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Activation of WNT/Beta-Catenin 
Signaling and Regulation of the Farnesoid 
X Receptor/Beta-Catenin Complex After 
Murine Bile Duct Ligation
Rong Zhang,1 Toshimasa Nakao,2 Jing Luo,3 Yuhua Xue,1 Pamela Cornuet,1 Michael Oertel,1 Karis Kosar,1 Sucha Singh,1  
and Kari Nejak-Bowen 1,4

We have recently shown that loss of β-catenin prevents the development of cholestatic liver injury and fibrosis after 
bile duct ligation (BDL) due to loss of the inhibitory farnesoid X receptor (FXR)/β-catenin complex, which results in 
decreased hepatic bile acids (BAs) through activation of FXR. To further understand the role of Wnt/β-catenin signal-
ing in regulating BA metabolism and cholestasis, we performed BDL on mice in which hepatocyte Wnt signaling is 
deficient but β-catenin is intact (low-density lipoprotein receptor-related protein [LRP]5/6 knockout [DKO]) as well as 
mice that have enhanced hepatocyte β-catenin expression (serine 45 mutated to aspartic acid [S45D] transgenic [TG] 
mice). Despite decreased biliary injury after BDL, hepatic injury, fibrosis, and inflammation were comparable in DKO 
and wild-type (WT) mice. Notably, the FXR/β-catenin complex was maintained in DKO livers after BDL, coinci-
dent with significantly elevated hepatic BA levels. Similarly, TG mice did not display accelerated injury or increased 
mortality despite overexpression of β-catenin. There was no augmentation of FXR/β-catenin association in TG livers; 
this resulted in equivalent hepatic BAs in WT and TG mice after BDL. Finally, we analyzed the effect of BDL on 
β-catenin activity and identified an increase in periportal cytoplasmic stabilization and association with T-cell factor 
4 that correlated with increased expression of distinct downstream target genes. Conclusion: Localization of β-catenin 
and expression of Wnt-regulated genes were altered in liver after BDL; however, neither elimination of Wnt/β-catenin 
signaling nor overexpression of β-catenin in hepatocytes significantly impacted the phenotype or progression of BA-
driven cholestatic injury. (Hepatology Communications 2019;3:1642-1655).

Cholestasis due to either genetic or environ-
mental factors leads to accumulation of bile 
acids (BAs) in the liver. Because most BAs 

are cytotoxic, they can cause injury and inflamma-
tion that over time can lead to fibrosis and liver fail-
ure.(1,2) Animal models of “toxic bile,” such as bile 

duct ligation (BDL), a surgical obstruction that results 
in cholestasis and intrahepatic accumulation of BAs, 
are widely used to study the progression of choles-
tatic liver injury and peribiliary fibrosis.(3-5) In this 
model, toxic BAs have been shown to induce hepato-
cyte death either directly or through an inflammatory 
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response triggered by cytokine production from 
injured hepatocytes or cholangiocytes.(6-8) Increased 
hepatic BA levels also activate adaptive compensatory 
responses, including decreased BA uptake and synthe-
sis, up-regulation of apical and basolateral membrane 
export pumps, and increased BA detoxification.(9) 
Many of these effects are mediated through activa-
tion of farnesoid X receptor (FXR), which regulates 
expression of efflux transporters and also induces 
expression of small heterodimer partner (SHP). SHP 
in turn represses the cytochrome P450 (Cyp) enzyme 
Cyp7a1, which is the first step and also a rate- 
limiting step in BA synthesis.(10) For this reason, FXR 
agonists, which decrease BA biosynthesis and increase 
transport, have been touted as potential treatments for 
cholestatic liver disease.(11-13) Recently, knockdown or 
ablation of β-catenin has also been shown to regulate 
BA metabolism during BDL through activation of 
FXR, providing an additional mechanism to modu-
late this process and enhance therapeutic intervention.

β-catenin is the chief downstream effector of 
canonical Wnt signaling. Over the past 2 decades, 
many laboratories have demonstrated an essential role 
of β-catenin in liver physiology and pathology; its 
normal activity is essential for hepatic development, 
postnatal hepatic growth, hepatocyte polarity and cell–
cell junctions, and hepatocyte maturation (reviewed in 
Monga(14) and Russell and Monga(15)). Additionally, 
β-catenin signaling promotes the development and 
progression of several liver diseases, including diet- 
induced steatohepatitis, fibrosis, and cancer (reviewed 
in Monga(16) and Thompson and Monga(17)). Of note, 
several recent studies have highlighted the role of 
β-catenin in regulating bile duct morphology and BA 

metabolism; this may have important implications for 
the pathogenesis and progression of cholestatic liver 
disease.

