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Inhibition of TGF-p signaling by an ALKS inhibitor protects rats
from dimethylnitrosamine-induced liver fibrosis
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1 Chronic liver disease is characterized by an exacerbated accumulation of matrix, causing
progressive fibrosis, which may lead to cirrhosis. Transforming growth factor beta (TGF-f), a well-
known profibrotic cytokine, transduces its signal through the ALKS5 ser/thr kinase receptor, and
increases transcription of different genes including PAI-1 and collagens. The identification of GW6604
(2-phenyl-4-(3-pyridin-2-yl-1 H-pyrazol-4-yl)pyridine), an ALKS5 inhibitor, allowed us to evaluate the
therapeutic potential of inhibiting TGF-f pathway in different models of liver disease.

2 A cellular assay was used to identify GW6604 as a TGF-f signaling pathway inhibitor. This ALKS
inhibitor was then tested in a model of liver hepatectomy in TGF-f-overexpressing transgenic mice, in
an acute model of liver disease and in a chronic model of dimethylnitrosamine (DMN)-induced liver
fibrosis.

3 Invitro, GW6604 inhibited autophosphorylation of ALKS5 with an ICsy of 140 nM and in a cellular
assay inhibited TGF-p-induced transcription of PAI-1 (ICsy: 500 nM). In vivo, GW6604 (40 mgkg™!
p.o.) increased liver regeneration in TGF-f-overexpressing mice, which had undergone partial
hepatectomy. In an acute model of liver disease, GW6604 reduced by 80% the expression of collagen
IA1l. In a chronic model of DMN-induced fibrosis where DMN was administered for 6 weeks and
GW6604 dosed for the last 3 weeks (80 mgkg™' p.o., b.i.d.), mortality was prevented and DMN-
induced elevations of mRNA encoding for collagen IA1, IA2, III, TIMP-1 and TGF-f were reduced
by 50-75%. Inhibition of matrix genes overexpression was accompanied by reduced matrix deposition
and reduction in liver function deterioration, as assessed by bilirubin and liver enzyme levels.

4 Our results suggest that inhibition of ALKS5 could be an attractive new approach to treatment of
liver fibrotic diseases by both preventing matrix deposition and promoting hepatocyte regeneration.
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Introduction

Transforming growth factor beta (TGF-p) is a pleiotropic
cytokine involved in a variety of biological processes including
development, cell growth, differentiation, cell adhesion,
migration, extracellular matrix deposition, and the immune
response (Massague et al., 2000). Dysregulation of TGF-f
production or response has been implicated in pathologies
such as atherosclerosis, cancer, and fibrosis (Blobe er al.,
2000). The role of TGF-f as a potent profibrotic cytokine has
been demonstrated in a number of animal models (Border &
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Noble, 1994; Kopp et al., 1996) and overexpression of TGF-f
in transgenic mice results in liver and kidney fibrosis
(Sanderson et al., 1995). In human, elevated TGF-f1 levels
can be measured in the serum and urine of patients with
hepatitis (Bayer et al., 1998) diabetic nephropathy as well as
other fibrotic diseases (Broekelmann et al., 1991; Border &
Noble, 1994; Shah et al., 1999). In liver biopsies from patients
with chronic liver diseases of various aetiologies, TGF-f
expression or mRNA levels are increased and correlate with
the extent of fibrosis (Paradis et al., 1996; Kanzler et al., 2001).

TGF-p has direct and indirect effects on matrix accumula-
tion; it triggers expression of collagen genes and limits matrix
degradation by decreasing the expression of stromelysin and
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increasing PAI-1 expression, thus reducing plasmin (Lund
et al., 1987; Westerhausen et al., 1991; Matrisian et al., 1992).
Following liver damage, hepatic stellate cells (HSC) differ-
entiate into myofibroblast-like cells, which proliferate and
produce matrix in response to TGF-f (Li & Friedman, 1999).
Data obtained in TGF-f-overexpressing mice demonstrate
that TGF-# may also directly act on parenchymal cells by
inhibiting hepatocyte proliferation as observed in a liver
regeneration model (Bottinger et al., 1996). In chronic liver
disease, TGF-ff may exert detrimental effects through both its
action on matrix-producing cells and on hepatocytes, thus
preventing organ repair and leading to progressive loss of liver
function.

TGF-f1, and related members of the TGF-f superfamily,
activins and bone morphogenic proteins (BMP), transduce
their signal through structurally related receptors (Attisano &
Wrana, 2002; Shi & Massague, 2003). Upon ligand binding to
the cell surface type II receptor, heteromerization with a cell
type and ligand-specific type I receptor takes place (ALKS or
ALK1 for TGF-f, ALK4 and ALK?2 for activins, ALK3 or
ALKG6 for BMPs). Phosphorylation of a Gly-Ser-rich region of
the ALKS receptor by type II receptor activates the ALKS ser/
thr kinase catalytic domain, which subsequently phosphor-
ylates Smad2 or Smad3 proteins (Huse et al., 1999). After
forming a complex with a cytosolic Smad4, phosphorylated
Smad2 and Smad3 translocate to the nucleus driving
transcription of specific genes.

