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the case of the liver, IFNs also exhibit an antifibrotic action in hu-
man chronic hepatitis [21,22] and rodent liver fibrosis models [23].
Our data suggest that miR-29b may be a novel regulator of type I
collagen expression in addition to its involvement in the well-
known Smad cascade. Moreover, miR-29b upregulation may play
a partial role in the antifibrotic action of IFNs.

Materials and methods

Materials. Recombinant human TGF-B1 was purchased from
PeproTech (London, UK). Human natural IFNa was obtained from
Otsuka Pharmaceutical Co. (Tokushima, Japan). Precursors of
miR-29b, -143, and -218, and the negative control were purchased
from Ambion (Austin, TX, USA). Dulbecco’s modified Eagle’s med-
ium (DMEM) and fetal bovine serum (FBS) were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). Rabbit monoclonal anti-
bodies against Smad2 and phospho-Smad2 were purchased from
Cell Signaling Technology Inc. (Beverly, MA, USA). The mouse
monoclonal antibody against SP1 was purchased from Bio Matrix
Research Inc. (Chiba, Japan). Rabbit polyclonal antibody against
type I collagen was purchased from Rockland Immunochemicals,
Inc. (Gilbertsville, PA, USA). Mouse monoclonal antibody against
GAPDH was purchased from Chemicon International Inc. (Temecu-
la, CA, USA). Enhanced Chemiluminescence plus detection reagent
was purchased from GE Healthcare (Buckinghamshire, UK). Immo-
bilon P membranes were purchased from Millipore Corp. (Bedford,
MA, USA). All other reagents were purchased from Sigma Chemical
Co. or Wako Pure Chemical Co. (Osaka, Japan).

Preparation of the human hepatic stellate cell line LX-2. The hu-
man hepatic stellate cell line (LX-2, donated by Dr. Scott Fried-
man), which was spontaneously immortalized by growth in low
serum, was established as reported previously [24]. Characteriza-
tions of the cells are described in detail elsewhere. The cells were
maintained on plastic culture plates in DMEM supplemented with
10% FBS. After the culture had continued for the indicated number
of days, the medium was replaced with DMEM supplemented with
0.1% FBS plus test agents, and the culture was continued for an-
other 24 h.

Quantitative real-time PCR. Total RNA was extracted from human
stellate cells using the miRNeasy Mini Kit (Qiagen, Valencia, CA,
USA). cDNAs were synthesized using 0.5 pg of total RNA, ReverTra
Ace (Toyobo, Osaka, Japan), and oligo(dT);,-1s primers according to
the manufacturer’s instructions [25]. Gene expression was mea-
sured by real-time PCR using cDNA, real-time PCR Master Mix Re-
agents (Toyobo), and a set of gene-specific oligonucleotide primers
(alpha 1 (I) collagen [Col1A1]: Forward 5-CCCGGGTTTCAGAGACA
ACTTC-3', Reverse 5'-TCCACATGCTTTATTCCAGCAATC-3'; TGF-p1:
Forward 5'-AGCGACTCGCCAGAGTGGTTA-3', Reverse 5-GCAGTG
TGTTATCCCTGCTGTCA-3’; SP1: Forward 5-TCGGATGAGCTACA
GAGGCACAA-3', Reverse 5'-GTCACTCCTCATGAAGCGCITAGG-3';
and GAPDH: Forward 5'-GCACCGTCAAGGCTGAGAAC-3', Reverse
5'-TGGTGAAGACGCCAGTGGA-3’) with an Applied Biosystems
Prism 7500 (Applied Biosystems, Foster City, CA, USA). To detect
miRNA expression, the RT reaction was performed using the Tag-
Man MicroRNA Assay (Applied Biosystems) according to the man-
ufacturer’s instructions. The GAPDH level was measured and used
to normalize the relative abundance of mRNAs and miRNAs.

Immunoblot. Proteins (20-50 pug) were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and then
transferred onto Immobilon P membranes. After blocking, the
membranes were treated with primary antibodies, followed by
peroxidase-conjugated secondary antibodies. Immunoreactive
bands were visualized by the enhanced chemiluminescence sys-
tem using the Fujifilm Image Reader LAS-3000 (Fuji Medical Sys-
tems, Stamford, CT, USA).

Transient transfection of miRNA precursors. Precursors of miR-
29b, -143, and -218, and the negative control were transfected into
human stellate cells using Lipofectamine 2000 (Invitrogen, Carls-
bad, CA, USA) at a final concentration of 50 nM. Briefly, the cells
were plated in DMEM supplemented with 10% FBS at a density of
1-2 x 10 cells/ml 24 h prior to the transfection. miRNA precursors
and Lipofectamine 2000 were mixed at a ratio of 25 (pmol):1 (pl)
in Opti-MEM | Reduced Medium (Invitrogen) and incubated for
20-30 min at room temperature. The miRNA precursor-Lipofect-
amine 2000 complexes were then added to stellate cell culture
medium. After 6 h, the culture medium was changed, and TGF-p1
was added at a concentration of 2 ng/ml.

Luciferase reporter assay. 3'UTRs containing putative miRNA tar-
get regions of the Col1A1 and SP1 genes were obtained by PCR
using human stellate cell cDNA as a template and primer sets as
follows: Col1A1-miR-29: Forward 5'-TTCTCGAGGTTCTTGTCTTG
ATGTGTCACC-3’, Reverse 5'-TTTCTAGAGAGAGCAGAGGCCTGAGA
AG-3’; Col1A1-miR-143: Forward 5-CTCGAGACTCCCTCCATCCCAA
CCT-3’, Reverse 5'-TCTAGAATTGCTGGGCAGACAATAC-3'; Col1A1-
miR-218: Forward 5-CTCGAGGTGGATGGGGACTTGTGAAT-3’, Re-
verse 5'-TCTAGATTATGTTTGGGTCATTTCCAC-3’; SP1-miR-29: For-
ward 5-TTCTCGAGTGGGTGCTACACAGAATGC-3', Reverse 5'-TTTC
TAGAAGACTGTCCTTATTTCCTTGGTA-3'; and SP1-miR-218: For-
ward 5-CTCGAGGATGTTTTCCCTTAACTTTTCCT-3', Reverse 5'-TCT
AGACTAAAAGCTTATATCCTCAGCATC-3'. Each of the forward and
reverse primers carried the Xhol and Xbal sites at their 5-ends.
The obtained DNA fragments were inserted into the pmirGLO
Vector (Promega, San Luis Obispo, CA, USA). The resulting vectors
were dubbed pCol1A1-miR-29/mirGLO, pCol1A1-miR-143/mir-
GLO, pCol1A1-miR-218/mirGLO, pSP1-miR-29/mirGLO, and
pSP1-miR-218/mirGLO. Human stellate cells were seeded on 96-
well plates (Microtest 96-well Assay Plate; Becton Dickinson,
Franklin Lakes, NJ, USA) in DMEM supplemented with 10% FBS at a
density of 2 x 10 cells/well. The following day, they were transfec-
ted with 200 ng of reporter plasmid along with miRNA precursors
using Lipofectamine 2000 as described above and incubated for an
additional 24 h. After incubation, the medium was removed from
the wells, and 20 pl of phosphate-buffered saline was added. The
Dual-Glo Luciferase Assay System (Promega) was used to analyze
luciferase expression according to the manufacturer’s protocol. Fire-
fly luciferase activity was normalized to Renilla luciferase activity to
adjust for variations in transfection efficiency among experiments.

Statistical analysis. Data presented as bar graphs are the
means * SD of at least three independent experiments. Statistical
analysis was performed using Student’s t-test, and P <0.05 was
considered significant.

Results and discussion

Regulation of Col1A1 expression by TGF-$1 and IFNe in human stellate
cells

Immortalized human stellate cells, LX-2, are classified as an
activated phenotype that expresses mRNAs for Col1A1 and other
fibrogenetic molecules and are reported to be highly gene-trans-
fectable [24]. At first, we observed that Col1A1 mRNA expression
increased dose-dependently by TGF-p1 (Fig. 1A), whereas this
upregulation was significantly inhibited by the presence of
100 IU/ml of human IFNa (Fig. 1B).

