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Interactions between the Wnt/�-catenin and the extracellu-
lar signal-regulated kinase (ERK) pathways have been posited,
but the molecular mechanisms and cooperative roles of such
interaction in carcinogenesis arepoorly understood. In thepres-
ent study, the Raf-1, MEK, and ERK activities were concomi-
tantly decreased in fibroblasts, which inhibit morphological
transformation and proliferation by Axin induction. The inhi-
bition of the components of the ERK pathway by Axin occurred
in cells retaining wild-type �-catenin, including primary hepa-
tocytes, but not in cells retaining non-degradable mutant
�-catenin. Axin inhibits cellular proliferation and ERK pathway
activation induced by either epidermal growth factor or Ras,
indicating a role of Axin in the regulation of growth induced by
ERK pathway activation. ERK pathway regulation by Axin
occurs at least partly via reduction of the protein level of Ras.
Both wild-type and mutant Ras proteins are subjected to regu-
lation by Axin, which occurs in cells retaining wild-type but not
mutant �-catenin gene. The role of �-catenin in the regulation
of theRas-ERKpathwaywas further confirmedbyRas reduction
and subsequent inhibitions of the ERK pathway components by
knock down ofmutated form of �-catenin. The Ras regulation
by Axin was blocked by treatment of leupeptin, an inhibitor of
the lysosomal protein degradation machinery. Overall, Axin
inhibits proliferation of cells at least partly by reduction of
Ras protein level via �-catenin. This study provides evidences
for the role of the Ras-ERK pathway in carcinogenesis caused
by mutations of the Wnt/�-catenin pathway components.

TheWnt/�-catenin signaling pathway plays a crucial role in
carcinogenesis as well as development (1–4). The implication
of Wnt/�-catenin signaling in carcinogenesis has been attrib-

utable to aberrant regulation of this pathway as a result ofmuta-
tions of the �-catenin gene, adenomatous polyposis coli (Apc),
and/or Axin. Thus, mutations of these genes have been
described in many types of human cancers such as hepatocel-
lular carcinoma (5–8) and human colorectal cancer (4, 9–11).
Because Apc and Axin play pivotal roles in the control and
stability of �-catenin (12–15), functional alterations of these
proteins can lead to accumulation of �-catenin in the nucleus
and increased transcription of �-catenin/Tcf-responsive genes
(16, 17). Based on these findings, mutations that constitutively
stabilize and activate �-catenin are likely to be involved in
malignant transformation. The ERK3 pathway is also a major
transforming pathway, and the aberrant activation of the ERK
pathway by oncogenic mutation(s) such as rasmutation results
in human cancers, including colorectal cancer and hepatocel-
lular carcinoma (18–20). Although deregulation of both the
Wnt/�-catenin and ERK pathways can lead to transformation,
the interaction of the two pathways during tumorigenesis is
poorly understood.
The potential tumor formation by K-ras mutation was sig-

nificantly inhibited in cells retaining wild-typeApc (21). Subse-
quent studies have shown that �-catenin gene can cooperate
with ras in neoplastic transformation (22, 23). Furthermore,
studies utilizing colorectal cancer cell lines demonstrated that
Ras-induced proliferation and transformation were reduced by
overexpression of Apc (24). Although these studies imply an
interaction between the Wnt/�-catenin and ERK signaling
pathways in carcinogenesis, a mechanism and in vivo evidence
for the interaction are lacking.
In this study, we investigated the relationship between the

Wnt/�-catenin and the ERK pathways bymeasuring the effects
of Axin induction using stable L929 fibroblast cells retaining
doxycycline (Dox)-inducible Axin (L929-Axin). Axin, a nega-
tive regulator of Wnt/�-catenin signaling, was identified as an
inhibitor of the Raf-13MEK3ERKcascade in fibroblasts, the
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finding of which was also revealed in primary hepatocytes and
several cancer cells. �-Catenin was identifiable as a mediator in
ERK pathway regulation by Axin, for which regulation was
investigated by measurements of Axin overexpression on acti-
vation of the ERK pathway components in different types of
cells that retained either a mutated or functionally active wild-
type �-catenin gene. Inhibition of the ERK pathway by Axin
appears to be associated with Ras regulation. The GTP-loading
capacities of both mutant and wild-type Ras were reduced by
Axin overexpression. The reductions of GTP loading of non-
hydrolyzable mutant Ras (25) was found to be attributable to
the reduction of the Ras protein level byWnt/�-catenin signal-
ing. The Ras regulation by Axin overexpression was abolished
by treatment of leupeptin, the lysosomal inhibitor, indicating
involvement of the lysosomal protein degradationmachinery in
the regulation of the Ras protein level.
Axin inhibits ERK pathway activation stimulated either by

EGF or Ras and at least partly via reduction of Ras protein level.
TheRas-ERKpathway inhibition byAxin occurs in a�-catenin-
dependent manner and is related to regulation of cellular pro-
liferation. The roles of �-catenin in the regulation of Ras and
the ERK pathway components were clearly indicated by the
measured effects of the knockdown of non-degradable mutant
�-catenin. The role of �-catenin in Ras regulation was further
indicated by the lack of effect of Axin induction in cells overex-
pressing�-catenin S33Y, a non-degradable�-catenin. Axin can
affect Ras at the levels both of GTP loading and protein regula-
tion. The role of EGFR in the regulation of Ras by Axin was
indicated by the measured effects of EGFR siRNA. The func-
tional point of Axin was further defined as occurring upstream
of Raf by loss of the anti-proliferative role of Axin in cells over-
expressing Raf-1-CAAX (26), an active form of Raf.
The role of Axin as the anti-transforming factor involving

