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Increasing evidence shows that there is an interaction between
mitogen-activated protein kinase andWnt signaling and that their
interaction plays important roles in a variety of cellular processes.
However, how the two signaling interacts is not clear. In this study,
we found that b-catenin expression was strikingly increased in the
intestinal normal mucosa and tumors of c-Jun N-terminal kinase
(JNK) 1-deficient mice by immunohistochemical staining and that
both b-catenin expression and transcriptional activity were sig-
nificantly upregulated in JNK1-deficient mouse embryonic fibro-
blasts. However, active JNK1 significantly inhibited b-catenin
expression and suppressed b-catenin-mediated transcriptional
activity by enhancing glycogen synthase kinase 3b (GSK3b) ac-
tivity. But b-catenin inhibition was significantly reduced by
GSK3b RNA interference or GSK3b inhibitor lithium chloride
and proteasome inhibitor MG132. Further, mutant b-catenin at
the phosphorylation sites of Ser33 and Ser37 by GSK3b was re-
sistant to activated JNK1-induced b-catenin degradation. More-
over, the physical interaction between JNK1 and b-catenin was
detected by immunoprecipitation, and their colocalization was
seen in cellular nuclei and cytoplasm. Taken together, our data
provide direct evidence that JNK1 interacts with and negatively
regulates b-catenin signaling through GSK3b pathway and that
the b-catenin alteration is probably responsible for the intestinal
tumor formation in JNK1-deficient mice.

Introduction

The c-Jun N-terminal kinases (JNKs) are members of the superfamily
of mitogen-activated protein kinase (MAPK) family and play an
important role in the regulation of a variety of cellular processes,
including cell proliferation, differentiation and apoptosis (1,2).
Numerous evidences demonstrated the distinctive functions of JNKs,
but JNK1 is reported as a tumor suppressor. It was reported that
targeted inactivation of JNK1 in mice increased the sensitivity to skin
tumorigenesis induced by the tumor promoter 12-O-tetradecanoyl-
phorbol-13-acetate (3). In contrast, gain-of-function of JNK1 strongly
inhibited the transformed growth of non-small cell lung cancer cells
(4). Recently, our studies demonstrate a critical role of JNK1 in reg-
ulating intestinal homeostasis and in suppressing intestinal tumor
formation in mouse (5). Further studies suggest that the suppressor

role of JNK1 is linked to the altered expression of p21WAF/cip1.
However, the inactivation of p21 alone is not sufficient to initiate
tumor formation (6). Therefore, it was proposed that other potential
signaling pathways be involved in tumor formation in JNK1-deficient
mice.

Recently, an increasing body of literature reported the cross talk
between MAPK and Wnt/b-catenin signaling in a variety of cellular
processes (7–10). b-Catenin is a mediator in Wnt/b-catenin-signaling
pathway. In the absence of Wnt ligands, b-catenin is phosphorylated
by glycogen synthase kinase 3b (GSK3b) in a destruction complex of
adenomatous polyposis coli (APC)–GSK3b–axin (11–14), ubiquiti-
nated by b-transducin repeat-containing protein complex and de-
graded by proteasome system. In the presence of Wnt ligands, the
destruction complex is inhibited. b-Catenin is stabilized and trans-
located into nucleus, where it acts as a coactivator of the T-cell factor
(TCF)/lymphoid enhancer factor family of transcription factors, mod-
ulating expression of a broad range of target genes, such as c-myc and
cyclin D1 (15). Although Wnt/b-catenin signaling is required for
maintaining both stem cells and cell proliferation in the crypts of
adult small intestine (16) and controls the differentiation in the villi
(17,18), aberrant Wnt/b-catenin signaling, resulting from mutations in
its components, disturbs the finely tuned equilibrium between stem-
ness, proliferation and differentiation in intestinal epithelial cells
along the crypt–villus axis, finally leading to tumor formation.

