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Carbon monoxide (CO) has been reported to ameliorate colonic inflammation and improve experimental
colitis. It is well known that mucosal restitution is important to improve colitis as well as reduction of
mucosal inflammation. However, it has not been clear whether CO effects to colonic mucosal restitution
or not. In general, colonic myofibroblast (MF) has been reported to play an important role of colonic epi-
thelial cell restitution via constitutive secretion of TGF-B. In this study, we showed CO (supplied by CO-
releasing molecule; CORM) treated MF conditioned medium enhanced colonic epithelial cell (YAMC) res-
titution and we determined gene expression in colonic MF treated with CO using microRNA. The microR-
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?é;tll;u“on NA array suggested that miR-710 was significantly reduced in MF by CO treatment and the target gene of
miR-710 is determined to fibroblast growth factor (FGF)15. The CO treated MF conditioned medium
which FGF15 expression was silenced extinguished the enhancement effect of epithelial cell restitution.
Our findings demonstrate that CO treatment to MF increased FGF15 expression via inhibition of miR-710
and FGF15 enhanced colonic epithelial cell restitution.

© 2009 Elsevier Inc. All rights reserved.
Introduction Gastrointestinal epithelial tissues are often superficially injured,

Endogenous CO shows a variety of beneficial actions including
potent anti-inflammatory and anti-apoptotic effects [1-3], suppres-
sion of atherosclerotic lesions following aortic transplantation [4],
prevention of reprefution-induced ventricular fibrillation in the
myocardium [5], and protection against ischemic lung injury [6].

Haem-oxygenase-1 (HO-1) is the rate limiting enzyme in the
conversion of haem into biliverdin/bilirubin, iron and carbon mon-
oxide (CO). It has been reported that induction of HO-1 shows pro-
tective effect against colonic mucosal damage in experimental
colitis model [7-11]. This protective effect has been suggested by
the anti-inflammatory effect by CO, as local production of CO can
be markedly increased upon activation of HO-1 [12,13]. It has been
reported that the disease based on colonic mucosal damage such as
inflammatory bowel disease, mucosal healing is important to con-
trol the disease as well as anti-inflammatory therapy [14,15]. The
protective effect of CO against experimental colitis model might
be, in part, included in anti-inflammatory effect by CO, however,
it has not been clear if CO enhance colonic epithelial mucosal
restitution.
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and if the basement membrane underlying the sloughed epithe-
lium is intact, residual epithelial cells at the edges of the wound
become motile and move along the basement membrane until they
meet advancing epithelial cells from the other side of the wound
and form new tight junctions. This process is called restitution
[16,17]. Myofibroblast-secreted growth factors such as TGF-B,
TGF-o, EGF, aFGF, and bFGF and inflammatory cytokines such as
IL-1pB and IFN-vy also promote restitution [16,18-21].

In this study, we have investigated the beneficial effect of CO to
enhance colonic epithelial restitution via the factor derived from
colonic myofibroblasts treated with CO.

Material and methods

Materials. Tricarbonyldichlororuthenium (II) dimmer (CORM-2)
was obtained from Sigma-Aldrich (St. Louis, MO, USA) and solubi-
lized in DMSO to obtain a 10 mmol/l stock. Same amount of ruthe-
nium was also used in some experiments as negative control.

