysis

Differences were analyzed using the Student ¢ test. To
compare variables of more than 2 conditions, ANOVO with
post hoc Tukey-Kramer honestly significant difference (HSD)
multiple comparison was applied. The relationship between
the expression of several genes was analyzed by Spearman rank
correlation test. P < 0.05 was considered significant.

Correlation of Cirp expression with TNF«, IL23/IL17,
Bcl-2, and stem cell marker expression in patients with
IBD

Cirp expression correlated weakly but significantly with
TNFo with a linear coefficient of 0.26 in the colonic mucosa
of patients with ulcerative colitis (Supplementary Fig. S1A). In
patients with Crohn disease, Cirp expression did not signifi-
cantly correlate with TNFo (data not shown) probably because
the majority of patients with Crohn disease enrolled in this
study had undergone anti-TNFo. therapy. IL23p19 is the specific
subunit of 1L23, a positive regulator of Ty;17 and other 1L17-
producing cells (5). A significant correlation was found between
Cirp and ILI7A or IL23p19 mRNA expression in patients with
ulcerative colitis (Supplementary Fig. S1B and SIC) and in
patients with Crohn disease (Supplementary Fig, S2A).

Defective apoptosis of inflammatory cell populations regu-
lated by Bel-2 seems to be a relevant pathogenetic mechanism
in IBD (33, 34). There was a significant correlation between
Cirp and Bcl-2 expression with a linear coefficient of 0.76 in
patients with ulcerative colitis and with a linear coefficient of
0.60 in patients with Crohn disease (Fig. A and Supplementary
Fig. $2B). Expression of Bel-xL, another antiapoptotic protein.
was significantly correlated with that of Cirp with a linear
coefficient of 0.60 in patients with ulcerative colitis (Supple-
mentary Fig. S1D) and with a linear coefficient of 0.85 in
patients with Crohn disease (Supplementary Fig. S2C).

Stem cells, characterized by their ability to self-renew indef-
initely and produce progeny capable of repopulating tissue-
specific lineages, are critical for maintaining normal tissue
homeostasis (35). Cirp is suggested to mediate the preservation
of neural stem cells (18). Cirp expression correlated with Sox2.
Bmil, Lgr5, and Dclkl levels with linear coefficients of 0.62,
0.45, 0.42, and 0.25, respectively, in patients with ulcerative
colitis (Fig. 1B-D and Supplementary Fig. SIE) and correlated
with Sox2 with a linear coefficient of 0.63 in patients with
Crohn disease (Supplementary Fig. $2D). Cirp might be
involved in regulation of intestinal inflammation and homeo-
stasis maintenance in patients with IBD.

Increased Cirp expression in the colonic mucosa of
patients with refractory ulcerative colitis

We next explored whether an association exists between
Cirp expression and the clinical status of patients with ulcer-

A r=0.76 B r=0.62
2531 P=9.78x 1079 60,  P=7.64x102" |
201 ‘ L i

o 15 ‘% | § 40 { ‘

s 3 - I >

D 10 - yd 1] ! L s . i

38 201 s

5} 1 . /y'”’ ; ‘-.:. o
0 } B e } L
0 2 4 6 8 10 0 2 4 6 8 10 |
Cirp Cirp

r=0.45 r=0.42

12j P=236x 1010 00 P=427x10% |
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respective genes (A, Bcl-2; B, Sox2; C, Bmi1; D, Lgr5) in human colonic
mucosa.

ative colitis. Refractory and nonrefractory active ulcerative
colitis could not be distinguished by endoscopic findings
(Fig. 2A). Cirp expression levels were specifically increased in
patients with refractory ulcerative colitis associated with long-
term inflammation, whereas similar expression levels of Cirp
were found between normal colonic mucosa and the mucosa of
patients with nonrefractory active ulcerative colitis (Fig. 2B).
Similarly. increased Sox2 expression levels were found in the
colonic mucosa of patients with refractory IBD (Fig. 2C).
Immunohistochemistry showed that Sox2 was expressed in
the mesenchyme and Dclkl was expressed in the crypt of
patients with refractory ulcerative colitis (Supplementary Fig,
S3A and S3D). In contrast, increased TNFo. expression was
found in the colonic mucosa of both refractory and nonre-
fractory active ulcerative colitis (Fig. 2D). Immunohistochem-
istry was performed to identify the cells expressing Cirp in the
human intestine, and inflammatory cells were found to express
more Cirp protein than epithelial cells, whose expression
pattern was similar in controls and patients with ulcerative
colitis. In chronically inflamed mucosa, Cirp expression was
enhanced in inflammatory cells (Fig. 2E and Supplementary
Fig. $3B). Inflammatory cells preferentially but not exclusively
expressed Cirp protein also in human CAC cases (Supplemen-
tary Fig. S3C).