As an important substrate of JNK1, the cyclin-dependent kinase
inhibitor p21WAF1 plays an important role in intestinal homeostasis
and tumor formation. It was reported that c-myc, a downstream target
of b-catenin/TCF4, directly represses p21 promoter. Disruption of
b-catenin/TCF4 activity leads to decreased expression of c-myc,
which releases p21 transcription and thus mediates G1 arrest and
differentiation (19). In contrast, inactivation of p21 induces significant
elevation in c-myc expression and cell proliferation (20). These obser-
vations suggest a possible interaction between JNK1 and Wnt/
b-catenin-signaling pathway and that their interaction plays a role
in intestinal tumorigenesis initiated by targeted JNK1 inactivation.
Herein, we reported that JNK1 interacts with b-catenin and inhibits
b-catenin signaling through GSK3b and proteasome system both
in vivo and in vitro.

Materials and methods

Mouse tissues and immunohistochemical staining

Mouse intestinal normal mucosa and intestinal tumors were from JNK1þ/þ and
JNK1�/� mice, respectively, as described previously (5). Four micrometer
formalin-fixed and paraffin-embedded sections were deparaffinized and rehy-
drated, quenched with 1.5% H2O2, blocked with 10% normal goat serum and
probed with goat anti-b-catenin polyclonal antibody (sc-1496; Santa Cruz
Biotechnology, Santa Cruz, CA). Detection was with biotinylated anti-goat
IgG, followed by incubation with avidin–biotin complex (Vector Laboratories,
Burlingame, CA) and substrate 3#,5#-diaminobenzidine, followed with hema-
toxylin counterstaining.

Cell lines and cell culture

Human embryonic kidney (HEK) 293T cell line, mouse L cells that secrete
Wnt3a and human colon cancer cell lines SW480 were obtained from the Amer-
ican Type Culture Collection (Manassas, VA). JNK1þ/þ and JNK1�/� mouse
embryonic fibroblast (MEF) was derived from JNK1þ/þ and JNK1�/� mice.
HEK293T and MEF cells were maintained in Dulbecco’s modified Eagle’s
medium, and the SW480 cells were grown in minimal essential medium and
McCoy’s 5A, respectively. Medium was supplemented with 10% fetal bovine
serum, 1� antibiotic/antimycotic solution (100 U/ml streptomycin, 100 U/ml
penicillin and 0.25 lg/ml amphotericin B), 100 lmol/l non-essential amino acids
and 100 mmol/l N-2-hydroxyethylpiperazine-N#-2-ethanesulfonic acid buffer
solution (all from Invitrogen Corp., Carlsbad, CA). All cells were cultured at
37�C in a humidified atmosphere containing 5% CO2.

Abbreviations: APC, adenomatous polyposis coli; GSK3b, glycogen synthase
kinase 3b; HA, hemagglutinin; HEK, human embryonic kidney; JNK, c-Jun
N-terminal kinase; LiCl, lithium chloride; MAPK, mitogen-activated protein
kinase; MEF, mouse embryonic fibroblast; PBS, phosphate-buffered saline;
RNAi, RNA interference; TCF, T-cell factor; UV, ultraviolet.
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Ultraviolet irradiation

Prior to ultraviolet (UV) irradiation (FB-UVXL-1000 UV cross-linker; Fisher
Scientific, Pittsburgh, PA), the culture medium was removed to deliver as exact
a UV dose as possible and then restored afterward. Two hours after UV irra-
diation, cells were harvested for immunoblotting analysis.

Plasmids and transfection

pcDNA3-Flag-MKK7-JNK1 (activated JNK1) and pcDNA3-hemagglutinin
(HA)-b-catenin were constructed as described previously (21,22). GSk3b
RNA interference (RNAi) plasmid pSuper-GSK3b and control pSuper-
neo-GFP were kindly provided by Dr Christine Blattner (Forschungszentrum
Karlsruhe, Institute for Toxicology and Genetics, Germany) (23). To construct
the vectors expressing HA-tagged mutant b-catenin (HA-S33Y b-catenin, HA-
S33F b-catenin and HA-S37A b-catenin), the coding sequences of b-catenin
were amplified from the corresponding plasmids expressing Flag-tagged
b-catenin (pcDNA3-Flag-S33Y b-catenin, pcDNA3-Flag-S33F b-catenin and
pcDNA3-Flag-S37A b-catenin, kindly provided by Dr Zijie Sun, Stanford
University School of Medicine and Dr Eric Fearon, University of Michigan,
respectively) (24,25) and cloned into the plasmid pcDNA3-HA which enc-
odes a HA epitope tag at the N-terminus. The primers used for b-catenin
amplification were forward, 5#-CGGGATCCATGGCTACTCAAGCTGA-
TTTGAT-3# and reverse, 5#-GCTCTAGATTACAGGTCAGTATCAAACCA-
GGCC-3#. TCF-4 reporter plasmid TOPFLASH and the control inactive
reporter FOPFLASH were from Upstate Biotechnology (Lake Placid, NY).
Reporter plasmid pTK-Renilla was purchased from Promega (Madison, WI).
For transfection, cells were plated to form a 50–70% confluent culture. The
HEK293T and MEF cells were transfected using Lipofectamine 2000 (Invi-
trogen Corp.), whereas the SW480 cells were transfected with Amaxa nucle-
ofection system (Gaithersburg, MD).

