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Abstract

Chronic cholestatic liver diseases are characterized by injury of the bile
ducts and hepatocytes caused by accumulated bile acids (BAs) and inflam-
mation. Wnt/p-catenin signaling is implicated in organ fibrosis; however, its
role in cholestatic liver fibrosis remains unclear. Therefore, we explored the
effect of a selective cAMP response element-binding protein-binding pro-
tein (CBP)/p-catenin inhibitor, PRI-724, on murine cholestatic liver fibrosis.
PRI-724 suppressed liver fibrosis induced by multidrug resistance protein 2
knockout (KO), bile duct ligation, or a 3.5-diethoxycarbonyl-1.4-dihydrocollid
ine (DDC) diet; it also suppressed BA synthesis and macrophage infiltration.
The expression of early growth response-1 (Egr-1), which plays a key role in
BA synthesis, was increased in the hepatocytes of patients with cholestatic
liver disease. PRI-724 inhibited Egr-1 expression induced by cholestasis, and
adenoviral shEgr-1-mediated Egr-1 knockdown suppressed BA synthesis and
fibrosis in DDC diet—fed mice, suggesting that PRI-724 exerts its effects, at
least in part, by suppressing Egr-1 expression in hepatocytes. Hepatocyte-
specific CBP KO in mice suppressed BA synthesis, liver injury, and fibrosis,
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INTRODUCTION

Primary biliary cholangitis (PBC) and primary scleros-
ing cholangitis (PSC) are chronic progressive choles-
tatic liver diseases caused by autoimmune disorders of
unknown etiology,m and there is currently no effective
treatment for these conditions aside from liver trans-
plantation. Cholestatic liver injury results from liver
parenchymal cell destruction because of the retention
of hydrophobic bile acids (BAs). The initial hepatocyte
damage triggers subsequent inflammatory responses,
exacerbating hepatocyte and intralobular bile duct in-
jury, resulting in fibrosis and, eventually, liver failure from
cirrhosis.[" Ursodeoxycholic acid and bezafibrate have
been recognized as therapeutic agents for PBC?3,
however, antifibrotic drugs for liver cirrhosis associated
with PBC and PSC are yet to be put into practical use.?!
BA receptors such as farnesoid X receptor (FXR) and its
transporter system, and fibroblast growth factor 19, are
attracting attention as therapeutic targets for cholestatic
liver diseases and liver fibrosis.®® However, there is
currently no therapeutic drug that lowers BAs.

Several studies have reported that abnormal
Wnt/B-catenin signaling is involved in fibrosis."®
Transforming growth factor-f (TGF-f)/mothers against
decapentaplegic homolog 3 (Smad3) signaling, a key
mediator of abnormal extracellular matrix production,
cross-talks with the Wnt/B-catenin pathway.”! Studies
using hepatocyte-specific -catenin gene KO in mice
revealed dual roles of -catenin signaling: Deletion of
-catenin increased liver injury and fibrosis induced by
cholestasis in Mdr2-KO mice, whereas it suppressed
liver injury and fibrosis due to cholestasis in bile duct—
ligated (BDL) mice.['®"]

The transcription factor early growth response-1
(Egr-1) is a mediator Smad, independent of TGF-$
signaling.”zl TGF-p enhances collagen type | alpha 2
(COL1AZ2) transcription induced by Egr-1 in vitro and in
vivo."®! Egr-1 also regulates Wnt/p-catenin-mediated
signals.“‘” Studies have revealed the involvement
of Egr-1 in cholestatic liver fibrosis."® BAs increase
Egr-1 expression, and inversely, Egr-1 induces BA ac-
cumulation through the up-regulation of Cyp7A1 and
Cyp881.[15] However, the relationship between Egr-1
and Wnt/B-catenin signaling remains unclear.

whereas hepatocyte-specific KO of P300, a CBP homolog, exacerbated
DDC-induced fibrosis. Intrahepatic Egr-1 expression was also decreased in
hepatocyte-specific CBP-KO mice and increased in P300-KO mice, indicat-
ing that Egr-1 is located downstream of CBP/f-catenin signaling. Conclusion:
PRI-724 inhibits cholestatic liver injury and fibrosis by inhibiting BA synthe-
sis in hepatocytes. These results highlight the therapeutic effect of CBP/B-
catenin inhibition in cholestatic liver diseases.

-Catenin recruits cAMP response element-binding
protein-binding protein (CBP) or P300, a homolog of
CBP,'® as a coactivator to induce target gene tran-
scription, with CBP and P300 playing distinct roles.
Recently, we showed that PRI-724, a low-molecular-
weight compound that selectively inhibits the interaction
between CBP and p-catenin, exerts antifibrotic effects
in liver fibrosis models."”! PRI-724 is highly tolerated
as it does not inhibit P300/p-catenin signaling,”sl and
phase 1/2a clinical trials have confirmed that PRI-724
does not have harmful effects on humans.'¥ In this
study, the efficacy of PRI-724 in suppressing choles-
tatic liver fibrosis was evaluated in mice. Mouse models
mimicking human PSC were established using three
different methods: Mdr2 KO, BDL, and a 3.5-diethoxy
carbonyl-1.4-dihydrocollidine (DDC) diet.?% In addition,
to investigate the distinct roles of CBP and P300 in the
progression of cholestatic liver disease, hepatocyte-
specific CBP-KO and P300-KO mice were used.

Briefly, we investigated the effectiveness of PRI-724
in three cholestasis fibrosis models and focused on he-
patocyte CBP/p-catenin-Egr-1 signaling with regard to
its potential antifibrotic effects. Although many points
regarding the therapeutic potential of PRI-724 remain
unclear, this study reports on the importance of hepato-
cyte CBP signal and bile acid metabolism mechanism.

MATERIALS AND METHODS
Animals and treatments

All mice were maintained in ventilated cages under
12-h light/dark cycles with free access to enrichment,
water, and feed.