Previous studies have shown that conditional 
knockout (KO) mice lacking β-catenin in liver exhib-
ited modestly higher basal hepatic BA than wild-type 
(WT) mice; this was likely due to dilated biliary 
canaliculi and loss of tight junction proteins.(18,19) 
Despite this, loss of β-catenin results in maintenance 
of homeostatic BA levels after BDL in contrast to 
WT mice, which have significantly higher BA lev-
els.(20) Thus, β-catenin KO mice are protected from 
BA-induced cholestatic injury, resulting in fewer 
bile infarcts, less ductular response and fibrosis, and 
increased overall survival. The decreased accumulation 
of BAs occurs because of enhanced FXR activation, 
which is negatively regulated by β-catenin through 
direct binding. Lack of β-catenin eliminates sequestra-
tion and corepression of FXR, resulting in decreased 
BA synthesis and increased elimination.(20) The pool 
of β-catenin-bound FXR is responsive to BA stim-
ulation, which causes transient dissociation of the 
complex and nuclear localization of FXR. However, 
the role of Wnt/β-catenin signaling in regulating this 
association is unknown.

In order to verify that the activation of FXR after 
BDL is modulated by the presence of β-catenin, we 
used a model of disrupted Wnt signaling in which 
β-catenin is still present in the cell as well as a model 
in which β-catenin is overexpressed in hepatocytes. 
We also assessed the activation status of β-catenin and 
its downstream target expression after BDL to further 
understand the role of this pathway in cholestatic liver 
disease.
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Materials and Methods
animals anD suRgeRy

All mouse studies were performed in accordance 
with the guidelines of the Institutional Animal Use 
and Care Committee at the University of Pittsburgh 
School of Medicine and the National Institutes of 
Health (protocol number 17071066). Mice were 
maintained in a temperature-controlled environment 
with a 12-hour light–dark cycle and fed ad libitum 
standard chow with free access to drinking water.

Liver-specific low-density lipoprotein receptor- 
related protein (LRP)5/6 KO (DKO) mice under the 
albumin-cre promoter were generated as described 
and maintained in a mixed background.(21,22) Mice 
overexpressing a stable form of β-catenin, where ser-
ine 45 is mutated to aspartic acid (S45D), have been 
characterized and were bred for >8 generations into 
a C57BL6 background.(23) Male C57BL6 mice were 
also purchased from Jackson Laboratories.

At >14 weeks of age, male C57BL6 mice, male and 
female DKO mice and their WT littermates, or male  
and female mice transgenic (TG) for S45D-mutated 
β-catenin in the liver and age-matched WT controls 
were subjected to BDL by dissecting the common bile 
duct above the pancreas and cutting it between two 5-0 
silk ligatures. Mice were killed at 3 and 7 days (TG/WT) 
or 14 days (DKO/WT, C57BL6) after BDL. Blood 
samples were collected from the inferior vena cava at the 
time of death. For C57BL6 studies, four mice at baseline 
and five mice after BDL were analyzed. For both DKO/
WT and TG/WT at baseline, three mice per genotype 
were analyzed. Five WT and five DKO mice were ana-
lyzed 14 days after BDL, six WT and seven TG mice 
were analyzed 3 days after BDL, and eight WT and 
seven TG mice were analyzed 7 days after BDL.

Additional methods are available in the Supporting 
Materials.

Results
miCe laCKing lRp5/6 
in HepatoCytes HaVe 
eQuiValent inJuRy to Wt miCe 
aFteR BDl

To address any potential role of Wnt signal-
ing in either positive or negative regulation of the 

inhibitory β-catenin/FXR complex, we subjected liver- 
specific LRP5/6 double knockout mice and their 
WT counterparts to BDL and killed them after  
14 days.(22) Western blot (WB) confirmed maintenance 
of β-catenin expression but loss of β-catenin tran-
scriptional target glutamine synthetase (GS) in DKO 
mice before and after BDL, demonstrating inhibited 
β-catenin activation (Supporting Fig. S1A). Analysis 
of serum biochemistry showed no change in alanine 
aminotransferase (ALT) or aspartate aminotransferase 
(AST) between WT and DKO mice after BDL; how-
ever, both alkaline phosphatase (ALP) and bilirubin 
were significantly decreased in DKO mice (Fig. 1A).  
To determine whether this resulted in a protective 
phenotype similar to β-catenin KO mice, we next 
examined the histology of WT and DKO livers after 
BDL. We found no significant differences in the 
number of bile infarcts (Fig. 1B). Furthermore, fibro-
sis, as assessed by sirius red, was equivalent in both 
WT and DKO livers (Fig. 1C).