Cell culture. The YAMC (Young Adult Mouse Colon) cell line was
used as mouse colonic epithelial cell. This cell line is derived from
the immortimouse that express a temperature-sensitive SV40 large
T antigen transgene under control of the [FN-y-sensitive segment of
the class MHC Il promoter (Whitehead, 1993 #2). The cells were gen-
erous gift of Dr. R. Whitehead (Vanderbilt University, Nashville, TN).
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YAMC cells were grown at the permissive temperature of 33 °C in
RPMI 1640 medium with 5% (vol/vol) FBS, 5 U/ml murine IFN-vy,
2 mM glutamine, 50 mg/ml streptomycin, and 50 U/ml penicillin
(FBS, penicillin/streptomycin, and glutamine were all from Invitro-
gen, Grand Island, NY) and also supplemented with 6.25 mg/l insu-
lin, 6.25mg/l linolenic acid (ITS + Premix; Collaborative
Biomedical Products, Bedford, MA). Stock cultures were maintained
at33 °Cand were splitataratioof 1:6 every 4 days. VUPF (Vanderbilt
University Pericryptal Fibroblast) myofibroblasts were grown at the
permissive temperature of 37 °Cin RPMI 1640 medium with 5% (vol/
vol) FBS, 2 mM glutamine, 50 mg/ml streptomycin, and 50 U/ml
penicillin, supplemented with ITS + Premix. For studies using myofi-
broblast conditioned medium, myofibroblasts were grown to con-
fluence in tissue culture flasks in complete medium. After they
were washed, the cells were cultured for 24 h in 0.5% FBS-RPMI
medium. The myofibroblast conditioned medium was filtered and
stored at —80 °C until used for studies on YAMC cells.

Isolation of total RNA. Total RNA was isolated from intestinal
mucosal tissue by the acid guanidinium phenol chloroform method
with an Isogen kit (Nippon Gene Co.) and the concentration of RNA
was determined by absorbance at 260 nm in relation to that at
280 nm. The isolated RNA was stored at —70 °C until use in either
the microRNA array analysis or real-time PCR.

Real-time PCR. The mRNA expression of VUPF cell TGF-B and FGF
were determined by real-time PCR at 3 h after CORM treatment.
Total RNA was isolated from VUPF cells by the acid guanidinium
phenol chloroform method with an ISOGEN kit (Nippon Gene, To-
kyo, Japan) and the concentration of RNA was determined by the
absorbance at 260 nm in relation to that at 280 nm. The isolated
RNA was stored at —70 °C until it was used for the real-time PCR.
One microgram of extracted RNA was reverse transcribed into
first-strand cDNA at 42 °C for 40 min, using 100 U/ml of reverse
transcriptase (Takara Biomedicals, Shiga, Japan) and 0.1 uM of oli-
go(dT)-adapter primer (Takara Biomedicals) in a 50-pl reaction
mixture. Real-time PCR for TGF-B and FGF was carried out with a
7300 real-time PCR system (Applied Biosystems, Foster City, CA)
using the DNA-binding dye SYBR green I for the detection of PCR
products. The reaction mixture (RT-PCR kit, Code RRO43A, Takara
Biochemicals) contained 12.5 pl Premix Ex Taq, 2.5 pl SYBR green
I, custom synthesized primers, ROX reference dye, and cDNA
(equivalent to 20 ng total RNA) to give a final reaction volume of
25 pl. The PCR settings were as follows: the initial denaturation
for 15s at 95 °C was followed by 40 cycles of amplification for
3sat95°Cand 31 s at 60 °C, with subsequent melting curve anal-
ysis increasing the temperature from 60 to 95 °C. The primers had
the following sequences: for FGF15, sense 5'-CCGCA
CTTGGCCTCTCTTTA-3’; and antisense; 5-CAGCC CGTGCTTTA-
GAACTTG-3' and for B-actin, sense 5-TATCCA CCTTCCAGCA-
GATGT-3’; and antisense; 5'-TATCCACCTTCCAGCAGATGT-3'.
Relative quantification of gene expression with real-time PCR data
was calculated relative to B-actin.

Western blot analysis. VUPF cells were treated with 1 and 10 mM
of CORM. For Western blot analysis, cells were harvested by scraping
in ice-cold PBS and centrifuged. Total proteins were mixed with SDS
sample buffer. The samples were subjected to a 12% SDS-polyacryl-
amide gel electrophoresis (PAGE) and blotted onto a polyvinylidene
difluoride (PVDF) membrane (Atto Corporation, Tokyo, Japan). The
membrane was blocked with 2% bovine serum albumin in TBS-T
(TBS and 0.1% Tween 20) at room temperature for 30 min. Western
blotting was carried out using a specific anti-FGF15 antibody (SPA
801; Stressgen, Victoria, BC, Canada) at room temperature for 1 h.
After three washes with TBS-T, the membrane was incubated with
anti-rabbit IgG-HRP (GE Healthcare UK, Ltd., Chalfont St. Giles, UK)
at room temperature for 45 min. The signals were visualized using
an enhanced chemiluminescence (ECL) kit (GE Healthcare UK, Ltd.)
according to the manufacture’s instructions.