Mdr2-KO model

Mdr2-KO (FVB.129P2-Abcb4tm1Bor/J, #002539) mice
were purchased from the Jackson Laboratory, and
wild-type littermates in the friend leukemia virus B
(FVB)/NJ background were used as a control. Male
Mdr2-KO mice and littermate controls (8—10weeks or
10—11months of age) were intraperitoneally injected
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with 20mg/kg PRI-724 (Prism BiolLab) dissolved in
phosphate-buffered saline (PBS) or with PBS as a con-
trol 3 times a week for 10 weeks.

BDL model

Male wild-type (C57BL/6J) mice aged 8—10 weeks were
obtained from Japan SLC and were subjected to BDL
by dissecting the common bile duct above the pancreas
as described previously.[m The mice were intraperito-
neally injected with 20 mg/kg PRI-724 dissolved in PBS
3 times a week and sacrificed on day 14 after BDL.

DDC model

The following mouse strains were obtained from the
Jackson Laboratory: albumin promoter—driven Cre
recombinase (Alb/Cre) mice (B6.FVB[129]-Tg[Alb1-
cre]1DIr/J, #016832), Lyz2 promoter—driven Cre re-
combinase (LysM/Cre) mice (B6.129P2-Lyz2™crellfoy,
#004781),CBP"™mice (B6.Cg-Crebbp™™/"/J #025178),
and P300"° mice (B6.129P2-Ep300™™2F 1), #025168).
CBP" mice were crossed with Alb/Cre and LysM/Cre
mice to delete CBP in hepatocytes and macrophages.
P300"* mice were crossed with Alb/Cre mice to delete
P300 in hepatocytes. These male mice and C57BL/6J
wild-type male mice that were 8weeks old were fed a
0.1% DDC-enriched (Sigma-Aldrich) diet for 18days.
Some wild-type mice were injected with the adeno-
associated virus (AAV) construct on day 4 of DDC
administration.

The animals were euthanized by exsanguination.
The livers were immediately removed, frozen in liquid
nitrogen, and stored until analysis. A portion of the dis-
sected liver tissues was fixed with 10% formalin for his-
tological analysis.

AAV transfection

AAVs (serotype 8) were custom-packed at SignaGen
Laboratories. Egr-1 short hairpin RNA (shRNA; AAV8/
shEgr-1) (Cat # SL100810) or control shRNA (AAV8/
control) (Cat # SL100862) was delivered by tail vein in-
jection (2x 10" copies/mouse) (Figure S5).

Serum cytokines, chemokines,
and parameters

Levels of serum cytokines and chemokines were meas-
ured using Bio-Plex Cytokine Assay Kits (Bio-Rad
Laboratories) according to the manufacturer's instruc-
tions. Specifically, the Bio-Plex mouse Cytokine 40-Plex
Panel, Chemokine Panel, and matrix metalloproteinase

(MMP) panel were used. The samples were analyzed
in a 96-well plate reader using a Bio-Plex Suspension
Array System and Bio-Plex Manager software (Bio-
Rad Laboratories). Serum alanine aminotransferase
(ALT) and alkaline phosphatase (ALP) levels were ana-
lyzed using the Transaminase Cll test and LabAssay
ALP (Fuji Firm Wako). Serum bilirubin was measured
using the QuantiChrom Bilirubin Assay Kit (BioAssay
Systems).

BA analysis

Serum and liver total BA (TBA), cholic acid (CA), and
chenodeoxycholic acid (CDCA) levels were analyzed
using the Total Bile Acid Assay Kit, Cholic Acid ELISA
Kit, and Chenodeoxycholic Acid ELISA Kit, respec-
tively (Cell Biolabs), according to the manufacturer's
instructions.

Hydroxyproline measurement

Liver tissues were homogenized and hydrolyzed in 6N
HCI at 110°C for 24 h. The samples were oxidized with
chloramine-T (Sigma-Aldrich) and incubated in Ehrlich's
perchloric acid solution as previously reported.[zﬂ The
absorbance of the samples at 558 nm was measured
by a GloMax explorer multimode microplate reader
(Promega). Purified hydroxyproline (Sigma-Aldrich)
was used as the standard. Hydroxyproline content was
expressed as micrograms of hydroxyproline per gram
of liver.

Real-time quantitative polymerase
chain reaction

RNeasy and DNase Kits (Qiagen) and the High-
Capacity cDNA Reverse Transcription Kit (Applied
Biosystems) were used for RNA extraction from liver
tissues and cultured cells, DNA removal, and reverse
transcription. Quantitative polymerase chain reac-
tions (PCRs) were run in ftriplicate using probe and
primer sets (Table S1) purchased from Thermo Fisher
Scientific and TagPath gPCR Master Mix, CG (Applied
Biosystems) in a LightCycler 480 (Roche Applied
Science). Target gene-expression levels were normal-
ized to that of GAPDH (glyceraldehyde 3-phosphate
dehydrogenase) in each sample.

PCR array

The RT? Profiler™ PCR Array (Qiagen Sciences) was
used for messenger RNA (mMRNA) expression analy-
sis of WNT/p-catenin-related genes (mouse WNT
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signaling pathway [PAMM-043Z] and mouse WNT
signaling targets [PAMM-243Z]) in the liver. The assay
was performed using RT? SYBR Green qPCR Master
Mix and the RT? First Strand Kit (Qiagen). The target
genes on the PCR arrays can be obtained from the
Qiagen website.

Human PBC samples

Normal liver tissues (non-cancerous tissues from pa-
tients with metastatic liver tumors) (n = 5) and PBC liver
tissues (n = 8) were obtained by needle biopsy. PBC
diagnoses were made according to clinical guidelines
and typical histological findings. Written informed con-
sent to participate in this study was obtained from all
patients.