Histologically, DKO livers had significantly fewer 
proliferating hepatocytes than WT livers after BDL 
(Fig. 1D), which is in line with the described role 
of canonical Wnt signaling in regulating β-catenin 
during liver regeneration.(22) This did not translate to 
increased parenchymal injury in DKO livers, however, 
as markers of hepatic injury were not significantly 
altered (Fig. 1A). The extent of ductular response,  
as assessed by pan cytokeratin (panCK) immuno-
histochemistry (IHC), was similar in both WT and 
DKO mice, despite decreased markers of biliary injury 
(Fig. 1E). Furthermore, clusters of differentiation 
(CD)45 IHC showed a strong periductal inflamma-
tory response that was equivalent in both WT and 
DKO mice (Fig. 1F). Taken together, these findings 
showed that DKO mice, unlike β-catenin KO mice, 
are not protected from BDL-induced cholestasis but 
instead phenocopy WT mice.

DKo miCe HaVe moDest 
CHanges in some Ba 
syntHesis, uptaKe, anD eXpoRt 
genes aFteR BDl CompaReD 
to Wt miCe

We next wanted to determine if comparable reg-
ulation of BA synthesis, metabolism, and transport 
after BDL contributes to the equivalent phenotype 
of DKO and WT mice. SHP, which is activated by 
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Fig. 1. LRP5/6 KO (DKO) mice have decreased biliary injury but equivalent parenchymal injury, fibrosis, inflammation, and ductular 
response after BDL. (A) Both ALP and bilirubin are significantly decreased in DKO livers at 14 days after BDL compared to WT 
livers, while AST and ALT are equivalent; **P < 0.01 versus WT+BDL (t test). (B) No change in the number of bile infarcts in WT and 
DKO mice after BDL (magnification ×100). (C) Sirius red staining shows equivalent fibrosis in DKO mice after BDL compared to WT 
mice (magnification ×100). (D) IHC shows fewer PCNA + proliferating hepatocytes in DKO mice after BDL compared to WT mice 
(magnification ×100); ****P < 0.0001 versus WT+BDL (t test). (E) IHC for panCK shows that ductular response is unchanged between 
DKO and WT mice after BDL (magnification ×100). (F) Inflammation is equivalent in DKO and WT mice after BDL, as assessed by 
CD45 IHC (magnification ×100). Horizontal lines in the graphs represent mean ± SEM. Abbreviations: H&E, hematoxylin and eosin; 
IU, international units; PCNA, proliferating cell nuclear antigen.
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FXR and suppresses BA synthesis through repres-
sion of Cyp7a1 expression,(10) is unchanged in DKO 
mice before and after BDL. However, Cyp7a1, 
which catalyzes the rate-limiting step in the classical 
BA biosynthesis pathway, is decreased in DKO mice 

at baseline, similar to β-catenin KO mice,(20) and 
is nonsignificantly decreased after BDL (Fig. 2A). 
Cyp27, a key enzyme in the alternative BA synthe-
sis pathway, is likewise suppressed in DKO mice 
before and after BDL, while Cyp8b1 expression is 

Fig. 2. Hepatic BAs in DKO mice are comparable to WT mice after BDL despite changes in BA metabolism genes. (A) Expression 
of SHP is unchanged between WT and DKO mice, while Cyp7a1 and Cyp27 are decreased in DKO mice before and after BDL.  
(B) Detoxification enzymes Cyp2b10 and Cyp3a11 are not induced in DKO mice after BDL. (C) Expression of uptake transporter 
OATP4 is decreased in DKO mice before and after BDL, and NTCP is decreased at baseline. (D) Expression of efflux transporter MRP2 
is decreased in DKO mice after BDL, while BSEP is unaffected; additionally, MRP4 is significantly decreased in DKO mice compared 
to WT mice after BDL. (E) Total liver BAs are elevated in DKO mice at baseline but are equivalent to WT mice after BDL. (F) IP 
with FXR shows maintenance of the FXR/β-catenin complex in DKO mice before and after BDL. For A-E, *P < 0.05, **P < 0.01, and 
***P < 0.001 versus WT (t test). Data in the graphs represent mean ± SEM. Abbreviations: IgG, immunoglobulin G; mRNA, messenger 
RNA; ns, not significant.
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unchanged (Fig. 2A). Interestingly, Cyp2b10 and 
Cyp3a11, which detoxify BA and are up-regulated 
in β-catenin KO mice after BDL,(20) are not induced 
in DKO mice (Fig. 2B).