b-Catenin/TCF-4 reporter assay

Cells were plated in 24-well plates. After 24 h, cells were cotransfected with
pcDNA-HA-b-catenin and pcDNA3-Flag-MKK7-JNK1, along with TOPFLASH
or FOPFLASH using Lipofectamine 2000 according to the manufacturer’s instruc-
tion. Twenty-four or forty-eight hours after transfection, the cells were harvested.
Firefly and Renilla luciferase activities were measured using a dual luciferase kit
(Promega). The firefly luciferase data for each sample were normalized based on
transfection efficiency as determined by Renilla luciferase activity. Each experi-
ment was performed in triplicate and repeated at least three times.

Western blotting

Cells were harvested and suspended in radio immunoprecipitation assay
(RIPA) lysis buffer (Upstate Biotechnology) containing protease inhibitor cock-
tail (Sigma–Aldrich Corp., St Louis, MO). After incubation on ice for 15 min,
cell lysate was centrifuged at 12 000 r.p.m. for 15 min at 4�C. The protein
content of the supernatant was determined using Bio-Rad Protein Assay
Reagent (Bio-Rad Laboratories, Hercules, CA). Proteins were separated on
12% sodium dodecyl sulfate–polyacrylamide gel electrophoresis and transferred
to polyvinylidene difluoride membranes (Bio-Rad Laboratories). Blots were
probed with the antibodies specific for HA, p-JNK1, p-c-Jun, b-catenin (Santa
Cruz Biotechnology), GSK3b, p-GSK3b (Cell Signaling Technology, Beverly,
MA) and b-actin (Sigma–Aldrich Corp.). Signals were detected with enhanced
chemiluminescence plus reagents (Amersham Pharmacia, Piscataway, NJ).

Coimmunoprecipitation assay

Cells were washed twice with ice-cold phosphate-buffered saline (PBS) and
then incubated on ice for 15 min in RIPA lysis buffer supplemented with
protease inhibitor cocktail. Total cell lysate was centrifuged at 12 000 r.p.m.
for 15 min at 4�C. Three hundred micrograms of the supernatant was incubated
with the anti-Flag antibody (GenScript Corporation, Scotch Plains, NJ) over-
night at 4�C on a rotator, followed by addition of protein A/G plus-agarose
(Santa Cruz Biotechnology) for 2 h at 4�C. Agaroses were washed five times in
RIPA lysis buffer supplemented with protease inhibitor cocktail. Complexes
were released from the protein A/G plus-agarose by boiling for 5 min in 2�
sodium dodecyl sulfate–polyacrylamide gel electrophoresis loading buffer.
The immunocomplex was separated on 12% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis, and western blotting was used to detect
HA-b-catenin and GSK3b with anti-HA and anti-GSK3b antibody, respectively.

Immunofluorescence microscopy

Cells grown on a chamber slide (BD Biosciences, San Jose, CA) were cotrans-
fected with pEGFP-b-catenin and pcDNA3-Flag-MKK7-JNK1. Twenty-four
hours after transfection, cells were fixed with 4% paraformaldehyde in PBS for
10 min and rendered permeable by further treatment with 0.2% Triton X-100
for 5 min. Anti-Flag antibody (1:200; Genescript, Piscataway, NJ) was diluted
in 1% bovine serum albumin in PBS and incubated with cells for 1 h. Cells
were washed three times with PBS and then incubated with tetramethyl rho-
damine isothiocyanate labeled anti-mouse immunoglobulin G (Santa Cruz
Biotechnology) diluted in PBS for 1 h. Cells were washed, mounted with
UltraCruz 4#-6-Diamidino-2-phenylindole containing mounting medium
(Santa Cruz Biotechnology), viewed and photographed under a Zeiss
LSM510 META confocal microscope (Zeiss, Jena, Germany).