Histological analysis

Mouse liver tissues were fixed in 10% formalin, sec-
tioned, and stained with hematoxylin and eosin (HE).
Collagen deposits were stained with sirius red (sat-
urated picric acid containing 0.1% direct red 80 and
0.1% Fast Green FCF). In addition, the samples were
immunohistochemically stained using antibodies
against S100A4, GS, cytokeratin 19 (Abcam), Egr-1
(Santa Cruz Biotechnology), F4/80 (Invitrogen), CBP
(Cell Signaling Technology), P300 (GeneTex), and
Ki-67 (DAKO) using the VECTASTAIN Elite ABC
Kit or the M.O.M Immunodetection Kit (Vector Lab).
For human liver-tissue staining, antibodies against
CBP (Cell Signaling Technology), P300 (GeneTex),
and Egr-1 (Cell Signaling Technology) were used.
Diaminobenzidine tetrahydrochloride was used as
a peroxidase substrate, and sections were counter-
stained with hematoxylin.

To quantify sirius red—positive areas, standard-
ized computer-assisted image analysis was per-
formed.??!  An independent pathologist blindly
selected five sirius red—stained parenchyma spots
in all biopsy samples and automatically measured
the sirius red—positive areas using the HistoQuant
software (3DHISTECH).

Statistical analysis

Data are expressed as the mean+SD of data collected
from at least three independent experiments. Means of
two groups were compared using a two-tailed Student's
t test, and means of multiple groups were compared by
one-way analysis of variance followed by Bonferroni's
post-hoc tests using GraphPad Prism 8.0 (GraphPad
Prism Inc.). Statistical significance was set at *p<0.05,
**p<0.01, ***p<0.005, and ****p<0.0001.

RESULTS

PRI-724 suppresses cholestatic liver
fibrosis in Mdr2-KO mice

To investigate whether PRI-724 has a therapeutic ef-
fect on liver fibrosis due to cholestasis, Mdr2-KO mice,
which fail to secrete phospholipids from the liver into
the bile, resulting in cholestasis and subsequent portal
inflammation followed by liver fibrosis, were used.!*’!
The treatment protocol is shown in Figure 1A. Sirius
red—positive areas, indicating collagen deposition,
were observed in the livers of Mdr2-KO mice in the
control group at 18weeks, whereas the fibrotic areas
were reduced in the livers of mice with intraperitoneally
administered PRI-724 (20 mg/kg/mouse) (Figure 1B,C).
In addition, collagen deposition, as measured by hy-
droxyproline  quantification, decreased following
PRI-724 treatment in Mdr2-KO mice (Figure 1D).
Gene-expression analysis of the livers revealed that
the mRNA levels of Col1a1, Col1a2, and tissue inhibi-
tor of metalloproteinase 1 (TIMP1; an endogenous
MMP inhibitor) were significantly reduced in the PRI-
724-administered group compared with those in the
control group (Figure 1F), whereas MMP-9 expression
was increased. In addition, the serum levels of MMP-8
and proMMP-9 were increased by PRI-724 (Figure 1E).
These results suggest that PRI-724 suppresses fibro-
sis induced by Mdr2-KO. HE staining and the bile duct
injury experiment showed that PRI-724 suppressed the
infiltration of inflammatory cells around the portal vein.
After PRI-724 administration, we collected leukocytes
from the livers of Mdr2-KO mice and confirmed a de-
crease in the numbers of inflammatory cells (e.g., CD8
T cells, macrophages, monocytes) (Figure S1).

This is reflected by a decreased number of CK19-
positive proliferating bile ductules (Figures 1G,H) and
a reduction in liver damage, as indicated by decreased
serum alanine transaminase (ALT), alkaline phospha-
tase (ALP), and total bilirubin (T.Bil) levels (Figure 1I).
The number of Ki67-positive cells did not differ between
the two groups (Figure 1G,H), indicating that PRI-724
does not affect hepatocyte proliferation, although f-
catenin signaling has been reported to be implicated in
liver regeneration.

PRI-724 reduced BA synthesis and Egr-1
expression in the liver of Mdr2-KO mice

To assess the target cells of PRI-724 in Mdr2-KO
mice, liver tissues were subjected to immunostaining.
Staining of S100A4, which is downstream of CBP/j-
catenin signaling, was observed primarily in inflam-
matory cells in the control group, and S100A4-positive
cells were reduced in the PRI-724-administered group
(Figure 2A,B). Similarly, the number of cells staining
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FIGURE 1 PRI-724 suppresses liver injury and fibrosis in multidrug resistance protein 2 (Mdr2)—knockout (KO) mice. Male Mdr2-KO
mice (8—10weeks old, n = 12) and friend leukemia virus B (FVB) background control mice (n = 6) were treated or not with PRI-724 (20 mg/
kg, 3 times a week) for 10weeks. (A) Scheme of the treatment protocol. (B—D) Collagen deposition as assessed by sirius red staining (B;
scale bars, 500 pm, 1mm, and 500 um, respectively, from the top figure) and graph (C) and by measuring hydroxyproline contents (D). (E)
Serum matrix metalloproteinase (MMP) levels as analyzed using a Bio-Plex assay. (F) Messenger RNA (mMRNA) expression of the indicated
genes in the livers as determined by real-time quantitative polymerase chain reaction (PCR). (G,H) Hematoxylin and eosin (HE) staining
and immunohistochemical staining using anti-CK19 and Ki67 antibodies (scale bars, 100 pm, 250 pm, and 50 um, respectively, from the
top figure) (G) and quantification of the positive cells (H). (I) Serum alanine aminotransferase (ALT), alkaline phosphatase (ALP), and total
bilirubin (T.Bil) levels (n = 5—7 per group). The results shown are representative of at least three independent experiments. Data represent
the mean+SD; *p<0.05, **p<0.01, ***p<0.005, and ****p<0.0001. Abbreviations: Col1A1, collagen type | alpha 1; i.p., intraperitoneally;
n.s., not significant versus control-treated Mdr2-KO mice by one-way analysis of variance; TIMP1, tissue inhibitor of metalloproteinase 1.