ERK pathway regulation was revealed by inhibition of the
anchorage-independent cellular growth by EGF or oncogenic
Ras in cells expressing Axin. The identification of Ras-ERK
pathway regulation by Wnt/�-catenin signaling provides evi-
dence for interaction between the Wnt/�-catenin and ERK
pathways in carcinogenesis. In addition, this study also con-
tributes to resolving the uncertainty in previous observa-
tions of a functional synergism between ras and �-catenin
gene in carcinogenesis.

EXPERIMENTAL PROCEDURES

Plasmids—The expression vector for Axin, pCS2-MT-Axin,
and inducible expression vectors forGFP (pBI-EGFP) andGFP-
Axin (pBI-EGFP-Axin) were described in previous studies (14,
25). The FLAG-�-catenin-pcDNA3.0, pMT3-RasL61, pFR-Luc,
and pFA2-Elk1 plasmids were described in a previous study
(24). To construct a vector for Axin siRNA production (pAxin-
siRNA), two oligomers containing the 19-nucleotide target
sequences (5�-GAT CCC AGT ACA TCC TGG ATA GCA
ATT CAA GAG ATT GCT ATC CAG GAT GTA CTT TTT
TTG GAA A-3� and 5�-AGC TTT TCC AAA AAA AGT ACA
TCC TGG ATA GCA ATC TCT TGA ATT GCT ATC CAG
GAT GTA CTG G-3�) of the murine Axin gene (nucleotides
827–849, GenBankTM accession number AF009011) were
annealed and ligated into the BglII and HindIII sites of the

pSUPER vector (27). pZIP-Raf-CCAX (26) and FLAG-
S33Y-�-catenin-pcDNA3.0 (28) were kindly provided by Drs.
C. J. Marshall at the Institute of Cancer Research, UK, and Eric
R. Fearon of the University of Michigan, respectively.
Axin-inducible Fibroblasts and Preparation of Cells—To

establish GFP (L929-GFP) and GFP-Axin (L929-GFP-Axin),
inducible L929 cells were co-transfected with either pBI-EGFP
or pBI-EGFP-Axin with rtTA2SM2-Neo at a 1:3 molar ratio
using SuperFect transfection reagent (Qiagen). Stably trans-
fected clones were selected in a medium containing 800 �g/ml
G418 (Invitrogen), and individual G418-resistant clones were
isolated in cloning dishes (Sigma). L929-GFP-Axin cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS),
G418 (200 �g/ml), streptomycin (100 �g/ml), and penicillin G
sodium (100 �g/ml) and incubated at 37 °C in 5% CO2. Axin
was induced by 0.5 �g/ml Dox (Sigma) and/or stimulated with
20 ng/ml EGF (Cell Signaling Biotechnology). For observation
of cell morphological changes, L929-Axin-GFP cells and L929-
GFP cells were seeded into 6-well plates at 4 � 104 cells/well
and cultured at 37 °C in 5% CO2 for 24 h. The GFP-expressed
cells were induced for 24 h by treatment with 0.5 �g/ml Dox.
After induction, the cells were examined under a phase-con-
trast fluorescence microscope (Nikon, TE-2000U, Japan) for
visualization of morphology and expression of GFP or Axin-
GFP.DLD-1,HCT-116, and SW-480 colorectal cancer cells and
Chang normal liver and HepG2 hepatoma cancer cells were
obtained from the American Type Culture Collection and cul-
tured as previously described (24). NIH3T3 cells containing
Dox-inducible H-rasG12R were used as described in a previous
study (24). DLD-1, HCT-116, SW480, Chang, HepG2, L929,
andNIH3T3 cellswere seeded at 3� 105 cells per 100-mmdish.
After growth for 24 h, cells were transfected with plasmids
using Lipofectamine Plus reagent according to the manufac-
turer’s instructions (Invitrogen), and then harvested at 24 h
thereafter. Cells were rinsed twice with ice-cold PBS, har-
vested, and then lysed using radioimmune precipitation
assay buffer (Upstate, Lake Placid, NY) to determine the pro-
tein concentrations.
Primary Cells—Rat primary hepatocytes were isolated using

the collagenase perfusion method (29). The portal vein was
catheterizedwith a 22-gaugeAngiocath catheter, and following
perfusion of the liver with collagenase buffer, the liver was
removed and shredded for isolation of hepatocytes. The hepa-
tocytes were then washed three times with cold serum-free
DMEM. Hepatocytes (1.5 � 106) were seeded onto 60-mm
dishes coatedwith collagen IV (BDBiosciences) and cultured in
DMEMwith 10%FBS, streptomycin (100�g/ml), and penicillin
G sodium (100 �g/ml) then incubated at 37 °C in 5% CO2. To
examine the effects of Axin and/or EGF, cells were transiently
transfected with pCS2-MT-Axin and/or were treated with 20
ng/ml EGF. The cells were harvested at 24 h after transfection
and subjected to Western blot analysis.