Cirp™/~ mice challenged with DSS have decreased
susceptibility to inflammation

DSS-induced colitis is a murine model resembling human
ulcerative colitis. Experimental colitis was induced by treating
mice with 2.5% DSS. Histologic analysis revealed substantially
less epithelial damage and disruption of crypt architecture in
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Figure 2. Cirp expression is increased in the colonic mucosa of patients
with refractory ulcerative colitis (UC). A, endoscopic images of refractory
and nonrefractory active ulcerative colitis specimens with a magnified
inset. B-D, expression of Cirp (B), Sox2 (C), and TNFa (D) mRNA in normal
colonic mucosa (control, n = 30), colonic mucosa of patients with
nonrefractory active ulcerative colitis (nonrefractory, n = 98), and those
with refractory ulcerative colitis (refractory, n = 67), as determined by
quantitative real-time qPCR. P values were calculated by post hoc Tukey-
Kramer HSD multiple comparison. The F and P values for the ANOVO test
are as follows: F (2, 192) = 11.98; P < 0.0001 (B), F (2, 192) = 10.29;

P <0.0001 (C), and F (2, 192) = 13.70; P < 0.0001 (D). E, representative
images of immunohistochemical findings in human colonic mucosa of
patients without ulcerative colitis and those with nonrefractory and
refractory ulcerative colitis. Scale bar, 50 pm.

Cirp~'~ mice than in WT mice (Fig, 3A), and inflammatory cell
infiltration into the colon was less in Cirp"/" mice (Fig. 3B).
Immunohistochemically assessed macrophage infiltration was
smaller in Cirp~/~ than in WT mice after DSS administration
(Fig. 3C), and the epithelial injury score was significantly
smaller in the Cirp~'~ mice than in the controls (Fig. 3D).
Next, we compared apoptosis induction in DSS-treated WT
and Cirp~/~ mice. Apoptosis detected by TUNEL staining was
observed in DSS-treated mice, primarily in the colonic crypts
(Fig. 3E), but was blocked by 50% in the Cirp~'~ mice (Fig. 3F).
Examination of the colonic lysates from DSS-treated WT and
Cirp~'~ mice showed that the Cirp presence increased PCNA
expression in the colon (Supplementary Fig. S4A).

The associated immune response was investigated by ana-
lyzing colonic cytokine levels. Colonic tissue from Cirp '~ mice
showed a smaller immune response with lower levels of
proinflammatory cytokine TNFor and 1L23 than that of WT

mice (Fig. 4A~C), which is consistent with the data in humans
(Fig. 1 and Supplementary Fig. S1). TNFo. expression was
upregulated in nonrefractory active ulcerative colitis whereas
Cirp expression was not in these patients (Fig. 2B and D). This
is probably because TNFo is induced in both a Cirp-dependent
and -independent manners in the colon. There was no signif-
icant difference in IL1{, IL10, and 1L21 (Fig. 4B and Supple-
mentary Fig. S4B). To explore the mechanisms of the effects of
Cirp on TNFo. production, we sought to confirm these findings
in vitro. In lamina propria cells isolated from DSS-treated
colons of Cirp-deficient mice, expression of TNFo. and IL23
was decreased compared with those of WT mice (Fig. 4D).
TNFao is produced chiefly by activated macrophages, although
it can be produced by many other cell types as lymphocytes and
natural killer cells (36), so we next isolated macrophages from
DSS-treated colons. TNFo mRNA expression was significantly
reduced in Cirp-deficient macrophages (Fig. 4£). Macrophages
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Figure 3. Susceptibility to inflammation is decreased in Cirp " mice

challenged with DSS. A, representative photographs of H&E-stained and
periodic acid— Schiff (PAS)-stained colons of WT and Cirp  mice 7 days
after the initiation of DSS administration (original magnification, x200).
Scale bar, 50 um. B, inflammatory cell infiltration into colonic tissues of
WT and Cirp " mice 7 days after the initiation of DSS administration.
Scoring was performed as described in Materials and Methods. n = 6 per
group. C, representative images of immunohistochemical detection

of F4/80, a marker for macrophages, in colonic tissue. Scale bar, 100 um.
D, histologic scoring of epithelial injury in colons. n = 6 per group.

E, TUNEL staining of colonic tissues from DSS-treated mice (original
magnification, x200). F, the apoptotic index was measured by counting
TUNEL signals in 100 randomly selected crypts. Results are expressed as
means + SEM (n = 4 per group). *, P < 0.05 compared with WT mice.

Cancer Res; 74(21) November 1, 2014

Cancer Research

Downloaded from cancerres.aacrjournals.org on April 16, 2015. © 2014 American Association for Cancer Research.



