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ABSTRACT

Prior studies indicate that adenosine and the adenosine A,
receptor play a role in hepatic fibrosis by a mechanism that
has been proposed to involve direct stimulation of hepatic
stellate cells (HSCs). The objective of this study was to
determine whether primary hepatic stellate cells produce
collagen in response to adenosine (via activation of adeno-
sine A,, receptors) and to further determine the signaling
mechanisms involved in adenosine A,, receptor-mediated
promotion of collagen production. Cultured primary HSCs
increase their collagen production after stimulation of the
adenosine A, receptor in a dose-dependent fashion. Like-
wise, LX-2 cells, a human HSC line, increases expression of
procollagen «al and procollagen alll mMRNA and their transla-
tional proteins, collagen type | and type lll, in response to
pharmacological stimulation of adenosine A,, receptors.
Based on the use of pharmacological inhibitors of signal trans-

duction, adenosine A,, receptor-mediated stimulation of pro-
collagen ol mMRNA and collagen type | collagen expression were
regulated by signal transduction involving protein kinase A, src,
and mitogen-activated protein kinase kinase/extracellular sig-
nal-regulated kinase (erk), but surprisingly, adenosine A,, re-
ceptor-mediated stimulation of procollagen «lll MRNA and col-
lagen type lll protein expression depend on the activation of
p38 mitogen-activated protein kinase (MAPK), findings con-
firmed by small interfering RNA-mediated knockdown of src,
erki, erk2, and p38 MAPK. These results indicate that adeno-
sine A, receptors signal for increased collagen production by
multiple signaling pathways. These results provide strong evi-
dence in support of the hypothesis that adenosine receptors
promote hepatic fibrosis, at least in part, via direct stimulation
of collagen expression and that signaling for collagen produc-
tion proceeds via multiple pathways.
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HSCs play a central role in the pathogenesis of hepatic
fibrosis/cirrhosis (Li and Friedman, 1999; Friedman, 2000).
After hepatic injury, HSCs become activated, and like other
matrix-producing cells, they take on a myofibroblastic phe-
notype (Rockey et al., 1993). After activation, HSCs syn-
thesize and deposit markedly greater levels of collagen, pre-
dominantly collagen type I and type III, and other matrix
proteins in the extracellular matrix (Geerts et al., 1989).
HSCs have been established as the source of collagen type I
and type III in the liver. These activated HSCs secrete col-
lagen type I and type III, the principal matrix proteins re-
sponsible for the development of liver fibrosis and cirrhosis.
Because collagen types I and III are major components to be
responsible for the exuberant and unbalanced wound-healing
response in liver fibrosis, their selective removal would be a
potential mechanism to attenuate liver fibrosis.

ABBREVIATIONS: HSC, hepatic stellate cell; siRNA, small interfering RNA; PKA, protein kinase A; PKAI: protein kinase A peptide inhibitor; srcl,
src kinase inhibitor Il; CGS21680, 2-(p-(2-carbonylethyl) phenylethylamino)-5-N-ethylcarboxamido adenosine; ZM241385, 4-(2-[7-amino-2-(2-
furyl)[1,2,4]-triazolo[2,3-a][1,3,5]triazin-5-y| amino]ethyl)phenol; MEK, mitogen-activated protein kinase kinase; erk, extracellular signal-regulated
kinase; MAPK, mitogen-activated protein kinase; PCR, polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; TBST,
Tris-buffered saline/Tween 20; TGF, transforming growth factor g; U0126, 1,4-diamino-2,3-dicyano-1,4-bis(methylthio)butadiene; PD98059,
2'-amino-3'-methoxyflavone; SB202190, 4-(4-fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-pyridyl)-1H-imidazole.
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Based on the prior observation that adenosine, acting at
adenosine A,, receptors, plays a role in wound healing
(Montesinos et al., 1997, 2002; Victor-Vega et al., 2002) we
hypothesized that adenosine and adenosine A,, receptors
might play a role in excess fibrosis in the skin and hepatic
fibrosis. Indeed, endogenously released adenosine and aden-
osine A, , receptors play a critical role in the development of
liver and skin fibrosis after toxic insults based on studies in
animal models (Chan et al., 2006b). Thus, both adenosine
A, , receptor antagonists and adenosine A,, receptor dele-
tion protect mice from developing skin and liver fibrosis
(Chan et al., 2006a,b).

Signaling for enhanced collagen production after adeno-
sine A,, receptor activation has been explored only superfi-
cially, and inhibition of protein kinase A and erk1/2 partially
inhibits overall collagen production by the LX-2 hepatic stel-
late cell line and primary dermal fibroblasts (Chern et al.,
1995; Seidel et al., 1999; Arslan and Fredholm, 2000; Mori et
al., 2004; Chan et al., 2006a,b). Adenosine A,, receptors may
signal through other pathways as well, including src kinase
(Lee and Chao, 2001; Schulte and Fredholm, 2003; Rajagopal
and Chao, 2006).