In various models of kidney or lung fibrosis, reducing
TGF-p levels with angiotensin-converting enzyme inhibitors or
neutralizing TGF-f activity with blocking antibodies, soluble
TGF-f type II receptors or a natural TGF-f binding protein
such as decorin, have been associated with beneficial
antifibrotic effects (Peters et al., 1998; Wang et al., 1999;
Ziyadeh et al., 2000; Kolb et al., 2001). Intravenous injection
of an adenovirus expressing a dominant-negative TGF-f§ type
II receptor showed antifibrotic effects in a rat model of
dimethylnitrosamine (DMN)-induced liver fibrosis, thereby
validating this model as TGF-f dependent (Nakamura et al.,
2000). In a model of bile duct ligation-induced liver fibrosis,
adenoviral expression of TGF-f antisense was proved effective
in preventing liver fibrosis (Arias et al., 2003). Based on these
observations, TGF-f signaling would appear to be a potential
target for the prevention or treatment of fibrotic diseases.
Therefore, direct inhibition of ALKS5 represents an attractive
way to prevent detrimental profibrotic effects of TGF-p.
Recently described synthetic inhibitors of ALKS5 have been
shown to block TGF-f effects in cellular assays (Callahan
et al., 2002; Inman et al., 2002; Laping et al., 2002; Sawyer
et al., 2003), but their activity in animal fibrosis models is still
unknown.

Here, we describe for the first time the in vivo activity of a
new ALKS inhibitor and show that GW6604 (2-phenyl-4-(3-
pyridin-2-yl-1 H-pyrazol-4-yl)pyridine) prevents fibrosis pro-
gression in rat models of liver fibrosis.

Methods
Chemical synthesis

GW6604 (Figure 1) was prepared as described previously
(Gellibert & Mathews, 2002).

Figure 1 Structure of GW6604.
AlkS autophosphorylation assay

The kinase domain of ALKS5 (Franzen et al., 1993) (amino acids
162-503) was cloned by PCR and expressed in a baculovirus/
Sf9 cells system. The protein was 6-His tagged in C-terminus
and purified by affinity chromatography using an Ni** column.
The material thus obtained was used to assess the ability of test
compounds to inhibit ALKS autophosphorylation.

Purified enzyme (10 nM) in 50 ul of Tris buffer (Tris 50 mM,
pH 7.4; NaCl 100mm; MgCl, 5SmM; MnCl, SmM; DTT
10mM) was preincubated with different concentrations of
compounds (0.1% dimethylsulfoxide (DMSO) final concen-
tration in the test) for 10min at 37°C. The reaction was
initiated by the addition of 3um ATP (0.5uCi gamma-**P-
ATP). After 15min at 37°C, phosphorylation was stopped by
the addition of SDS-PAGE sample buffer (S0 mM Tris-HCl
(pH 6.9), 2.5% glycerol, 1% SDS, 5% beta-mercaptoethanol).
Samples were boiled for Smin at 95°C and run on a 12%
SDS-PAGE. Dried gels were exposed to a phosphor screen
overnight. ALKS5 autophosphorylation was quantified using a
Storm imaging system (Molecular Dynamics).

Fluorescence polarization kinase binding assays

Compound binding to ALKS5 was tested on purified recombi-
nant GST-ALKS5 (residues 198-503). Displacement of a
rhodamine green fluorescently labeled ATP-competitive in-
hibitor (described in patent application W002/24680, 2000) by
different concentrations of test compounds was used to
calculate a binding pICsy. GST-ALKS was added to a buffer
containing 62.5mM Hepes (pH 7.5), IlmM DTT, 12.5mMm
MgCl,, 1.25mM CHAPS (all reagents obtained from Sigma,
I'Isle d’Abeau chesnes, France), and 1 nM rhodamine green-
labeled ligand so that the final ALKS concentration is 10 nM
based on active site titration of the enzyme. A measure of 40 ul
of the enzyme/ligand reagent was added to 384-well assay
plates containing 1ul of different concentrations of test
compound. The plates are read immediately on an LJL
Acquest fluorescence reader (Molecular Devices) with excita-
tion, emission, and dichroic filters of 485, 530, and 505 nm,
respectively. The fluorescence polarization for each well is
calculated by the Acquest and is then imported into curve
fitting software for construction of concentration—response
curves. The same assay conditions were used to measure
binding of GW6604 to other kinases.

Cellular assays to measure anti-TGF-B activity of ALKS
inhibitors

Compound activity was tested in a transcriptional assay in
HepG2 cells (ATCC). Cells were stably transfected with a
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reporter construct comprising the human PAI-1 promoter
(—806 to + 72 region) driving a luciferase (firefly) reporter
gene or with a construct containing nine adjacent copies
of a previously described Smad binding site (Dennler et al.,
1998). The stably transfected cell lines were obtained by a
limiting dilution method and clonal expansion of a selected
clone. The cell line containing the human PAI-1 promoter
(—806 to + 72) responded to TGF-f stimulation with a 10- to
20-fold increase in luciferase activity compared to control
conditions, whereas the cell line containing the nine adjacent
Smad binding sites was highly responsive to TGF-f stimula-
tion with a > 500-fold increase in luciferase activity following
the addition of TGF-f.

To test anti-TGF-f activity of a compound, cells were
seeded in 96-well microplates at a concentration of 35,000 cells
per well in 200 ul of serum-containing medium. Microplates
were then placed for 24 h in a cell incubator at 37°C, 5% CO,
atmosphere. Cells were then cultured in serum-free BME
medium (Invitrogen, Cergy Pontoise, France) and GW6604
was added at concentrations of 10nM to 10uM (final
concentration of DMSO 1%) 30 min prior to the addition of
recombinant TGF-f1 (Ingml™') (R&D systems, Lille,
France). After an overnight incubation, cells were washed
with PBS and lysed by the addition of 10 ul of passive lysis
buffer (Promega, Carboniéres, France). Inhibition of luciferase
activity relative to control groups was used as a measure of
compound activity. A concentration-response curve was
constructed from which an ICs, value was determined
graphically.

