
The Transcription Factor c-Jun Protects against Liver
Damage following Activated b-Catenin Signaling
Claudia Trierweiler1,2, Hubert E. Blum1, Peter Hasselblatt1*

1 Department of Medicine II, University Hospital Freiburg, Freiburg, Germany, 2 Faculty of Biology, Freiburg University, Freiburg, Germany

Abstract

Background: The Wnt/b-Catenin signaling pathway is central for liver functions and frequently deregulated in
hepatocellular carcinoma (HCC). Analysis of the early phenotypes and molecular events following b-Catenin activation is
therefore essential for better understanding HCC pathogenesis. The AP-1 transcription factor c-Jun is a putative b-Catenin
target gene and promotes hepatocyte survival, proliferation, and liver tumorigenesis, suggesting that c-Jun may be a key
target of b-Catenin signaling in the liver.

Methodology/Principal Findings: To address this issue, the immediate hepatic phenotypes following deletion of the tumor
suppressor Apc and subsequent b-Catenin activation were analyzed in mice. The contribution of c-Jun to these phenotypes
was dissected in double mutant animals lacking both, Apc and c-Jun. b-Catenin was rapidly activated in virtually all Apc
mutant hepatocytes while c-Jun was induced only after several days, suggesting that its expression was rather a secondary
event following Apc deletion in the liver. Loss of Apc resulted in increased hepatocyte proliferation, hepatomegaly,
deregulated protein metabolism, and premature death. Interestingly, additional deletion of c-Jun did not affect hepatocyte
proliferation but resulted in increased liver damage and mortality. This phenotype correlated with impaired expression of
hepatoprotective genes such as Birc5, Egfr Igf1 and subsequently deregulated Akt signaling.

Conclusions/Significance: These data indicate that c-Jun is not a primary target of b-Catenin signaling in the liver, but
rather protects against liver damage, which in turn may promote liver tumorigenesis.
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Introduction

The Wnt/b-Catenin signal transduction cascade is a major

regulator of liver development and hepatocyte function [1].

Moreover, b-Catenin is an established oncogene and defines a

genetically distinct subset of hepatocellular carcinoma (HCC) [2].

Its activity therefore needs to be tightly controlled. Under resting

conditions, b-Catenin is bound by a multiprotein complex

consisting of Adenomatosis polyposis coli (Apc), Axin and

Glycogen synthase kinase 3b and is targeted for proteasome-

dependent degradation. Disruption of this complex, e.g., upon

binding of Wnt ligands to their respective receptors or inactivating

mutations of Apc results in stabilization and nuclear translocation

of b-Catenin, where it cooperates with ternary complex factors

(Tcf) to form a ternary complex with DNA responsive elements,

thereby regulating expression of its target genes [3].

Genetic mouse models have been particularly useful to

determine the functions of Apc and b-Catenin in the liver.

Constitutive loss of Apc or gain of b-Catenin function results in

early lethality [1,4,5]. In contrast, conditional and liver-specific

knockout of Apc after birth results in increased hepatocyte

proliferation, hepatomegaly and premature mortality within days,

possibly due to perturbations in protein and ammonia metabolism

[6,7]. In addition, Apc acts as tumor suppressor in the liver since its

mosaic deletion in only a subset of hepatocytes is sufficient to cause

HCC [6]. Therefore, a detailed analysis of the molecular pathways

following b-Catenin activation is essential to better understand

HCC pathogenesis with the potential to identify novel candidates

for targeted therapies.

The immediate phenotypes of Apc loss are b-Catenin-dependent

and rescued upon additional knockout of Ctnnb1 (which encodes b-

Catenin) [8]. Apc mutant mice are therefore valuable to study the

functions of b-Catenin and its target genes in the liver [9].

Interestingly, it was previously shown that the phenotypes of Apc

loss in the intestine, but not in the liver, are rescued by additional

knockout of c-Myc [8,10]. However, the b-Catenin-dependent

signaling network in the liver is still incompletely understood.