HEPATOLOGY COMMUNICATIONS

2737

(A) PRI724 (B) S100A4 F4/80 GS
2 300 = 2 ggom ey & 15000 ey
Sz . - g
< g g * g f—_’ 300 f-o :
g T 2 2004 Sk B2 - £ 100004 °
= g - g e ozee ® o
) 5 % T %5 % 200 . = oo
— g = [ .
8% 10 g 8% = 8 5000 H
g a g a 100 » :11
©
z z
\I T \l T
2 & & & &
< & & & &
w
(C) RT-PCR Array
DKK3 . 15 ABCD1a
Fosl1 CD44
)
& Fzd6 Cdhi 10
10
Jun Egr1 .
Pygo1
Fst
Sfrp1
v W
(D) (E) (F) . “ el ]
Whnt11
Egr-1 Egr-1
Whnt7a . Runx2
c .
o ki 2 1507 —— > & S & o
@ 0.025 g 5 . fso o°¢° Qé\ql* oogé o°(&q AV
9 = L1 )
s 0020{ , R R XL &0 o @Q’égp ©
: SRR P &
< 0.015 g0 . ¥ § A
=z > o
4 5 3 .
E 0010 : 5T 9
2 €8
£ 0.005 & E
© S z
@ 0.000 N
(*"@\ \:\‘}b‘ gu'f"
O N -
< Q »
¥ o i
& 8
(G) Liver Serum
TBA CA CDCA TBA CA CDCA
5 5 5 = 5 5
£ £ £ g g g
S 15 o 04 T a0y T 20007 2 L N
E E g £ £ . g -~
= = e : £ £ s s
ER g, .5 m £ 01 g S ° 2
S . 2 H 2 o G 8 S o] =
g g H & -4 o ® T * * 5
g £ £ ® © e s .
5 . E 02 . Eoad 3 P 10004 . £ .2 I R
.. 15} s *.. o A @ g 10 @ A
§ 05 aele =1+ 5 . =% 5 g Dol g . g -
8 T o 8 01 e g 10 5 500 PRI 5 . o &5 2 H
. o o o - o b
° ° o e o 3¢ .
© © T, E E E
2 0. T T 2 0 T T 2 T T E 0 T T E 0 T t E s I( IPRII724
b ControlPRI-724 B Control PRI-724 T Control PRI-724 & Control PRI-724 & Control PRI-724 3 ontrol -

FIGURE 2 PRI-724 reduces bile acid (BA) synthesis in Mdr2-KO mice. Male Mdr2-KO mice (8—10weeks old, n = 12) and FVB
background control mice (n = 6) were treated or not with PRI-724 (20 mg/kg, 3 times a week) for 10weeks. (A) Immunohistochemical
staining using anti-S100A4, F4/80, and Ki67 antibodies (scale bars, 250 um). (B) Quantification of S100A4-positive and F4/80-positive cells
and GS-positive areas in the livers. (C) Clustergrams of PCR array analyses of WNT/f-catenin-related genes (left panel, WNT/p-catenin
signals; right panel, WNT/p-catenin targets). (D) Early growth response-1 (Egr-1) mRNA expression in the livers as determined by real-time
quantitative PCR (n = 10 per group). (E) Immunohistochemical staining using anti-Egr-1 antibodies (scale bar, 100 um). (F) Quantification of
Egr-1-positive cells and glutamine synthetase (GS)—positive areas in the livers. (G) Hepatic and serum total BA (TBA), cholic acid (CA), and
chenodeoxycholic acid (CDCA) levels (n = 10 per group). The results shown are representative of at least three independent experiments.
Data represent the mean+SD; *p<0.05, **p<0.01, ***p<0.005, and ****p<0.0001, by Student's t test.

positively for F4/80, a macrophage marker, was re-
duced by PRI-724 treatment (Figure 2A,B), suggesting
that PRI-724 affects inflammatory cells and especially
reduces macrophage infiltration. Immunohistochemical
analysis of glutamine synthetase (GS), a target of Wnt/
B-catenin signaling, revealed that the number of GS-
positive hepatocytes was significantly decreased in the

PRI-724-administered group (Figure 2A,B), suggesting
that PRI-724 also affects hepatocytes. Wnt/p-catenin-
related gene expression in the livers of Mdr2-KO mice
was analyzed using quantitative reverse-transcription
PCR arrays for Wnt/B-catenin and their targets
(Figure 2C). Seventeen genes showed increased ex-
pression in Mdr2-KO mice, which was inhibited by
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PRI-724. Among these, we focused on Egr-1 because
it is implicated in BA metabolism, TGF-p signaling, and
liver fibrosis due to cholestasis.* The decrease in
Egr-1 mRNA expression was confirmed by real-time
quantitative PCR in multiple specimens (Figure 2D).
Egr-1 protein expression was observed in the nuclei of
hepatocytes, and the numbers of Egr-1-positive cells in
PRI-724-administered Mdr2-KO mice were decreased
compared with those in the control group (Figure 2E,F).
As Egr-1is implicated in BA metabolism, we also meas-
ured BAlevels (TBA, CA, and CDCA). Hepatic TBA and
CA levels were not affected by PRI-724, but the CDCA
level was decreased (Figure 2G). Serum TBA, CA, and
CDCA levels were decreased by PRI-724 (Figure 2G).
In in vitro experiments using cultured hepatocytes,
PRI-724 treatment did not inhibit cell damage caused
by BA administration (Figure S2). These results sug-
gest that PRI-724 inhibits liver injury by suppressing
BA secretion from hepatocytes, Egr-1 expression, and
macrophage infiltration.