Extraction of miR-29b, -143, and -218 as candidates interacting with
Col1A1 3'UTR

To determine the role of miRNAs in human stellate cell collagen
expression, we searched for predictable miRNAs that could interact
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Fig. 1. Regulation of alpha 1 (I) collagen (Col1A1) expression in human stellate cells. (A) Dose-dependent effect of TGF-f1 on Col1A1 mRNA expression. Human stellate cells,
LX-2, were treated with TGF-p1 (0, 0.08, 0.4, and 2 ng/ml) for 24 h in DMEM containing 0.1% FBS. (B) Effect of [FNot on Col1A1 mRNA expression in human stellate cells
stimulated with TGF-B1. The cells were treated with [FNa (100 IU/ml), TGF-B1 (2 ng/ml), or IFNa (100 IU/ml) + TGF-B1 (2 ng/ml) for 24 h in DMEM containing 0.1% FBS.
Control: human stellate cells were cultured for 24 h in DMEM contalmng 0.1% FBS. mRNA expression was analyzed by real-time PCR. The results are expressed as relative

expression against control expression without treatment. P < 0.05; “P<0.01.

with 3'UTR of human Col1A1 mRNA using TargetScan Human
Release 5.1 (http://www.targetscan.org/). As a result, miR-29,
-98, -129, -133, -143, -196, -218, and let-7 were extracted as
candidates. Because further in silico analyses among the eight can-
didates indicated that miR-29b, -143, and -218 were highly homol-

ogous to the Col1A1 3'UTR, we checked the expression levels of
these miRNAs in human stellate cells by real-time PCR. As a result,
miR-143 and -218 expressions were up and downregulated dose-
dependently by TGF-B1, respectively, (Fig. 2A and B). Although
miR-29b expression was unaffected by TGF-p1, it increased in
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Fig. 2. Expression of miR-29b, -143, and -218 in human stellate cells. (A) Expression of miR-29b, -143, and -218 in human stellate cells, LX-2. The cells were treated with IFNo
(100 1U/ml), TGF-B1 (2 ng/ml), or [FNet (100 IU/ml) + TGF-B1 (2 ng/ml) for 24 h in DMEM containing 0.1% FBS. Control: human stellate cells were cultured for 24 h in DMEM
containing 0.1% FBS. (B) Dose-dependent effect of IFNa or TGF-B1 on the expression of miR-29b, -143, and -218 in human stellate cells. miRNA expression was analyzed by
real-time PCR. The results are expressed as relative expression against control expression without treatment. ‘P < 0.05; P < 0.01.
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Fig. 3. Interaction of miR-29b, -143, and -218 with the 3'UTRs of alpha 1 (I) collagen (Col1A1) and SP1 mRNAs. (A) Schematic indication of the miRNA binding sites in the
3'UTRs of Col1A1 and SP1 mRNAs based on TargetScan Human Release 5.1 (http://www.targetscan.org/). Each black, white, and gray box indicates miR-29b, -143, and -218,
respectively. Tested sequences indicate the regions that were inserted into the luciferase reporter vector. (B) Predicted consequential pairing of the target region and miRNAs.
Arabic numerals above indicate the positions relative to the 3'UTR start sites. (C) Luciferase reporter vector structure. The vector contained two expression units; one for the
Renilla luciferase gene (hRIuc-neo fusion) expression. This unit was driven by an SV40 early promoter. The other was for the firefly luciferase gene (luc2). This unit was driven
by a human phosphoglycerate kinase (PGK) promoter and contained multiple cloning sites (MCS) downstream of the luc2 sequence. Each Col1A1 and SP1 3'UTR containing a
putative miRNA target region (tested sequence) was cloned into the MCS. Arrows indicate the gene directions. AmpR® indicates an ampicillin-resistant plasmid gene. (D)
Interaction of miR-29b, -143, and -218 with the 3'UTRs of Col1A1 and SP1 mRNAs in human stellate cells. Relative luciferase activity derived from pCol1A1-miR-29/mirGLO
and pSP1-miR-29/mirGLO in the presence of miR-29b precursors (left panel), pCol1A1-miR-143/mirGLO in the presence of miR-143 precursors (center panel), and pCol1A1-
miR-218/mirGLO and pSP1-miR-218/mirGLO in the presence of miR-218 precursors (right panel). The pmirGLO vector was used as a negative control reporter vector
(control). N: cotransfection of reporter vectors along with negative control precursors, which have a scrambled sequence. P: cotransfection of reporter vectors along with
miRNA precursors. Firefly and Renilla luciferase activities were determined, and firefly luciferase was normalized to Renilla luciferase activity. Results are expressed as relative
activities against the activity in the presence of negative control precursors. 'P<0.05 and "P<0.01.

the presence of IFNa (Fig. 2A and B). Thus, we assumed that these
miRNAs might affect type I collagen expression via their interac-
tion with Col1A1 3'UTR in human stellate cells.

Interaction of miR-29b, -143, and -218 with 3'UTRs of Col1A1 and SP1
mRNAs

The prediction of miRNA target regions on Col1A1 3'UTR by Tar-
getScan indicated that Col1A1 3'UTR has three target regions for
miR-29b, one for miR-143, and one for miR-218 (Fig. 3A and B). Be-
cause collagen gene expression is regulated by miR-192 via an
interaction with the transcriptional repressor E-box [26], we addi-
tionally considered SP1, which is a transcriptional regulator of
Col1A1 expression induced by TGF-B1 [27,28]. The predicted miR-
NA target regions of SP1 3'UTR contained one target region for
miR-29b and one for miR-218 (Fig. 3A and B).

To investigate the direct targeting of Col1A1 by miR-29b, -143,
and -218 and that of SP1 by miR-29b and -218, the sequence of
each target region was cloned and inserted into the downstream

region of the firefly luciferase reporter gene (Fig. 3C). The resulting
vectors were dubbed pCol1A1-miR-29/mirGLO, pCol1A1-miR-
143/mirGLO, pCol1A1-miR-218/mirGLO, pSP1-miR-29/mirGLO,
and pSP1-miR-218/mirGLO. These vectors were cotransfected into
human stellate cells with miRNA precursors. As a result, the miR-
29b and -218 precursors inhibited luciferase activity derived from
the vectors carrying Col1A1 or SP1 3'UTRs (Fig. 3D). In contrast, the
miR-143 precursors had no effect on luciferase activity of the vec-
tor carrying Col1A1 3'UTR (Fig. 3D). According to these observa-
tions, we assumed that the Col1A1 and SP1 3'UTR sequences
could be targeted by miR-29b and -218, whereas miR-143, which
was induced by TGF-p1 (Fig. 2A and B), had a negligible effect on
Col1A1 expression in human stellate cells.

Regulation of type I collagen expression by miR-29b and -218

Next, we examined the effect of miR-29b and -218 overexpres-
sion on type I collagen mRNA and protein expression in human
stellate cells. Transient transfection of miR-29b precursors signifi-
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Fig. 4. Effect of miR-29b and -218 on type I collagen expression in human stellate cells. Human stellate cells were cultured in DMEM supplemented with 10% FBS and were
transfected with 50 nM miR-29b, -218 precursors, or a negative control, which had a scrambled sequence (control) using Lipofectamine 2000. After 6 h, the medium was
changed to DMEM containing 0.1% FBS with or without 2 ng/ml TGF-1, and the culture was continued for another 24 h. (A) Effect of miR-29b and -218 precursors on the
expression of Col1A1, TGF-B1, and SP1 mRNAs in human stellate cells with (gray column) or without (white column) TGF-B1. mRNA expression was analyzed by real-time
PCR. The results are expressed as relative expression against control expression. P<0.05; “"P<0.01. (B) Effect of miR-29b and -218 precursors on the protein expression of
phospho-Smad2 (P-Smad2), Smadz2, SP1, type I collagen, and GAPDH in human stellate cells in the presence (+) or absence (—) of TGF-B1.

cantly inhibited type I collagen mRNA and protein expression
(Fig. 4A, left panel, and B) in unstimulated human stellate cells.
Additionally, transfection of miR-29b precursors completely sup-
pressed the upregulation of type I collagen mRNA and protein un-
der TGF-B1 stimulation. TGF-B1 stimulation induces Col1A1 mRNA
expression through a pathway that includes SP1 and phosphory-
lated Smad2/3 [29]. In our results, upregulation of TGF-B1 mRNA
(Fig. 4A, center panel) and phosphorylation of Smad2 (Fig. 4B) un-
der TGF-B1 stimulation were unaffected by the transfection of miR-
29b precursors. These results suggested that miR-29b may affect
the downstream of phosphorylated Smad2. Moreover, the transfec-
tion of miR-29b precursors decreased SP1 mRNA and protein
expression (Fig. 4A, right panel, and B). Thus, the miR-29b-induced
repression of type I collagen expression could be caused by its di-
rect interaction with Col1A1 3'UTR and additionally by its interac-
tion with SP1 expression in human stellate cells. These
observations agree with a report showing the role of miR-29 in col-
lagen expression and cardiac fibrosis after cardiac infarction [30].
In contrast, transfection of miR-218 precursors triggered a negligi-
ble change in Col1A1 and SP1 mRNA expression (Fig. 4A, left and
right panels) but slightly reduced their protein level (Fig. 4B). Ta-
ken together, these results imply that miR-29b is the most potent
miRNA with regard to collagen production in human stellate cells.