�-Catenin and EGFR siRNAs and Treatment—�-Catenin
gene (GenBankTM accession number NM_001904) and EGFR
(NM_207655) mRNA target sequences were designed using an
siRNA template design tool (Ambion, Austin, TX), and siRNA
was prepared with a SilencerTM siRNA construction kit
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(Ambion), as described previously (24). 29-mer oligonucleo-
tides containing the T7 promoter sequence (5�-CCTGTCTC-
3�) were designed (mouse EGFR, 5�-AATGGACTTACAGAG-
CCATCC-3� (531–551) and 5�-AAAGAAGACGCCTTCTTG-
CAG-3� (3181–3201); human �-catenin gene, 5�-AAGGAGC-
TAAAATGGCAGTGC-3� (800–821) and 5�-AATGGCTTG-
GAATGAGACTGC-3� (2061–2082)). The siRNAs were
transfected into HCT-116 or L929-Axin cells with Lipo-
fectamine Plus reagent, using an 8.4 �g per 100-cm culture
dish. The transfected cells were grown for 36 h at 37 °C in a 5%
CO2 incubator and harvested for Western blot analysis.
Western Blot Analysis—Western blot analysis was performed

as previously described (7). Anti-Axin (Upstate), -�-catenin,
-active �-catenin (�ABC) (Upstate), -p-Akt (Santa Cruz Bio-
technology, Santa Cruz, CA), -Pan-Ras cloneRAS10 (Upstate),
-p-Raf-1 serine 338 (Upstate), -p-MEK, -p-p38 (Cell Signaling
Biotechnology), -p-ERK (Santa Cruz Biotechnology), -ERKs
(Santa Cruz Biotechnology), -cyclin D1 (Santa Cruz Biotech-
nology), and -�-tubulin (Oncogene) primary antibodies were
used followed by incubation with horseradish peroxidase-con-
jugated secondary antibody (Santa Cruz Biotechnology). Pro-
tein bands were visualized by enhanced chemiluminescence
(Amersham Biosciences).
Foci Formation Assay—To evaluate anchorage-independent

growth, 1.2� 103 L929-Axin-GFP cells were suspended in 1ml
of 0.3% molten top agarose (Invitrogen) with or without 0.5
�g/ml Dox and overlaid onto 1ml of 0.5% solid bottom agarose
in 12-well plates. After solidification, the top layer of agarose
was covered with 1 ml of culture medium with and without 0.5
�g/ml Dox and, where required, 20 ng/ml EGF was added. The
colonies were maintained at 37 °C and periodically replenished
with fresh medium containing Dox and/or EGF. Fourteen days
after plating, colonies were examined under a phase-contrast
fluorescence microscope for visualization of colonies express-
ing GFP. Whole well images were captured using a Nikon dig-
ital camera and viewed using Adobe Photoshop 7.0 software.
The average size of globes was calculated by averaging data
(data are expressed as mean, �m3) from at least 150 colonies.
Differences between groups were analyzed using the two-sam-
ple t test and were considered significant when the p value was
�0.05. To measure the effect of Axin in anchorage-independent
Ras-induced growth, NIH3T3-H-RasG12R cells (24) were trans-
fected with pCS20MT-Axin for 24 h, 1.5 � 103 cells were then
re-seeded into a 12-well soft agar plate, as described above, and
H-RasG12R was induced with Dox, also as described above.
Cell Cycle and Quantitative Proliferation Analyses—The cell

cycle was analyzed by fluorescence-activated cell sorting
(FACS) as previously described (24). L929-GFP-Axin cells were
grown to 60% confluence in 6-well plates and were arrested
with double thymidine blocking for 12 h. Cells were then either
untreated or treated with 0.5 �g/ml Dox and/or 20 ng/ml EGF
at 12 h before FACS analysis. Cells were harvested, rinsed twice
with PBS, fixed in 70% ice-cold ethanol, and thenwashed in PBS
containing 1% FBS. Subsequently, DNA was stained with pro-
pidium iodide (BD Biosciences) for 30 min at 37 °C. The cell
cycle profile was determined using a FACSCalibur (BD Bio-
sciences). Datawere analyzed using theModFit LT 2.0 program
(Verity Software House, Inc., Topsham, ME) and the WinMDI

2.8 program created by Joseph Trotter of Scripps Research
Institute. Error bars indicate the standard deviations of three
independent analyses experiments.
For quantitative analyses of proliferation, L929-GFP-Axin

cells were transfected with pZIP-Raf-CCAX (26) for 24 h fol-
lowed by subsequent induction of Axin with 0.5 �g/ml Dox for
24 h at 37 °C in 5%CO2. BrdUrd addition andmeasurements of
the relative intensities of BrdUrd were performed as described
previously (24).
Cell Growth Measurement—Cell growth was determined by

the number of viable cells. The cells were seeded into 6-well
plates at 2� 104 cells/well, and themediumwas replaced every
day with fresh DMEM containing 10% FBS with or without 0.5
�g/ml Dox. Where required, 20 ng/ml EGF was added. For
enumeration of viable cells, cells were trypsinized and washed
once with PBS, and then the total numbers of viable cells were
counted using a hemocytometer.
BrdUrd Incorporation—For BrdUrd incorporation, L929 or