Several lines of evidence suggest that the transcription factor c-

Jun may be an important mediator of b-Catenin functions in the

liver. c-Jun is a member of the AP-1 (activator protein 1) complex

that contains dimers of either Jun (c-Jun, JunB and JunD), Fos (c-

Fos, FosB, Fra-1 and Fra-2), Atf (activating transcription factor) or

Maf (musculoaponeurotic fibrosarcoma) protein families [11]. c-

Jun transcription is directly regulated by b-Catenin, at least in the

intestine [12,13]. Moreover, c-Jun is an important regulator of

liver development and regulates hepatocyte proliferation after

partial hepatectomy [14,15,16,17]. c-Jun is also frequently

PLoS ONE | www.plosone.org 1 July 2012 | Volume 7 | Issue 7 | e40638



expressed in human HCCs and acts as an oncogene in the liver

[18,19]. In addition, c-Jun promotes hepatocyte survival under

stress conditions such as acute hepatitis and endoplasmic reticulum

(ER) stress [20,21]. We therefore addressed the functions of c-Jun

in response to hepatic Apc loss using double mutant mice lacking

both, Apc and c-Jun. Our findings indicate that c-Jun is not

essential for hepatocyte proliferation in this setting, but rather

protects against liver damage, presumably by interacting with

growth factor signaling and subsequent activation of Akt .

Results

Hepatic loss of Apc results in rapid activation of b-
Catenin but delayed induction of c-Jun expression

Compound mutant mice carrying conditional alleles of Apc and

c-Jun as well as an inducible Cre recombinase under control of the

interferon-responsive Mx1 promoter were generated to analyze the

functional impact of c-Jun on the immediate phenotypes of Apc loss

in the liver. Mice were injected with double stranded RNA

(poly(I?C)) in order to induce Cre-mediated recombination and to

generate single Apc knockout (SKO) or Apc/c-Jun double knockout

mice (DKO).

Since deletion of Apc leads to stabilization and subsequent

nuclear translocation of b-Catenin, immunohistochemistry for b-

Catenin was performed to functionally assess the Apc recombina-

tion efficiency. b-Catenin was predominantly localized on cell

membranes in control livers, but translocated to the nucleus in

most hepatocytes in SKO and DKO mice as early as 2 days after

poly(I?C) injection (Fig. 1A, B). c-Jun expression was almost absent

in control livers. In SKO livers, nuclear c-Jun expression was

detected by immunohistochemistry only in a small subset of

hepatocytes 2 days after loss of Apc and further increased thereafter

(Fig. 1C, D). Immunoblotting confirmed that c-Jun expression in

SKO livers mainly occurred 6 days after Cre induction (Fig. 1E). In

contrast, c-Jun expression was absent in DKO hepatocytes

(Fig. 1.C–E) and efficient recombination was also evident by

PCR analysis of the respective loci (data not shown). Quantitative

PCR analysis was performed to analyze the expression kinetics of

b-Catenin target genes in more detail. Nuclear translocation of b-

Catenin in SKO and DKO livers at 2 days after Cre induction

correlated with increased expression of established b-Catenin

target genes such as Axin2, the transcription factor Sp5 and the

intestinal stem cell marker Lgr5. In contrast, expression of c-Jun

and c-Myc was delayed and only apparent after 6 days following

Cre induction. This was also consistent with previous observations

that c-Myc may not be a direct transcriptional target of b-Catenin

in the liver [9,22]. In conclusion, our findings indicate that Mx1Cre

mediates efficient recombination of each, the Apc and c-Jun locus.

Moreover, the delayed and more restricted expression pattern of c-

Jun suggests that c-Jun is not a primary target of b-Catenin in the

liver following loss of Apc.

c-Jun is not required for b-Catenin-dependent
hepatocyte proliferation and liver zonation

Loss of Apc in the liver results in increased hepatocyte

proliferation, subsequent hepatomegaly and mortality within days

[8]. Consistent with these findings, SKO animals died after a

median of 11 days following poly(I?C) injection. Interestingly,

median survival was significantly reduced to 8 days in DKO

animals, while survival of control animals was not affected

(Fig. 2A). Moderate hepatomegaly was evident in all Apc mutants

irrespective of c-Jun expression, indicating that this phenotype was

independent of c-Jun (Fig. 2B). Hepatocyte proliferation was

determined by immunohistochemistry for the proliferation marker

Ki67. Interestingly, the hepatocyte proliferation index increased to

the same extent in SKO and DKO livers (Fig. 3A, B), indicating that

c-Jun is not an essential mediator of b-Catenin-dependent

hepatocyte proliferation.