Conclusions

We found a potent repression of collagen production by miR-
29b in human stellate cells. IFNs attenuate and may regress liver
fibrosis caused by hepatitis C viral infection [21-23], although
the precise molecular mechanism has yet to be demonstrated.

The present study using human stellate cells demonstrated that
IFNot upregulates miR-29b (Fig. 2B and C), which is a negative reg-
ulator of type I collagen production via the interaction with Col1A1
and SP1 3'UTRs. This observation implies the contribution of miR-
29b to antifibrotic IFN actions. Targeted delivery of miR-29b to
activated stellate cells in the liver could become a new therapeutic
strategy for human liver fibrosis in the future.
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Abstract Inhibition of the proliferation of hepatic stellate
cells (HSC) is clinically important for the control of liver
fibrosis and cirrhosis. Interferons are now frequently used
for chronic viral hepatitis because of their anti-viral
activity. However, patients treated with interferons exhibit
a regression of liver fibrosis even if viral eradication is not
achieved, indicating that interferon itself has anti-fibrotic
activity. Herein, we show the anti-proliferation and pro-
apoptotic activity of natural interferon o against HSC. We
found that interferon « inhibited serum-stimulated
[*H]thymidine incorporation of HSC in a dose-dependent
manner, with a significant reduction at more than 100 U/
ml. Interferon « also attenuated PDGF-BB-stimulated
DNA synthesis of HSC. Although the molecular mecha-
nism behind these phenomena has not been defined, we
found that interferon o triggers the apoptosis of HSC
treated with low-dose tumor necrosis factor ¢, as deter-
mined by the Alamar blue assay, morphology, and DNA
ladder formation. Furthermore, interferon o« decreased
inhibitor of caspase-activated DNase (ICAD) levels, which
may augment tumor necrosis factor o-induced cell death
signals. Thus, interferon a regulates the number of myo-
fibroblastic hepatic stellate cells and may clinically con-
tribute to the regression of human liver fibrosis.
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Introduction

Hepatic stellate cells (HSC), which reside in Disse’s space
outside sinusoids, maintain a quiescent phenotype, and
store vitamin A under physiologic conditions. They
undergo activation in response to inflammatory stimuli and
become myofibroblastic cells [1, 2]. The latter phenotype
secretes profibrogenic mediators, generates extracellular
matrix materials, and thus plays a pivotal role in the
fibrogenesis of the liver [3-5]. One of the features of
activated HSC is their proliferation. An increase in the
number of activated myofibroblasts together with the
deposited extracellular matrix materials contributes to the
formation of fibrotic septa forming C—C and P-C bridges.
The suppression of HSC activation and cell number is thus
a possible mechanism which can be exploited to establish
therapeutic strategies against human liver fibrosis [6, 7].

Our previous studies have shown that antioxidative
compounds, such as resveratrol and N-acetyl-L-cysteine
exert anti-fibrotic activity in the liver and have an anti-
proliferative effect on cultured HSC. [8-10]. Resveratrol
functions as an inhibitor of tyrosine kinase and inhibits the
phosphorylation of platelet-derived growth factor-receptor
£ (PDGFRp) under PDGF-BB stimulation, leading to
attenuation of the activation of mitogen-activated protein
kinase (MAPK). N-acetyl-L-cysteine also inhibited DNA
synthesis of cultured rat HSC stimulated by PDGF-BB
through the cathepsin B-dependent proteolytic degenera-
tion of PDGFR}.

Recently, several clinical reports have revealed that
interferon o (IFN«), especially when used in combination
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with ribavirin, provides an effective therapy for chronic
hepatitis C. Although the primary action of IFNu is to
eradicate viruses, it has also been suggested to suppress and
even cause the regression of liver fibrosis, as revealed by
repeated liver biopsies performed in IFNa-treated patients
with chronic hepatitis C [11, 12]. These reports strongly
indicate that IFNa may induce the deactivation of human
HSC, thereby reducing the septum-forming fibroblastic cell
lineage. Herein, we show evidence for the anti-proliferative
and pro-apoptotic actions of IFN« against human HSC
[13].

Materials and methods
Materials

Recombinant PDGF-BB and tumor necrosis factor o
(TNFa) were obtained from R&D Systems (Minneapolis,
MO, USA). Polyclonal antibodies against extracellu-
lar signal-regulated kinases 1 and 2 (ERK1/2), phospho-
ERK1/2 (Thr 202/Tyr 204), mitogen-activated kinase/ERK
kinase (MEK), phospho-MEK, Akt, phospho-Akt (Ser
473), cytochrome ¢, caspase-3, and cleaved caspase-3 were
purchased from Cell Signaling Technology, Inc. (Beverly,
MA, USA) and those against cyclin D1, cdk2, cdk4, cdk6,
p2l, p27, p53, caspase-activated DNase (CAD), and
inhibitor of CAD (ICAD) were acquired from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Dulbecco’s modi-
fied Eagle’s medium (DMEM) and fetal bovine serum were
purchased from Sigma Chemical Co. (Saint Louis, MO,
USA). [3H]Thymidinc and enhanced chemiluminescence
(ECL) detection reagent were purchased from Amersham
Pharmacia Biotech (Buckinghamshire, England). Immobi-
lon P membranes were purchased from Millipore Corp.
(Bedford, MA, USA). Kodak XARS5 film was purchased
from Eastman Kodak Co. (Rochester, NY, USA). Human
natural IFN« was donated by Otsuka Pharmaceutical Co.
(Tokushima, Japan). All other reagents were obtained from
Sigma Chemical Co. or Wako Pure Chemical Co.

Preparation of human hepatic stellate cell line, LX-2

Human HSC-line, (LX-2, donated by Dr. Scott Friedman),
a cell line spontaneously immortalized by growth in low
serum, were established as previously reported. Charac-
terizations of the cells were described in detail elsewhere
[13]. Human HSC were maintained on plastic culture plates
in DMEM supplemented with 10% fetal bovine serum.
After the culture had continued for the indicated number of
days, the medium was replaced by serum-free DMEM with
test agents and the culture was continued for 48 h.

_@_ Springer

Immunoblot

Proteins were subjected to sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and then
transferred to Immobilon P membranes. After blocking, the
membranes were treated with primary antibodies followed
by peroxidase-conjugated secondary antibodies. Immuno-
reactive bands were visualized using the enhanced chemi-
luminescence system (Amersham Pharmacia Biotech) and
Kodak XARS film.

Cell growth assay

Subconfluent Human HSC-line was cultured on plastic
dishes for 3 days in 10% FBS/DMEM, and then main-
tained for 24 h in serum-free DMEM. These cells were
successively stimulated with test agents for 24 h, and then
were pulse-labeled with 1.0 pCi/ml of [SH]thymidine dur-
ing the last 24 h. The incorporated radioactivity was
counted by liquid scintillation, as previously described [9].

Cell survival assay

Cell survival was measured using the Alamar blue assay
(BIOSOURCE) according to the manufacturer’s instruc-
tions. In brief, 20 pl of Alamar blue was added to 6-well
plates containing DMEM. Absorbance at 530 nm was
measured using a micro-plate reader (Wallac 1420 AR-
VOsx, P-E Applied Biosystems).

DNA fragmentation assay

Cell samples were homogenized and centrifuged. The
pellet was resuspended in 1 ml of lysis buffer consisting of
10 mmol/l Tris-HCI, pH 7.4, 10 mmol/l NaCl, 10 mmol/l
ethylenediaminetetraacetic acid (EDTA), 100 g/l protein-
ase K, and 0.5% SDS and incubated for 2 h at 50°C before
being treated with ribonuclease overnight at 37°C. After
extraction with phenol—chloroform twice and precipitation
with ethanol, the DNA was dissolved in TE buffer
(10 mmol/l Tris-HCI, pH 7.5, 1 mmol/l EDTA). The DNA
was loaded onto 1.5% agarose gel containing ethidium
bromide, electrophoresed in Tris acetate/EDTA buffer for
2h at 50V, and photographed under ultraviolet
illumination.