Cellular assays for activin and BM P signaling

Compound activity versus activin and BMP signaling was
evaluated using analogous cellular assays to that described
above. Activin signaling blocking activity was tested on the
HepG2 clone used for the TGF-f assay. The BMP activity
assay used HepG2 cells stably transfected with a luciferase
reporter driven by a BMP-responsive element (Kunasagi et al.,
2000). Cells were preincubated with compounds for 30 min and
then challenged with either activin A (50ngml™') or BMP6
(10ngml™") (R&D systems). Luciferase activity was used as
readout.

Animal protocols

All experimental protocols were performed in accordance with
the policies of the Institutional Animal Care and Use
Committee. Animals were fed with a standard diet and had
free access to water.

Acute DMN model

Acute DMN model was set up after careful study of the
DMN:-induced fibrosis development. The aim was to be able
to detect as early as possible gene changes related to
fibrogenesis and ultimately test compound activity in vivo in
a short time frame.

Male Sprague-Dawley rats weighing 200-225g were
treated for 3 consecutive days (days 1-3) with 12.5mgkg™
i.p. DMN (Sigma), or saline. Animals were then treated
twice a day with GW6604 p.o. or its vehicle (20% HCI 1N,
80% hydroxypropyl-methylcellulose (0.5%), Tween 80 (5%),

adjusted to pH 4) in a volume of 4mlkg~' on days 6, 7,
and 8. Animals were killed by CO, inhalation on day 8,
2h after the fifth administration of GW6604 or vehicle.
Livers were collected for collagen A1 (COL IA1l) mRNA
quantification by RT-PCR. Results are reported as the
percent inhibition of DMN-induced increase in COL
IA1 compared to control. COL TA1 mRNA was quantified
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Figure 2 In vitro characterization of GW6604. (a) Effects of
GW6604 on TGF-f, activin, and BMP6 signaling in HepG2 cell
lines stably transfected with luciferase reporter genes: an HepG2 cell
line containing the PAI-1 promoter (—806/ + 72) was used for TGFb
and activin assays and a cell line containing a BMP-responsive
element was used for the BMP assay (Kunasagi et al., 2000). Upper
gel: effect of GW6604 on TGF-f-induced PAI-1 secretion: (1)
control medium, (2) TGF- (I1ngml™"), and (3-5) TGF-§ in the
presence of 2, 1, and 0.5 uM of GW6604. (b) Dose ranging effects of
GW6604 on TGF-p-induced transcriptional activity of a Smad-
responsive promoter. This stably transfected HepG2 cell line was
highly responsive to TGF-f with a > 500-fold increase in luciferase
activity when compared to cells treated with control medium. (c)
Dose ranging effect of GW6604 in the ALKS autophosphorylation
assay. In the right top is a representative SDS-PAGE autopho-
sphorylation image of a dose range experiment with GW6604 (from
three experiments giving similar results): (1) molecular weight
markers, (2) ALKS (control), and (3-7) correspond to ALKS
autophosphorylation in the presence of increasing concentrations of
GW6604 (30 nM, 100nM, 300nM, 1 uM and 3 uM, respectively).
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Table 1 Selectivity of GW6604 against a panel of kinases

ALKS (*)  ALKS binding TGFB-RII (*) P3SMAPK VEGFR2 P56ick ITK LYN Tie-2  Src

GW6604 ICs, (uM) 0.14 0.107 10 9.5 >0 >10 >10 >10 >10 >10

Except for assays marked with (*), which refer to autophosphorylation assays, all tests were performed in a fluorescence polarization assay
mode where displacement of rhodamine green-fluorescently labeled ATP-competitive inhibitor by different concentrations of GW6604
was used to calculate a binding ICs,. Activity of GW6604 against ALKS5 was tested as described in Methods. As a control, SB203580, a
reference P38MAPK inhibitor (Gallagher ez al., 1995) was tested in the ALKS5 autophosphorylation assay and showed a 3.3 uM ICs,. In
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the P38MAPK binding assay, SB203580 had a 0.06 uM binding affinity compared to 9.5 um for GW6604.

*q

Figure 3 Effect of GW6604 (40 mgkg™' p.o.) on liver regeneration
in partially hepatectomized TGF-f transgenic mice. Representative
photomicrograph of anti-BrdU staining of liver sections from
hepatectomized animals treated with control vehicle (a) and from
animals treated with GW6604 (b). Quantification of BrdU-labeled
cells showed that GW6604 induced a 4.7-fold increase in the number
of stained cells in transgenic animals when compared to vehicle
treated animals, versus a nonsignificant 1.1-fold increase labeling in
nontransgenic control animals (P =0.02, t-test).

relative to ribosomal 18S. Four to six rats were used in
each group.

Chronic DMN model

Male Sprague—Dawley rats weighing 200-225g were
treated for 6 weeks, 3 consecutive days each week with
10mgkg™" i.p. of DMN, or saline. After 3 weeks of DMN
administration, treatment with GW6604 (80mgkg™' p.o.,
b.i.d.) or its vehicle in a volume of 4mlkg™" was initiated
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Figure 4 Effect of GW6604 on liver COL IA1 mRNA expression
in the acute DMN model. Animals received a daily i.p. injection of
DMN (12.5mgkg™") for 3 consecutive days and treatment with
GW6604 or vehicle given orally twice a day was initiated 72 h after
the last injection of DMN. Animals were treated with GW6604 or
vehicle for 3 days and COL IA1l mRNA levels were measured by
quantitative RT-PCR and normalized to ribosomal 18S RNA levels
as described in Methods. Difference in COL IA1 mRNA between
DMN-GW6604 and DMN-vehicle was statistically significant
(P<0.05 for the 25mgkg~"' dose and P<0.01 for higher doses).