Apc and b-Catenin also regulate the spatial expression pattern

of genes involved in hepatic glutamine and ammonia metabolism

thereby controlling a process called liver zonation, which is

profoundly disturbed upon loss of Apc [7] [23]. However,

expression of the established b-Catenin target gene and zonation

marker glutamine synthetase (GS, encoded by the Glul gene), as

well as ornithine aminotransferase (Oat) was comparable in SKO

and DKO livers as determined by qPCR (Fig. 3D). Immunohis-

tochemistry further revealed that GS expression was confined to

pericentral hepatocytes in Apcf/f control animals (Fig. 3C),

although it should be noted that GS staining is more restricted

to the most pericentral hepatocyte layer in Apc+/+ livers (small inset

in Fig. 3C), consistent with the previous finding that conditional

Apc alleles are hypomorphic [24]. In contrast, GS was similarly

expressed throughout the liver in SKO and DKO mutants,

suggesting that c-Jun is not essential for regulating liver zonation.

c-Jun attenuates liver damage following Apc loss
c-Jun is a stress-responsive immediate early gene and its delayed

expression may reflect increased cell stress occurring at later

timepoints following Apc loss. Histological analyses revealed that

deletion of Apc resulted in moderate hypertrophy of periportal

hepatocytes in SKO mice, which was more pronounced in DKO

livers. In contrast, hepatocytes within the pericentral compartment

of DKO livers were considerably smaller and frequently contained

vacuoles, which may reflect increased hepatic stress (Fig. 4A, white

arrows). Moreover, scattered apoptotic hepatocytes were evident

by H&E staining (Fig. 4A, black arrowheads at higher magnifi-

cation in the lower panel). Although hepatocyte apoptosis as

determined by TUNEL assay was significantly induced in DKO

livers, it was a rather rare event (Fig. 4B). However, serum

transaminase concentrations were strongly increased in DKO

animals, reflecting increased liver damage following Apc loss

(Fig. 4C). Interestingly, increased liver damage was also observed

in Apc mutant mice heterozygous for c-Jun, in which c-Jun

expression was reduced by 60% as determined by immunohisto-

chemistry (data not shown). These findings indicate that c-Jun

protects against liver damage following loss of Apc and that these

functions are likely affected by c-Jun gene dosage.

Loss of c-Jun affects the expression of genes related to
growth factor signaling and Akt phosphorylation

Expression analysis of candidate genes related to cell survival

revealed that expression of the hepatoprotective genes Birc5 (also

known as Survivin), insulin like growth factor 1 (Igf1) and

epidermal growth factor receptor (Egfr) was reduced in DKO

livers, while expression of the apoptosis-related BH3 genes Bim,

Bax and Bcl-2 was not affected (Fig. 5A). Importantly, Igf1 and

Egfr expression was also reduced in livers lacking c-Jun specifically

in hepatocytes (Figure S1). Igf1 and other signaling cascades such

as the insulin pathway converge at the serine/threonine kinase

Akt, a central regulator of cell survival and metabolism.

Importantly, Akt phosphorylation was strongly reduced in DKO

livers (Fig. 5B). Reduced Akt phosphorylation in DKO livers was

likely not mediated by insulin, since serum insulin concentrations

and hepatic insulin receptor expression were reduced to the same

extent in SKO and DKO mice (Fig. 5B,C). Increased hepatocyte

vacuolization observed in DKO livers resembled the phenotype of

sustained chemically-induced ER stress in livers lacking c-Jun [21].

In keeping with this notion, expression of the chaperone and ER
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stress marker BiP was strongly induced in DKO livers and

predominantly occurred in vacuolated hepatocytes (Fig. 5B,D).

However, expression of other ER stress marker genes including

Gadd153, Gadd34 and XBP-1 splicing was not altered in DKO as

compared to SKO livers (data not shown). However, BiP (also

known as glucose regulated protein 78, Grp78) expression also

occurs during other stress responses such as starvation. In keeping

with this notion, hepatic glycogen content was specifically reduced

in DKO livers (Fig. 5C). These findings suggest that the composite

loss of Apc and c-Jun results in deregulated signaling through

growth factors and Akt, which in turn may exacerbate liver

damage in the absence of c-Jun.