Finally, the therapeutic effect of PRI-724 in aged
Mdr2-KO mice with established fibrosis was examined
to evaluate its clinical usefulness. Male Mdr2-KO mice
aged 10—11 months were divided into control (n = 3) and
PRI-724-administered groups (n = 4). PBS and PRI-
724 (20mg/kg/mouse) were intraperitoneally adminis-
tered 3 times a week for 2weeks (Figure S3A). After
PRI-724 administration in Mdr2-KO mice, a decrease
in the sirius red—positive area was observed in the liver
(Figure S3B). Similarly, Col1a1, Col1a2, Col3a1, and
smooth muscle actin mMRNA levels in the liver were sig-
nificantly reduced, indicating that PRI-724 has a thera-
peutic effect on established liver fibrosis (Figure S3C).

PRI-724 suppresses cholestatic liver
fibrosis in the BDL model

Next, the antifibrotic effects of PRI-724 were investi-
gated in the BDL model (Figure 3A). As observed in
Mdr2-KO mice, PRI-724 suppressed inflammatory cell
infiltration, liver damage, liver fibrosis, and bile duct re-
action induced by BDL (Figure 3B—F). Moreover, serum
levels of interleukin (IL)-6, CC chemokine ligand (CCL)3,
CCL4, and chemokine (C-X-C motif) ligand (CXCL)2
were decreased by PRI-724 (Figure S4A), which was
accompanied by reduced numbers of S100A4-positive
cells and F4/80-positive macrophages (Figure S4B,C),
suggesting that PRI-724 suppressed immune re-
sponses in the BDL mice. Real-time quantitative PCR
arrays were used to analyze gene expression in the
BDL livers (Figure 3G). Like in the Mdr2-KO mice, Egr-
1 expression was increased at the mRNA and protein
levels by BDL, and the increases were suppressed by
PRI-724 (Figure 3H-J). In addition to its effect on the
immune responses, PRI-724 decreased hepatic TBA,
CA, and CDCA levels, as observed in Mdr2-KO mice

(Figure 3K). Thus, similar to the findings in Mdr2-KO
mice, PRI-724 inhibited liver injury by reducing BA pro-
duction by hepatocytes and suppressing Egr-1 expres-
sion and macrophage infiltration in BDL mice.

PRI-724 suppresses liver fibrosis in the
DDC diet model

Finally, we investigated the antifibrotic effect of PRI-724
in cholestatic mice consuming a DDC diet. Eight-week-
old male C57BL/6 mice were given a 0.1% DDC diet
for 18days. Simultaneously, PRI-724 (n = 12) and PBS
(n = 12) were intraperitoneally administered 3 times a
week (Figure 4A). As shown in Figure 4B, the sirius
red—positive region increased in the control group, and
fibrosis was observed in the liver after DDC diet admin-
istration. In contrast, the fibrotic region decreased in
the PRI-724-administered group (Figure 4B). The same
findings were also reflected in the quantitative results of
hydroxyproline in the liver (Figure 4C). We also found
a significant reduction in Col1a1, Col1a2, and Col3a1
mRNA levels in the liver following PRI-724 administra-
tion, indicating that PRI-724 has a therapeutic effect on
DDC diet—induced liver fibrosis. In addition, a signifi-
cant increase in MMP-8 and MMP-9 mRNA levels and
a significant decrease in TIMP-1 mRNA were observed
in the liver, indicating that PRI-724 played a role in in-
ducing the expression of these MMPs and in fibrosis
suppression (Figure 4D). Similar to that seen in the two
cholestatic fibrosis models, hepatocellular injury (ALT)
and cholestasis (ALP and T.Bil) were alleviated by PRI-
724 administration (Figure 4E).

Next, to examine liver Egr-1 expression, which
was detected in Mdr2-KO mice and the BDL model,
Egr-1 mRNA levels were analyzed using real-time
quantitative PCR in liver tissue and were found to be
significantly decreased following PRI-724 administra-
tion (Figure 4F). Egr-1 immunostaining of liver tissue
showed that the number of positive hepatocytes sig-
nificantly decreased in the PRI-724-administered group
(Figure 4G,H). Finally, we measured serum and liver
tissue BA concentrations after PRI-724 administration.
As shown in Figure 41, serum TBA, CA, and CDCA
concentrations were significantly decreased in the PRI-
724-administered group, but no change was observed
in the liver tissue.

Cholestatic liver fibrosis outcomes differ
between CBP and P300-Alb/Cre KO mice
on a DDC diet

As PRI-724 affected BA metabolism and macrophage
infiltration, we hypothesized that the CBP/p-catenin in-
hibitor targets hepatocytes and macrophages. To confirm
the effect of CBP on hepatocytes, Alb/Cre-CBP-KO and
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FIGURE 3 PRI-724 suppresses liver injury and fibrosis accompanied by reduced hepatic and serum BA levels. Male wild-type
C57BL/6 male 8—10-week-old mice were subjected to bile duct ligation (BDL) or sham operation and treated with PRI-724 (20 mg/kg, 3
times a week) or phosphate-buffered saline (PBS). The animals were killed on day 14 after surgery. (A) Scheme of the treatment protocol.
(B—D) HE, sirius red staining, and immunohistochemical staining for CK19 (B; scale bars, 100, 500, and 250 pm, respectively, from the top
figure). Quantification of the sirius red—positive area (C) and CK19-positive cells (D). (E) Collagen deposition as assessed by measuring
hydroxyproline contents. (F) Serum ALT, ALP, and T.Bil levels. (G) Clustergrams of PCR array analyses of WNT/B-catenin-related genes
(left panel, WNT/p-catenin signals; right panel, WNT/p-catenin targets). (H) Egr-1 mRNA expression in the livers as determined by real-time
quantitative PCR (n = 3—12 per group). (I) Immunohistochemical staining using anti-Egr-1 antibodies (scale bar, 50 pm). (J) Quantification
of Egr-1-positive cells in the livers. (K) Hepatic TBA, CA, and CDCA levels (n = 6—9 per group). The results shown are representative of at
least three independent experiments. Data represent mean+SD; *p<0.05, **p<0.01, ***p<0.005, and ****p<0.0001 by one-way ANOVA
(C—F,H,K) or unpaired Student's ¢ test (J).
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FIGURE 4 PRI-724 suppresses liver injury and 3.5-diethoxycarbonyl-1.4-dihydrocollidine (DDC) diet—induced fibrosis. Eight-week-
old wild-type C57BL/6 male mice were fed a 0.1% DDC diet for 18 days and administered PRI-724 (20 mg/kg, 3 times a week) or PBS.