and continued for 3 weeks. DMN administration was
continued during the 3-week treatment period. At the end of
the 6-week period, animals were killed by CO, inhalation.
Blood was collected for laboratory analysis of ALAT, ASAT,
total bilirubin, alkaline phosphatase, and hyaluronic acid.
Livers were collected for RT-PCR quantification of genes
encoding for COL IAl, collagen IA2 (COL IA2), collagen III
alphal chain (COL III), TIMP-1, TGF-f1, and for histologic
assessment. Changes in liver messenger RNA levels relative
to 18S are reported as fold induction compared to saline-
vehicule, group. Mortality is reported at the end of the 6-week
treatment period. All animals survived the initial 3 weeks of
DMN treatment.

Partial hepatectomy and liver regeneration in TGF-3
transgenic mice

Transgenic mice overexpressing TGF-f line 25 described
by Sanderson et al. (1995) were used. Mice of similar genetic
background (C57BL/6J x CBA)F1 were used as control.
Partial hepatectomy (70%) was performed under gaseous
anesthesia: the main portion of each hepatic lobe was
isolated from the circulation by ligation, sectioned, and
cauterized. Caution was taken to preserve vena cava circula-
tion and gall bladder. After surgery, abdomen was sutured

British Journal of Pharmacology vol 145 (2)
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Table 2 Effect of GW6604 in the chronic DMN model of liver fibrosis

Saline + vehicle

Mortality/number of rats at day 1 0/7
Liver weight (g) 15.1+£0.7
18S mRNA 1.040.01
COL T1A1 mRNA 14+0.3
COL IA2 mRNA 14+0.25
COL III mRNA 14+0.13
TIMP-1 mRNA 1+0.34
TGF-f1 mRNA 1+0.16

Saline + GW6604 DMN + vehicle DMN+ GW6604
0/7 7/16 0/11
18.9+1.8 9+1.4* 17.3+0.5%
1.0140.003 1.0340.003 1.0140.006
0.54+0.08 10.942.03* 3.741.04%
0.540.09 6.440.82% 2.740.72%
0.740.09 3.0+0.6* 2.040.45
0.7+0.16 14.0+2.72* 4.2+1.08"
1.04+0.35 6.84+0.81* 2.7+0.37%

mRNA encoding for COL A1, COL 1A2, COL III, TIMP-1, and TGF-§ are quantified relative to 18S, which as shown above is not

modified by any of the treatments.

*Statistically (z-test) significant difference between DMN + vehicle and saline + vehicule groups (P<0.01).
#Statistically significant difference (P<0.01) between DMN + GW6604 and DMN + vehicule groups.
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Figure 5 Weight progression curves during the 6-week chronic
DMN administration study. At the end of the 6-week follow-up,
differences in animal weight between saline and DMN-treated
animals were statistically significant for both vehicle and GW6604-
treated animals (z-test, P<0.001). Difference between DMN-vehicle
and DMN-GW6604-treated animals was not statistically significant.

and mice kept in a warm area until complete recovery.
Mice (n=4/group) were killed by CO, inhalation, 40h after
surgery, a time corresponding to a peak of mitosis. Treatment
with the ALKS inhibitor was initiated 1h before surgery, 4h
after, and then every 12 h by oral gavage in a volume of 100 ul.
Last dosing was carried out 2h before killing. To allow
quantification of cell proliferation, an i.p. administration of
bromodeoxyuridine (BrdU) (0.1 mg) (Sigma) was performed
2h before killing. BrdU incorporation was quantified by
immunostaining using an anti-BrdU antibody (DAKO,
Trappes, France).

Histological sample preparations for light and electron
microscopy

Livers were fixed in neutral-buffered formalin, embedded
in paraffin, and sections of 4um were prepared. Liver
sections were stained with hematoxylin—eosin or Sirius
red (Sweat et al., 1964) in order to assess liver damage and
fibrosis development. Sirius red-stained sections were used to
quantify fibrosis by image analysis (visilog software, Noesis,
Les Ulis, France). Quantification of areas stained with
Sirius red was carried out on four microscopic fields per
slide and results are expressed as stained pixels/field.
Immunostaining for proliferating cell nuclear antigen
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Figure 6 Immunohistochemistry for PCNA of rat liver sections.
Animals received DMN for 6 weeks and were treated with vehicle (a)
or GW6604 (b) from week 4 to 6 as described in Methods. In the
later group, a 10-fold increase in regenerating hepatocytes was
observed.

(PCNA) (DAKO) to detect proliferating cells was carried
out to assess hepatic regeneration. Immunostaining for

smooth muscle o-actin (Sigma) was used to detect
hepatic stellate cells/myofibroblasts (Cassiman et al.,
2002).

For electron microscopy examination, the samples

were initially fixed in phosphate-buffered 4% formalde-
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hyde/1% glutaraldehyde (McDowell & Trump, 1976).
They were then postfixed in 1% Millonigs’ buffered osmium
tetroxide and processed into Spurr’s resin. Toluidine blue-
stained survey sections (1 um) were prepared and examined by
light microscopy to locate the areas of interest. Ultra-thin
sections 60-90nm were then prepared, stained with uranyl
acetate and lead citrate, and examined in a Philips CM10
transmission electron microscope, operated at 60kV. Exam-
ination of the sections was carried out and particular attention
was paid to stellate cells phenotype and numbers. A count of
these cells was carried out in the liver of one representative
animal of each group. Approximatly 170 grid squares were
counted for each sample.