Evaluation of cell migration using wound healing assay. Wound
healing assay was performed as previously described with minor
modification (Petit, 2000 #1). Briefly the cells were seeded in P60
culture dishes and cultured until they reached confluence. The cells
were then incubated with serum-free culture medium for 24 h, and
scraped with a 10 pl extra long micro-pipette tip, denuding a strip of
the monolayer approximately 500 pl in diameter. Variation in the
wound diameter within experiments was approximately 5%. Cul-
tures were washed twice with PBS to remove cell debris and incu-
bated with serum-free culture medium for an additional 16 h with
CO bubbled medium or normal medium. When specific inhibitors
were used, an appropriate concentration of each inhibitor was added
to the culture medium 30 min before PMA treatment. After incuba-
tion, the cells were photographed with a digital camera, and the mi-
grated area was measured using NIH Image (v1.63) software. To
ensure that the same wounds were compared, we used a permanent
marker to make positioning marks at the bottom of the culture
dishes. The migration area in the wound was calculated according
to the following formula: cell free area at O h-cell free area at 12 h.
At least eight fields were analyzed and the migrated area was ex-
pressed as a percentage of that in untreated control cells.

micro RNA array analysis. In this study, 5 pg of total RNA was la-
beled with the NCode™ rapid miRNA labeling system (Invitrogen
Japan K.K,, Tokyo, Japan) and hybridized to replicate Ncode human
miRNA microarrays V3 (Invitorogen Japan K.K.), which contains
probes for 710 human miRNAs. Each sample was labeled with
Alexa Fluor® 3 and with Alexa Fluor® 5 to allow for dye swaps
for each pair of UC and normal subjects. Data were processed
and background-corrected, normalized using a Latin Squares algo-
rithm by the NCode™ Profiler data analysis software (Invitrogen
Japan K.K.), to identify genes from each pair showing differences
with P<0.01.

siRNA of FGF15. For silencing of FGF15 in myofibroblast cells,
myofibroblast cells were treated with a commercially available
silencing oligonucleotide (Santa Cruz Biotechnology, Inc. siRNA
ID#sc-39473) or scrambled oligonucleotide (ID#sc-37007). In all
cases, silencing oligonucleotides were complexed with siRNA
transfection reagent (Santa Cruz Biotechnology, Inc. ID#sc-
29528) in serum-free Optimem medium (Invitrogen). Myofibro-
blast cells were treated with the complexed oligonucleotides
1 day after plating (at 1 x 10 cells/cm?) using a final concentration
of 20 nM silencing oligonucleotides and 0.1 pl of Silentfect reagent
per cm?. The oligonucleotide and transfection reagent were indi-
vidually diluted into Optimem medium (Invitrogen), and then
mixed and allowed to complex for 20 min at room temperature.
Media was removed, replaced with Optimem and complexed oligo-
nucleotides added. After 60 min, complete medium was added and
cells were returned to the incubator overnight. Silencing of FGF15
was monitored by examining FGF15 expression by real-time PCR.

The medium of myofibroblast cells treated with FGF15 siRNA
was removed 48 h after siRNA treatment and new medium added
to make the conditioned medium as described above except from
FGF15-silenced myofibroblasts.

Statistical analysis. All results were expressed as means * SE. The
data were compared by two-way ANOVA, and difference were con-
sidered to be significant if the P value was <0.05 based on Scheff’s
multiple-comparison test. All analyses were performed using the
StatView 5.0-] program (Abacus Concepts, Berkeley, CA).