(A) HE and sirius red staining (scale bars, 250 and 500 um, respectively, from the top figure). (B) Collagen deposition as assessed

by hydroxyproline measurement (n = 12 per group). (C,E) Messenger RNA (mMRNA) expression of the indicated genes in the livers as
determined by quantitative reverse-transcription PCR (n = 12 per group). (D,F) Immunohistochemical staining for Egr-1 (scale bars, 50 pm).
(G) Quantification of Egr-1-positive cells in the livers. (H) Hepatic and serum TBA, CA, and CDCA levels (n = 6 per group). The results
shown are representative of at least three independent experiments. Data represent the mean+SD; *p<0.05, **p<0.01, and ***p<0.005 by
unpaired Student's ¢ test.
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Alb/Cre-P300-KO mice, which lack CBP and its homolog
P300, respectively, specifically in hepatocytes, were gen-
erated.?"! Because the generation of Mdr2-KOJ/Alb/Cre/
CBP-flox mice is complicated and time-consuming, a
DDC-induced cholestatic liver injury and fibrosis model
was used instead (Figure 5A).% In Alb/Cre-CBP-KO
mice, inflammatory cell infiltration, liver injury, ductal reac-
tion, and fibrosis by DDC were reduced, whereas in Alb/
Cre-P300-KO mice, these features were exacerbated
compared with those in Alb/Cre control mice (Figure 5B—
F). Of note, serum T.Bil levels in Alb/Cre-CBP-KO mice
were higher than those in control mice, although the un-
derlying mechanism is unknown. The number of Ki67-
positive cells was increased in Alb/Cre-p300-KO mice
(Figure 5C), suggesting that hepatocyte regeneration
may be activated by exacerbated liver injury. TIMP-1 ex-
pression in the liver was decreased by PRI-724, whereas
it was increased in Alb/Cre-CBP-KO mice. As hepato-
cytes do not produce TIMP-1, PRI-724 may affect other
TIMP-1-producing cells, such as fibroblasts.

CBP expression was diminished in the livers of Alb/
Cre-CBP-KO mice, whereas P300 expression was dimin-
ished in the livers of Alb/Cre-P300-KO mice (Figure 6A).
GS expression in hepatocytes was also reduced in the
livers of Alb/Cre-CBP-KO mice (Figure 5A,B). KO of
CBP in hepatocytes did not affect S100A4 expression
in immune cells or macrophage infiltration (Figure 6A,B).

Real-time PCR array analysis revealed that MMP-2,
Egr-1, Wnt7a, and Wht10a expression levels were de-
creased in Alb/Cre-CBP-KO mice, whereas they were in-
creased in Alb/Cre-P300-KO mice compared with those
in control mice (data not shown). Of note, Egr-1 expres-
sion was again increased in expression, as observed
in Mdr2-KO and BDL mice. As expected, BA levels in
the livers and sera were decreased in Alb/Cre-CBP-KO
mice (Figure 6F), which was accompanied by a decrease
in Egr-1 expression (Figure 6C—E) and changes in BA
metabolism-regulatory genes (Figure 6G). However, Alb/
Cre-CBP-KO did not affect BA levels in mice fed nor-
mal chow (data not shown). As mentioned previously,
KO of CBP and P300 in hepatocytes resulted in different
outcomes of DDC-induced fibrosis. Microarray analysis
revealed that KO of CBP and P300 in hepatocytes re-
sulted in differential transcriptional profiles in mice on
a DDC treatment (Figure S5). Thus, a specific inhibitor
of CBP/p-catenin interaction, such as PRI-724, but not
a conventional p-catenin inhibitor, is suitable for treating
cholestatic liver disease.

Roles of hepatocyte Egr-1 in BA
metabolism and liver fibrosis in the
DDC diet—induced cholestatic liver
disease model

As mentioned previously, PRI-724 reduced BA levels
and liver fibrosis in all three cholestatic liver disease

models, accompanied by the suppression of Egr-1
expression. Alb/Cre-CBP-KO mice also showed de-
creased fibrosis and Egr-1 expression after DDC
treatment. To determine whether Egr-1 plays an im-
portant role in cholestatic liver fibrosis, AAV serotype
8 (AAV8)/shEgr-1 was generated and administered to
mice on a DDC diet to knock down Egr-1 expression
in hepatocytes (Figure 7A). AAV8/shEgr-1 diminished
Egr-1 expression induced by DDC (Figure 7B,D). Egr-1
knockdown inhibited liver injury, immune cell infiltration,
and fibrosis induced by DDC, accompanied by a reduc-
tion in BA levels and changes in mRNA levels of BA
metabolism-regulatory genes (Figure 7B—H). These
results suggest that Egr-1 plays a crucial role in choles-
tatic liver injury by mediating BA accumulation and that
the antifibrotic effects of PRI-724 or CBP-KO in hepato-
cytes are, at least in part, mediated via a reduction in
Egr-1.