Results and discussion

JNK1 deficiency caused striking elevation of b-catenin in the intestine
of mice

Our previous work demonstrated that mice with targeted inactivation
of JNK1 spontaneously developed intestinal tumors (5). In contrast,
there was no intestinal tumor formation in the mice that were wild-type
or heterozygous for JNK1. Since Wnt/b-catenin signaling plays impor-
tant role in intestinal tumorigenesis, we detected b-catenin expression
in intestinal normal mucosa and intestinal tumors to elucidate the role
of b-catenin in JNK1-initiated tumor formation and the potential cor-
relation between JNK1 and Wnt/b-catenin signaling. As shown in Fig-
ure 1B, an adenoma was represented at the upside of dash line, with
adjacent normal mucosa. Mouse tissues were evaluated immunohisto-
chemically for b-catenin expression. Similar as reported earlier (19),
b-cateninwashighly expressed in the crypt of normal mousesmall bowel,
and its expression was decreased as cells extended the crypt–villus axis
(Figure 1A). However, striking increase of b-catenin expression was
seen in both tumor tissue and normal-appearing mucosa of JNK1 knock-
out mice compared with that in JNK1 wild-type mice (Figure 1B),
suggesting that loss of JNK1 could cause b-catenin upregulation, the
latter might be responsible for tumor formation in the intestine.

Fig. 1. Genetic deficiency of JNK1 caused significant elevation of b-catenin in mouse intestine. Immunostaining of b-catenin was performed in normal-appearing
intestinal normal mucosa and intestinal tumor tissues with anti-b-catenin antibody. Normal-appearing small intestinal tissues and tumor tissues were obtained from
gender/age-matched JNK1þ/þ (A) and JNK1�/� mice (B), respectively. In JNK1�/� mice (B), the tumor lesions were presented at the upside of dash line, whereas
the normal-appearing tissues were presented at the downside.
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Loss of JNK1 promotes b-catenin signaling

To validate the correlation of JNK1 and Wnt/b-catenin signaling, we
determined whether JNK1 inactivation promoted b-catenin signaling
in vitro. JNKþ/þ and JNK1�/� MEFs were primary cultured and
spontaneously immortalized following the NIH 3T3 protocol (26).
Immunoblotting analysis confirmed the deficient status of JNK1 in
JNK1�/� MEF (Figure 2A) and revealed that in consistent with alter-
ation in mouse intestine, b-catenin protein level was also elevated in
JNK1�/� MEFs (Figure 2A).

Wnt3a has been reported to induce phosphorylation of GSK3b at
Ser-9, leading to accumulation of b-catenin and activation of Wnt
pathway (27). Therefore, Wnt3a condition medium was prepared
from the mouse L cells and used to treat MEFs transfected with the
TCF-4 reporter plasmid TOPFLASH or the control inactive reporter
FOPFLASH. TOPFLASH contains a luciferase reporter under the
control of three copies of TCF-binding elements upstream of the
thymidine kinase minimal promoter and is specifically regulated by
Wnt/b-catenin signaling (28). Luciferase activity assay showed that
Wnt3a condition medium strongly stimulated b-catenin-dependent
transcription activity in JNK1þ/þ MEF, and at a greater extent in
JNK1�/� MEF (Figure 2B), indicating that loss of JNK1 led to en-
hanced b-catenin signaling activity.

The upregulation of b-catenin by loss of JNK1 in vivo (Figure 1)
and in vitro (Figure 2) could activate transcriptional factors and down-
stream targets such as c-myc, the latter directly suppresses p21 pro-
moter activity and p21 expression, resulting in increase of cell
proliferation and decrease of cell differentiation, which might be re-
sponsible for intestinal tumor formation in JNK1-deficient mice.