Figure 1. Hepatic loss of Apc results in activation of b-Catenin, but delayed induction of c-Jun. (A–D) Immunohistochemistry was
performed to analyze the expression of b-Catenin (A) and c-Jun (C) in livers from mice with the indicated genotypes 6 days after Cre-mediated
recombination. (B, D) Nuclear expression of b-Catenin and c-Jun in hepatocytes was quantified at the indicated time points and is given in % 6 S.D.
(n = 6–11 mice per genotype). (E) c-Jun expression of liver lysates from mice with the indicated genotypes and timepoints was analyzed by
immunoblotting. b-Actin was used as loading control. (F) Hepatic expression of putative b-Catenin target genes at different timepoints following Cre
induction was determined by qPCR and is given as relative expression compared to control livers (n = 4–5 livers/genotype); 1, P#0.01; *, P#0.05 as
compared to control livers.
doi:10.1371/journal.pone.0040638.g001

Figure 2. c-Jun prolongs mouse survival upon Apc loss. (A) Survival of mice with the indicated genotypes was analyzed for 15 days following
induction of Cre and is shown as Kaplan Meier blot in [%]. (n = 10–16 mice per genotype; $, P = 0.0001). (B) Liver weight of mice with the indicated
genotypes was determined prior to death and is given as liver/body weight ratio in [%]. (n = 10–16 mice/genotype; 1, P,0.001; n.s., not significant).
doi:10.1371/journal.pone.0040638.g002
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Discussion

Although Apc may exert functions independent of b-Catenin

[25], Apc mutant mice are an established model to study the

immediate liver phenotypes and changes in gene expression

following b-Catenin activation [4,7,8,9]. Here, we studied the

impact of the AP-1 transcription factor c-Jun on these phenotypes

using compound mutant mice lacking both Apc and c-Jun.

A key finding of our study is the observation that c-Jun is likely

not a direct b-Catenin target gene and not an essential mediator of

the primary phenotypes of Apc loss in the liver such as deregulated

liver zonation, hepatocyte proliferation and subsequent hepato-

megaly. c-Jun has previously been identified as a b-Catenin target

gene in the intestine and mediates b-Catenin-dependent intestinal

tumorigenesis in ApcMin mice [12,13]. However, these functions

are likely dependent on the experimental system since c-Jun

expression was also not required for proliferation of small intestinal

epithelial cells upon knockout of Apc or an activating mutation of

Ctnnb1 as well as during colitis-associated colorectal cancer [26].

By contrast, hepatic loss of Apc and c-Jun rather resulted in

increased liver damage and mortality. It should be noted that these

phenotypes may also be influenced by extrahepatic functions of c-

Figure 3. c-Jun is not essential for hepatocyte proliferation and liver zonation following Apc loss. (A) Hepatocyte proliferation was
analyzed at 6 days following Cre induction by immunohistochemistry for the proliferation marker Ki67. (p, portal vein). (B) The percentage of Ki67
positive hepatocytes is shown in [%] 6 S.D. (n = 6–11 mice/genotype; n.s., not significant). (C) Immunohistochemistry for the b-Catenin target gene
and zonation marker glutamine synthetase (GS) was performed in livers with the indicated genotypes. p, portal vein; c, central vein. (D) Hepatic
expression of the indicated genes at 6 days following Cre induction was determined by qPCR and is given as relative expression compared to control
livers (n = 5 livers/genotype).
doi:10.1371/journal.pone.0040638.g003

Figure 4. c-Jun attenuates liver damage following Apc loss. (A) Liver histology of mice with the indicated genotypes was analyzed 6 days after
Cre induction. Pronounced hypertrophy of periportal hepatocytes was evident in DKO livers. By comparison, hepatocytes in the pericentral
compartment (white arrows) were smaller and contained many vacuoles and scattered eosinophilic apoptotic bodies (black arrowheads; p, portal
vein; c, central vein). (B) Apoptosis was analyzed by TUNEL assay, quantified and the hepatocyte apoptosis index is given in [%] 6 S.D., (n = 3–4 livers/
genotype). (C) Liver damage in mice with the indicated genotypes was determined by analysis of serum ALT 6 S.D. 6 days after Cre induction (n = 5–
11 mice/genotype; 1, P,0.001).
doi:10.1371/journal.pone.0040638.g004

Function of c-Jun upon Hepatic b-Catenin Signaling

PLoS ONE | www.plosone.org 4 July 2012 | Volume 7 | Issue 7 | e40638



Jun, since Mx1Cre-mediated recombination also occurred in

extrahepatic tissues such as bone marrow and spleen. It is

therefore uncertain whether the increased mortality of DKO mice

can be attributed to increased liver damage alone and the

extrahepatic functions of c-Jun and causes of death following Apc

loss need to be analyzed in more detail in the future. Moreover, it

has been shown previously that Mx1Cre-mediated deletion of IKKb
in non-parenchymal liver cells and hepatocytes results in opposite

tumorigenesis phenotypes as compared to hepatocyte-specific

deletion alone [27]. However, comparable results have not been

reported upon Mx1Cre-mediated deletion of c-Jun, at least during

chemically induced liver carcinogenesis and acute T-cell-mediated

hepatitis [18,20]. On the other hand, inducible recombination of

Apc and c-Jun was highly efficient by using Mx1Cre and the hepatic

phenotypes observed in these mice closely resembled previous

reports of hepatic Apc loss by using different recombination

approaches [6,8]. Our mouse model can therefore be considered

to correctly recapitulate the phenotypic hallmarks of hepatic Apc

loss.