Messenger RNA quantification by RT-PCR

Messenger RNAs were quantified by RT-PCR using an ABI
prism 7700 sequence detection system (Applied Biosystem). All
genes were quantified relative to 18S (Tagman ribosomal RNA
control reagent, Applied Biosystem). Primer sequences for
COL TAI, COL TA2, COL III, TGF-f1, and TIMP-1 are
shown below:

COL TAl: ATGTTCAGCTTTGTGGACCT (forward)
CAGCTGACTTCAGGGATGT (reverse);
COL TA2: CAATGGTGGCAGCCAGTTTG (forward)

CCAGGTACGCAATGCTGTTCTT (reverse);

Figure 7 Liver histology. Representative photomicrograph of rat liver sections from the chronic DMN study. Hematoxylin/eosin
staining (a, ¢, and e) and Sirius red staining (b, d, and f) of liver sections from control (a and b), DMN animals treated with vehicle (c

and d), and DMN animals treated with GW6604 (e and f).

Table 3 Quantification of liver collagen content

Saline + vehicle

Collagen area (pixel/field) 1571+ 72

Saline + GW6604

1568+ 80

DMN + vehicle DMN+GW6604

34,809 +2978* 11,229+ 1072%

Sirius red-stained areas were quantified by image analysis. Results are reported as stained pixel by microscopic field.
*Statistically (ANOVA test) significant difference between DMN + vehicle and saline + vehicule groups (P <0.001).
#Statistically significant difference (P<0.001) between DMN + GW6604 and DMN + vehicule groups.

British Journal of Pharmacology vol 145 (2)
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COL III:  GCCATGAGACTCCCCATCATAGATATC
(forward)
CTTATAAAAAGCAAACAGGGCCAATGT
(reverse);

GCCTACACCCCAGCCATGGA (forward)
CGGCCCGCGATGAGAAAC (reverse);
CGGACTACTACGCCAAAGAAGT (forward)

TGGTTTTGTCATAGATTGCGTT (reverse).

TIMP-1:

TGF-pl:

After collection, livers were kept at —20°C in RNAlater.
RNAs were then extracted using the RNAble kit (Eurobio,
France). Reverse transcription of 1ug of total RNA
was carried out using the Taqman reverse transcription
reagent (Applied Biosystem). PCR was performed using
the sybr-green technology in a final volume of 25 ul. Briefly,
5 ul of cDNA were mixed with 12.5 ul of sybr-green master mix
and 0.1ul of each primer (50pmolul™'); after a 10min
incubation at 95°C, amplification was achieved by 40 cycles
of 15s at 95°C followed by 1min at 65°C. On each
amplification curve, the threshold cycle was determined and
used for the quantification of mRNA using the ABI prism
7700 software.

Results

GW6604 prevents TGF-B signaling through ALKS kinase
inhibition

In HepG2 cells stably transfected with the TGF-p-responsive
wild-type PAI-1 promoter driving a luciferase reporter gene,
GW6604 (see structure in Figure 1) inhibited TGF-f-induced
PAI-1 transcription and secretion at submicromolar concen-
trations (ICso =500 nM; Figure 2a). GW6604 selectivity versus
activin and BMP, two members of the TGF-f superfamily,
was addressed using activin- and BMP-specific cellular
reporter assays. GW6604 showed a five-fold selectivity versus
activin (ICsy of 2.5uM) and did not inhibit BMP signaling
(ICy > 10 uMm) (Figure 2a).

Transduction of TGF-§ signaling results in Smad
protein translocation to the nucleus and transcription of
TGF-p-responsive genes. The Smad binding sequence in the
promoter region of TGF-f-responsive genes is critical for
TGF-f/Smad-induced transcription (Dennler et al., 1998; Shi
& Massague, 2003). Using HepG?2 cells transfected with an
artificial reporter comprising nine adjacent copies of the
Smad3/Smad4 binding sites derived from the PAI-1 promoter,
we show that GW6604 inhibited the TGF-f-induced response
with a potency comparable to that measured on the wild-type
PAI-1 promoter, suggesting that GW6604 efficiently blocked a
Smad-dependent response (Figure 2b). To further investigate
the mechanism by which GW6604 inhibits TGF-f signaling,
an ALKS autophosphorylation assay was performed using a
purified recombinant kinase domain. As shown in Figure 2c,
GW6604 inhibited ALKS5 activity with an ICsy of 140nM, a
potency comparable to that measured in an ALKS binding
assay (ICso=107nM (Table 1). The selectivity of GW6604 for
ALKS5 versus other kinases was tested using a panel of other
kinases including P38MAPK, VEGFR2, P56lck, ITK, Src,
and TGF-f type II receptor; GW6604 demonstrated no
significant activity on these kinases at concentrations up to
10 uM (Table 1).

GW6604 increases liver regeneration
in TGF-Bl-overexpressing mice

To evaluate whether GW6604 effectively blocked TGF-p
effects in an in vivo physiological context, mice overexpressing
TGF-p1 under the control of the liver-specific albumin
promoter (Sanderson et al., 1995) were treated with GW6604
before and after partial hepatectomy and animals were killed
40 h after hepatectomy. Liver regeneration was quantified via
BrdU labeling on five representative microscopic fields per
animal. Treatment with GW6604 induced a 4.7-fold increase in
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Figure 8 Immunohistochemistry for alpha smooth muscle actin in
rat liver sections from the chronic DMN study. Animals received
DMN for 6 weeks and were treated with vehicle (a) or GW6604 (b)
from week 4 to 6 as described in Methods.