Flow cytometric quantification of apoptotic
and necrotic cells

For quantification of apoptotic cells, we used flow cytom-
etry (FACS Calibur HG; BD, Franklin Lakes, NJ) after
trypsination of human HSC treated with IFN« or TNFe,
IFNo/TNF« under serum-reduced conditions (0.1% FBS)
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for 48 h [14]. To detect early apoptotic changes, staining
with Annexin V-FITC, which is known to have high
affinity to phosphatidylserine, and propidiumiodide were
used according to the manufacturer’s instructions (Roche
Diagnostics, Rotkreuz, Switzerland).

Mitochondria/cytosol fractionation

Human HSC were treated with mediums supplemented
with TNFa and/or IFNw« for 24 h. Then, the cells were
collected using a cell scraper, and the collected cells were
pelleted by centrifugation at 600x g for 5 min at 4°C. After
washing with ice-cold PBS, fractions with enriched mito-
chondria and cytosol were obtained using a Mitochondria/
Cytosol fractionation kit (Bio Vision Research Products,
Mountain View, CA, USA) according to the manufac-
turer’s instructions. Individual fractions were stored at
—80°C until use.

Statistical analysis

Data presented as bar graphs are the means & S.D. of at
least three independent experiments. Statistical analysis
was performed using Student’s #-test (P < 0.01 was con-
sidered significant).

Results

Effect of IFN« on DNA synthesis of human HSC-line

As shown in Fig. 1, human HSC incorporated 11 £ 2
(DPM x 10% of [3H]thymidinc in the presence of serum.
DNA synthesis dose dependently decreased in the presence
of IFNw; it decreased significantly to 71 and 48% of the
control in the presence of 10? and 10° TU/ml, respectively,
of IFN«. PDGF-BB (10 ng/ml) augmented DNA synthesis
of HSC at about 1.2 times. Even in this condition, IFN« at
a concentration of more than 10° IU/ml significantly sup-
pressed DNA synthesis of HSC (Fig. 2).

Effect of [FN« on cell cycle-related protein expression
and PDGF-BB-stimulated signal transduction in HSC

Because IFNa suppressed DNA synthesis of human HSC,
we hypothesized that IFN« regulates cell cycle-related
protein expression, thereby hampering cell cycle transition
from the G1 to S phase. Thus, the expression of several cell
cycle-related proteins was determined by immunoblot. As
shown in Fig. 3a, the amount of major cell cycle-related
proteins such as cyclin D1, cdk2, cdk4, cdké6, p21, and p27
was not affected by IFN«. Although a previous report using
hepatoma cell lines indicated that p53 is involved in growth

-
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Fig. 1 Effect of IFN« on [*H]thymidine incorporation in HSC. Sub-
confluent HSC were cultured on plastic dishes for 3 days in 10% FBS/
DMEM, and then maintained for 24 h in serum-free DMEM. These
cells were successively stimulated with [FNe for 24 h, and then pulse-
labeled with 1.0 pCi/ml of [*H]thymidine during the last 24 h. The
incorporated radioactivity was counted by liquid scintillation.
*P < 0.01
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Fig. 2 Effect of IFNa on PDGF-BB-stimulated [3H]Lhymidinc
incorporation in HSC. Sub-confluent HSC were cultured on plastic
dishes for 3 days in 10% FBS/DMEM, and then maintained for 24 h
in serum-free DMEM. These cells were successively stimulated with
PDGF-BB (10 ng/ml) in the presence or absence of IFNo for 24 h,
and then were pulse-labeled with 1.0 pCi/ml of [*H]thymidine during
the last 24 h. The incorporated radioactivity was counted by liquid
scintillation. *P < 0.01

suppression by IFNa [15], we failed to observe the sup-
pression of p53 in HSC treated with IFN«. The PDGF-BB-
activated MEK-MAPK cascade and Akt were also unaf-
fected (Fig. 3b).
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Fig. 3 Effects of IFN« on cell cycle-related protein expression and 0
the activation of MEK, MAPK, and Akt stimulated with PDGF-BB in 2 & B BEf s st%
HSC. (a) Expression of cyclin D1, cdk2, cdk4, cdk6, p27, p21, and b= L Z E S %5 % 2
p53 was determined by immunoblot. (b) Expression of PDGFRp, 3 b= c Fe kg
phospho-MEK, total MEK, phospho-MAPK, total MAPK, phospho- —_—
Akt, and total Akt in HSC under PDGF-BB (10 ng/ml) stimulation + IFNa (100 1U/ml)

was analyzed by immunoblot

Induction of apoptosis of HSC by IFNa

Although the mechanism of IFNa-dependent DNA syn-
thesis inhibition was not clear, we found that IFN« trig-
gered the apoptosis of human HSC-line in the presence of a
low dose of TNFux. As shown in Fig. 4, IFNa or TNF«
alone failed to affect the number of HSC, as determined by
the Alamar blue assay. However, the simultaneous addition
of IFN« and TNFu significantly decreased the cell number
to 54% of the control. In fact, when observed under a
phase-contrast microscope, the cell density of human HSC
became sparse when cells were treated with IFN« and
TNF« for 48 h (Fig. 5). This finding indicates that cell
death is actively stimulated by the combination of IFN«
and TNFa. This observation was further supported by the
fact that cell treatment with IFN« plus TNFo-induced DNA
ladder formation (Fig. 6) and analysis using flow cyto-
metric quantification of apoptosis of human HSC line

(Fig. 7).
Role of IFN« on caspase cascade

Finally, we tested whether IFNa regulates the caspase
cascade in human HSC-line. As shown in Fig. 8a, cyto-
chrome c release from mitochondria into the cytosol was
augmented by TNFu« alone and TNFo/IFN« treatment. In
accordance with this result, cleaved caspase 3 was enriched
in cells treated with TNF« alone and TNFa/IFN« (Fig. 8b).
Because TNF« alone thus triggered cytochrome c release
and the activation of caspase 3 and failed to induce the
active apoptosis of HSC, we hypothesized that IFN« may

@ Springer

Fig. 4 Effect of IFN« and TNF« on number of HSC. HSC were
maintained on plastic culture plates in DMEM supplemented with
10% fetal bovine serum. Then, the medium was replaced by serum-
free DMEM with IFNa and/or TNF« and the culture was continued
for another 48 h. Numbers of HSC were determined by the Alamar
blue assay (BIOSOURCE) according to the manufacturer’s instruc-
tions. *P < 0.01

play a critical role in finalizing DNA fragmentation. After
searching for the mechanism, we found that IFN« signifi-
cantly reduced the level of ICAD without affecting the
amount of CAD (Fig. 8c).

Discussion

IFNuo is now a first-choice therapy for chronic hepatitis C
(CH-C). In combination with rivabirin, IFN therapy leads
to about a 30% and 80% eradication of HCV genotypes 1
and 2, respectively. Recently, pegylated IFNa has
improved the efficacy of antiviral therapy [16, 17]. IFN« as
well as IFNf binds to cell surface receptors composed of
IFNAR1 and IFNAR2 subunits. IFNa binding leads to
ligand-induced receptor dimerization and then to the auto-
and trans-phosphorylation of Janus protein tyrosine kina-
ses, which successively induces the phosphorylation of
STAT1/STAT2. Phosphorylated STAT1/STAT2 binds to
IFN regulatory factor 9 (IRF-9) to form IFN-stimulated
gene factor 3 (ISGF3), which translocates into the nucleus
and binds to the IFN-stimulated response element (ISRE),
initiating the transcription of IFN-dependent genes such as
2'-5'-oligoadenylate synthetase. These IFN-induced intra-
cellular signalings suppress viral replication to complete
viral eradication [18, 19].
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Fig. 5 Effect of [FN« and TNFa on the cell number of HSC. HSC
were maintained on plastic culture plates in DMEM supplemented
with 10% fetal bovine serum. Then, the medium was replaced by
serum-free DMEM with IFNa and/or TNFa and the culture was
continued for another 48 h. Cell appearance of HSC were determined