The hepatoprotective functions of c-Jun observed here are

consistent with the emerging concept that c-Jun promotes

hepatocyte survival during diverse stress conditions such as acute

hepatitis, hepatic ER stress responses and liver tumorigenesis

[18,20,21]. On the molecular level, increased liver damage in DKO

livers correlated with impaired expression of genes implicated in

the regulation of hepatocyte survival such as Birc5 and Egfr, which

have both been reported as putative direct c-Jun and b-Catenin

target genes in other experimental systems [8,28,29,30]. More-

over, composite loss of Apc and c-Jun resulted in impaired Igf1

expression, which also occurred in livers specifically lacking c-Jun

in hepatocytes, suggesting that Igf1 expression is indeed regulated

by c-Jun in hepatocytes.

Nutrient availability, insulin and related growth factors regulate

cell survival by activation of the serine/threonine kinase Akt,

which is a master regulator of cell metabolism, survival, growth

and cancer and frequently activated in HCC [31,32,33].

Moreover, Akt substantially contributes to regeneration and

tumorigenesis following loss of Apc in the intestine [34]. Akt

phosphorylation was substantially reduced in DKO livers, suggest-

ing that c-Jun may directly or indirectly interact with hepatopro-

tective Akt/mTor signaling in this context. Impaired Akt

phosphorylation also correlated with reduced hepatic glycogen

content and it is therefore tempting to speculate that c-Jun may be

involved in the regulation of metabolic responses in the liver. In

addition, Birc5, Egfr, Igf as well as downstream Akt signaling all

promote liver tumorigenesis [32,35], suggesting that c-Jun may

promote the formation of b-Catenin-dependent HCC by directly

or indirectly regulating the expression of these genes.

In conclusion, we provide evidence that c-Jun is not a primary

target of b-Catenin signaling in the liver, but rather protects

against liver damage in this context. These findings provide a

rationale to further explore the interactions of c-Jun with

hepatoprotective Akt signaling in metabolic liver disease, hepato-

carcinogenesis and tumor cell metabolism.

Materials and Methods

Animals
Mice with conditional alleles for c-Jun or Apc (c-Junf/f and Apcf/f,

respectively) were crossed with transgenic mice expressing Cre

under the control of the interferon-responsive Mx1 promoter

[16,36,37]. Tg(Mx1Cre) Apcf/f c-Jun+/+ and Tg(Mx1Cre) Apcf/f c-

Junf/f animals were used to generate single (SKO) and double

knockout mice (DKO), respectively. Cre-mediated recombination

was induced by injection of polyinosine-polycytidylic acid (poly

(I?C), 15 mg/g BW, Amersham Biosciences, Piscataway, NJ) and

mice were analyzed at the indicated time points. Mice were

maintained on a mixed genetic background (C57BL/66129/Sv)

Figure 5. Loss of c-Jun affects the expression of genes related to growth factor signaling and Akt. (A) Hepatic expression of the indicated
genes at 6 days upon Cre induction was determined by qPCR and is given as relative expression compared to control livers (n = 5 livers/genotype); *,
P#0.05. (B) Expression of the indicated proteins in total liver lysates of mice with the indicated genotypes was determined by immunoblotting. Ir,
Insulin receptor. b-Actin was used as control. Samples from livers with strongly increased hepatocyte vacuolization are indicated. (C) Hepatic
glycogen content and serum insulin concentrations were analyzed 6 days after Cre induction (n = 4–11/genotype); *, P#0.05. (D) BiP expression
predominantly occurred in vacuolated hepatocytes in DKO mice as determined by immunohistochemistry.
doi:10.1371/journal.pone.0040638.g005
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and housed under specific-pathogen free conditions. Littermates