The aim of the present study is to determine whether
collagen production by HSCs is regulated by adenosine A,,
receptors and to better characterize the signal-transduction
mechanisms involved in adenosine A,, receptor-mediated
regulation of matrix production. We present evidence here
that occupancy of adenosine A, , receptors regulates the tran-
scription and translation of collagen type I via activation of
PKA, src kinase, and erk1/2 MAPK and collagen type III via
p38 MAPK signaling pathway.

Materials and Methods

Reagents and Drugs. Adenosine A,, receptor agonist CGS21680
was purchased from Research Biochemicals (Natick, MA). Adenosine
A, receptor antagonist ZM241385 was from Tocris (Ellisville, MO).
PKAI, a PKA inhibitor that corresponds to the amino acids 5 to 24 of
the naturally occurring PKA inhibitor (Kemp et al., 1991), was from
Promega (Madison, WI). srcl, MEK/erk MAPK inhibitors, U0126,
PD98059, and p38 MAPK inhibitor SB202190 were from Calbiochem
(San Diego, CA), and their structures are described in the manufac-
turer’s catalog. CellTiter 96 proliferation assay kit was from Pro-
mega. Sirius red F3B and Fast Green FCF were from Sigma (St.
Louis, MO). Sircol collagen assay kit was from Accurate Chemical
(Westbury, NY). TRIzol and SuperScript III RT kit were from In-
vitrogen (Carlsbad, CA). Brilliant SYBR Green QPCR Master Mix
was from Stratagene (La Jolla, CA).

Cell Culture. Cultured normal human hepatic primary HSCs
isolated from single donor human liver were purchased from Scien-
Cell Research Laboratories (San Diego, CA). To activate hepatic
primary HSCs, cells were cultured in Stellate Cell Medium (SteCM;
ScienCell Research Laboratories) supplemented with 2% fetal bovine
serum (Invitrogen), 1% of stellate cell growth supplement (ScienCell
Research Laboratories), 100 U/ml penicillin (Invitrogen, Carlsbad,
CA), and 100 U/ml streptomycin (Invitrogen) on uncoated plastic
flasks (BD Biosciences, San Jose, CA) for 14 days (Ikeda et al., 1999;
Marra et al., 2000) and were then used for biological studies.

The LX-2 human hepatic stellate cell line was characterized pre-
viously by and kindly provided by Dr. S. L. Friedman, (Mount Sinai
School of Medicine, New York, NY) (Xu et al., 2005). LX-2 cells were
grown and maintained in Dulbecco’s modified Eagle’s medium (In-
vitrogen) supplemented with 10% calf serum, 2 mM L-glutamine, 100
U/ml penicillin, and 100 U/ml streptomycin (all from Invitrogen).
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Cells were cultured in 75-cm? flasks until 80 to 90% confluence and
were then used for biological studies.

Cell Proliferation Assay. The effect of CGS21680 and
7ZM241385 on proliferation of the LX-2 cells was analyzed by mor-
phological analysis and CellTiter 96 proliferation assay kit according
to the manufacturer’s instructions. In brief, the cells were seeded
into 96-well plates (5 X 103 cells/well). Six wells were used for each
concentration of each compound (n = 5 for each concentration). The
CellTiter 96 Aqueous One solution [3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner
salt, and phenazine ethosulfate] was added to the wells, and the
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium was reduced into a colored formazan product
by the living cells. The quantity of formazan product was measured
3 h later at a wavelength of 490 nm, because the optical density of the
dye at 490 nm is directly proportional to the number of living cells
(Zolnai et al., 1998). The results were confirmed by three indepen-
dent experiments.

Sircol Collagen Assay. The collagen content in ice-cold metha-
nol-fixed primary HSCs and LX-2 cells was determined by the dif-
ferential binding of Sirius red F3B and Fast Green FCF to collagen
and noncollagenous proteins, respectively, in the presence of picric
acid (Jimenez et al., 1985; Lopez-De Leén and Rojkind, 1985). Col-
lagen content of primary HSCs and LX-2 cells was determined by a
modification of the original method (Freeman et al., 2002; Bennett et
al., 2003). The cells were plated in 24-well plates at a density that
resulted in 80 to 90% confluence after a 24-h incubation in medium
containing 2% (for primary HSCs) or 10% fetal bovine serum (for
LX-2 cells). Culture medium was then replaced with serum-free
medium supplemented with 1% of stellate cell growth supplement, 2
mM L-glutamine, 100 U/ml penicillin, and 100 U/ml streptomycin for
24 h, and then cells were treated with various adenosine receptor
agonists and/or antagonists for 24 h. After treatment, the medium
was harvested, and the cells were washed and fixed in cold methanol
for 15 min. Cells were stained at room temperature as follows: 1) 15
min in 0.5 ml of a solution containing 0.01% Fast Green FCF and
0.5% picric acid in distilled water; 2) 15 min in 0.5 ml of a solution
containing 0.04% Fast Green FCF, 0.1% Sirius red, and 0.5% picric
acid in distilled water; and 3) washing in tap water for 5 min until
the elution fluid was completely clear. Cells were allowed to dry
before elution of the bound dyes with 1 ml of 50% methanol contain-
ing 50 mM NaOH. After a spectrum scan to establish the peak
absorbance for each dye, the absorbance of the solution at 630 and
540 nm was determined by spectrophotometer (SmartSpec Plus
Spectrophotometer; Bio-Rad Laboratories, Hercules, CA). Calcula-
tion of collagen and protein content was performed as described
previously (Jimenez et al., 1985), and the data are expressed as the
change in the content of soluble collagen production (microgram per
milligram of total proteins) over the treatment interval to correct for
collagen present in the cultures without the addition of the test
compounds.