IFNe

ES
=

Control
TNFa
IFNa/TNFa

Fig. 6 DNA fragmentation of HSC treated with IFNx and TNFa.
Isolated DNA was loaded onto a 1.5% agarose gel containing
ethidium bromide, electrophoresed in Tris acetate/EDTA buffer for
2 h at 50 V, and photographed under ultraviolet illumination. Note
that treatment of HSC with IFN¢ plus TNFe induced DNA
flagmentation. IFNa: 100 TU/ml. TNFa: 10 ng/ml. M. W.: molecular
weight

under a microscope at a magnification of x200. 1: Control; 2: IFNa;
3: TNFe; 4: IFNo/TNFa. Note that the cell number was markedly
decreased by incubating them with IFN« plus TNFa. IFNa: 100 TU/
ml. TNFe: 10 ng/ml
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Fig. 7 Flow cytometric quantification of apoptosis in LX-2 treated
with IFNa or TNFe, IFNo/TNFa. LX-2 cells were maintained on
plastic culture plates in DMEM supplemented with 10% FBS. Then,
the medium was replaced by serum-free DMEM with IFNx and/or
TNFu and the culture was continued for another 48 h. The data show
the percentile portion of apoptotic cells per total LX-2 population
using flow cytometry. *P < 0.05; **P < 0.01
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Fig. 8 Apoptosis-related protein expressions in HSC. (a) The
cytochrome c content in the cytosol and mitochondria was determined
by Western blot. (b) The activation of caspase-3 was studied by
detecting the amount of cleaved caspase-3. (¢) Expression of CAD
and ICAD in HSC treated with [FN« and/or TNFe. IFNa: 100 TU/ml.
TNFa: 10 ng/ml

In addition to the antiviral effect, IFN« is also known as
a negative growth factor and shows anti-oncogenic activity
[14]. Several lines of evidence have revealed that IFN
therapy for CH-C lowers the occurrence of hepatocellular
carcinoma (HCC), although the precise molecular mecha-
nism has not yet been elucidated [20-22]. In addition,
treatment using IFN in combination with 5'-fluorouracil
(5-FU) was reported to be effective for advanced HCC with
portal vein thrombosis [23, 24]. It has recently been
reported that IFNo/f induces p53 gene transcription and
increases the p53 protein level in HepG2 and HLE cells,
two human hepatic cancer cell lines, thereby contributing
to tumor suppression. However, the effect of IFN on the
proliferation and cell survival of hepatic non-parenchymal
collagen-producing HSCs has yet to be fully elucidated.

Several lines of evidence show that IFN« treatment for
chronic hepatitis C leads to the regression of liver fibrosis
even if HCV is not successfully eradicated [11, 12]. This
fact indicates that IFNo has a direct anti-fibrotic action,
most likely through its action against HSC. Initially, IFNy
was reported to successfully inhibit HSC activation, as
revealed by its inhibitory effect on collagen synthesis and
smooth muscle o-actin expression [25, 26]. Its in vivo
anti-fibrotic action has also been elucidated [27, 28].
Successively, IFNo was proven to inhibit DNA synthesis
of human HSC although a relatively weak inhibitory
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effect was seen at a concentration above 10* U/ml [29].
In the present study, we observed an almost 100-times
stronger anti-proliferative effect using OIF, a natural
IFNe. This discrepancy may be derived from the differ-
ence in IFN used and from the condition and culture
system of HSC. Furthermore, in that report, Mallat et al.
showed that IFN« suppressed [3H]thymid.ine incorporation
of human HSC stimulated with 5% fetal calf serum,
PDGF-BB (20 ng/ml), PDGF-AA (20 ng/ml), or TGFf1
(0.5 ng/ml), and that IFN« reduced the number of HSC
stimulated with 5% fetal calf serum. However, the
authors did not refer to the mechanism, especially to the
induction of apoptosis of human HSC exposed to IFNa.
Although we failed to clarify the mechanism of IFNa-
dependent inhibition of cell cycle progression in human
HSC-line, we found that natural IFN« contributes to the
induction of apoptosis of human HSC by activating the
caspase cascade, which provides a novel insight into the
fibrosis regression in patients treated with IFNa
derivatives.

Mallat et al. [29] additionally showed that IFN« as well
as IFNy reduced the secretion of prolines and the mRNA
expressions of collagens o1(I) and a1(III). With respect to
this mechanism, Inagaki et al. [30] recently reported that
IFNu« blocked promoter activation and prevented the pro-
gression of liver fibrosis induced by CCl, injection when
administered to transgenic mice harboring the o2(I) colla-
gen gene (COL1A2) promoter sequence, and that, in
transient transfection assays, IFNa decreased the steady-
state levels of COL1A2 mRNA and inhibited TGFp/
Smad3-stimulated COL1A2 transcription.

In addition to these previous observations, we herein
found that IFNa in combination with a small amount of
TNFa shows a pro-apoptotic effect in HSC. This effect is
considered to be related to cytochrome c release into the
cytosol from mitochondria and caspase-3 activation and be
regulated by ICAD (Fig. 7). Although human HSC have
been proven to be resistant to apoptosis [31], the data
shown here clearly indicate that they undergo apoptosis at
inflammatory liver sites in the presence of IFNw, which
may at least partially account for the regression of liver
fibrosis during IFN therapy due to chronic hepatitis C.

In conclusion, the present study demonstrates the anti-
proliferative and pro-apoptotic actions of natural human
IFNo against human HSC-line, and provides useful infor-
mation regarding the mechanism of IFN-dependent
regression of human liver fibrosis caused by viral infection.
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BACKGROUND & AIMS: Recent studies have re-
ported that bone marrow (BM)-derived cells migrating
into fibrotic liver tissue exhibit a myofibroblast-like
phenotype and may participate in the progression of
liver fibrosis. However, their contribution to collagen
production has not been fully verified yet. We revisited
this issue by using 2 mechanistically distinct liver
fibrosis models introduced into transgenic collagen
reporter mice and their BM recipients. METHODS:
BM of wild-type mice was replaced by cells obtained
from transgenic animals harboring tissue-specific en-
hancer/promoter sequences of a2(I) collagen gene
(COL1A2) linked to enhanced green fluorescent protein
(EGFP) or firefly luciferase (LUC) gene. Liver fibrosis
was introduced into those mice by repeated carbon
tetrachloride injections or ligation of the common bile
duct. Activation of COLIA2 promoter was assessed by
confocal microscopic examination detecting EGFP sig-
nals and luciferase assays of liver homogenates. RE-
SULTS: The tissue-specific COLIA2 enhancer/pro-
moter was activated in hepatic stellate cells following a
single carbon tetrachloride injection or during primary
culture on plastic. A large number of EGFP-positive
collagen-expressing cells were observed in liver tissue
of transgenic COL1A2/EGFP mice in both liver fibrosis
models. In contrast, there were few EGFP-positive BM-
derived collagen-producing cells detected in fibrotic
liver tissue of COL1A2/EGFP recipients. Luciferase as-
says of liver tissues from COL1A2/LUC-recipient mice
further indicated that BM-derived cells produced little
collagen in response to fibrogenic stimuli. CONCLU-
SIONS: By using a specific and sensitive experimen-
tal system, which detects exclusively BM-derived
collagen-producing cells, we conclude an unexpect-
edly limited role of BM-derived cells in collagen
production during hepatic fibrogenesis.

ollagen contents in tissue are under control of a

dynamic balance between its production and degra-
dation, and a disruption of this equilibrium results in
either organ fibrosis or impaired tissue integrity. Irrespec-
tive of the etiologies of hepatic injury, liver fibrosis is
caused commonly by a chronic and uncontrolled inflam-
matory/repair process leading to excessive deposition of
collagen and other components of extracellular matrix in
the liver. Hepatic stellate cells (HSC) are considered to be
the main producers of both type I collagen! and matrix
metalloproteinase (MMP)-13,2 the major interstitial col-
lagenase degrading type I collagen in rodents. In addi-
tion, it has been reported recently that bone marrow
(BM)-derived cells participate in both the progression
and regression of liver fibrosis by expressing collagen and
MMPs, respectively.

We have shown that BM-derived stem/progenitor cells
express MMP-13 and MMP-9 and contribute to the spon-
taneous regression of experimental liver fibrosis induced
by repeated carbon tetrachloride (CCly) injections.? In
addition, enhanced mobilization and homing of BM-
derived cells by a combination of granulocyte colony-
stimulating factor and hepatocyte growth factor stimu-
lated MMP-9 expression in the fibrotic liver tissue and
accelerated the recovery from liver fibrosis.3 Indeed, there
have been an increasing number of clinical trials of au-
tologous BM cell infusion therapy to treat patients with
critical liver diseases including advanced cirrhosis.-8 On
the other hand, several experimental and human studies
using BM transplantation with sex-mismatched cells®10
or genetically marked cells with enhanced green fluores-
cent protein (EGFP)!1-13 have reported that BM-derived
cells migrating into fibrotic liver tissue exhibit the fea-
tures of collagen-producing cells such as HSC, myofibro-

Abbreviations used in this paper: a-SMA, a~-smooth muscle actin;
BM, bone marrow; CBD, common bile duct; EGFP, enhanced green
fluorescent protein; FACS, fluorescence-activated cell-sorter scanner;
HSC, hepatic stellate celi(s); MMP, matrix metalloproteinase.