Table 4 Number and phenotype of hepatic stellate
cells determined by electronic microscopy analysis of
livers from vehicle and GW6604-treated animals from
the chronic DMN study

Quiescent Myofibroblast Total
Saline + vehicle 7.4 3.7 11.1
Saline + GW6604 7.4 3.1 10.5
DMN + vehicle 1.7 20.4 22
DMN +GW6604 4.8 3.5 9.3

Stellate cells are expressed as number per 0.1 mm? of liver
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Figure 9 Representative electron microscopy images of hepatic stellate cells from a liver section obtained from (a) a control
animal, (b) a control animal treated with GW6604 for 3 weeks, (c) a 6-week DMN-treated control animal and (d) a 6-week DMN-
treated animal who received GW6604 (80 mgkg ™', b.i.d.) for the last 3 weeks. N =nucleus of hepatic stellate cells; L = lipid droplet

in hepatic stellate cell.

Table 5 Effects of GW6604 treatment on liver enzymes and hyaluronic acid in the chronic DMN model

ASAT

Iuih
Saline + vehicle (7) 88+6
Saline + GW6604 (80 mgkg ' twice a day) (7) 81+7
DMN + vehicle (9) 5914 93%*
DMN+GW6604 (80 mgkg ™' twice a day) (11) 126+ 10##

(n) Number of animals/group at study end.

ALAT
U

4342
47%4
2574 36%*
82+ 8%

Alkaline
phosphatase
auih

225+18
199422
344 +39*
249 +23#

Bilirubin
(mgl™)

1+0.1

2+0.1
16+4%*

T+1#

*Statistically significant difference between DMN + vehicule and saline + vehicule groups (*P <0.05, **P<0.01).

#Statistically significant difference between DMN + GW6604 and DMN + vehicule groups (*P<0.05, #P<0.01) (¢-test).

Hyaluronic
acid (ugl™")

107+17
70411
5524 89%*
222437
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hepatocyte proliferation in partially hepatectomized TGF-f
transgenic animals (1.8 +0.4 and 8.5+2.2 stained nuclei per
field in animals treated with vehicle and GW6604, respectively,
P=0.02 (z-test)) (Figure 3). In hepatectomized nontransgenic
animals and in nonhepatectomized animals treatment with
GW6604 did not increase BrdU staining (data not shown).
These results show that the anti-TGF-f activity of GW6604
observed in vitro in HepG?2 cells translates into an effect on
mouse hepatocytes in vivo.

Effect of GW6604 in an acute DM N model

During fibrogenesis, increase in COL IA1 synthesis is mainly
triggered by TGF-f acting on hepatic stellate cells. In rats
given DMN for 3 consecutive days, liver COL IA1 mRNA
expression measured by quantitative RT-PCR was increased
by about 10-fold at day 8. GW6604 (25-80mgkg~' p.o., b.i.d.)
given on days 6, 7, and 8 to DMN-pretreated rats dose
dependently inhibited COL IA1 overexpression (Figure 4).

Similarly, 3 days after a single administration of CCly
(2mlkg™" in olive oil 1:1) to rats, liver COL IA1 mRNA was
increased by eight-fold and this increase was only 1.6-fold in
rats treated with GW6604 (100mgkg™' p.o., b.i.d. for 3
consecutive days).

Therapeutic effect of GW6604 in a chronic DM N model
of liver fibrosis

To demonstrate a potential therapeutic benefit of GW6604
treatment on matrix deposition and liver function, rats were
given DMN for 6 consecutive weeks and received GW6604
(80mgkg™' p.o., b.i.d.) for the last 3 weeks. During the first 3
weeks of DMN administration, liver disease developed as
described (Wu & Norton, 1996; George et al., 2001); weight
progression was only slightly decreased by DMN. All rats
treated with GW6604 in the DMN group (DMN-GW6604)
survived the 6 weeks, whereas mortality approached 50% in
the DMN-vehicle-treated group (DMN-vehicle) (Table 2). A
significant decrease in liver weight was observed in the DMN-
vehicle group compared to the saline-vehicle group. GW6604
prevented this decrease and maintained a normal liver weight
(9+1.4¢g for the DMN-vehicle versus 17.3+0.5g for DMN-
GWo6604-treated animals) (Table 2). However, body weight
gain was totally inhibited in both DMN-GW6604- and DMN-
vehicle-treated groups (Figure 5). Immunostaining of liver
section with PCNA antibodies showed very few regenerating
hepatocytes in DMN-vehicle-treated rats, whereas a 10-fold
increase in proliferating hepatocytes was observed in DMN-
GW6604 group (Figure 6). Long-term DMN administration is
known to cause chronic liver disease characterized by extensive
fibrosis leading to cirrhosis (Wu & Norton, 1996; George et al.,
2001). Analysis of liver gene expression showed that DMN
treatment greatly increased mRNA encoding for matrix
components (COL TA1, COL IA2, and COL III) as well as
for TIMP-1 without interfering with 18S, which was used as a
reference gene. In DMN-GW6604-treated animals, over-
expression of mRNA encoding for TGF-f1, collagens, and
TIMP-1 was reduced by 50-75% compared to DMN-vehicle
group, indicating a reduction in the fibrotic process as well as
an increased matrix degradation (Table 2).