Total soluble collagen concentration in the cell supernatants was
also measured using the Sircol collagen assay kit. In brief, a 200-ul
aliquot of supernatant was added to 1 ml of Sircol dye and incubated
at room temperature for 30 min and then centrifuged to pack the
collagen-dye complex at the bottom of the tube. The pellet obtained
was dissolved in alkali reagent (0.5 M NaOH solution) to release the
collagen-dye complex whose absorbance was measured at 540 nm.
The concentration of collagen production was determined from a
collagen standard curve provided with the assay.

Real-Time Quantitative Reverse Transcription-Polymer-
ase Chain Reaction. Total RNA was isolated from 3 X 10% LX-2
cells using the TRIzol method. RNA (1.0 ug) was reverse-transcribed
in 20 pl of buffer containing 50 uM oligo(dT)20, 25 mM MgCl,, 0.1 M
dithiothreitol, 40 U/ul RNaseOUT, and 200 U/ul SuperScript III RT
for 50 min at 50°C. The reaction was stopped by incubating the
samples at 85°C for 5 min, and 40 ul of nuclease-free water was
added. Real-time PCR was performed by using the Brilliant SYBR
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Green QPCR Master Mix. The PCR template source was either 30 ng
of first-strand ¢cDNA or purified DNA standard. Primer sequences
used to amplify the desired cDNA are detailed in Table 1. Amplifi-
cation was performed with a spectrofluorometric thermal cycler
(Stratagene). After an initial denaturation step at 95°C for 10 min,
amplification was performed using 40 cycles of denaturation (95°C
for 30 s), annealing (56°C for 1 min), and extension (72°C for 1 min).
For each run, a standard curve was generated from purified DNA
ranging from 10° to 10'2 copies. To standardize mRNA levels, we
amplified GAPDH, a housekeeping gene, as an internal control. Gene
expression was normalized by calculating the ratio between the
number of ¢cDNA copies of collagen type I, type III, and that of
GAPDH. After amplification, a final melting curve was recorded by
cooling the PCR mixture to 65°C for 30 s and then slowly heating it
to 95°C at 30 s. Fluorescence was measured continuously during the
slow temperature increase to monitor the dissociation of double-
stranded DNA. Specificity of the expected Light Cycler products was
demonstrated by melting curve analysis. Amplification products
formed in the Light Cycler were checked by electrophoresis on 1.5%
ethidium bromide-stained agarose gel. The estimated size of the
amplified fragments matched the calculated size.

Western Blot Analysis. Cells were rinsed with ice-cold phos-
phate-buffered saline, and total cell protein extracts were prepared
using a cell lysis buffer (Cell Signaling Technology, Danvers, MA)
containing 2.5 mM sodium pyrophosphate, 1 mM gB-glycerophos-
phate, 1 mM NazVO,, 1 pg/ml leupeptin, 1% Protease Inhibitor
Cocktail (Sigma). Protein concentrations were measured by a BCA
assay (Pierce, Rockford, IL). Ten micrograms of protein extracts were
boiled in Laemmli sample buffer and was subjected to SDS-poly-
acrylamide gel electrophoresis. Proteins were transferred to a nitro-
cellulose membrane (0.2 um; Bio-Rad) using a Bio-Rad gel-blotting
apparatus. Membranes were stained with Ponceau red to confirm
bands existed on the membranes, followed by blocking of the mem-
branes in 5% nonfat milk in TBST (10 mM Tris HCI, pH 7.5, 150 mM
NaCl, and 0.1% Tween 20) for 1 h. Blots were probed with monoclo-
nal antibodies directed against mouse collagen type I (Chemicon,
Temecula, CA), type III (Abcam, Cambridge, MA), and phosphory-
lated and total src [P-Y(416), activated src; Upstate, Charlottesville,
VA] diluted 1:500 with 0.05% TBST or polyclonal antibodies directed
against rabbit total erk1 (Chemicon), total erk2 (Upstate), phosphor-
ylated erk1/2, and phosphorylated and total p38 MAPK (Biosource,
Camarillo, CA) diluted 1:1000, and incubated overnight at 4°C. After
3 X 10-min wash, blots were incubated for 1 h at room temperature
with alkaline phosphatase-conjugated anti-mouse IgG (GE Health-
care, Chalfont St. Giles, Buckinghamshire, UK) or alkaline phos-
phatase-conjugated anti-rabbit IgG secondary antibody (Sigma) di-
luted 1:1000 with TBST for 1 h at room temperature. After each
incubation step, membranes were washed in TBST for 20 min. Pro-
teins of interest were visualized by enhanced cyan fluorescent sub-
strate (GE Healthcare, Braunschweig, Germany) and scanned on
fluorescent scanning instrument (Storm 860 Molecular Imager; GE
Healthcare) for appropriate times.