© 2009 by the AGA Institute
0016-5085/09/$36.00
doi:10.1053/).gastro0.2009.07.006

2
R
2w
T <
o8]
w g
<2z
=
Q.

=
(Y]
<
o
-
>
&
<
=
=




LOVYL AdvIlg

>
o|m
z
a&
25
5L
iE
BZ
o

1460 HIGASHIYAMA ET AL

blasts, and fibrocytes and may participate in the progres-
sion of liver fibrosis.

The present study was designed to reexamine the pos-
sible contribution of BM-derived cells to type I collagen
production during the progression of liver fibrosis. For
this purpose, we utilized 2 mechanistically distinct liver
fibrosis models, which were introduced into transgenic
collagen reporter mice and their BM recipients. With
careful consideration for the experimental design and the
qualified methods with high specificity and sensitivity, we
conclude that BM-derived cells play an unexpectedly lim-
ited role in collagen production during hepatic fibrogen-
esis. The present study gives a caution to the current
growing feeling that overestimates the participation of
BM-derived cells in the progression of liver fibrosis.

Materials and Methods

Mice

All animals used in the present study received
humane care, and the experiments were approved by the
Animal Experiment Committee of Tokai University.
C57BL/6 mice were purchased from CLEA Japan Inc.
(Tokyo, Japan). A transgenic mouse strain (COL/LUC)
that contains the —17,000 to +54 region of the mouse
upstream sequence of a2(I) collagen gene (COL1A2)
linked to a firefly luciferase gene was previously de-
scribed.'* The —17,000 to —15,450 COLIA2 sequence
exhibits a strong enhancer activity that directs tissue-
specific gene expression during embryonic development
as well as in adult mouse organs.!*1S This tissue-specific
enhancer and the —350 to +54 minimal COLIA2 pro-
moter sequences with appropriate linker fragments were
cloned into a BamHI site of an EGFP expression plasmid:
pEGFP-1 (Clontech Laboratories, Palo Alto, CA). The
chimeric DNA fragment was excised from the plasmid to
generate transgenic mice (COL/EGFP) that express EGFP
exclusively in type I collagen-producing cells. Injection of
the purified DNA fragment into fertilized eggs and
screening of mice for the presence of transgene were
performed as previously described.! We established 2
strains of transgenic COL/EGFP mice, which contained
approximately 10 and 5 copies of transgene, respectively.
Both strains of mice exhibited essentially the same results
in the experiments shown in the present study except for
the difference in the intensities of EGFP signals. Mice of
F3 to FS generation were used in all of the experiments.
Transgenic mice that ubiquitously express EGFP by the
cytomegalovirus enhancer and the chicken B-actin pro-
moter (CAG/EGFP) were reported previously.!6

BM Transplantation

A combination of donor and recipient mice in BM
transplantation experiments is illustrated in Figure 1.
Transgenic CAG/EGFP, COL/EGFP, and COL//LUC
mice were used as BM donors, whereas CS7BL/6 wild-
type animals were used as recipients. Transplantation of
unfractionated whole BM cells including hematopoietic

GASTROENTEROLOGY Vol. 137, No. 4

. CCl,or BOL
il
[o—1 e —&
CAG/EGFP* BMC
/@ o — &
COL/EGFP* BMC

COL/LUC* BMC
!
COL/LUC Tg —

Figure 1. Schematic representation of a combination of donor and
recipient mice used in bone marrow transplantation experiments.
Whole bone marrow cells (BMC) obtained from transgenic CAG/EGFP,
COL/EGFP, or COL/LUC mice were injected into the irradiated
C57BL/6 wild-type animals. Those recipient mice received subcutane-
ous injections of 1 mL/kg body weight of carbon tetrachloride (CCly)
every 3 days for a total of 30 times or underwent ligation of the common
bile duct (CBD). Transgenic COL/EGFP and COL/LUC mice (Tg) were
also included as controls.

stem cells to the irradiated recipient mice was performed
as previously described.? Engraftment of donor cells was
confirmed 6 weeks after BM transplantation by fluores-
cence-activated cell-sorter scanner (FACS) analyses of
EGFP-expressing cells in the peripheral blood of CAG/
EGFP recipient mouse or by polymerase chain reaction
(PCR) detection of EGFP and luciferase transgenes in the
spleen tissue of COL/EGFP and COL/LUC recipients
(Supplementary Figure 1), respectively.

Induction of Liver Fibrosis

Eight weeks after transplantation, BM-recipient
mice, as well as transgenic CAG/EGFP, COL/EGFP, and
COL/LUC animals, started to be injected subcutaneously
with 1 mL/kg body weight of CCl, mixed with olive oil
every 3 days for a total of 30 times!” or underwent
ligation of the common bile duct (CBD).!8 Three to 4
mice in each group of transgenic mice and their BM
recipients were killed 48 hours after the last CCly injec-
tion or 14 days after CBD ligation.

Isolation of HSC and FACS Analysis

Murine HSC were isolated by using the collage-
nase-pronase perfusion method as previously described?®
and subjected to FACS analyses. Presence of EGFP-posi-
tive cells in the freshly isolated HSC fraction, peripheral
blood, and BM was analyzed by using FACS Calibur flow
cytometer (Becton Dickinson, San Jose, CA).

Confocal Microscopic Examination

Migration of EGFP-expressing cells into fibrotic
liver was viewed and analyzed by a confocal laser-scan-
ning microscope: LSM 510 META (Carl Zeiss, Jena, Ger-
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many). The emission fingerprinting method?® was uti-
lized, which distinguished specific fluorescent signals
from the background autofluorescence as previously de-
scribed.? EGFP-expressing cells obsetved in the liver of
CAG/EGFP-recipient mice indicate the BM origin irre-
spective of their phenotypes, whereas those detected in
COL/EGFP recipients represent exclusively BM-derived
collagen-producing cells migrating into fbrotic liver.
Transgenic COL/EGFP mice were also used as a control,
showing collagen-expressing cells in the liver irrespective
of their origins. Immunohistochemical or immunofluo-
rescence staining was performed as previously described?
with antibodies against type I collagen (Calbiochem, San
Diego, CA), a-smooth muscle actin (a-SMA) (Sigma
Chemical Co, St. Louis, MO), and F4/80 (Serotec, Ra-
leigh, NC).

Luciferase Assay

Liver samples obtained from COL/LUC-recipient
mice were subjected to luciferase assays to evaluate acti-
vation of COL1A2 promoter in BM-derived cells migrat-
ing into fibrotic liver. Transgenic COL/LUC mice wete
also used as a control to quantify COLIA2 promoter
activity in the liver before and after fibrogenic stimuli.
Luciferase assays of liver tissue were performed as previ-
ously described,'7:2! and the enzyme activity was normal-
ized against the protein concentration of tissue homog-
enates.

Statistical Analysis

Values were expressed as mean = SD. The Mann-
Whitney U test was used to evaluate the statistical differ-
ences between groups: a P value of less than .05 was
considered statistically significant.