Results
Wound healing assay by myofibroblast conditioned medium

To investigate the effect of CORM to myofibroblast related to
YAMC restitution, CORM-treated-myofibroblast conditioned med-
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ium was used to wound healing assay to YAMC monolayers. Com-
pared to ruthenium-treated myofibroblast conditioned medium as
a control, CORM-treated myofibroblast conditioned medium en-
hanced repair of wounded YAMC monolayer (Fig. 1).

micro RNA array analysis

All known miRNAs are registered in a public web-based
registry, the “miRBase” database, which provides up-to-date infor-
mation on all published miRNAs [22]. Among these candidates,
miR-710 is the most down regulated by the treatment of CORM
(Table 1).

FGF15 expression treated with CORM in myofibroblast

To determine whether CORM could affect the expression of
mRNA and protein of FGF15, VUPF cells were stimulated with
CORM. Incubation of VUPF cells with 10 mpuM of CORM for 3 h in-
duced FGF15 mRNA expression in VUPF cells (Fig. 2A). FGF15 pro-
tein expression was also induced by 10 mpM of CORM treatment
for 6 h in VUPF cells (Fig. 2B).

(%)

70 | — |

60
50
40

30
20
10

FBS- Myo Myo
control + +
Ru CORM

CORM

Myofibroblast-derived FGF15 and wound healing assay

To determine whether FGF15 secreted from VUPF cells en-
hanced repair of wound YAMC monolayer, silencing RNA was used
to knock down FGF15 expression in VUPF cells. The silencing oligo-
nucleotide designed decreased FGF15 expression by almost 50% in
all cases in VUPF cells treated with CORM (determined by real-time
PCR in each experiment). VUPF cell conditioned medium treated
with CORM enhanced YAMC wound repair compared with condi-
tioned medium treated with ruthenium (Fig. 3B lanes 2 versus
3). Conditioned medium from VUPF cells that FGF15 was silenced
did not enhanced YAMC wound repair (Fig. 3B lanes 2 versus 4).
FGF15-silenced conditioned medium treated with ruthenium did
not affect YAMC wound repair (Fig. 3B lanes 2 versus 5).

Discussion

Carbon monoxide (CO) is now recognized as a ubiquitous cellu-
lar mediator capable of controlling fundamental physiological and
signaling processes in mammalian tissues [23]. CO modulates sGC
activity and subsequent stimulation of cGMP production and vari-

o

0 hdurs

6 hours

Fig. 1. Results of wound healing assay of YAMC cells treated with myofibroblast (VUPF) conditioned medium. Ru is ruthenium as a control of CORM. Wound remaining ratio

is calculated based on the area of 0 h (n=3) ( P<0.01, *P<0.05).

Table 1
Result of micro RNA array of VUPF cells treated with CORM.

up regulation

down regulation

Fold Change P-Value Fold Change P-Value
mmu-miR-710 5.186217533 0.01000] mmu-let-7i_hsa-let-7i_rno-let-7i -4.654859892 0.01200
cel-miR-53 4.513639048. 0.01440 hsa-miR-16_mmu-miR-16_rno-miR-16 -4.427750409 0.01400
1569-shuf-mmu-mir-325 3.921727104 0.02200 hsa-miR-22_mmu-miR-22_mo-miR-22 -4.284328639 0.01740
dme-miR-275 3.907300506 0.02600 hsa-et-7d_mmu-let-7d_rno-let-7d -4.242179109 0.01840
hsa-miR-208_mmu-miR-208_mo-miR-208 3.87601417 0.02540 hsa-miR-214_mmu-miR-214_mo-miR-214_dre-miR-214 -4.01321019 0.02540
1561 -shuf-rmo-mir-101b 3.813158794. 0.02320] cel-let-7_hsa-let-7a_rno-let-7a_dre-let-7a -3.982872796 0.02520
1562-mut1-mir-34¢ 3.642984362 0.03260 hsa-let-7b_mmu-let-7b_rno-let-7b_dre-let-7b -3.953024344 0.02500
1546-mut1-cel-mir-244 3.628734869 0.03240)] dre-miR-26a -3.925331731 0.02720
1577-shuf-dme-mir-317 3.583824723 0.04020 mmu-miR-199a_hsa-miR-199a_rno-miR-199a_dre-miR-199 -3.826702142 0.02800
dre-miR-489 3.371908185 0.04240] dre-miR-143 -3.670565649 0.02980
cel-miR-43 3.320594228 0.04800 hsa-let-7¢c_mmu-let-7c_rno-let-7¢_dre-let-7¢ -3.611259584 0.03180
hsa-miR-24_mmu-miR-24_rno-miR-24_dre-miR-24 -3.60152242 0.03120
dre-let-7i -3.591251251 0.03760
mmu-miR-31_rno-miR-31 -3.585811577 0.03120
mmu-miR-99b_hsa-miR-99b_rmo-miR-99b -3.574999155 0.03860
hsa-miR-21_mmu-miR-21_rno-miR-21 -3.501085257 0.03760
hsa-miR-29a_mmu-miR-29a_mo-miR-29a -3.471053961 0.03900
dme-let-7_mmu-let-7a -3.464710257 0.03840
dre-miR-145 -3.43001563 0.04160
hsa-miR-103_mmu-miR-103_mo-miR-103_dre-miR-103 -3.380801951 0.04360
mmu-miR-709 -3.325653901 0.04220
mmu-miR-191_hsa-miR-191_mo-miR-191 -3.184527138 0.04860
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Real time PCR and Western blotting against FGF15 treated with CORM (n = 3) (*P< 0.01).
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Fig. 3. (A) Real-time PCR of FGF15 transfected by FGF15 siRNA (n=3) (*P <0.01). (B) Wound healing assay of YAMC cells with VUPF cells conditioned medium. VUPF cells