NIH3T3-Ras cells were seeded onto 22 � 22-mm coverslips in
6-well plates at 2 � 104 cells per well. Cells were transiently
transfected with pCS2-MT-Axin, pCS2-MT, FLAG-�-catein-
pcDNA3.0, or pcDNA3.0 and treated with 0.5 �g/ml Dox for
H-Ras induction.Where required, BrdUrd (Roche Applied Sci-
ence) was added at a final concentration of 20 �M at 36 h after
transfection, and the cells were further incubated for 8 h at
37 °C. Cells were washed twice with PBS and then fixed in a
methanol/formaldehyde (99:1, v/v) mixture at �20 °C for 20
min. Cells were permeabilized with 0.2% Triton X-100 at 4 °C
for 30 min and then gently washed three times with PBS. Cells
were incubated with mouse anti-BrdUrd monoclonal antibody
(DAKO, Carpinteria, CA) at a 1:100 dilution for 2 h at room
temperature, incubated with goat anti-mouse-CyTM2-conju-
gated secondary antibody at a 1:1000 dilution for 1 h at room
temperature, and then washed five times with PBS. For nuclear
staining, 4�,6�-diamidine-2�-phenylindole dihydrochloride
(DAPI, Roche Applied Science) was used at a final concentra-
tion of 1�g/ml in PBS for 10min followed by extensivewashing
with PBS. Coverslips weremounted, and then cells were viewed
using a Radiance 2000/MP multiphoton imaging system (Bio-
Rad). Each analysis was performed at least three times.
Measurement of RasActivation—The capacity of Ras-GTP to

bind theRas binding domain of Raf-1was used to determine the
level of GTP-bound Ras, as described previously (24).
Reporter Analysis—For reporter gene assays, L929-GFP-

Axin cells were seeded into 6-well dishes at 2 � 104 cells per
well. Transfection efficiencies were determined by transfecting
cells with 50 ng of the �-galactosidase reporter plasmid, pCMV
�-galactosidase (Clontech). L929-GFP-Axin cells were
co-transfected with 0.5 �g of pElk-1, 0.5 �g of pFR-Luc, and 25
ng of pFA2-Elk-1. At 48 h after transfection, cells were har-
vested and luciferase assay were performed in triplicate from
independent cell cultures as described previously (24).
Immunocytochemical Staining—For immunocytochemical

staining, L929-Axin-GFP cells were seeded at 2� 104 cells/well
in 6-well plates on 22� 22-mmcoverslips and cultured for 24 h
at 37 °C in 5% CO2. The cells were treated with 0.5 �g/ml Dox.
Induced L929-Axin-GFP cells were fixed for 15 min at room
temperaturewith 3.7% paraformaldehyde in PBS at pH7.4, per-
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meabilized for 30 min on ice with 0.2% Triton X-100 in PBS,
and blocked with 1% bovine serum albumin overnight at 4 °C.
The antibody and DAPI reactions used the same fluorescence
stainingmethod. Following several washingwith PBS, the slides
weremounted in amountingmedium. Cells were imaged using
a Radiance 2100 laser scanning confocal microscope and oper-
ated by Lasersharp 2000 software (Bio-Rad). A minimum of
three 0.5-�m Z slices were acquired for each cell.

RESULTS

Axin Inhibits the ERK Pathway and Alters the Morphology of
L929 Fibroblasts—The role ofWnt/�-catenin signaling in ERK
pathway regulationwas investigated by examining the effects of

Axin on the activities of the ERK
pathway components. For this pur-
pose, we generated L929 cells
expressing Axin by a Dox-inducible
system (L929-GFP-Axin). Upon
treatment with Dox, expression of
GFP-Axin was evident in L929-
GFP-Axin cells after 2 h and was
sustained up to 8 h post-induction
(Fig. 1A). There was a concomitant
reduction in �-catenin protein lev-
els and ERK phosphorylation upon
GFP-Axin induction (Fig. 1A). The
phosphorylation of upstream regu-
lators of ERK, such as Raf-1 and
MEK, were also reduced by GFP-
Axin induction (Fig. 1B). Phospho-
rylation of the ERK pathway com-
ponents and the level of �-catenin
were restored in cells grown in
fresh Dox-depleted medium (Fig.
1B, left panel), indicating that co-
regulation of �-catenin and ERK
signaling is a reversible process.
The �-catenin and ERK pathway
components were not affected by
induction of GFP in L929-GFP
cells (Fig. 1B, right panel). The lev-
els of phosphorylated Raf-1, MEK,

and ERK were elevated in cells expressing increased levels of
�-catenin due toAxin siRNA (Fig. 1C), confirming the negative
role of Axin in ERK activation. The level of endogenous Axin
was lowdue to rapid protein turnover (30), but the low level was
detectable when the protein extracts were enriched by immu-
noprecipitation (Fig. 1C).
Murine L929 cells display fibroblast morphology character-

ized as the polygonal/cuboidal phenotype with projection of
long, sharp spikes at the cellular periphery. GFP expression
alone did not significantly change the cellular morphology (Fig.
2, left two panels). However, expression ofGFP-Axin resulted in
an altered cellular morphology characterized by a spindle
(bipolar) or globular shape (Fig. 2, right two panels). L929-GFP-
Axin cells that failed to express GFP-Axin upon Dox treatment
(marked by arrows) retained the typical polygonal morphology
of L929 cells (Fig. 2).
Axin Inhibits the G1 to S Phase Cell Cycle Progression and