Histological examination of livers showed that in rats
treated for 6 weeks with DMN, liver architecture was

drastically altered with necrotic areas and large fibrosis
bundles linking portal spaces (Figure 7). Quantification of
collagen by image analysis (Lopez-de-Leon & Rodjkind, 1985;
James et al., 1986) showed a 22-fold increase in collagen
content in the DM N-treated group and this effect was reduced
to seven-fold in the group treated with GW6604 as shown in
Table 3. In addition, increased numbers of myofibroblast-like
cells (stained positive for smooth muscle alpha actin (¢-SM))
were observed within the parenchyma (Figure 8). In the DMN-
GW6604-treated rats, fibrosis was greatly reduced and the
number of «-SM-positive cells was significantly decreased,
although parenchyma did not completely recover a normal
aspect. Electron microscopy analysis of liver sections was
performed and particular attention was paid to hepatic stellate
cell phenotype and number. In a quiescent phenotype, these
cells store vitamin A as lipid droplets and upon liver injury
differentiate into myofibroblast-like cells and lose their
vitamin A content. In the control group, most stellate cells
(70%) were in the quiescent state, whereas in the DM N-treated
group the number of stellate cells doubled and most of them
displayed a myofibroblast phenotype (90%) (Table 4). Upon
treatment with GW6604 not only was the number of stellate
cells similar to control groups but also most were of a vitamin
A storing phenotype, indicating reduced recruitment of
myofibroblasts or that GW6604-induced apoptosis of myofi-
broblasts (Figure 9 and Table 4). These data are consistent
with the «-SM staining and the reduction in fibrosis observed
in these animals.

Chronic DMN administration strongly increased ALAT,
ASAT, alkaline phosphatase (PAL), and bilirubin levels. These
increased levels of liver injury markers were greatly reduced in
animals treated with GW6604 (Table 5) and almost normal-
ized in the case of alkaline phosphatase. In addition, the
circulating fibrosis marker hyaluronic acid (Guechot et al.,
1994; Pontinha et al., 1999), which was elevated by DMN, was
decreased upon treatment with GW6604, indicating again a
reduction in the fibrotic process.

Discussion

Overexpression of TGF-f is a hallmark of fibrotic diseases
affecting the lung, kidney, and liver. Recent reports showing
the critical role played by the ALK ser/thr kinase membrane
receptors and, in particular, ALKS have stimulated interest in
finding selective ALKS5 inhibitors. ALKS5 phosphorylates the
receptor-activated Smads (R-Smads), downstream mediators
of TGF-f signaling, which drive transcription of collagen
genes, thereby triggering matrix deposition. This intracellular
signal also induces expression of genes involved in inhibition of
matrix degradation such as PAI-1 and TIMP-1. It was
therefore tempting to speculate that inhibition of TGF-f
signaling via ALKS inhibition may have a beneficial impact on
chronic fibrotic disease. To test this hypothesis, we identified
inhibitors of TGF-f signaling using a cellular assay based on
TGF-f-induced transcription of a luciferase reporter gene
driven by the TGF-f-responsive PAI-1 promoter. This led to
the identification of GW6604, which inhibited ALKS5 kinase
activity in an autophosphorylation assay (ICso=140nM,
Figure 2c). A similar affinity (ICsy: 107 nM) of GW6604 was
also measured in a binding assay on purified recombinant
ALKS (Table 1).
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GW6604 was highly selective with respect to BMP signaling
and showed moderate selectivity toward activin signaling (ICs,
TGF-p: 500 nM/activin: 2500 nM). These data are comparable
with those obtained for a previously published ALKS5 inhibitor
(Inman et al., 2002; Laping et al., 2002), which also showed
some degree of inhibition of ALK4 signaling, consistent with
the high degree of homology between the ALKS and ALK4
kinase domains (87% identity).

To demonstrate that GW6604 could effectively block TGF-
p activity in vivo, we used a TGF-f-dependent model
(transgenic mice overexpressing TGF-f in the liver) in which
partial hepatectomy was performed. Bottinger et al. previously
showed that these mice present a defect in liver regeneration
due to TGF-f repressing activity on hepatocyte proliferation.
In these animals, liver regeneration could be increased by
injection of a TGF-f latency-associated peptide (LAP), a
natural TGF-p binding protein, which prevents mature-TGF-f
association and signaling through its receptor. GW6604
induced a 4.7-fold increase in hepatocyte proliferation 40h
posthepatectomy, a time corresponding to a peak of mitosis.
This level is similar to that reported after LAP administration
(4.5-fold increase in BrdU-stained cells) (Bottinger er al.,
1996), demonstrating functional anti-TGF-f activity of
GW6604 in a TGF-fS-dependent model. Activin and BMPs
transduce their signal through structurally related ALK
receptors and our in vitro data suggest that, in addition to
TGF-p signaling, activin signaling through ALK4 could also
be prevented by high doses of GW6604. Follistatin, a natural
activin-blocking protein has been shown to increase liver
regeneration following partial hepatectomy in rodents (Phillips
& De Kretser, 1998; Takabe et al., 2003). Based on these
observations, one cannot totally exclude a contribution of
activin blockade in the observed increase in hepatocyte
proliferation following treatment with GW6604. However,
we consider that the effect of GW6604 in this liver regenera-
tion model is more in favor of an ALKS5 versus ALK4
inhibitory effect for two main reasons: as mentioned above,
GW6604 effects were highly comparable to those obtained
following administration of the TGF-f binding protein LAP;
in addition, our data obtained in partially hepatectomized
nontransgenic control animals showed that GW6604 did not
increase hepatocyte proliferation when compared to vehicle
treated animals (a 1.1-fold nonsignificant increase).