Activated JNK1 inhibits Wnt/b-catenin signaling

To identify the effect of JNK1 activation on Wnt/b-catenin signaling,
we cotransfected constitutively activated JNK1 and b-catenin into

HEK293T cells. The activated JNK1 is a fusion of JNK1 and
MKK7, which causes constitutive JNK1 activation in cells without
stimulation (22). As expected, immunoblotting analysis of the phos-
phorylation status of endogenous c-Jun with phospho-c-Jun-specific
antibodies showed that the phosphorylation of c-Jun was greatly in-
creased in HEK293T cells transfected with the constitutive active
JNK1 construct (Figure 3A). Surprisingly, b-catenin protein level
was reduced by 75% in HEK293T cells that exhibited JNK1 activa-
tion (Figure 3A), suggesting that activated JNK1 inhibited b-catenin
expression.

To determine whether JNK1 activation can also affect the signaling
activity of b-catenin, we cotransfected constitutively activated JNK1
and b-catenin into HEK293T cells together with TOPFLASH or the
control FOPFLASH. Without Wnt signaling, the TOPFLASH re-
porter only had minimal activity in HEK293T cells (data not shown),
but the transfection of b-catenin lead to a 10-fold increase in TOP-
FLASH reporter activity (Figure 3B), and the activated JNK1 strongly
suppressed the b-catenin-mediated luciferase activity driven from
TOPFLASH reporter, but have no effect on the control FOPFLASH
reporter (Figure 3B). The inhibitory effect of activated JNK1 on
b-catenin-dependent transcriptional activity is probably attributed to
the specific downregulation of b-catenin. Since overexpressed b-catenin
is mainly restricted into nucleus as shown in Figure 6B and reported
previously (29–31), it is possible that b-catenin is expelled by active
JNK1 from nucleus and targeted for degradation. In fact, the total
level of exogenous of b-catenin seems to be reduced as well by UV
irradiation (30). In addition, as described later, our studies further dem-
onstrated that the degradation of b-catenin by active JNK1 requires
GSK3b and proteasome system.

In most colorectal cancers, the APC tumor suppressor gene is mu-
tated. The mutated APC retains only partial activity for b-catenin
phosphorylation (32). As a result, b-catenin is aberrantly accumulated
in the nucleus and Wnt signaling is constitutively activated (28,33).
To determine whether activated JNK1 inhibits Wnt/b-catenin in co-
lorectal cancer cells, we used colon cancer cell line SW480 that con-
tains a truncated form of APC (amino acids 1–1337) (34). The
constitutively activated JNK1 was transfected into SW480 cells. Con-
sistent with the observation in HEK293T (Figure 3A), endogenous
b-catenin was inhibited �44% by active JNK1 (Figure 3C). b-Catenin-
mediated transcriptional activity was also markedly suppressed by
JNK1 activation (Figure 3D). Therefore, the negative regulation of
JNK1 activation on the canonical Wnt pathway occurred in colon
cancer cells.

To further confirm the regulation of JNK1 activation on Wnt/b-
catenin signaling, a constant level of b-catenin was cotransfected with
increasing amounts of constitutively activated JNK1 into HEK293T
cells. We analyzed the level of exogenous b-catenin by immunoblotting
assay using anti-HA tag antibody. As shown in Figure 3E, a decrease of
b-catenin was seen with 810 ng of JNK1, and a dramatic reduction of
b-catenin expression was seen with higher amounts of activated JNK1.
Consistently, cotransfection of only 150 ng of active JNK1 repressed
the b-catenin-mediated luciferase activity driven from TOPFLASH re-
porter by �33% and 300 ng repressed it by 55% (Figure 3F). Taken
together, these results demonstrated the dose-dependent inhibition of
JNK1 activation on Wnt/b-catenin signaling.