Egr-1 expression is enhanced in human
cholestatic liver disease

As we had found that Egr-1 plays a crucial role in the
progression of cholestatic liver disease in the mouse
models, finally, we comparatively examined Egr-1 ex-
pression in liver tissues from patients with PBC and
normal liver tissues (non-tumor tissues from patients
with metastatic liver tumors) as a control (Figure 8A).
In patients with PBC, the numbers of Egr-1-positive
hepatocytes were significantly increased, accompa-
nied by an increase in CBP expression (Figure 8B). Of
note, P300 expression was also increased in the livers
of these patients.

DISCUSSION

In the present study, we found that PRI-724 selectively
inhibited the interaction between CBP and p-catenin
and prevented liver injury and fibrosis by suppressing
BA production through a reduction in Egr-1 expres-
sion in cholestatic liver disease. The safety of PRI-724
has been confirmed in a phase 1 study in patients with
hepatitis C virus (HCV)-related cirrhosis?? and in a
current phase 1/2a study in patients with HCV and hep-
atitis B virus—related cirrhosis.l'”! These findings sug-
gest a therapeutic possibility for mitigating liver fibrosis
progression in cholestatic liver diseases.

In cholestatic liver disease models, PRI-724 reduced
the synthesis of BAs, resulting in decreased liver dam-
age and fibrosis. However, it has been reported that
mice lacking p-catenin in hepatocytes and cholangio-
cytes showed increased hepatic BA levels'?®! and that
the knockdown of p-catenin exacerbated liver injury in
Mdr2-KO mice.l'” These discrepant findings may be
explained by the differential roles of CBP and P300.
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FIGURE 5 Liver fibrosis outcomes differ between cAMP response element-binding protein-binding protein (CBP) and P300-Alb/Cre
KO mice on a DDC diet. Alb/Cre-CBP-KO, Alb/Cre-P300KO, and control Alb/Cre male mice (8 weeks old, n = 15 per group) were fed a 0.1%
DDC diet for 18days. (A) Scheme of the treatment protocol. (B) HE, sirius red, and immunohistochemical staining for CK19 and Ki67 (scale
bars, 250, 250, 500, 100, and 50 um, respectively, from the top figure). (C) Quantification of CK19-positive and Ki67-positive in the liver. (D)
Collagen deposition as assessed by hydroxyproline measurement. (E) mRNA expression of the indicated genes in the livers as determined
by real-time quantitative PCR (n = 10 per group). (F) Serum ALT, ALP, and T.Bil levels (n = 10-15 per group). The results shown are
representative of at least three independent experiments. Data represent the mean+SD; *p<0.05, **p<0.01, ***p<0.005, and ****p<0.0001
by one-way ANOVA.
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FIGURE 6 CBP KO in hepatocytes results in reduced hepatic and serum BA levels and decreased Egr-1 expression. Alb/Cre-
CBP-KO, Alb/Cre-P300KO, and control Alb/Cre male mice (8 weeks old, n = 15 per group) were fed a 0.1% DDC diet for 18 days. (A)
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Immunohistochemical staining for S100A4, F4/80, CBP, P300, and GS (scale bars, 50 um, except for P300 and GS [100 um]). (B)

Quantification of S100A4-positive and F4/80-positive cells and GS-positive areas in the livers. (C) Egr-1 mRNA expression in the livers

as determined by real-time quantitative PCR (n = 15 per group). (D) Immunohistochemical staining using anti-Egr-1 antibodies (scale bar,
50 pum). (E) Quantification of Egr-1-positive cells in the livers (n = 6). (F) Hepatic TBA, CA, and CDCA levels (n = 6 per group). The results

shown are representative of at least three independent experiments. (G) mRNA expression of the indicated BA metabolism—related

genes in the livers as determined by real-time quantitative PCR (n = 15 per group). The results shown are representative of at least three
independent experiments. Data represent the mean+SD; *p<0.05, **p<0.01, ***p<0.005, and ****p<0.0001 by one-way ANOVA.
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FIGURE 7 Egr-1 knockdown inhibits liver injury and fibrosis induced by DDC. Male wild-type C57BL/6 mice (8 weeks old) were fed a
0.1% DDC diet for 18days. The mice received a single injection of adeno-associated virus 8 (AAV8)/shEgr-1 and AAV8/control (n =5 in each
group) at a dose of 2x 10'? VG/mouse 4 days after the start of the DDC diet. (A) Scheme of the treatment protocol. (B) HE, sirius red, and
immunohistochemical staining for Egr-1 (scale bars, 100, 250, and 100 pm, respectively, from the top figure) (n = 5). (C) Collagen deposition
as assessed by hydroxyproline measurement (n = 5 per group). (D,E,H) mRNA expression of the indicated genes in the livers as determined
by real-time quantitative PCR (n = 5 per group). (F) Serum ALT, ALP, and T.Bil levels (n = 5 per group). (G) Hepatic TBA, CA, and CDCA
levels (n = 5 per group). The results shown are representative of at least three independent experiments. Data represent the mean+SD;
*p<0.05, **p<0.01, ***p<0.005, and ****p<0.0001 by unpaired Student's t test. Abbreviations: BSEP, bile salt export pump; FXR, farnesoid
X receptor; NTCP, sodium taurocholate cotransporting polypeptide.
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FIGURE 8 Egr-1 expression is enhanced in human cholestatic liver disease. (A) Immunohistochemical staining for CBP, P300, and
Egr-1 in liver biopsy tissues from patients with metastatic liver tumors (non-cancerous tissues) and patients with primary biliary cholangitis
(PBC). Scale bars, 50pum. (B) Quantification of Egr-1-positive hepatocytes. Data represent the mean+SD; *p<0.05, **p<0.01, ***p<0.005,

and ****p<0.0001 by an unpaired Student's ¢ test.