Growth of L929 Fibroblast Cells Stimulated by EGF—To deter-
mine whether Axin affects proliferation via the ERK pathway,
wemeasured the effect of Axin expression on G1 to S phase cell
cycle progression stimulated by EGF. EGF treatment increased
the proportion of cells in the S phase from 43% to 58% (Fig. 3A).
The increase was abolished after introduction of GFP-Axin
(Fig. 3A, representative data are shown in the lower panel). EGF
with 96-h post-treatment increased the cell numbers 3-fold
compared with the untreated cells (Fig. 3B, upper panel). How-
ever, the Dox-induced growth stimulation was reduced 70% in
cells expressing GFP-Axin (Fig. 3B, upper panel). Treatment of
L929-GFP cells with Dox alone did not affect the cell number

FIGURE 1. Effects of Axin overexpression on the activation of ERK pathway of L929 cells. A, L929-GFP-Axin
cells were grown in DMEM supplemented with 10% heat-inactivated FBS, G418 (200 �g/ml), streptomycin (100
�g/ml), and penicillin G sodium (100 �g/ml) in 5% CO2 at 37 °C. Axin was induced by 0.5 �g/ml Dox treatment
for the indicated times. Cell extracts were resolved on 10% SDS-PAGE, and GFP-Axin, �-catenin, p-ERKs, ERKs,
and �-tubulin proteins were detected by Western blot analysis. B, L929-GFP-Axin (left panel) and L929-GFP
(right panel) cells were either untreated or treated with 0.5 �g/ml Dox for 48 h. Where required, cells grown for
24 h in the presence of 0.5 �g/ml Dox were further grown for an additional 24 h in an identical fresh medium
depleted of Dox (right lane). GFP-Axin, �-catenin, p-Raf-1, p-MEK, p-ERK, ERKs, Raf-1, MEK, and �-tubulin were
detected by Western blot analysis. C, L929 cells were grown to 3 � 105 confluence and transiently transfected
with either an empty vector or the Axin siRNA vector, as described under “Experimental Procedures.” Axin,
�-catenin, p-Raf-1, p-MEK, p-ERK, and �-tubulin were monitored by Western blot analyses at 48-h post-trans-
fection. Axin was detected by immunoprecipitation (IP) of 400 �g of whole cell lysate with anti-Axin antibody
followed by Western blot analysis.

FIGURE 2. Effects of Axin overexpression on the morphology of L929
cells. L929-GFP-Axin and L929-GFP cells were grown in 6-well plates, as
described under “Experimental Procedures.” Cells were untreated or treated
with 0.5 �g/ml Dox for 24 h. The cells were viewed at �200 magnification
under a fluorescence microscope and photographed. The arrows indicate
cells maintaining polygonal morphology due to no GFP-Axin induction. Bar,
50 �m.
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(Fig. 3B, lower panel), indicating
thatDox alone does not inhibit L929
cell growth.
Axin Inhibits EGF-induced Acti-

vation of the ERK Pathway in L929
Fibroblast Cells and in Primary
Hepatocytes—To confirm the role
of the ERK pathway in anti-prolifer-
ation by Axin, we monitored the
effect of Axin induction on activa-
tions of ERK pathway components.
The phosphorylation levels of Raf-1,
MEK, and ERK kinases that were
concomitantly increased upon EGF
treatment were reduced by GFP-
Axin induction followed by a 2-h
Dox treatment (Fig. 4A, upper
panel). The effects of Axin on the
EGF-induced activation of ERK sig-
naling were further potentiated by
the sustained Dox treatment up to
8 h, despite the presence of EGF.
Elk-1-mediated reporter gene acti-
vation by EGF was also reduced
upon Axin induction (Fig. 4A, lower
panel). Therefore, Axin inhibits the
ERK pathway activation that is
caused by EGF. We also observed a
minor increase in �-catenin protein
levels at 2 h after EGF treatment,
which was reduced by GFP-Axin
induction (Fig. 4A, upper panel).
To examine the effect of Axin on

ERK pathway regulation under a
more physiologically relevant con-
dition, we used primary hepatocytes
inmeasuring theAxin effect on ERK
pathway regulation. The endoge-
nous�-cateninwasmostly localized
at the cell-cell boundaries and was
mostly eliminated in cells overex-
pressing Axin by transient transfec-
tion (Fig. 4B, left panel; cells pro-
ducingAxin in particulate forms are
marked by a white arrow), indicat-
ing the functionality of transfected
Axin in primary hepatocytes. Phos-
phorylation of Raf-1,MEK, andERK
kinases and �-catenin protein levels
were concomitantly increased after
EGF treatment but were reduced in
cells with overexpressed Axin (Fig.
4B, right panel). Cyclin D1 expres-
sion, which is subject to regulation by
both theWnt/�-catenin andERKsig-
nalingpathways (31)was increasedby
EGF treatment, and againwas signifi-
cantly reduced by Axin overexpres-

FIGURE 3. Effects of Axin on EGF-induced G1 to S phase cell cycle progression and growth of L929 cells.
A, L929-GFP-Axin cells were grown in DMEM and synchronized with double thymidine blocking for 12 h. Where
required, the cells were treated with 0.5 �g/ml Dox and/or 20 ng/ml EGF 12 h before fixing for FACS analysis. Upper
panel: relative percentage of cells in the S phase. Error bars indicate the standard deviations of three independent
analyses. Lower panel: representative data for the cell cycle profile. B, L929-GFP-Axin (upper panel) and L929-GFP
(lower panel) cells were grown in DMEM containing 10% FBS at a 2 � 104 cells per well in 6-well plate. Cells were
treated with 0.5 �g/ml Dox and/or 20 ng/ml EGF every 12 h, and cell numbers were counted at different times (0, 24,
48, 72, and 96 h). Error bars indicate the standard deviations of three independent analyses.