RNA Interference. siRNA sequences against src, erkl, erk2, and
p38 were designed using criteria described previously by Elbashir et
al. (2002), and the sequences are shown in Table 2. Parallel scram-
bled siRNAs as the negative control were also designed differing
from the siRNAs by three nucleotides. These sequences did not
match human genes as checked via the National Center for Biotech-

TABLE 1
Sequences of primers for the real-time RT-PCR assays used in this study

nology Information standard nucleotide-nucleotide BLAST program.
Sequences were purchased from Sigma. Transfection of siRNAs into
LX-2 cells was performed 24 h after plating. In brief, LX-2 cells were
seeded at a density of 1 X 107 cells/100-mm Petri dishes the day
before transfection to achieve 50 to 60% confluence. Transfections
were carried out with 50 nmol siRNA duplex using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions. After
6-h incubation, the transfection medium was removed, and cells
were changed to serum-free medium. After 48 h, transfected cells
were treated with stimuli or medium for 24 h followed by lysis,
harvest of proteins, and Western blot analysis. For real-time PCR,
stimulation by CGS21680 for 12 h was carried out 60 h after trans-
fection, and then cells were collected for extraction of total RNA.
Statistical Analysis. All experiments were performed at least three
times, and results were analyzed by analysis of variance with repeated
measures and post hoc analysis using Bonferroni correction.

Results

Proliferation of LX-2 Cells Was Not Regulated by
Adenosine A,, Receptor Agonists and Antagonists. To
exclude the effect of adenosine agonists and antagonists on
cell viability, the morphology of LX-2 cells and the prolifera-
tion of LX-2 cells was examined after 24-h treatment by
microscope and CellTiter 96 proliferation assay, respectively.
After treatment with CGS21680 (1 nM to 1 uM) and
ZM241385 (1 nM to 1 uM), the morphology of the LX-2 cells
seemed similar to that of the cells without the treatment
(data not shown). Likewise, proliferation of LX-2 cells was
unaffected by either the adenosine A,, receptor agonist or
antagonist at these concentrations (data not shown).

Adenosine A, , Receptor Occupancy Increased Total
Soluble Collagen Production by LX-2 Cells. In our initial
studies, we assessed the effect of varying doses of CGS21680
on collagen production by LX-2 cells and compared this with
a known stimulus for collagen production, TGFB. The aden-
osine A,, receptor agonist CGS21680 significantly increased
both soluble and cell-associated collagen production by as
much as 2-fold in a dose-dependent fashion (EC;, = 79 nM
for supernatant total soluble collagen production; EC5, = 82
nM for cell-associated total soluble collagen production). The
magnitude of the CGS21680-induced increase was similar to
that induced by TGFB (Fig. 1). The A,, receptor antagonist
ZM241385 completely abrogated the effect of CGS21680 on
collagen production (Fig. 2). These results are consistent with
the hypothesis that adenosine A,, receptors, when occupied,
promote collagen production.

Adenosine A,, Receptors Regulated Collagen Pro-
duction by Primary Human Hepatic Stellate Cells. Be-
cause LX-2 cells are an immortal cell line and may differ from
primary hepatic stellate cells, we determined the effect of
adenosine A,, receptor agonists and antagonists on collagen
production by primary cells. As shown in Fig. 3, the effect of

Forwar,d lf'rimer Revers,e P,rimer Amplicon Size
5'-3 5'-3
base pairs
Procollagen ol TGTTCAGCTTTGTGGACCT CCGTTCTGTACGCAGGTGAT 130
Procollagen oIII GAAGATGTCCTTGATGTGC AGCCTTGCGTGTTCGATATT 260
GAPDH GCTGCCCAGAACATCATCC GTCAGATCCACGACGGACAC 134




CGS21680 and ZM241385 on collagen production was nearly
identical in the LX-2 cells and primary hepatic stellate cells.