Results

BM-Derived Cells Migrating Into

Fibrotic Liver Seldom Differentiate Into
a-SMA-Positive Cells in Both Experimental
Fibrosis Models

We first examined migration of BM cells into liver
rissue in 2 mechanistically distinct fibrosis models intro-
duced into CAG/EGFP-recipient mice. As previously re-
ported,® bridging fibrosis connecting the neighboring
portal areas and central veins was formed, but complete
cirrhosis was not established after 30 times of repeated
CCl, injections (Figure 2A4). A large number of EGFP-
expressing BM-derived cells migrated into the fibrotic
liver 2 days after the last CCly injection, at peak fibrosis
(Figure 2B). On the other hand, CBD ligation resulted in
the accumulation of collagen fibers underneath the di-
lated and proliferating bile duct epithelium 14 days after
the operation (Figure 2C). EGFP-expressing BM-derived
cells were observed mainly in those fibrotic areas around
the dilated bile ducts as well as within the liver paren-
chyma (Figure 2D). However, immunostaining of type I
collagen failed to determine precisely whether the EGFP-
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Figure 2. Migration of BM-derived cells into fibrotic liver. Liver speci-
mens were obtained from CAG/EGFP recipient mice following 30 times
of repeated CCly injections (A and B) or 14 days after common bile duct
(CBD) ligation (C and D). The sections were subjected to Azan-Mallory
staining (A and C) or confocal laser-scanning microscopic examination
detecting EGFP-positive cells (green in B and D). Representative pic-
tures are shown from 3 to 4 mice in each group. Note that the bile duct
epithelial cells do not express EGFP. Asterisks indicate dilated bile ducts
around the portal vein. PV, portal vein; CV, central vein. Original mag-
nification, 40X in A or 100X in C. Scale bars, 100 um in B and D.

positive cells present in the fibrous tissue certainly pro-
duce collagen or whether they were merely surrounded by
collagen fibers (Figure 3A). In addition, although EGFP-
expressing BM-derived cells and a-SMA-positive cells ex-
hibited the similar distribution following repeated CCl,
injections (Figure 3B) and CBD ligation (Figure 3C), they
seldom overlapped each other (Figure 3D). Three-dimen-
sional confocal microscopic analyses estimated that the
mean number of BM-derived a-SMA-positive cells was
less than a single cell per each portal area (Figure 3E).

EGFP Expression Driven by the
Tissue-Specific COL1A2 Enbancer Is
Stimulated Following Fibrogenic Stimuli in
Vivo and During Primary Culture in Vitro

Next, we examined cell type-specific expression of
EGFP driven by the COLIA2 enhancer. For this purpose,
transgenic COL/EGFP mice were first treated with a
single dose of CCl,. Our previous study using transgenic
mice that harbor the same tissue-specific COLIA2 en-
hancer/promoter sequence linked to a firefly luciferase
gene (COL/LUC) indicated that COLIA2 promoter was
activated more than 10-fold 72 hours after a single CCl4
injection.?! Confocal microscopic examination of excised
liver rissue showed a significant number of EGFP-
expressing cells present in the centrilobular necrotic areas
48 hours after CCl, administration (compare Figure 44
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and B). They exhibited a mesenchymal morphology, and
none of the parenchymal hepatocytes expressed EGFP.
Immunofluorescence studies indicated that approxi-
mately half of EGFP-expressing cells were positive for
a-SMA, a marker of activated HSC (Figures 4C and D). In
contrast, none of the EGFP-expressing cells were positive
for F4/80, a marker of macrophage/Kupffer cells (Figures
4E and F). FACS analyses indicated that 28.7% =* 1.8% of
HSC isolated from CCl,-treated transgenic COL/EGFP
mice were positive for EGFP. Activation of COL1A2 pro-
moter was also examined in primary culture of HSC
obrained from untreated transgenic COL/EGFP mice.

Figure 4. Activation of COL1A2
promoter following CCls adminis-
tration. Expression of EGFP
(green) was examined in lver
specimens obtained from wild-
type (A) or transgenic COL/EGFP
mice (B-F) 72 hours after a single
CCly injection. The sections were
stained with specific antibodies
recognizing a-SMA (red in C and
D) or F4/80 (red in E and F). Rep-
resentative pictures are shown
from 4 mice in each group. Ar-
rows indicate EGFP-positive cells
that coexpress a-SMA. CV, cen-
tral vein. Scale bars, 20 um in
A-Dor50 umin Eand F.

GASTROENTEROLOGY Vol. 137, No. 4

Figure 3. Expression of type |
collagen and o-SMA in BM-de-
rived cells migrating into fibrotic
liver. Liver specimens were ob-
tained from CAG/EGFP-recipi-
ent mice following 30 times of
repeated CCly injections (A, B,
D, and E) or 14 days after CBD
ligation (C). The sections were
stained with specific antibodies
recognizing type | collagen (red
in A) or a-SMA (red in B-E). In
panel E is shown a 3-dimen-
sional rotation analysis of 2
EGFP-positive cells (arrows)
that coexpress a-SMA. Repre-
sentative pictures are shown
from 3 to 4 mice in each group.
Asterisks indicate dilated bile
ducts. PV, portal vein. Scale
bars are shown in each panel.

Whereas quiescent HSC at day 2 after plating on plastic
showed no EGFP fluorescence (data not shown), strong
EGFP fluorescence was observed in activated cells at day
7, which was coexpressed with endogenous type I colla-
gen (Figure 5A) and -SMA (Figure 5B).

COL1A2 Promoter Activation Attributes to
Liver Resident Cells but not BM-Derived
Cells

After confirming the cell type-specific activarion
of COLIA2 promoter, we next examined whether the
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Figure 5. Expression of type | collagen and a-SMA in culture-activated
stellate cells. Hepatic stellate cells were obtained from untreated trans-
genic COL/EGFP mice and subjected to primary culture on plastic for 7
days. Coexpression of EGFP (green) and type | collagen (red in A) or
«-SMA (red in B) was examined by immunofluorescence studies using
specific antibodies. Representative pictures are shown from 3 mice.
Scale bars, 50 um.

promoter was activated in BM-derived cells or in liver
resident cells following fibrogenic stimuli. For this pur-
pose, 2 mechanistically distinct models of liver fibrosis
were introduced into transgenic COL/EGFP and COL/
LUC mice or their BM-recipient mice. By comparing
EGFP expression and luciferase activities between trans-
genic mice and their BM recipients, we can estimate how
each population of BM-derived cells and liver resident
cells contributes to collagen production and thus partic-
ipates in the progression of liver fibrosis. There was no
difference between transgenic mice and their BM recipi-
ents in the degree of liver fibrosis introduced by repeated
CCl, injections or CBD ligation (data not shown). A large
number of EGFP-positive cells were observed in the por-
tal areas and along the fibrous septa after repeated CCl,
injections into transgenic COL/EGFP mice, and most of
the EGFP-expressing cells were positive for a-SMA stain-
ing (Figure 6A). On the other hand, coexpression of
EGFP and o-SMA was detected in mesenchymal cells
present underneath the dilated and proliferating bile
duct epithelium after CBD ligation (Figure 6C). In con-
trast, there were few, if any, EGFP-positive BM-derived
collagen-expressing cells detected in fibrotic liver tissue of
COL/EGFP-recipient mice following either CCl, injec-
tions (Figure 6B) or CBD ligation (Figure 6D). Further-
more, as shown in the previous studies,!”2! luciferase
assays of liver tissue revealed that COLIA2 promoter was
activated more than 5-fold following repeated CCl, injec-
tions into transgenic COL/LUC mice (Figure 7). Similar
extent of promoter activation was observed in liver tissue
14 days after CBD ligation (Figure 7). In contrast,
COL1A2 promoter was not activated in liver rissue of
COL/LUC-recipient mice. The luciferase enzyme activ-
ities in liver tissue of COL/LUC-recipient mice were as
low as those in wild-type animals following either CCl,
injections or CBD ligation (Figure 7). These results
clearly indicate that activation of COLIA2 promoter
attributes to liver resident cells, but not BM-derived
cells, in both of the 2 mechanistically distinct models
of liver fibrosis.
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COL1A2 Promoter Is Not Activated in BM
Cells Following Fibrogenic Stimuli

In the last set of experiments, we examined
whether fibrogenic stimuli enhanced COL1A2 promoter
activity in BM cells. FACS analyses indicated that a small
population (0.23% * 0.02%) of BM cells isolated from
untreated COL/EGFP reporter mice was positive for
EGFP. However, there was no increase in the EGFP-
positive ratio of BM cells from transgenic COL/EGFP
mice following CCl, injections (0.19% * 0.09%) or BDL
(0.20% % 0.04%). Similarly, there was no difference in the
luciferase activities in BM cells isolated from transgenic
COL/LUC mice before and after fibrogenic stimuli (data
not shown).

Discussion

In the present study, we have revealed an unex-
pectedly limited role of BM-derived cells in collagen pro-
duction in 2 mechanistically distinct models of liver
fibrosis. Although some of the BM-derived cells exhibited
a mesenchymal morphology resembling myofibroblasts,
the number of BM-derived a-SMA-positive cells was
much smaller than previously reported. More impor-
tantly, specific and quantitative analyses of COLIA2 pro-
moter activation by using a combination of EGFP and
luciferase reporter genes have clearly indicated that BM-
derived cells produce little, if any, type I collagen during
hepatic fibrogenesis.