FIGURE 4. Effects of Axin on the EGF-induced activation of the ERK pathway. A, effects of Axin on the EGF-
induced ERK activation and transcriptional activity. Upper panel, L929-GFP-Axin cells were grown in DMEM with or
without 0.5 �g/ml Dox for either 2 or 8 h. EGF at 20 ng/ml was added to cells 2 h before harvesting, where required.
Western blot analysis was performed on cell lysates for detection of Axin, �-catenin, p-Raf-1, p-MEK, p-ERK, and
�-tubulin. Lower panel, L929-GFP-Axin cells were transfected with 0.5 �g of Elk-1 together with 0.5 �g of pFR-Luc
and 25 ng of pFA2-Elk-1. EGF at 20 ng/ml was added to cells 2 h before harvesting. Cells were harvested 48 h
post-transfection, and relative reporter activities were measured by a luciferase assay. Each data point represents
the average of three independent analyses. Error bars indicate the standard deviations of three independent anal-
yses. In B: Left, primary hepatocytes were transfected with pCS2-MT-Axin for 48 h. The cells were then treated with
anti-�-catenin and anti-Axin antibodies. �-Catenin proteins were detected as a red color using anti-mouse-Rhodam-
ine RedTM, Axin proteins were detected as a green color using anti-mouse-fluorescein isothiocyanate. The cell nuclei
were stained with DAPI. Samples were mounted for photography on a confocal microscope as described under
“Experimental Procedures.” Bar, 10 �m. In B: Right, primary hepatocytes were transfected with pCS2-MT or pCS2-
MT-Axin for 48 h. Cells were then untreated and treated with 20 ng/ml EGF 2 h before harvesting. Western blot
analysis was performed to detect �-catenin, p-Raf-1, p-MEK, p-ERK, ERKs, Pan-Ras, Cyclin D1, and �-tubulin. Axin was
detected by immunoprecipitation (IP) of 400 �g of whole cell lysate followed by detection by Western blot analysis.
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FIGURE 5. Effect of Axin overexpression in cells either retaining wild-type or mutant �-catenin gene. A, effect of Axin on Ras-ERK pathway
activation in cells that retained a different genetic status of �-catenin gene. Cells that retained wild-type �-catenin gene (DLD-1 or SW-480 colorectal
cancer cells, and Chang liver cells) or that retained mutated �-catenin gene (HCT-116 or HepG2 cells) were transfected with the pCS2-MT vector or
pCS2-MT-Axin. The levels of Axin, �-catenin, p-Raf-1, p-MEK, p-ERK, ERK, �-tubulin, and Pan-Ras were detected by Western blot analyses at 48 h after
transfection. B, immunocytochemical analysis of Ras regulation by Axin. L929-GFP-Axin cells were grown in DMEM and infected with retroviral H-ras, and
cells were induced 0.5 �g/ml Dox for 0, 2, 8, and 24 h. Cells were incubated with anti-Pan-Ras antibody followed by labeling with anti-mouse rhodamine
for Ras detection. GFP-Axin was visualized as GFP by confocal microscopic analysis. Cell nuclei were stained with DAPI. Bar, 10 �m. C, effect of �-catenin
gene siRNA on Ras-ERK pathway regulation in HCT-116 cells that retained mutated �-catenin gene. HCT116 cells were transfected with the pCS2-MT
vector or pCS2-MT-Axin together with (or without) control or �-catenin gene siRNA. The levels of Axin, �-catenin, Pan-Ras, p-Raf-1, p-MEK, p-ERK, and
total ERK were detected by Western blot analyses 48 h after transfection. D, effect of �-catenin gene-S33Y, a non-degradable form of �-catenin, on
Ras-ERK pathway regulation in HCT-116 cells. HCT116 cells were transfected with the pCS2-MT vector or pCS2-MT-Axin together with (or without) the
pcDNA3.0 vector or FLAG-S33Y-�-catenin gene-pcDNA3.0. The levels of Axin, �-catenin, Pan-Ras, p-ERK, and total ERK were detected by Western blot
analyses 24 h after transfection.
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sion.Again, endogenousAxinwas only detected only after enrich-
ment by immunoprecipitation.
The ERK PathwayWas Regulated by Axin in a �-Catenin-de-

pendent Manner—Axin functions through ubiquitin-depend-
ent degradation of �-catenin (12, 32). To identify the role of
�-catenin in the Axin-induced inhibition of the ERK pathway,
we measured the effects of Axin on ERK pathway components
in several different cell types either expressing wild-type or
non-degradable mutant �-catenin. Phosphorylations of Raf-1,
MEK, and ERK kinases were reduced by transient transfection