Effect of CGS21680 and ZM241385 on Procollagen ol
and Procollagen «III mRNA Expression. In response to
liver injury, HSCs undergo an activation process in which
they proliferate and synthesize a fibrotic matrix rich in col-
lagens type I and type III. We therefore determined whether
adenosine A,, receptor occupancy stimulates production of
only one or both types of collagen. As shown in Fig. 4,
CGS21680 stimulated an increase in expression of procolla-
gen al mRNA by as much as 70% over baseline (P < 0.01), an
increase that was blocked by the A,, antagonist ZM241385
(Fig. 4A). Likewise, CGS21680 also increased procollagen
oIl mRNA by as much as 44% (P < 0.01), and ZM241385
abrogated the CGS21680-induced increase in procollagen
oIl mRNA (Fig. 4B; P < 0.01). As with total soluble collagen
production, TGFB stimulated an increase in procollagen ol

TABLE 2
Sequences of siRNA of src, erkl, erk2, and p38 used in this study
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and procollagen «IIl mRNA similar to that stimulated by
CGS21680 (Fig. 5). CGS21680 increased collagen types I and
IIT protein expression, and, as with mRNA, ZM241385 pre-
vented the adenosine A,, receptor agonist from stimulating
an increase in collagen types I and III levels (Fig. 5).
Involvement of Protein Kinases in CGS21680-Stimu-
lated Soluble Collagen Production. To better understand
how adenosine A,, receptor activation regulates collagen
production, we examined the signaling mechanisms down-
stream of receptor activation that might affect collagen pro-
duction using a series of kinase inhibitors. We were surprised
to find that the inhibitors of PKA (PKAI), src kinase (srcl),
MEK/erk (U0126 and PD98059), and p38 MAPK (SB202190)
inhibited the adenosine A,, receptor-mediated increase in
supernatant and cell-associated total soluble collagen pro-
duction (Fig. 6A). Because a number of signaling mecha-
nisms were implicated in these studies, we further dissected
the effect of protein kinase inhibitors on procollagen ol and
procollagen oIII mRNA expression by real-time reverse-tran-
scriptase polymerase chain reaction. Treatment of the cells
with PKAI, srcl, U0126, and PD98059 significantly attenu-

S S Anti S .
BT 1sengy granence ated procollagen al mRNA up-regulation by CGS21680 but
are SB202190 did not. In contrast, only SB202190 completely
1 GGACCAUGGGUAGCAACAA vucuuccuacccavccuce  abolished CGS21680-induced procollagen olII mRNA expres-
2 CCUUCCUGGAGGACUACUU AAGUAGUCCUCCAGGAAGG  gjon (Fig. 6B). In a similar fashion, inhibition of PKA, src
erl?l GEAUUCGAGRUGECAGATT ARUCUGCCARUCUCGRAUCC  kinase, and MEK/erk MAPK but not p38 MAPK reversed the
1 GCAGCUGAGCAAUGACCAU avceucavuccucaccuce  effect of adenosine A, receptor occupancy on collagen type I
2 GCUGAACUCCAAGGGCUAU AUAGCCCUUGGAGUUCAGC  but not collagen type III protein expression (Fig. 6C-1), and
eﬂ(‘iz CCAUAUCUGGAGCAGUAUU ARUACUGCUCCAGAUAUGG  jnhibition of p38 MAPK reversed the effect of receptor occu-
1 GEACCUCAUGGAAACAGAT AUCUGUUUCCAUGAGGUCC ~ bancy on cpllagen type III but not c.ollagen type I (Fig. 6C-2).
2 GCUGCAUUCUGGCAGAAAU avuucucccacaauceace  These findings suggest that adenosine A, , receptors regulate
3% CCAUAUCUGGAGCAGUAUU AAUACUGCUCCAGAURUGG  hoth collagen type I and type III production but do so by
p . . . .
1 CCAGACCAUUUCAGUCCAU AvGeacUGARAUGGUCUGe  different S{gnahng mechanisms. L . .
2 GAAGCUUACAGAUGACCAU AUGGUCAUCUGUAAGCUUC Adenosine A,, Receptor Activation Stimulated Sig-
3 GGCACAUAGUAGAGACARU AUUGUCUCUACUAUGUGCC  naling Events by Distinct Pathways. Because inhibitors
of protein kinases may have other effects on cellular function,
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Fig. 1. Determination of increased total soluble collagen production both in supernatant and LX-2 cells. LX-2 cells were treated with the indicated
concentration of adenosine A,, receptor agonist, CGS21680, as described for 24 h before measurement of collagen. CGS21680 increased collagen
production measured both in the cells and supernatant (P < 0.01, one-way analysis of variance). The cells were also treated with 40 ng/ml TGF as
a positive control. A, CGS21680-induced collagen production in supernatant. B, CGS21680-induced collagen production in LX-2 cells. *, P < 0.01
versus cells alone; n = 3.
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we determined whether the agents studied modulated the
signaling events, which seemed to be required for adenosine
A, receptors to stimulate collagen production. CGS21680
stimulated the phosphorylation of erk1/2 and src, and these
signaling events were inhibited by PKA, src kinase, and
MEK/erk MAPK but not p38 MAPK inhibitors, findings that
parallel the effects of these agents on collagen I synthesis
(Fig. 6). Likewise, CGS21680 stimulates erk1/2 phosphory-
lation, which is blocked by inhibitors of PKA, src kinase, and
erk1/2. In contrast, the p38 MAPK inhibitor did not interfere
with any of these signaling events. The adenosine A, , recep-
tor agonist also stimulated the phosphorylation of p38 MAPK,
which was blocked by SB202190 but not by the inhibitors of