were transfected by FGF15 siRNA (n=3) ( P<0.01, ¥P<0.05).

ous MAPK activation, few are known about intracellular signaling.
In the present study, we demonstrated up-regulation of FGF15 by
CO via down-regulation of miR-710 in colonic myofibroblast.
Though further study of detail mechanism is needed, it is the first
time to show that CO modulate the expression of microRNA. Fur-
thermore, it is also the first time to show the modulation of colonic
epithelial restitution by FGF15.

It has been reported that colonic epithelial cell restitution in-
volves complex interactions between epithelial cells, cells within
the lamina propria, and components of the extracellular matrix.
Previous studies have shown that TGF-p derived from subepithelial
colonic myofibroblasts enhance the restitution of IEC-6 and T84
cell lines [24]. In this study, TGF-B mRNA expression did not in-
creased by CORM treatment in myofibroblasts (data not shown).
Though CORM did not increase TGF-B expression in myofibroblasts,
CORM-treated myofibroblasts conditioned medium enhanced epi-
thelial cell restitution. To determine the factor that enhanced epi-
thelial cell restitution in CORM-treated myofibroblasts conditioned
medium, we performed microRNA array. The microRNA array re-
vealed that CORM significantly down regulated miR-710 expres-
sion in myofibroblasts and one of the target gene of miR-710 is

FGF15 [22]. Real-time PCR and Western blotting of FGF15 treated
with CORM.

In order to determine if myofibroblasts-derived FGF15 is in-
volved in epithelial cell restitution, we silenced FGF15 mRNA in
myofibroblasts by siRNA. The conditioned medium from FGF15 si-
lenced myofibroblasts treated with CORM canceled the enhance-
ment of epithelial cell restitution by CORM, suggesting that this
effect was mediated by FGF15. Fibroblast growth factors (FGF)
family of signaling molecules plays important roles in develop-
ment, angiogenesis, and cancer [25]. It has been reported that sev-
eral FGFs such as FGF-1, FGF-2 [19], FGF-4 [26], FGF-10 [27] and
FGF-20[28] enhance intestinal epithelial restitution. It has been re-
ported that FGF15, the human ortholog of FGF19, is expressed in
small intestine and control bile acid secretion [29]. However, little
is known about which cells secrete FGF15 and the roles of FGF15 to
colonic epithelial cells. In the present study, it is the first time to
report that colonic myofibroblasts-derived FGF15 enhanced colo-
nic epithelial cell restitution.

The present study demonstrates that FGF15 derived from mur-
ine colonic myofibroblasts induced by endogenous CO is one of the
important molecules to control epithelial cell restitution.
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