of intact Axin into DLD-1 and
SW-480 colorectal cancer cells and
Chang liver cells that retained wild-
type �-catenin gene (Fig. 5A). How-
ever, the Axin-induced ERK path-
way regulation was abolished in
HCT-116 colorectal cancer and
HepG2 hepatocarcinoma cells
expressing a mutated �-catenin
gene (5, 33), showing that �-catenin
is required for ERK pathway inhibi-
tion by Axin. The �-catenin in
HepG2 that lacks a potential phos-
phorylation site for glycogen syn-
thase kinase-3� (34) is detectable as
two bands by using anti-�-catenin
antibody when visualized by West-
ern blot analyses (Fig. 5A). We also
investigated the effect of Axin
induction on Ras protein by immu-
nocytochemical analysis. Ras pro-
tein overexpressed by the retroviral
transfection system was mostly
localized in the cytoplasm and
membrane area of L929-GFP-Axin
cells (Fig. 5B). The level of Ras pro-
tein overexpressed was decreased
stepwise by increasing the Axin
induction time up to 24 h. The Ras
protein remained only in the perinu-
clear area of cells at 24 h after induc-
tion with Dox (Fig. 5B). To provide
clear evidence for the regulation of
the Ras protein level by Axin, we
measured the effects of �-catenin
knockdown in HCT-116 cells retain-
ing mutated �-catenin (Fig. 5C). The
levels of Ras and active ERK pathway
components (p-Raf-1, p-MEK, and
p-ERKs) were simultaneously de-
creased by siRNA-mediated reduc-
tion of �-catenin. Here, Axin did not
affect the level of Ras or the activities
of theERKpathway components (Fig.
5C). Finally, Ras regulation was not
observed in HCT-116 cells overex-
pressing �-catenin-S33Y, a non-de-
gradable form of �-catenin (Fig.

5D). Therefore, regulation of the �-catenin protein level is an
essential factor in the regulation of Ras and ERK pathway com-
ponents. Although �-catenin is involved in Ras regulation, nei-
ther the Ras protein level nor the ERK activities were increased
by �-catenin-S33Y.
Suppression of the ERK Pathway by Axin Occurs at Least

Partly via the Reduction of the Ras Protein Level—Wemeasured
the effect of Axin overexpression on Ras activation to further
characterize the involvement of Ras, the upstream component
of the ERK pathway, in ERK pathway regulation by Axin. The

FIGURE 6. Effect of Axin overexpression on Ras-ERK pathway activation by H-RasL61 and effect of EGFR
knockdown on �-catenin and Ras-ERK pathway regulation by Axin. A, effect of Axin on Ras-ERK pathway
activation in cells that retained wild-type or overexpressed non-degradable mutant Ras. Chang liver (left) and
HepG2 (right) cells were grown and transiently transfected with a combination of pCMV, pAxin, and pMT3-H-
RasL61. The GTP loading analysis was performed to detect GTP-bound Ras (Ras-GTP), as described under “Exper-
imental Procedures.” The levels of Pan-Ras-GTP, p-ERK, Axin, �-catenin, Pan-Ras, p-Akt, and �-tubulin were
detected by Western blot analyses. B, effect of EGFR siRNA on �-catenin and Ras-ERK pathway regulation by
Axin. L929-GFP-Axin cells were transfected with control or EGFR siRNA. The cells were treated with 0.5 �g/ml
Dox and/or 20 ng/ml EGF for 12 h and 10 min, respectively, before harvesting them in the required case. The
levels of Axin, p-EGFR, Pan-Ras, p-Raf-1, p-MEK, p-ERK, ERK, �-catenin, �ABC (anti-active �-catenin) (37), or
p-p38 were detected by Western blot analyses. The p-EGFR blot was obtained by Western blot analyses with
the samples immunoprecipitated by 2 �g of anti-EGFR antibody against 600 �g of total lysates with Protein A
beads.
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Ras activity monitored by GTP loading of Ras (Ras-GTP) was
significantly increased by H-RasL61 overexpression, and was
inhibited by Axin co-expression in Chang cells but not in
HepG2 cells, which retain wild-type and mutant �-catenin
gene, respectively (Fig. 6A, compare left and right panels). The
reduction of GTP-RasL61, the GTP-bound form of non-hydro-
lysable RasL61 (35), by Axin, was surprising and indicated the
possibility of the regulation of Ras according to protein level.
The level of Pan-Ras, which was increased by H-RasL61 overex-
pression, was reduced by Axin co-expression, and that also
occurred in Chang cells but not in HepG2 cells (Fig. 6A, com-
pare left and right panels). The -fold regulations of Ras protein
levels byAxin, however, weremuch lower than that of Ras-GTP
by Axin. The increases in the levels of GTP-Ras and Ras by
H-RasL61 overexpression were similarly reduced by Axin co-
overexpression in NIH3T3 cells that also retained wild-type
�-catenin (data not shown, supplemental Fig. S1). The level of
endogenous Ras was also reduced by Axin overexpression in
Chang, DLD-1, and SW-480 cells (Fig. 5A) as well as in primary
hepatocytes (Fig. 4B). By contrast, endogenous Ras levels were
not reduced in HepG2 and HCT-116 cells that retained
mutated�-catenin gene (Fig. 5A). Akt is one of the Ras effectors
(36); accordingly, the p-Akt level was increased by RasL61 and
blocked by Axin induction (Fig. 6A). The patterns of p-Akt
regulation by RasL61 and Axin are similar to those by �-catenin
and Ras. Akt regulation by Axin or Ras, however, was not
observed in cells retainingmutant�-catenin gene (Fig. 6A, right
panel). The level of p-Aktwas not increased byRasL61 inHepG2
cells by an unknown mechanism, but that did not affect the
quality of the results (Fig. 6A, right panel).
EGFR Is Involved in the Regulation of Ras and the ERK Path-