PKA, src, and erk1/2 kinase (Fig. 7). Inhibitors of p38 MAPK
and erk1/2 activation did not prevent phosphorylation of src,
although an src kinase inhibitor blocked activation of src by
adenosine A,, receptor occupancy (Fig. 7), and forskolin, a
direct activator of adenylate cyclase, stimulates phosphoryla-
tion of erk1/2 and src (Supplemental Figs. S1 and S2), suggest-
ing that the sequence of signaling events is cAMP-PKA—src—
erk1/2. Again, these observations on the events of signal
transduction are consistent with the functional effects of aden-
osine A,, receptors on collagen type I and type III production.

siRNA-Mediated Knockdown of sre, erkl, erk2, and
P38 Decreased CGS21680-Stimulated Collagen Types I
and III. To confirm that the signaling events indicated by

*
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=
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z induced total soluble collagen produc-
S o0 d tion. LX-2 cells were treated with TGF3
s (40 ng/ml, positive control), 1 uM
g CGS21680, 1 uM ZM241385, or 1 uM
FE CGS21680 plus 1 pM ZM241385 for
24 h before harvesting and measure-
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tures in four separate experiments. *,
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Fig. 3. Correspondence of collagen production between primary HSCs and LX-2 cells. Primary HSCs and LX-2 cells were treated with TGF (40 ng/ml,
positive control), 1 uM CGS21680, 1 uM ZM241385, or 1 uM CGS21680 plus 1 uM ZM241385 for 24 h before harvesting and measurement of collagen
production in supernatant and cells as described. The CGS21680-induced increase in collagen production measured in primary cells did not differ from
that observed in LX-2 cells. The data are presented as mean *+ S.D. of triplicate cultures carried out in duplicate in six separate experiments. A,
CGS21680-induced collagen production in supernatant. B, CGS21680-induced collagen production in LX-2 cells.



the pharmacological inhibitors were indeed responsible for
adenosine A,, receptor-mediated stimulation of collagens I
and III, we diminished expression of src, erk1, erk2, and p38
MAPK by use of siRNA. Appropriately sequenced siRNA
diminished expression of the corresponding kinases (Fig. 8)
and reversed the CGS21680-mediated increase in phosphor-
ylated src (Fig. 8A), erkl (Fig. 8B), erk2 (Fig. 8C), and p38
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MAPK (Fig. 8D). More importantly, knockdown of src and
erkl significantly diminished procollagen oI mRNA and re-
versed the CGS21680-mediated increase in procollagen al
(Fig. 9, A and B). Knockdown of erk2 also diminished pro-
collagen al mRNA and reversed CGS21680-mediated in-
crease in procollagen al mRNA, but the differences observed
did not achieve statistical significance (Fig. 9C). Knockdown
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Fig. 4. Effect of CGS21680 and ZM241385 on the expression of procollagen al and procollagen «III mRNA in LX-2 cells. LX-2 cells were cultured in
serum-free DMEM containing stellate cell growth supplement and treated with TGFpB, (40 ng/ml), 1 uM CGS21680, 1 uM ZM241385, or 1 uM
CGS21680 plus 1 uM ZM241385 for the indicated periods of time before the RNA was harvested. After reverse transcription, the number of copies of
mRNA for the two transcripts was determined by real-time PCR. Data were normalized to GAPDH mRNA and are expressed as the mean = S.D. (n =

4). A, procollagen al mRNA. B, procollagen «III mRNA. *, P < 0.01, #*, P < 0.05 versus cells alone. {, P < 0.01; 1, P < 0.05 versus CGS21680-treated
cells.
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of both erkl and erk2 by siRNA led to greater reversal of the
effect of CGS21680 on the expression of procollagen than
knockdown of either kinase alone (Fig. 9D). Knockdown of
p38 MAPK diminished procollagen «III mRNA and reversed
CGS21680-mediated procollagen «III mRNA (Fig. 9E). These
results parallel and confirm the effects of the pharmacologi-
cal inhibitors on adenosine A,, receptor signaling events
involved in promoting collagen production.

Discussion

We report here evidence that adenosine A, , receptor occu-
pancy directly stimulates collagen production by both pri-
mary human hepatic stellate cells and the human hepatic
stellate cell line LX-2. More strikingly, we have observed that
adenosine A,, receptors stimulate both collagen type I and
type III expression but by distinct signaling pathways: via
PKA-—src—erk1/2 for collagen type I and via p38 MAPK for
collagen type III.