not expressing Cre were used as controls. Floxed Apc alleles are

considered to have hypomorphic functions [24]. Pilot experiments

comparing Apcf/f c-Junf/f with Apc+/+ c-Junf/f mice revealed no

differences in liver size, hepatocyte proliferation or RNA

expression of the genes studied here, indicating that the

phenotypes of the controls used here was not substantially affected

by the floxed Apc alleles (Figure S2). For some control experiments,

mice lacking c-Jun specifically in hepatocytes (Tg(AlfpCre) c-Junf/f, c-

JunDli) were used [11]. All animals received humane care and

experiments were performed in accordance with local and

institutional regulations. All experiments for this study were

specifically approved by the local animal ethics committee

(Regierungspräsidium Freiburg, Germany, permit number G08/

12).

Histology and immunohistochemistry
For histology, livers were fixed in 3.7% neutral buffered

formaldehyde at 4uC overnight and embedded in paraffin.

Immunohistochemistry was performed using the Envision kit

(DAKO, Hamburg, Germany) and antibodies for c-Jun (#9165;

Cell Signaling, NEB, Frankfurt, Germany), b-Catenin (#610154;

BD Biosciences, San Diego, California), Glutamine synthetase

(#610518; BD Biosciences), Ki67 (#301119; Novocastra; New-

castle, UK) and BiP (#3177, Cell Signaling). Slides were

counterstained with Hematoxylin (Sigma, Schnelldorf, Germany).

H&E stainings were performed according to standard protocols.

Microscopy was performed on a Zeiss Observer Z1 with SPOT

Imaging software. The percentage of hepatocytes expressing c-Jun,

b-Catenin or Ki67 was determined by counting hepatocyte nuclei

within 3 random 4006 magnification fields per mouse (n $ 6

livers per genotype). TUNEL assays were performed using the in

situ cell death detection kit (Roche, Mannheim, Germany).

Cytotoxicity assays and liver glycogen analysis
Hepatocyte damage was determined by the level of serum

transaminases and serum glucose concentrations were analyzed

using semi-automated clinical routine methods. Liver glycogen

concentrations were analyzed using a glycogen assay kit (BioCat,

Heidelberg, Germany) according to the manufacturer’s protocol.

Western blot analysis and ELISA
Total liver lysates were analyzed by immunoblot using

antibodies for b-Actin (Sigma), insulin receptor (sc711, Santa

Cruz), BiP (#3177, Cell Signaling), p-Akt (Ser473 #4060, Cell

Signaling) and Akt (# 4685, Cell Signaling). Serum insulin

concentrations were determined using the insulin (rat) ultrasensi-

tive ELISA kit with 75% mouse sensitivity (EIA-2943; DRG

Instruments, Marburg, Germany).

qPCR
Upon isolation of total liver RNA using Qiazol (Qiagen, Hilden,

Germany), cDNA synthesis was performed using the first strand

cDNA synthesis kit (Fermentas, St. Leon-Rot, Germany). qPCR

was performed with SYBR Green (Invitrogen, Karlsruhe,

Germany) on a 480 Lightcycler (Roche) and the expression levels

of transcripts were calculated with the comparative CT method.

The individual RNA levels were normalized for Hprt. Primer

sequences are available upon request.

Statistics
Data in bar graphs represent mean 6 S.D. as indicated.

Statistical analysis was performed using the nondirectional two-

tailed Student’s t test. Statistical analysis of mouse survival was

determined by log rank test.

Supporting Information

Figure S1 Expression of the indicated genes was
analyzed in control livers and livers from mice specif-
ically lacking c-Jun in hepatocytes (c-JunDli). (n = 3
livers/genotype); *, P#0.05; 1, P#0.01.

(TIF)

Figure S2 Hypomorphic floxed Apc alleles do not affect
liver size, hepatocyte proliferation and hepatic gene
expression. (A) Liver weight of mice with the indicated

genotypes was determined and is given as liver/body weight ratio

in [%]. (n.4 mice/genotype). (B) The percentage of Ki67 positive

hepatocytes is shown in [%] (n.4 livers/genotype). (C) Hepatic

expression of the indicated genes was determined by qPCR and is

given as relative expression compared to control livers (n.3 livers/

genotype).

(TIF)
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Bakiri, M. Bartolomé Rodrı́guez and G. Paeth for helpful comments and

discussions.

Author Contributions

Conceived and designed the experiments: CT HEB PH. Performed the

experiments: CT PH. Analyzed the data: CT PH. Wrote the paper: CT

HEB PH.