Sodium-taurocholate cotransporting polypep-
tide (NTCP), a basolateral uptake transporter, was 
decreased in DKO compared to WT mice before 
BDL but equivalent after BDL, while organic anion 
transporting polypeptide 4 (OATP4), another uptake 
transporter, was decreased in DKO mice before and 
after BDL (Fig. 2C). Apical transporters bile salt 
export pump (BSEP) and multidrug resistance- 
associated protein 2 (MRP2), which efflux bile into the 
biliary canaliculi, showed a differential regulation in 
DKO mice, with BSEP remaining equivalent to WT 
mice while MRP2 decreased significantly in DKO 
mice after BDL (Fig. 2D). Similarly, MRP4 but not 
MRP3, both of which efflux bile from the basolateral 
membrane of hepatocytes into the blood when bili-
ary excretion is impaired,(24) decreased in DKO mice 
after BDL (Fig. 2D). The organic solute transporter 
(Ost)α/β also participates in alternative basolateral 
BA export and is a target of FXR.(25) Both subunits 
were unaffected by loss of Wnt signaling before or 
after BDL, although expression of Ostβ increased sig-
nificantly after BDL, indicating FXR activation and 
increased efflux (Supporting Fig. S2A). Altogether, 
these findings suggest that DKO mice have decreased 
BA synthesis after BDL, similar to β-catenin KO 
mice. However, loss of Wnt signaling did not further 
induce FXR activity, as demonstrated by the lack of 
SHP up-regulation and equivalent efflux transporter 
expression.

HepatiC Ba leVels aRe 
eQuiValent in Wt anD DKo 
miCe anD CoinCiDe WitH 
maintenanCe oF tHe FXR/ 
β-Catenin CompleX

To determine the net effect of these changes in BA 
metabolism genes, we analyzed total BA levels in livers 
of WT and DKO mice before and after BDL. At base-
line, total BAs were mildly but significantly increased 
in DKO livers; however, after BDL, BAs were equiva-
lent in both genotypes (Fig. 2E). Immunoprecipitation 
(IP) with FXR antibody was next performed to assess 
the dynamics of the FXR/β-catenin complex. WB 
for β-catenin showed comparable FXR/β-catenin 

association in both WT and DKO livers before BDL 
(Fig. 2F); after BDL, FXR/β-catenin association was 
maintained and may even have increased in DKO liv-
ers compared to both WT after BDL and DKO livers 
at baseline. Thus, the susceptibility of DKO mice to 
BDL-induced cholestasis may be attributed to per-
sistence of the FXR/β-catenin complex, which results 
in equivalent BA accumulation and injury in WT and 
DKO livers.

miCe WitH β-Catenin 
oVeReXpRession in 
HepatoCytes HaVe 
eQuiValent inJuRy to Wt 
aFteR BDl

We next examined the impact of β-catenin overex-
pression on FXR/β-catenin association, BA metabo-
lism, and biliary injury. We have previously shown that 
while TG mice are able to successfully prevent exces-
sive activation of β-catenin at homeostasis, hepatocytes 
isolated from these TG mice have a growth advan-
tage in culture. Additionally, the presence of excess β- 
catenin provides a regenerative advantage to TG livers 
after partial hepatectomy.(23) We subjected TG mice 
and age-matched WT to BDL and killed mice after 7 
days instead of 14 because we hypothesized that TG 
mice would have accelerated injury or mortality due 
to decreased FXR activation and increased BA accu-
mulation. WB confirmed that expression of β-catenin 
(and its surrogate activation target GS) were not sig-
nificantly increased in TG mice before or after BDL. 
This is consistent with our published report showing 
that TG livers have adapted to and successfully moni-
tored excess β-catenin by 2 months of age (Supporting 
Fig. S1B).(23) Analysis of serum biochemistry also 
showed no significant differences in either biliary 
(ALP, bilirubin) or hepatic (AST, ALT) injury in TG 
mice after BDL (Fig. 3A). Survival was unchanged 
between WT and TG mice over the duration of the 
experiment (Supporting Fig. S3A). Hematoxylin and 
eosin staining showed that the number of bile infarcts 
between WT and TG mice were equivalent (Fig. 3B); 
fibrosis after BDL was also unchanged between the 
two genotypes (Fig. 3C).