One important limitation in studying hepatic stellate cell
function and the regulation of this function by receptor li-
gands or other agents has been the difficulty in obtaining
these cells in a consistent state of activation. To obviate this
problem, Xu et al. (2005) established the human hepatic cell
line LX-2 and extensively characterized them, demonstrating
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that they retain the key features of stellate cells, including
cytokine signaling, neuronal gene expression, retinoid me-
tabolism, and fibrogenesis, making them highly suitable for
culture-based studies of human hepatic fibrosis as a valuable
tool (Xu et al., 2005). Because the effects of adenosine A,,
receptor occupation on collagen production were identical in
primary hepatic cells and cultured LX-2 cells, we concluded
that LX-2 cells were an excellent model for studying signal-
ing at adenosine A,, receptors, leading to collagen produc-
tion by hepatic stellate cells.

Topical application of adenosine A,, receptor agonists
have been shown previously to promote wound healing in
part by stimulating the production of matrix in the wound.
More recent results indicate that adenosine A,, receptors
stimulate collagen type I and type III production by primary
human dermal fibroblasts as well and that this stimulation
plays a role in dermal fibrosis in response to bleomycin treat-
ment (Chan et al., 2006a). These findings are consistent with
those reported here and previously (Chan et al., 2006b).

Classic signal transduction at adenosine A,, receptors in-
volves coupling of the receptor to G,a signaling proteins to
activate adenylate cyclase, thereby elevating the level of
cAMP and activating PKA in response to ligand binding
(Klinger et al., 2002a). It has also been reported that activa-
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Fig. 6. Effects of PKI, srcl, U0126, PD98059, and SB202190 on CGS21680-stimulated collagen expression in LX-2 cells. LX-2 cells were treated with
1 uM CGS21680 alone or in combination with 1 uM PKI, 1 uM srcl, 1 pM U0126, 1 uM PD98059, or SB202190, respectively, for 24 h. Collagen
production, procollagen al, and procollagen «IIl mRNA and collagen types I and III were measured as described. Data are expressed as the mean +
S.D. A, collagen production. B, procollagen, C-1, collagen type I. C-2, collagen type III. #, P < 0.01, #*, P < 0.05 versus cells alone. f, P < 0.01; ¥f, P <

0.05 versus CGS21680-treated cells.



tion of adenosine A, , receptor increases the activity of erk1/2
MAPK (Chern et al., 1995; Seidel et al., 1999; Arslan and
Fredholm, 2000; Schulte and Fredholm, 2003). In probing
signal transduction at adenosine A,, receptors, we used a
series of kinase inhibitors shown previously to disrupt signal
transduction via inhibition of protein phosphorylation of ap-
propriate substrates. The results indicate that in LX-2 cells,
adenosine A, , receptor-stimulated increases of production of
collagen type I proceeds via cAMP-dependent PKA-mediated
activation of src kinase and erk1/2 MAPK. Further evidence
for involvement of this pathway in signal transduction at
adenosine A,, receptors is provided by the demonstration
that adenosine A,, receptor occupation leads to phosphory-
lation (activation) of erk1/2. Previous studies demonstrate
that the well-characterized cAMP/PKA and MAPK pathways
exhibit cross-talk (Stork and Schmitt, 2002), although in
general, emphasis has been placed on the ability of PKA-
dependent phosphorylation to disrupt the interaction be-
tween p21”*° and c-RAF, which results in cAMP-mediated
suppression of the MAPK pathway (Burgering et al., 1993).
Nonetheless, stimulation of Gag-coupled receptors may also
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result in both increased cellular cAMP and with stimulation
of MAPK (Daaka et al., 1997; Keiper et al., 2004), as we have
observed in LX-2 cells.

Prior experiments carried out in Chinese hamster ovary
cells indicate that adenosine A, , receptors activate erk1/2 in
a cAMP-dependent fashion that relies on src or an src-like
kinase downstream of PKA for MAPK activation (Seidel et
al., 1999; Klinger et al., 2002b). This sequence of signaling
events is also most consistent with our results because treat-
ment of the cells with forskolin, which directly stimulates
cAMP production, leads to phosphorylation of src and erk
(Supplemental Figs. S1 and S2) and treatment of LX-2 cells
with the src inhibitor prevented phosphorylation of erk1/2
(Fig. 7B), but inhibitors of erk activation did not affect src
activation. Thus, the sequence of signaling most consistent
with our results is cAMP-PKA-—src—erk1/2.