In the DDC-induced cholestatic liver disease model,
Alb/Cre-CBP-KO mice showed reduced liver damage
and fibrosis accompanied by decreased BA synthe-
sis, whereas these features were exacerbated in Alb/
Cre-P300-KO. These results suggest that CBP and
P300 have opposite roles in BA synthesis and that PRI-
724 shifts the balance from CBP/$-catenin to P300/p-
catenin-mediated transcription, resulting in reduced
BA synthesis and liver fibrosis. FXR reportedly plays a
key role in synthesizing BAs by reducing CYP7A1 and
CYP8B1 expression via SHP and regulating FXR via
ﬁ-catenin.m] Knockdown of p-catenin prevented BDL-
induced liver fibrosis due to loss of the FXR/p-catenin
complex, which resulted in FXR activation and reduced
BA levels.""

BAs are synthesized from cholesterol through a se-
ries of reactions, with Cyp7A1, which conjugates with
glycine and taurine, being the rate-determining en-
zyme in hepatocytes. BAs are excreted in the bile can-
aliculus by the bile salt export pump (BSEP).?®! FXR
suppresses sodium taurocholate cotransporting poly-
peptide (NTCP) expression and induces the expression
of BSEP, which excretes BA to the bile duct side.!*®

We made interesting observations regarding the re-
lationship between CBP/P300-p-catenin hepatocyte
signaling and BA metabolism—related enzymes during
cholestasis (Figure 6G). First, because Alb/Cre-P300-KO
mice developed cholestasis after DDC diet administration,
results indicating the activation of FXR-SHP, a decrease
in Cyp7A1 NTCP expression, and an increase in BSEP
expression were to be expected, but the actual results
were similar to those obtained from Alb/Cre mice. This in-
dicates that BA metabolism—related enzymes function as
expected if CBP/B-catenin signaling occurs in hepatocytes

during cholestasis. On the other hand, although cholesta-
sis was suppressed in Alb/Cre-CBP-KO mice after DDC
diet administration, changes in BA metabolism—related
enzymes similar to those in Alb/Cre-P300-KO mice were
observed. This indicates that BA metabolism functions
in the presence of hepatocyte P300/$-catenin signaling
when DDC diet induces bile duct injury. Briefly, this means
that the expression of genes involved in BA metabolism
changes regardless of the absence of hepatocyte CBP/
P300-p-catenin signaling but that individual gene expres-
sion is enhanced compared with that in Alb/Cre mice.
It is also interesting to note that Alb/Cre-CBP-KO mice
showed increased expression of NTCP and BSEP com-
pared with Alb/Cre-P300-KO mice.

Using PCR arrays, we found that BA synthesis is
regulated by Egr-1 expression via p-catenin-mediated
transcription. Egr-1 has important roles in cholestatic
liver injury.m] In Egr-1-KO mice, liver injury induced by
BDL was reduced.”® CBP and P300, which are tran-
scriptional coactivators of Egr—1,[30] showed reduced
expression in Alb/Cre-CBP-KO mice but an increased
expression in Alb/Cre-P300 mice. Thus, it is evident
that Egr-1 expression is regulated by a CBP-mediated
signal. SHP represses Cyp expression and BA syn-
thesis by inhibiting the activity of liver receptor homo-
log-1, whose expression is increased by Egr—1.[15] In
accordance herewith, knockdown of Egr-1 using AAV8/
shEgr-1 reduced BA synthesis and enhanced SHP ex-
pression. Thus, we hypothesize that PRI-724 reduces
BA synthesis via these mechanisms.

As MMPs have fibrolytic effects, the induction of
MMPs may be one of the mechanisms underlying the
antifibrotic effects of PRI-724. Macrophages are known
to secrete MMPs "
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DDC-treated Alb/Cre-CBP-KO mice showed sup-
pressed liver fibrosis. Moreover, an increase in MMP-9
expression and a decrease in TIMP-1 expression were
expected, but TIMP-1 expression was increased con-
trary to expectation.

From the results of KO mice, MMP-9 is increased
when the CBP signal acts on macrophages and stel-
late cells, and decreases when the CBP signal does
not act on macrophage. This result suggests that mac-
rophages are involved in the production of MMP-9.
Similarly, TIMP-1 increases when macrophage and
stellate cells are affected by the CBP signal, and de-
creases when the macrophage CBP signal does not
act. This observation therefore suggests that macro-
phage CBP signals are necessary for the production
of TIMP-1. The target cells of PRI-724 are presumed
to be only macrophage and stellate cells, but the data
on hepatocytes are still insufficient. We would like to
confirm the effect of PRI-724 on hepatocytes in a future
investigation.

In a previous study, knockdown of P300 led to de-
creased MMP-9 and MMP-2 mRNA levels, 2 suggest-
ing that P300/p-catenin is involved in MMP expression.

This study had some limitations. First, Egr-1 may have
various roles in organ fibrosis, but we did not investigate
the direct fibrotic effects of Erg-1 other than the regula-
tion of BA synthesis. Egr-1-KO mice are protected from
bleomycin-induced skin and lung fibrosis.>*! However,
Egr-1 expression is reportedly increased in the livers of
CCl j-treated mice,®¥ suggesting that Egr-1 plays a differ-
ent role in liver fibrosis. Second, our data did not provide
information on the sources of MMPs that are inhibited
by CBP/p-catenin. It remains unclear whether the MMPs
produced are involved in fibrosis resolution in our model.
Finally, the effects of PRI-724 on hepatic stellate cells in
murine cholestatic liver diseases were not investigated.
Further studies are needed to resolve these uncertainties.

In summary, this study showed that the CBP/j-
catenin inhibitor PRI-724 alleviates cholestasis and
suppresses liver injury and fibrosis in murine models of
cholestatic liver disease. In addition, we confirmed that
fibrosis was suppressed in mice lacking CBP in hepato-
cytes and identified Egr-1 as an important transcription
factor for BA synthesis.

Finally, P300 inhibition in hepatocytes induced a
hepatic pathophysiology that was completely different
from that induced by CBP inhibition. Thus, PRI-724 has
an advantage over classic f-catenin inhibitors in treat-
ing cholestatic liver diseases.
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