Unsurprisingly, TG livers had more proliferat-
ing hepatocytes after BDL owing to the referenced 
role of β-catenin in inducing proliferation (Fig. 3D). 
However, the extent of ductular response and 
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Fig. 3. Overexpression of mutated nondegradable S45D β-catenin does not increase injury, fibrosis, inflammation, or ductular response 
following BDL. (A) There is no difference in hepatic (AST, ALT) or biliary (ALP, bilirubin) injury between WT and TG mice after 
BDL. (B) No change in the number of bile infarcts in WT and TG mice after BDL (magnification ×100). (C) Sirius red staining shows 
equivalent fibrosis in TG mice after BDL compared to WT mice (magnification ×100). (D) IHC shows an increased number of PCNA+ 
proliferating hepatocytes in TG mice after BDL compared to WT mice (magnification ×100); ****P < 0.0001 versus WT+BDL (t test).  
(E) Ductular response is equivalent between TG and WT mice after BDL, as assessed by panCK IHC (magnification ×100). (F) Although 
CD45 staining is increased in TG compared to WT mice at baseline, there is no difference in inflammation between TG and WT mice 
after BDL (magnification ×100). Data in the graphs represent mean  ±  SEM. Abbreviations: H&E, hematoxylin and eosin; PCNA, 
proliferating cell nuclear antigen.
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inflammation was similar in both WT and TG livers 
after 7 days of BDL (Fig. 3E,F), although inflamma-
tion was increased in TG livers at baseline. To ensure 
that we did not miss an earlier onset of injury that 
was compensated for at a later time point, we killed 
WT and TG mice after 3 days of BDL. TG mice did 
not have significantly higher levels of ALP, ALT, AST, 
or bilirubin at 3 days after BDL compared to WT 
mice, indicating that excess β-catenin did not worsen 
injury after BDL (Supporting Fig. S3B).

Ba metaBolism anD FXR/ 
β-Catenin assoCiation aRe 
eQuiValent in tg anD Wt miCe 
aFteR BDl

As with DKO mice, we next analyzed BA metab-
olism after BDL to determine the effect of β-catenin 
overexpression on this process. Interestingly, SHP 
expression was maintained in TG mice at baseline lev-
els after BDL compared to WT mice. Expression of 
BA synthesis genes Cyp7a1, Cyp27, and Cyp8b1 were 
comparable in TG compared to WT mice (Fig. 4A). 
There were also no significant changes in expression 
of uptake transporters NTCP and OATP4 or BA 
detoxification genes Cyp2b10 or Cypa11 between WT 
and TG mice after BDL (Fig. 4B,C). Likewise, efflux 
transporters, such as MRP4 and Ostα/β, were largely 
unchanged between WT and TG mice after BDL. 
The exception was MRP3, which was significantly 
decreased in TG compared to WT mice (Fig. 4D; 
Supporting Fig. S2B). Analysis of livers harvested 3 
days after BDL also showed no significant differences 
between WT and TG mice in expression of SHP or 
Cyp7a1 (Supporting Fig. S3C), demonstrating that 
β-catenin overexpression did not affect the synthesis 
and transport of BAs after BDL.

As expected from the lack of change in BA metab-
olism genes, total liver BAs were similarly increased 
in WT and TG mice after 7 days of BDL (Fig. 4E). 
IP with β-catenin antibody followed by WB for FXR 
showed an equivalent FXR/β-catenin association in 
WT and TG mice at baseline and after BDL (Fig. 4F);  
similar results were obtained when FXR antibody was 
used for IP (data not shown). Thus, overexpression 
of S45D β-catenin in hepatocytes did not adversely 
impact hepatic BA levels or alter the FXR/β-catenin 
complex after BDL.