We were surprised to find that adenosine A,, receptor
activation mediates an increase in collagen type III produc-
tion expression via activation of p38 MAPK but independent
of PKA, src, MEK, and erk MAPK. There are few reports that
link adenosine A, , receptors to p38 MAPK and fewer clues as

P-p38 (% of total) p38
>
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Fig. 7. Effects of PKI, srcl, U0126, PD98059, and SB202190 on the phosphorylation of src, erk1/2, and P38 MAPK in LX-2 cells treated with CGS21680.
LX-2 cells were treated with 1 uM CGS21680 alone or in combination with 1 uM PKI, 1 uM srcl, 1 uM U0126, and 1 uM PD98059 or SB202190 for
10 min. Phosphorylated (Tyr416) and total src, erk1/2, and p38 MAPK were detected by immunoblot of lysates as described. Data are expressed as
the mean = S.D. (n = 3). A, src kinase. B, erk1/2 MAPK. C, p38 MAPK. *, P < 0.01 versus cells alone. f, P < 0.01 versus CGS21680-treated cells.
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to which mediator is involved between receptors and p38
MAPK activation. A recent report (Rahman et al., 2004)
demonstrated that cAMP inhibits p38 MAPK activation in
human umbilical vein endothelial cells. In contrast, PKA was
found to activate p38 MAPK in macrophages (Chio et al.,
2004). Furthermore, the signaling pathways up- and down-
stream of p38 MAPK pathway are diverse, which may ex-
plain why p38 MAPK pathway can be activated by various
stimuli (Han et al., 1994; Moriguchi et al., 1996; Pietersma et
al., 1997, Wang et al., 1997; Craxton et al., 1998).

We also demonstrated that RNAi-mediated knockdown of
src, erkl, erk2, and erk1/2 was sufficient to inhibit baseline
and CGS21680-stimulated procollagen ol mRNA expression.
In addition, RNAi-mediated p38 knockdown significantly
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down-regulated baseline and CGS21680-stimulated procolla-
gen oIl mRNA expression. The results of the studies with
siRNA-mediated knockdown of relevant signaling molecules
were clearly consistent with the results with pharmacological
inhibitors of the same kinases, providing a second level of
confidence in the results.

Based on studies in knockout mice as well as pharmaco-
logical evidence, we have reported previously that endog-
enously released adenosine and adenosine A,, receptors
play a major role in the development of hepatic fibrosis in
experimental murine models. These observations may
shed particular light on alcohol-induced hepatic fibrosis/
cirrhosis. Prior studies demonstrate that ethanol treat-
ment increases extracellular adenosine by inhibiting aden-
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Fig. 8. siRNA-mediated knockdown of src, erkl, erk2, and p38 decreased total and phosphorylated src, erkl, erk2, and p38 expression in
nonstimulated and CGS21680-stimulated LX-2 cells. LX-2 cells were transiently transfected with src, erkl, erk2, and p38 siRNAs (50 nM) or
scrambled siRNAs for 48 h and then treated with or without CGS21680 (1 uM) for 24 h. siRNA significantly reduced the level of corresponding total
and phosphorylated src, erkl, erk2, and p38 proteins. Results are expressed as comparisons between siRNA-transfected cells and wild type or cells
transfected with corresponded scrambled siRNAs (n = 3 separate experiments). A, src siRNA-transfected. B, erkl siRNA-transfected. C, erk2,

siRNA-transfected. D, p38 siRNA-transfected. **, P < 0.05; *, P < 0.01.



osine uptake via the nucleoside transporter (Nagy et al.,
1990). Short-term treatment with ethanol increases extracel-
lular adenosine concentrations in vitro (Nagy et al., 1989),
which causes the release of adenosine from rat cerebellar
synaptosomes (Clark and Dar, 1989). Ethanol-induced accu-
mulation of extracellular adenosine activates adenosine A,,
receptor to stimulate cAMP production (Nagy et al., 1989).
Likewise, treatment of mice with hepatotoxins leads to in-
creased adenosine release ex vivo (Chan et al., 2006b). Be-
cause ethanol promotes purine release in humans as well
(Puig and Fox, 1984), the previous studies suggest that eth-
anol-induced increases in extracellular adenosine levels pro-
mote hepatic fibrosis by stimulating enhanced production of
collagen by otherwise activated hepatic stellate cells. More-
over, these observations suggest a mechanism for the obser-
vation that coffee-drinking protects against death from he-
patic cirrhosis in that caffeine, contained in coffee in
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pharmacologically relevant concentrations, is a well known
adenosine receptor antagonist (Klatsky et al., 1993; Corrao et
al., 1994, 2001; Sharp et al., 1999; Gallus et al., 2002; Ruhl
and Everhart, 2005).

We conclude that in hepatic stellate cells, signaling for
collagen production via adenosine A,, receptors is com-
plex. Although generally believed to be nearly exclusively
signaling via G /cAMP/PKA and their related downstream
signaling events, these results indicate that stimulation of
adenosine A,, receptors activates p38 MAPK as well.
Moreover, both of these signals contribute to stimulating
the expression of collagen by hepatic stellate cells. Al-
though it is likely that other events also contribute, aden-
osine, released as a result of hepatic injury or exposure to
agents like ethanol, contributes to the development of he-
patic cirrhosis via stimulating hepatic stellate cell produc-
tion of collagen.
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