Liver fibrosis is a complex disease involving several
mediators and different cell types. Collagen overproduction,
responsible for matrix accumulation in sinusoids and the
portal space, is driven by myofibroblasts derived mainly from
stellate cell differentiation or from other potentially fibrogenic
cells with no evidence of an involvement of hepatocytes as
matrix-producing cells (Weiner et al., 1992; Li & Friedman,
1999). Our results obtained in the liver regeneration model in
TGF-f-overexpressing mice clearly demonstrated a direct
effect of GW6604 on hepatocyte proliferation. Interestingly,
basal expressions of COL IA1 mRNA as well as the number of
matrix genes are increased in the liver and kidney of these mice
when compared to control nontransgenic mice, and we
observed that a 5-day treatment with GW6604 resulted in an
inhibition of matrix gene expression (data not shown). To
further explore the therapeutic potential of TGF-f pathway
inhibition, GW6604 was tested in more complex liver fibrosis
models not driven by TGF-f overexpression only. We tested
GW6604 in both an acute and a chronic model of DMN-

induced fibrosis. In the acute model, DMN was given to rats
for 3 days and GW6604 was administered on days 6-8. This
protocol was chosen to minimize a potential disease-modifying
effect of GW6604 on the early phase of DMN-induced liver
disease. DMN administration caused a 10-fold increase in
COL TA1l mRNA expression measured by quantitative RT—
PCR and this increase was dose dependently inhibited by
GW6604 (Figure 4). As mentioned in the Results section,
similar results were obtained in an acute CCl,; model.

In the acute model, although an inhibitory effect on COL
IA1 mRNA expression could be clearly demonstrated,
histological quantification of matrix deposit to evaluate a
potential benefit of GW6604 could not be performed due to
the kinetics of matrix accumulation in this model (George &
Chandrakasan, 2000; George et al., 2001). Prolonged DMN
administration to rats has been shown to induce a number of
pathological features observed in human chronic liver disease
such as portal hypertension, cirrhosis, ascites, and biochemical
abnormalities (Wu & Norton, 1996; George & Chandrakasan,
2000; Nakamura et al., 2000; George et al., 2001). The chronic
experiment was set up in order to mimic a clinical situation
where treatment is initiated when lesions are already advanced.
In this experiment, DMN was given for 6 consecutive weeks
with treatment with GW6604 starting at the beginning of the
fourth week. After 3 weeks of GW6604 treatment, the most
striking observation was the complete protective effect of the
ALKS inhibitor on DMN-induced mortality (no deaths in the
DMN-GW6604-treated group versus 7/16 in the DMN-vehicle
group). These results are consistent with those of Nakamura
et al. (2000), where rats were treated with a secreted form of
the TGF-f type II receptor. In our study, although all animals
treated with GW6604 survived, body weight loss was not
prevented by the ALKS inhibitor, suggesting that GW6604 did
not act non-specifically by preventing DMN-induced toxicity.
In the DMN (vehicle) group, liver weight was decreased by
almost 50% when compared to control animals, a feature of
severe liver disease and fibrosis, whereas GW6604-treated
animals maintained a normal or slightly increased liver size
(Table 2). Immunohistological analysis of liver sections
showed a 10-fold increase in PCNA staining in the DMN-
GW6604 group, whereas no increase in PCNA-stained cells
was observed in the control group treated with GW6604 only.
Following partial hepatectomy of DMN-treated rats, Ohara
also found that liver regeneration was increased by a treatment
with anti-TGF-f antibodies (Ohara & Kusano, 2002). Taken
together, these results are consistent with those obtained in the
mouse liver regeneration model and suggest that, following
liver injury in rodents, ALKS signaling may influence and
control hepatocyte proliferation. It is also possible that
blocking of ALKS5 signaling may prevent TGF-f-induced
apoptosis (Oberhammer ez al., 1992), and that this effect
contribute to some extent to the prevention of liver weight
decrease.

The beneficial antifibrotic effects of inhibiting the TGF-f8
pathway with GW6604 can be explained by different mechan-
isms. Upon treatment with GW6604, expression of collagens
TIMP-1 and TGF-f genes was reduced when compared to
DMN-vehicle groups. These effects could be linked to a direct
effect of ALKS inhibition on TGF-f-induced expression of
matrix genes by HSC, and can also be explained by a reduction
in HSC proliferation/differentiation as demonstrated by
immunostaining of «-SM-positive cells and electron micro-
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scopy analysis showing a reduced number of activated HSC. In
an activated state, HSC secrete not only matrix components
such as collagens but also TIMP-1, which inhibits matrix
degradation. In addition, secreted TIMP-1 has been shown to
inhibit stellate cell apoptosis via inhibition of matrix metallo-
proteases (Murphy et al., 2002), suggesting that the lower
number of activated HSC might be due to an increased
apoptosis. Reduced expression of PAI-1 mRNA in the liver
was also observed in rats upon TGF-f inhibition with
GW6604 (data not shown), an effect presumably translating
into a decrease in PAI-1 protein, causing indirect increase in
matrix degradation through increased plasmin activity as
suggested by previous studies (Eitzman et al., 1996; Zhang
et al., 1999). In addition, the observed reduction in TGF-f1
mRNA also suggests that ALKS inhibition may induce a
break in the TGF-f overproduction/fibrogenesis process, thus
contributing to the therapeutic benefit. All of these effects of
GW6604 on matrix production and liver regeneration led to an
overall improvement of liver state as assessed by liver enzyme
data (a reduction in ALAT, ASAT, and alkaline phosphatase).
Consistent with the results of Nakamura et a/. (2000), bilirubin
levels were also significantly reduced upon ALKS inhibition.
However, it is possible that the effect on liver enzymes (ALAT
and ASAT) is indirect or dependent on the fibrosis model used
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