BDl inDuCes a DistinCt 
patteRn oF β-Catenin 
aCtiVation anD 
tRansCRiptional taRgets  
in liVeR

Both DKO and TG mice phenocopied the WT 
after BDL, and maintenance of the FXR/β-catenin 
complex appeared to be critical for the progression of 
injury. To further understand the role of Wnt/β-catenin 
signaling in cholestasis, we next examined the activa-
tion of β-catenin after BDL. WB showed that there 
was no net change in total β-catenin protein levels after 
BDL (Fig. 5A); however, the distribution of β-catenin 
changed significantly, as shown by IHC (Fig. 5B). At 
baseline, β-catenin was strongly localized to the hepato-
cyte membrane. After BDL, much of this membranous 
β-catenin was lost, and cytoplasmic stabilization was 
observed in periportal hepatocytes. Because of increased 
biliary mass, there was also notably more β-catenin in 
the cholangiocyte compartment compared to baseline 
(Fig. 5B). These results suggest that BDL induced a 
differential expression of β-catenin that may impact 
target gene expression and function.

We next examined the activation status of β-catenin  
after BDL. IP studies demonstrated that BDL 
increased the T-cell factor 4 (TCF4)/β-catenin asso-
ciation, which coincided with β-catenin stabilization 
in periportal hepatocytes (Fig. 5C). WB showed a 
significant decrease in GS expression after BDL but 
increased expression of cyclin D1 (Fig. 5D). However, 
the increase in cyclin D1 was likely due to robust pro-
liferation of cholangiocytes and nonparenchymal cells 
because we observed very few proliferating hepato-
cytes by Ki67 staining (Fig. 5E).In order to gain more 
insight into the role of catenin activation during BDL, 
we used a polymerase chain reaction array to pro-
file the expression of genes related to Wnt-mediated 
signal transduction. Analysis revealed up-regulation 
of genes, such as jun proto-oncogene (Jun), matrix 
metallopeptidase 7 (Mmp7), myelocytomatosis onco-
gene (Myc), and sex-determining region Y-box 17 
(Sox17), after BDL (Fig. 5F), several of which are 
not normally expressed in liver. At baseline, Sox17 
was expressed at low abundance in hepatocytes near 
the central vein; however, IHC showed a marked 
increase in Sox17 expression after BDL, with staining 
appearing in periportal hepatocytes as well (Fig. 5F).  
Similarly, Myc, which was restricted primarily to the 
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central vein at baseline, expanded into both the mid-
zonal and periportal regions after BDL (Fig. 5F). 
Altogether, these data suggest that β-catenin was 
preferentially activated in the periportal region after 
BDL where it induced expression of a unique set of 
transcriptional targets during cholestasis.

Discussion
In these studies, we sought to expand on previ-

ous findings that absence of β-catenin protein and 
not its transcriptional activity regulates FXR during 
cholestasis. In our previous publication,(20) we showed 

Fig. 4. BA metabolism and FXR/β-catenin association are comparable in TG and WT mice after BDL. (A) Expression of SHP is 
increased in TG compared to WT mice after BDL, while Cyp7a1 and Cyp27 are unchanged before and after BDL. (B) Detoxification 
P450 enzymes are equivalently expressed in WT and TG mice after BDL. (C) BA uptake is unaffected by overexpression of β-catenin 
after BDL. (D) Expression of apical and basolateral BA exporters are not different between WT and TG mice in response to BDL, with 
the exception of MRP3, which is decreased in TG compared to WT mice. (E) Total liver BAs are equivalent in TG and WT mice after 
BDL. (F) IP with β-catenin shows maintenance of the FXR/β-catenin complex in TG mice before and after BDL. For A-E, *P < 0.05 
and **P < 0.01 versus WT (t test). Data in the graphs represent mean ± SEM. Abbreviations: mRNA, messenger RNA; ns, not significant.
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that β-catenin small interfering RNA increased SHP 
activity secondary to a decreased FXR/β-catenin 
association, while treatment with ICG-001, a small 

molecule that antagonizes β-catenin/TCF4 tran-
scriptional activity without reducing protein levels of 
β-catenin, does not induce SHP. To determine the 
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relevance of these findings in the development and 
progression of cholestasis in vivo, we used LRP5/6 
KO (DKO) mice, which have disrupted canonical 
Wnt signaling but intact β-catenin.(22) We showed 
that despite decreased biliary injury, DKO mice are as 
susceptible to BDL-induced cholestasis as WT mice. 
Maintenance of the FXR/β-catenin complex is associ-
ated with lack of SHP induction, equivalent liver BAs 
and bile infarcts, and similar accumulation of fibrosis 
and inflammation in DKO mice after BDL, support-
ing our hypothesis that the physical presence of β-cat-
enin prevents optimal FXR activation.