GSK3b and proteasome system were involved in the activated JNK1-
mediated b-catenin downregulation

It is known that post-translational modifications play a critical role in
the regulation of b-catenin turnover and that b-catenin is sequentially
phosphorylated within its N-terminus by GSK3b (12). To investigate
whether GSK3b activation is involved in the downregulation of
b-catenin by activated JNK1, we examined the phosphorylation status
of GSK3b by immunoblotting analysis. As shown in Figure 4A, Ser-9
phosphorylation of GSK3b was significantly decreased in HEK293T
transfected with activated JNK1, indicating that GSK3b was activated
and its activity was upregulated by JNK1 activation, promoting
b-catenin degradation. This is the first time to report the regulation
of GSK3b activity by JNK1 MAPK, although recent study showed

Fig. 2. Loss of JNK1 promoted b-catenin protein expression and b-catenin-
mediated transcriptional activity of TCF. (A) b-Catenin protein expression
was upregulated in JNK1�/� MEFs. Both MEFs were lysed and subjected to
immunoblotting analysis detecting the expression of b-catenin and JNK1. b-
Actin was used as loading control. (B) b-Catenin–TCF4 reporter activity was
upregulated in JNK1�/� MEFs. JNK1þ/þ and JNK1�/� MEFs were
cotransfected with Renilla and a construct of TOPFLASH or FOPFLASH.
Twenty-four hours after transfection, cells were treated with Wnt3a condition
medium of 1:4 dilution for 24 h and harvested for luciferase activity assay.
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Fig. 3. Active JNK1 downregulated b-catenin expression and inhibited its transcriptional activity. (A) Active JNK1 reduced b-catenin protein level in HEK cell
line HEK293T. HEK293T cells were cotransfected with pcDNA3-Flag-MKK7-JNK1 and pcDNA3-HA-b-catenin. Forty-eight hours after transfection, cells were
harvested for immunoblotting analysis to detect the alterations of HA-b-catenin, p-JNK and p-c-Jun. b-Actin served as loading control. The density of band was
quantified and the expression of b-catenin was normalized to b-actin. (B) Active JNK1 inhibited b-catenin-mediated transcriptional activity of TCF4. HEK293T
cells were cotransfected with pcDNA3-Flag-MKK7-JNK1, pcDNA3-HA-b-catenin, TOPFLASH or FOPFLASH and a Renilla construct. Forty-eight hours after
transfection, cells were harvested for luciferase activity assay. Each bar represents the mean ± SD for triplicate samples. Similar experiments were done in human
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that another MAPK member p38 directly phosphorylates and inacti-
vates GSK3b, leading to an accumulation of b-catenin (35).

To further confirm the involvement of GSK3b activation in the
regulation of b-catenin by JNK1 activation, lithium chloride (LiCl)
was used to inhibit GSK3b activity, and the effect of activated JNK1
on b-catenin expression was determined. LiCl has been reported to
induce the inhibitory Ser-9 phosphorylation of GSK3b while having
no effect on other protein kinases (36,37). As shown in Figure 4B, the
level of Ser-9 phosphorylation of GSK3b was elevated in the cells
with LiCl treatment (lane 2 versus 1; lane 4 versus 3), whereas the
JNK1 activity remained unchanged (lane 4 versus 3). Interestingly,
the treatment with LiCl almost completely abrogated the ability of
activated JNK1 to downregulate b-catenin expression (Figure 4B,
lane 4 versus 3). Similarly, b-catenin inhibition by active JNK1 was
also blocked in the presence of proteasome inhibitor MG132 (Figure
4C, lane 4 versus 3), demonstrating that activated JNK1 promotes
b-catenin degradation through proteasome system.

It has been reported that phosphorylation of b-catenin at the Ser33
and Ser37 sites by GSK3b is essential for its degradation by protea-
some system (38) and that various mutant b-catenin forms, such as
S33Y, S33F and S37A, are relatively refractory to phosphorylation by
GSK3b and hence to proteasomal degradation (39,40). Therefore, we
constructed variant mutant b-catenin plasmids (as described in exper-

imental procedure) and cotransfected them with active JNK1 plasmid
into HEK293T cells, respectively. Immunoblotting analysis showed
that mutant b-catenin, harboring S33Y, S33F or S37A, was much less
susceptible to active JNK1-induced degradation (Figure 4D, lane
2 versus 1, lane 4 versus 3, lane 6 versus 5 and lane 8 versus 7), which
further demonstrated the requirement of GSK3b for active JNK1 in
targeting the degradation of b-catenin.