There have been a large number of studies showing
that BM-derived stem/progenitor cells contribute to the
repair of severely injured liver either through transdiffer-
entiation into parenchymal hepatocytes or by cell fusion
with liver resident cells. However, the frequency of those
phenomena is usually very low.?2 Instead, BM-derived
cells often differentiate into a mesenchymal lineage. Sev-
eral recent studies have indicated that BM-derived cells
express MMPs and contribute to the regression of exper-
imental liver fibrosis via mobilization from BM3 or fol-
lowing a therapeutic cell infusion.23-25 Based on the re-
sults of those experimental studies, there have been an
increasing number of clinical trials to treat patients with
various liver diseases by infusing either whole or fraction-
ated autologous BM cells.4-8 On the other hand, several
experimental and human studies have reported that BM
cells differentiate into HSC,'“'3 myofibroblasts,®1° and
fibrocytes!? and may participate in liver fibrosis. These
findings are in agreement with the results of a number of
studies showing functional contribution of blood-borne
collagen-producing cells to tissue repair or fibrosis in
various other organs.?6-28 They also give a serious caution
that BM-derived cells possess both pro- and anti-fibrotic
phenotypes.?®

However, direct contribution of BM-detived cells to
collagen production during hepatic fibrogenesis has not
been fully verified for the following critical reasons. First,
previous studies employed several different methods to
identify the BM origin, such as fluorescence in situ hy-
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bridization technique to detect Y chromosomes®!® and
immunohistochemical staining of EGFP.11-13 However,
the quality of the employed methods and obtained re-
sults was not always enough in terms of both specificity
and sensitivity. Second, it is difficult to prove collagen
production by BM-derived cells present within the fi-
brous tissue because of an abundant amount of extracel-
lular collagen accumulated around the cells (Figure 3A).
Therefore, most of the previous studies failed to demon-
strate clearly collagen production by BM-derived cells
and relied primarily on the presence of myofibroblast-like
cells in the fibrous tissue and their expression of
a-SMA.?-'" Finally, and in relation to the second issue,

GASTROENTEROLOGY Vol. 137, No. 4

Figure 6. Activation of COL1A2
promoter in BM-derived cells and
liver resident cells. Expression of
EGFP (green) was examined in
liver specimens from transgenic
COL/EGFP mice (A and C) or
their BM recipients (B and D) fol-
lowing 30 times of repeated CCl,
injections (A and B) or 14 days
after CBD ligation (C and D). The
sections were stained with spe-
cific  antbodies recognizing
a-SMA (red). In the middle and
right panels are shown the im-
ages of only EGFP and autofluo-
rescence (middle) and o-SMA
(right), respectively. Representa-
tive pictures are shown from 3 to
4 mice in each group. Note that
the pale signals (amows) ob-
served in panels A and B repre-
sent nonspecific autofluores-
cence but not the specific EGFP
signals. Asterisks indicate dilated
bile ducts. PV, portal vein; HA,
hepatic artery. Scale bars, 20
pm,

even if some of the cells exhibit the feature of a-SMA-
positive myofibroblasts, it does not necessarily mean that
they certainly produce collagen and contribute directly to
the progression of liver fibrosis.3® The cellular entity of
BM-derived collagen-producing cells, if present, has not
been established yet.

Considering the limitations in the previous studies
described above, we tried in the present study to evaluate
the direct contribution of BM-detived cells to collagen
production by using more specific and quantitative
methods. To identify only the specific EGFP fluorescence,
we utilized in the previous and present studies the emis-
sion fingerprinting method,® which successfully elimi-



October 2009

1
[JUNTR . . [ sha
I cCi, — | EsBDL
{RLU) * *
—t e
600 —
NS NS
400 — e— —
200
0~ o Q06 4 C, O O 4,
o<? o</< o</< /{,} o<,< o</< °<,( "iv/\
R % % % %,
P N P U N
© © o 9 o

Figure 7. Quantitative analysis of COL1A2 promoter activation follow-
ing fibrogenic stimuli. Transgenic COL/LUC mice (Tg) and their BM
recipients (Rc) as well as wild-type animals received repeated CCly
injections for a total of 30 times or underwent CBD ligation, They were
killed 48 hours after the last CCly injection or 14 days after CBD ligation,
and obtained liver tissue was subjected to luciferase assays dstermin-
ing COL 1A2 promoter activity. Liver specimens from untreated (UNTR)
or sham-operated mice were also analyzed as controls. Luciferase
activity was normalized against the protein concentration of tissue ho-
mogenates. The values are mean * SD obtained from 4 mice in each
group. The asterisk indicates that the difference between the groups is
significant, RLU, relative luminescence units; NS, not significant,

nated the background aurofluorescence (Figure 6A and
B). Moreover, we used a firefly luciferase gene driven by a
tissue-specific COLIA2 enhancer sequence. Strong tissue
specificity of the enhancer thar is activated exclusively in
collagen-producing cells,!*!$ coupled with the use of
sensitive luciferase gene as a reporter, engaged a highly
specific and quantitative analysis of promoter activa-
tion.2! By using COL/LUC-recipient mice, we demon-
strated a complete lack of COL1A2 promoter activation in
BM-derived cells following fibrogenic stimuli.

On the other hand, experiments using transgenic re-
porter mice also possess several limitations. For example,
EGFP is known to be sometimes cytotoxic,3! and one may
argue that BM-derived collagen-producing cells cannot
survive for a long time while leaving 2 large amount of
collagen in fibrotic tissue. However, cells with strong
EGFP signals were observed in fibrotic liver tissue of
CAG/EGFP-recipient mice (Figure 2B and D) and trans-
genic COL/EGFP animals (Figure 64 and C). In addition,
the results of parallel experiments using the luciferase
gene as another reporter (Figure 7) also excluded such a
concern. Another limitation of transgenic mouse study is
that che expression levels of transgene may vaty even by
using the same enhancer/promoter sequence. In addi-
tion, there is always a chance that the used enhancer/
promoter sequence lacks a regularory element and may
not label the entire collagen-expressing populations in
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the mouse. It should be noted, however, that exactly the
same COL/LUC reporter mice and their BM recipients as
the present study have been utilized to determine the
functional contribution of BM-derived cells to collagen
production in various other organs. One of such studies
clearly indicated that the luciferase activity in BM-derived
cells was dramatically increased in the scar area following
experimental myocardial infarcrion.?8 Our recent study
using the same mice also showed a limited but significant
amount of collagen produced by BM-derived cells during
bleomycin-induced dermal fibrosis (Higashiyama et al,
manuscript submitted). On the other hand, an experi-
ment using the same COL/LUC mice failed to demon-
strate the contribution of BM-derived cells to collagen
production in renal fibrosis induced by a unilateral ure-
teric obstruction.3? Collectively, it could be argued that
the extent of contribution of BM-derived cells to collagen
production may vary depending on the etiologies of tis-
sue injury and/or the sites of affected organs.

The results of the present study do not deny com-
pletely the production of type I collagen by BM-derived
cells in certain experimental and clinical conditions, de-
pending on the etiologies, severity, and stages of liver
fibrosis. However, we excluded their contribution to col-
lagen production in 2 mechanistically distinct models of
liver fibrosis. In addition, we also tested at an earlier stage
of liver fibrosis induced by 10 times of CCl, injections
but did not find any evidence for collagen production by
BM-derived cells (Supplementary Figure 2).

The localization of BM-derived EGFP-positive cells
shown in Figure 2 was almost entirely associated with the
fibrotic areas. Although functional properties of the ma-
jotity of those cells have not been defined yet, our previ-
ous study demonstrated that some of them were hema-
topoietic progenitor cells and inflammatory cells such
as neutrophils and macrophages.? The present study
showed that none of them expressed collagen or a-SMA,
but the latter types of cells may participate in the pro-
gression of liver fibrosis by secreting several inflamma-
toty cytokines. Further studies are necessaty to reveal the
functional cross ralk between the BM-derived cells and
liver resident collagen-producing cells.

In conclusion, this study has clearly revealed a limited
role of BM-derived cells in collagen production during
hepatic fibrogenesis. The BM origin of cells has to be
determined much more carefully, and the results of the
present study give a caution to the current growing feel-
ing thar overestimates the participation of BM-derived
cells to collagen production during the progression of
liver fibrosis.

Supplementary Data

Note: To access the supplementary material
accompanying this arricle, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2009.07.006.
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