Notably, however, DKO mice had a significant 
decrease in serum markers of biliary injury after 
BDL compared to their WT counterparts as well as 
increased level of hepatic BAs at baseline, which paral-
lels findings in β-catenin KO mice.(20) Compensatory 
down-regulation of Cyp7a1 (seen in both β-catenin  
transcriptionally deficient models) likely occurs in 
response to the retention of liver BAs. However, 
although hepatic BA levels are ~17.5-fold higher in 
WT mice after BDL, they only increase ~9-fold in 
DKO mice. Decreased expression of both Cyp7a1 and 
Cyp27, a direct target of Wnt/β-catenin signaling,(26) 
in DKO mice may account for this milder elevation in 
BAs after BDL and also explain the decreased biliary 
injury. However, suppression of BA synthesis alone is 
insufficient to protect DKO livers from other dele-
terious effects of BDL, such as bile infarcts, inflam-
mation, fibrosis, and ductular response. Our studies 
in Wnt signaling-deficient mice, therefore, confirm 
that most of the protective phenotype in β-catenin 
KO mice can be attributed to the lack of a physical 
association of FXR and β-catenin and not the lack of 
β-catenin transcriptional activity.

We previously demonstrated that FXR activation 
can be altered by changing the amounts of FXR 

binding partners in the cell. Overexpression of reti-
noic X receptor (RXR)α increased FXR/RXRα het-
erodimer formation at the expense of FXR/β-catenin 
association.(20) Similarly, stable nondegradable S33Y 
β-catenin increased the FXR/β-catenin association 
and suppressed SHP activity compared to cells with 
WT β-catenin.(20) Surprisingly, however, mice TG for 
S45D β-catenin, a nondegradable form of the pro-
tein,(23) did not show accelerated injury or significant 
mortality at either 3 or 7 days after BDL but instead 
had comparable injury parameters to their WT coun-
terparts at both time points. We found similar levels 
of hepatic BAs in both groups; this was likely due to 
the equivalent FXR/β-catenin association in TG and 
WT mice both before and after BDL. One explana-
tion for the discrepancy between in vitro (S33Y) and 
in vivo (S45D) findings is that mutation of serine 45 
to aspartic acid could change the secondary structure 
of β-catenin, disallowing its physical association with 
FXR. In this case, only endogenous β-catenin, which 
is still present in TG livers, will bind to and inhibit 
FXR. Another explanation is that the different “pools” 
of β-catenin in the cell are functionally distinct, 
with the pool bound to FXR unaffected by excess  
β-catenin, which is sequestered at the hepatocyte 
membrane in association with E-cadherin in TG liv-
ers.(23) In the presence of an activating stimulus, such 
as BDL, membrane-bound S45D β-catenin preferen-
tially translocates to the nucleus, contributing to the 
increased hepatocyte proliferation seen in TG mice 
after BDL rather than to the FXR/β-catenin complex.

In support of this hypothesis, our data show that, 
overall, FXR activation during cholestasis is likely 
unaffected by active Wnt/β-catenin signaling. The 
association of FXR with β-catenin is not signifi-
cantly altered after BDL (see Figs. 2F and 4F, WT 
lanes), nor does loss of Wnt signaling in LRP5/6 KO 

Fig. 5. A distinct set of β-catenin target genes is activated in liver after BDL. (A) WB and quantification show no change in total 
β-catenin protein expression after BDL. (B) IHC shows that at baseline β-catenin is primarily localized to the hepatocyte membrane, 
while after BDL, there is cytoplasmic staining in periportal hepatocytes and an increased proportion of total β-catenin in the cholangiocyte 
compartment (top row images, magnification ×200; bottom row images, magnification ×400). (C) IP shows that TCF4/β-catenin 
association increases after BDL in WT livers; *P < 0.05 versus baseline (t test). (D) WB shows an increase in cyclin D1 protein expression 
in WT livers after BDL, while expression of GS is decreased; *P < 0.05 versus baseline (t test). (E) Ki67 IHC demonstrates that BDL 
induces robust proliferation of cholangiocytes and nonparenchymal cells but not hepatocytes. (F) Left: There is increased expression 
of several Wnt/β-catenin target genes in WT livers after BDL. Right: Sox17 staining is increased in the periportal region after BDL 
(magnification ×100). Bottom: Myc expression, which is normally restricted to the central vein, expands to the mid-zonal and periportal 
regions after BDL, as assessed by IHC (magnification ×100). Data in A,C,D represent mean ± SEM. Abbreviations: Fgf4, fibroblast 
growth factor 4; Foxn1, forkhead box N1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; Jun, jun proto-oncogene; Mmp7, matrix 
metallopeptidase 7; Pitx2, paired-like homeodomain transcription factor 2; Sfrp2, secreted frizzled-related protein 2.
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mice affect this complex. The β-catenin/TCF4 asso-
ciation does increase after BDL, however, suggest-
ing that transcriptionally active β-catenin is distinct 
from and does not affect the pool of FXR-bound  
β-catenin. Instead, this complex is likely regulated by 
BAs as we have previously shown a transient disso-
ciation of FXR/β-catenin following stimulation both  
in vitro and in vivo with the BA agonist GW4064.(20)