References

1. Thompson MD, Monga SP (2007) WNT/beta-catenin signaling in liver health
and disease. Hepatology 45: 1298–1305.

2. Llovet JM, Bruix J (2008) Molecular targeted therapies in hepatocellular
carcinoma. Hepatology 48: 1312–1327.

3. Clevers H (2006) Wnt/beta-catenin signaling in development and disease. Cell
127: 469–480.

4. Decaens T, Godard C, de Reynies A, Rickman DS, Tronche F, et al. (2008)
Stabilization of beta-catenin affects mouse embryonic liver growth and

hepatoblast fate. Hepatology 47: 247–258.

5. Kemler R, Hierholzer A, Kanzler B, Kuppig S, Hansen K, et al. (2004)

Stabilization of beta-catenin in the mouse zygote leads to premature epithelial-
mesenchymal transition in the epiblast. Development 131: 5817–5824.

6. Colnot S, Decaens T, Niwa-Kawakita M, Godard C, Hamard G, et al. (2004)
Liver-targeted disruption of Apc in mice activates beta-catenin signaling and

leads to hepatocellular carcinomas. Proc Natl Acad Sci U S A 101: 17216–

17221.

7. Benhamouche S, Decaens T, Godard C, Chambrey R, Rickman DS, et al.
(2006) Apc tumor suppressor gene is the ‘‘zonation-keeper’’ of mouse liver. Dev

Cell 10: 759–770.

8. Reed KR, Athineos D, Meniel VS, Wilkins JA, Ridgway RA, et al. (2008) B-

catenin deficiency, but not Myc deletion, suppresses the immediate phenotypes

of APC loss in the liver. Proc Natl Acad Sci U S A 105: 18919–18923.

9. Torre C, Benhamouche S, Mitchell C, Godard C, Veber P, et al. (2011) The
transforming growth factor-alpha and cyclin D1 genes are direct targets of beta-

catenin signaling in hepatocyte proliferation. J Hepatol 55: 86–95.

10. Sansom OJ, Meniel VS, Muncan V, Phesse TJ, Wilkins JA, et al. (2007) Myc

deletion rescues Apc deficiency in the small intestine. Nature 446: 676–679.

11. Eferl R, Wagner EF (2003) AP-1: a double-edged sword in tumorigenesis. Nat

Rev Cancer 3: 859–868.

12. Mann B, Gelos M, Siedow A, Hanski ML, Gratchev A, et al. (1999) Target

genes of beta-catenin-T cell-factor/lymphoid-enhancer-factor signaling in

human colorectal carcinomas. Proc Natl Acad Sci U S A 96: 1603–1608.

Function of c-Jun upon Hepatic b-Catenin Signaling

PLoS ONE | www.plosone.org 6 July 2012 | Volume 7 | Issue 7 | e40638



13. Nateri AS, Spencer-Dene B, Behrens A (2005) Interaction of phosphorylated c-

Jun with TCF4 regulates intestinal cancer development. Nature 437: 281–285.
14. Hilberg F, Aguzzi A, Howells N, Wagner EF (1993) c-jun is essential for normal

mouse development and hepatogenesis. Nature 365: 179–181.

15. Eferl R, Sibilia M, Hilberg F, Fuchsbichler A, Kufferath I, et al. (1999) Functions
of c-Jun in liver and heart development. J Cell Biol 145: 1049–1061.

16. Behrens A, Sibilia M, David JP, Mohle-Steinlein U, Tronche F, et al. (2002)
Impaired postnatal hepatocyte proliferation and liver regeneration in mice

lacking c-jun in the liver. Embo J 21: 1782–1790.

17. Stepniak E, Ricci R, Eferl R, Sumara G, Sumara I, et al. (2006) c-Jun/AP-1
controls liver regeneration by repressing p53/p21 and p38 MAPK activity.

Genes Dev 20: 2306–2314.
18. Eferl R, Ricci R, Kenner L, Zenz R, David JP, et al. (2003) Liver tumor

development. c-Jun antagonizes the proapoptotic activity of p53. Cell 112: 181–
192.

19. Machida K, Tsukamoto H, Liu JC, Han YP, Govindarajan S, et al. (2010) c-Jun

mediates hepatitis C virus hepatocarcinogenesis through signal transducer and
activator of transcription 3 and nitric oxide-dependent impairment of oxidative

DNA repair. Hepatology 52: 480–492.
20. Hasselblatt P, Rath M, Komnenovic V, Zatloukal K, Wagner EF (2007)

Hepatocyte survival in acute hepatitis is due to c-Jun/AP-1-dependent

expression of inducible nitric oxide synthase. Proc Natl Acad Sci U S A 104:
17105–17110.