Activation of endogenous JNK1 downregulated b-catenin via GSK3b
JNK1 is a stress-activated protein kinase that can be induced by various
stimuli, including UV irradiation, inflammatory cytokines and chemo-
therapeutic drugs. In this study, UV irradiation was used to activate
endogenous JNK1, and the subsequent effect on b-catenin expression
was evaluated by immunoblotting. As shown in Figure 5A, indeed, UV
irradiation induced activation of JNK1 (p-JNK1) in the HEK293T cells,
corresponding with a significant reduction of b-catenin. Similar results
were observed in the JNK1þ/þ MEFs (data not shown). Reduced phos-
phorylation of GSK3b was also seen in UV-irradiated cells (Figure 5A),
meaning activation of endogenous JNK1 enhanced GSK3b activity
resulting from the reduction of GSK3b phosphorylation.

To further confirm the role of GSK3b in the inhibition of b-catenin
induced by UV-mediated JNK1 activation, RNAi was applied to
knock down GSK3b expression. As shown in Figure 5B, GSK3b

colon cancer cell line SW480 (C and D). (E) Activated exogenous JNK1 reduced b-catenin protein level in a dose-dependent manner. HEK293T cells were
cotransfected with pcDNA3-HA-b-catenin and different amounts of pcDNA3-Flag-MKK7-JNK1, as indicated. The protein was obtained for immunoblotting
analysis to detect the alterations of HA-b-catenin and p-JNK. b-Actin served as loading control. (F) Activated exogenous JNK1 inhibited b-catenin-mediated
transcriptional activity of TCF in a dose-dependent manner. HEK293T cells were cotransfected with pcDNA3-HA-b-catenin, TOPFLASH, Renilla, along with
different amounts of pcDNA3-Flag-MKK7-JNK1, as indicated. Forty-eight hours after transfection, cells were harvested for luciferase activity assay. Each bar
represents the mean ± SD for triplicate samples.

Fig. 4. GSK3b and proteasomal degradation system are involved in the negative regulation of b-catenin by activated JNK1. (A) Active JNK1 suppressed phospho-
Ser-9 GSK3b expression. pcDNA3-HA-b-catenin was transfected into HEK293T cells along with pcDNA3-Flag-MKK7-JNK1 or empty vector. Forty-eight hours
after transfection, cells were harvested for immunoblotting analysis to detect the expression of GSK3b, p-GSK3b and p-JNK. (B) Blocking GSK3b activity by
LiCl reduced b-catenin expression inhibition by activated JNK1. pcDNA3-HA-b-catenin was transfected into HEK293T cells along with pcDNA3-Flag-MKK7-
JNK1 (lanes 3 and 4) or empty vector (lanes 1 and 2). Thirty-six hours after transfection, half of the cultures were treated overnight with 30 mM LiCl (lanes 2 and
4) and then harvested for immunoblotting analysis to detect the expression of HA-b-catenin, p-GSK3b and p-JNK. (C) Blocking proteasomal degradation by
MG132 reduced the effect of active JNK1 on b-catenin degradation. HEK293T cells were cotransfected with pcDNA3-HA-b-catenin and pcDNA3-Flag-MKK7-
JNK1 (lanes 3 and 4) or empty vector (lanes 1 and 2). Forty-four hours after transfection, 25 lM MG132 was added to the indicated samples (lanes 2 and 4). Cells
were harvested 4 h later and subjected to immunoblotting analysis to detect the expression of HA-b-catenin, p-GSK3b and p-JNK. (D) Mutant b-catenin was
resistant to activated JNK1-induced degradation. Wild-type b-catenin (HA-b-catenin) (lane 1 and 2) or various b-catenin mutants (HA-S33F b-catenin, lanes 3 and
4; HA-S33Y b-catenin, lanes 5 and 6 and HA-S37A b-catenin, lanes 7 and 8) were transfected into HEK293T cells along with pcDNA3-Flag-MKK7-JNK1 (lanes
2, 4, 6 and 8) or empty vector (lanes 1, 3, 5 and 7). Forty-eight hours after transfection, cells were harvested for immunoblotting analysis to determine the levels of
HA-b-catenin. b-Actin served as loading control.
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RNAi plasmid (pSuper-GSK3b) effectively reduced GSK3b protein
level in comparison with the control cells that were transfected with
control RNAi plasmid (pSuper-neo-GFP) (Figure 5B). Next, the
b-catenin plasmid and pSuper-GSK3b plasmid were cotransfected
into HEK293T cells and the cells were then exposed to UV irradiation
to active endogenous JNK1 (Figure 5C). b-Catenin was reduced in the
cells with control RNAi plasmid transfection and UV exposure (Fig-
ure 5C, lane 3 versus 1). However, the reduction of b-catenin was
blocked by GSK3b RNAi (Figure 5C, lane 4).