The increased association of β-catenin/TCF4 after 
BDL led us to investigate whether cholestasis causes 
transcriptional activation of β-catenin. Surprisingly, 
expression of GS, a surrogate β-catenin target gene, 
decreased after BDL. Loss of GS expression from 
hepatocytes could indicate a shift in β-catenin activa-
tion to other zones of liver at the expense of pericen-
tral targets like GS. Indeed, we identified a distinct 

Fig. 6. A proposed model for the regulation of β-catenin and FXR activity during cholestasis. (A) In a normal liver after BDL, Wnts, 
such as Wnt7A, bind to coreceptors Frizzled and LRP5/6 KO, which triggers recruitment of Dvl and the β-catenin destruction complex 
(Axin, APC, CK, andGSK3β) to the membrane. This results in hypophosphorylation of β-catenin and its translocation to the nucleus 
where it binds to TCF to induce expression of target genes, such as Sox17 and Myc. Simultaneously, BAs accumulate and are taken up 
by NTCP; BAs bind to and activate FXR, which transiently dissociates from the inhibitory β-catenin complex and, in partnership with 
RXRα, induces expression of target genes, such as BSEP and SHP. (B) In the absence of β-catenin, transcriptional targets, such as Cyp27, 
are suppressed, while increased basal hepatic BAs also lead to compensatory suppression of Cyp7a1. Simultaneously, loss of the inhibitory 
β-catenin/FXR complex results in increased activation of FXR, increased expression of downstream targets, such as SHP and BSEP, and 
optimal reduction and alteration of the hepatic BA pool during cholestasis. (C) In the absence of Wnt coreceptor LRP5/6, β-catenin target 
genes are suppressed, but the continued presence of β-catenin represses FXR and prevents optimal activation. (D) Mice overexpressing 
β-catenin have similar kinetics of β-catenin and FXR activation as normal mice except that S45D β-catenin, which is usually sequestered 
at the hepatocyte membrane, is activated and turns on expression of additional β-catenin targets, such as cyclin D1, that are involved in 
hepatocyte proliferation. Abbreviations: APC, adenomatous polyposis coli; Dvl, Dishevelled; GSK3, glycogen synthase kinase 3.
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set of β-catenin target genes that showed increased 
expression in the periportal region after BDL, includ-
ing Sox17 and Myc. β-catenin-dependent Sox17 
expression regulates endoderm specification and also 
plays a role in maturation of gallbladder and bile 
duct epithelia during late organogenesis.(27-29) Myc is 
a key factor in the reprogramming of fibroblasts to 
induced pluripotent stem cells.(30,31) Based on this, we 
believe that β-catenin is activating an atypical set of 
target genes during cholestasis that may be involved 
in either hepatocyte to biliary reprogramming or 
cholangiocyte growth. We have previously described 
increased expression of Wnt7A during cholestasis 
that activates a biliary profile in periportal hepato-
cytes in a β-catenin-dependent manner,(32) support-
ing this hypothesis. Transcriptional co-activators that 
regulate target gene expression in a spatiotemporal 
and context-dependent manner, as described by oth-
ers, may be critical in regulating the switch between 
pericentral- and periportal-specific β-catenin-driven 
gene expression.(33,34)

In conclusion, we show that the FXR/β-catenin 
complex is not under the control of Wnt signaling, 
which is instead activating target genes that may be 
involved in hepatocyte reprogramming after BDL. 
These data also support the hypothesis that the FXR/
β-catenin association, or lack thereof, is a key factor 
in determining susceptibility to cholestatic injury 
(Fig. 6). Our in-depth mechanistic analysis provides 
additional insight into the role of β-catenin signaling 
during cholestasis that is essential in design ing inhib-
itors of this pathway for targeted therapeutics.
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