21. Fuest M, Willim K, Macnelly S, Fellner N, Resch GP, et al. (2012) The
transcription factor c-Jun protects against sustained hepatic endoplasmic

reticulum stress thereby promoting hepatocyte survival. Hepatology 55: 408–
418.

22. Cadoret A, Ovejero C, Saadi-Kheddouci S, Souil E, Fabre M, et al. (2001)

Hepatomegaly in transgenic mice expressing an oncogenic form of beta-catenin.
Cancer Res 61: 3245–3249.

23. Burke ZD, Reed KR, Phesse TJ, Sansom OJ, Clarke AR, et al. (2009) Liver
zonation occurs through a beta-catenin-dependent, c-Myc-independent mech-

anism. Gastroenterology 136: 2316–2324.

24. Buchert M, Athineos D, Abud HE, Burke ZD, Faux MC, et al. (2010) Genetic
dissection of differential signaling threshold requirements for the Wnt/beta-

catenin pathway in vivo. PLoS Genet 6: e1000816.

25. Qian J, Sarnaik AA, Bonney TM, Keirsey J, Combs KA, et al. (2008) The APC

tumor suppressor inhibits DNA replication by directly binding to DNA via its
carboxyl terminus. Gastroenterology 135: 152–162.

26. Hasselblatt P, Gresh L, Kudo H, Guinea-Viniegra J, Wagner EF (2008) The role

of the transcription factor AP-1 in colitis-associated and beta-catenin-dependent
intestinal tumorigenesis in mice. Oncogene 27: 6102–6109.

27. Maeda S, Kamata H, Luo JL, Leffert H, Karin M (2005) IKKbeta couples
hepatocyte death to cytokine-driven compensatory proliferation that promotes

chemical hepatocarcinogenesis. Cell 121: 977–990.

28. Katiyar S, Casimiro MC, Dettin L, Ju X, Wagner EF, et al. (2010) C-jun inhibits
mammary apoptosis in vivo. Mol Biol Cell 21: 4264–4274.

29. Zenz R, Scheuch H, Martin P, Frank C, Eferl R, et al. (2003) c-Jun regulates
eyelid closure and skin tumor development through EGFR signaling. Dev Cell 4:

879–889.
30. Tan X, Apte U, Micsenyi A, Kotsagrelos E, Luo JH, et al. (2005) Epidermal

growth factor receptor: a novel target of the Wnt/beta-catenin pathway in liver.

Gastroenterology 129: 285–302.
31. Zoncu R, Efeyan A, Sabatini DM (2011) mTOR: from growth signal integration

to cancer, diabetes and ageing. Nat Rev Mol Cell Biol 12: 21–35.
32. Whittaker S, Marais R, Zhu AX (2010) The role of signaling pathways in the

development and treatment of hepatocellular carcinoma. Oncogene 29: 4989–

5005.
33. Ho C, Wang C, Mattu S, Destefanis G, Ladu S, et al. (2012) AKT and N-Ras

co-activation in the mouse liver promotes rapid carcinogenesis via mTORC1,
FOXM1/SKP2, and c-Myc pathways. Hepatology 55:833–845.

34. Ashton GH, Morton JP, Myant K, Phesse TJ, Ridgway RA, et al. (2010) Focal
adhesion kinase is required for intestinal regeneration and tumorigenesis

downstream of Wnt/c-Myc signaling. Dev Cell 19: 259–269.

35. Augello C, Caruso L, Maggioni M, Donadon M, Montorsi M, et al. (2009)
Inhibitors of apoptosis proteins (IAPs) expression and their prognostic

significance in hepatocellular carcinoma. BMC Cancer 9: 125.
36. Kuhn R, Schwenk F, Aguet M, Rajewsky K (1995) Inducible gene targeting in

mice. Science 269: 1427-1429.

37. Shibata H, Toyama K, Shioya H, Ito M, Hirota M, et al. (1997) Rapid
colorectal adenoma formation initiated by conditional targeting of the Apc gene.

Science 278: 120–123.

Function of c-Jun upon Hepatic b-Catenin Signaling

PLoS ONE | www.plosone.org 7 July 2012 | Volume 7 | Issue 7 | e40638