Active JNK1 interacts with b-catenin
Our data provided strong evidence that JNK1 negatively regulated
b-catenin through GSK3b. Thus, it is essential to elucidate whether
there is an interaction between JNK1 and b-catenin and/or a complex
of JNK1–GSK3b–b-catenin. Coimmunoprecipitation assay and confo-
cal microscopy for subcellular localization were applied to examine the
potential interaction and/or complex. Flag-tagged constitutive active
JNK1 and HA-tagged b-catenin were cotransfected into HEK293T
cells. When active JNK1 was immuoprecipitated with a Flag antibody,
b-catenin was detected in the immunocomplex by immunoblotting
analysis using a HA antibody (Figure 6A, lane 2). As a control, Flag
antibody was not able to precipitate b-catenin in the cells without Flag-
tagged constitutive-active JNK1 (Figure 6A, lane 1). Thus, we conclude
that active JNK1 interacts with b-catenin. As expected, GSK3b was
also detected in the precipitate by a Flag antibody (Figure 6A). In fact,
as the phosphorylation substrate for GSK3b, b-catenin has been re-
ported to interact with GSK3b in the cytoplasm (41,42). Therefore,
JNK1, GSK3b and b-catenin might form a multiprotein complex.

The interaction between active JNK1 and b-catenin was confirmed
by a colocalization assay. Flag-tagged constitutive-active JNK1 was
transfected into HEK293T cells. The cells were fixed and immunos-
tained with anti-Flag antibody for active JNK1 (red fluorescence).
Indeed, active JNK1 and b-catenin proteins were colocalized in the
nucleus and cytoplasm (Figure 6B), consisting with immunoprecipi-
tation results, even though b-catenin was mainly localized in the
nucleus and small portion in the cytoplasm (Figure 6B), as reported pre-
viously (29–31), but active JNK1 showed mixed nuclear–cytoplasmic
but predominant cytoplasmic localization (Figure 6B).

Our results strongly demonstrated that activated JNK1 formed
a complex with GSK3b and increased its activity and then degraded
b-catenin. However, whether active JNK1 directly interacts with
GSK3b or their interaction is mediated by other molecules is not clear
and is under investigation.

Taken together, our present study showed that loss of JNK1 caused
upregulation of b-catenin expression and transcription both in vivo
and in vitro, but activated JNK1 interacted with and inhibited b-
catenin signaling through GSK3b and proteasome system. We there-
fore concluded that the interaction between JNK1 and b-catenin
might play an important role in the maintenance of intestinal homeo-
stasis and in the modulation of intestinal tumorigenesis.
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Fig. 5. Activation of endogenous JNK1 downregulated b-catenin via GSK3b. (A) UV-mediated JNK1 activation promoted GSK3b activity and downregulated b-
catenin expression. HEK293T cells were transfected with pcDNA3-HA-b-catenin plasmid. Twenty-four hours after transfection, cells were exposed to UV
irradiation at 100 J/m2. The cells were harvested for immunoblotting analysis to detect the activation of JNK1 (p-JNK1) and GSK3b (p-GSK3b) and alterations of
HA-b-catenin 2 h after UVexposure. (B) GSK3b was knocked down by RNAi. HEK293T cells were transfected with pSuper-neo-GSK3b targeting human GSK3b
or empty vector pSuper-neo-GFP. Forty-eight hours after transfection, cells were harvested to determine the knockdown efficiency by immunoblotting analysis.
(C) RNAi-mediated knockdown of GSK3b attenuated the reduction of b-catenin expression induced by UV irradiation. HEK293T cells were cotransfected with
pcDNA3-HA-b-catenin and pSuper-neo-GSK3b or empty vector pSuper-neo-GFP, respectively. Forty-eight hours after transfection, cells were exposed to UV
irradiation at 100 J/m2. The alterations of HA-b-catenin were analyzed by immunoblotting 2 h after UV exposure. b-Actin served as loading control.
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