way Components by Axin—To identify the involvement of
EGFR in Ras regulation by Axin, we measured the effects of
EGFR siRNA (Fig. 6B). The p-EGFR levels, whichwere detected
only after enrichment by immunoprecipitation of EGFR, were
increased by 10-min stimulation with EGF in L929 cells, indi-
cating the functionality of EGF. It was noticeable that the Ras
protein level did not change, although the p-Raf-1, p-MEK, and
p-ERKs levels were increased by 10-min EGF treatment. Inter-
estingly, we noticed an increase of non-phosphorylated �-cate-
nin by immediate EGF signaling (Fig. 6B, right panel) using
anti-active �-catenin (ABC) antibody. Anti-ABC antibody rec-
ognizes non-phosphorylated Ser-37 and Thr-41 of �-catenin
forms, which are resistant to proteasomal degradation (37).
That the level of �-catenin was only slightly increased might
have been due to the short EGF treatment time. The increment
of p-EGFR by EGFwas reduced byAxin induction. The levels of
non-phosphorylated �-catenin, Ras, as well as the activities of
the ERK pathway components, which were increased by EGF,
were reduced by both induction of Axin and treatment of EGFR
siRNA (Fig. 6B). Notably, we also observed reductions of both
�-catenin and non-phosphorylated �-catenin by EGFR siRNA.
Wedid not observe any changes in the levels of p-p38 under any
of these conditions (Fig. 6B), which indicates specificity in the
regulation of the �-catenin and ERK pathway components by
EGFR, Axin etcetera.

The Lysosomal Protein DegradationMachinery Is Involved in
Ras Regulation by Axin—A recent study by Bar-Sagi’s group
(38) reported thatmono- and di-ubiquitination of Ras is related
to the endocytosis. To determine whether the endocytosis
involves lysosomal degradation of Ras, we investigated the
effect of leupeptin, a lysosomal inhibitor, in the regulation of
the Ras protein level. Both endogenous Ras and overexpressed
RasL61, whichwere reduced byAxin overexpression, were abol-
ished in cells treated with leupeptin (Fig. 7). The lysosomal
protein degradation machinery, then, is involved in Ras reduc-
tion by Axin.
Axin Inhibits RasG12R-induced but Not Raf-CAAX-induced

Proliferation of L929 Fibroblast Cells—To determine whether
Axin inhibits cellular proliferation and ERK pathway activation
induced by Ras, we measured the effect of Axin transfection on
BrdUrd incorporation stimulated by Dox-mediated induction
ofH-RasG12R inNIH3T3 fibroblast cells (39). The relative num-
bers of BrdUrd-positive cells were increased from 32% to 49%
by H-RasG12R induction, but that increment was mostly abol-
ished by transfection of the Axin gene (Fig. 8A). The prolifera-
tion of L929 cells was also increased by �-catenin gene trans-
fection but was reduced by co-transfection of Axin (Fig. 8B),
indicating as expected, that Axin inhibits proliferation induced
by�-catenin. To further characterize a functional point of Axin
in anti-proliferation by Axin, we measured the effects of Axin
overexpression on the proliferation induced by Raf-CAAX,
active Raf. The proliferation induced by overexpression of con-
stitutively active Raf-1, Raf-1-CAAX, was not reduced by Axin
induction (Fig. 8C), suggesting that Axin regulates the ERK
pathway and proliferation upstream of Raf-1.
Axin Inhibits EGF-induced Anchorage-independent Growth

of Fibroblasts—To determine whether Axin affects cellular
transformation induced by ERK pathway activation, we meas-
ured the effect of GFP-Axin expression on colony formation
induced by EGF. Under the no-EGF stimulation condition, the
colony numbers formed by Axin-GFP-expressing cells were
reduced by �40%when compared with the numbers of control
cells transfected with empty vector (Fig. 9). In addition, the size
of colonies formed in GFP-Axin-expressing cells was reduced
by �45% (Fig. 9, representative data are shown in the right

FIGURE 7. Effect of leupeptin, a lysosomal inhibitor, on Ras degradation
by Axin. Chang cells were transfected with combination of vector, pAxin, and
pMT3-H-RasL61. The cells were harvested at 24 h after transfection. In required
cases, 10 �g/ml leupeptin was treated for 12 h before harvest cells. Pan-Ras,
p-ERK, Axin, and �-tubulin were detected by Western blot analyses.
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panel). Compared with untreated cells, both the number and
size of colonies formed by EGF treatment were increased
�2-fold, which were blocked by ectopic expression of GFP-
Axin (Fig. 9). Moreover, the colony sizes were observed to be

inversely correlated to the intensity
of GFP-Axin (Fig. 9, right panel,
comparemiddle and lower boxes).

DISCUSSION

Aberrant regulation of either
the Wnt/�-catenin or the ERK
pathway has been known to be
implicated in many types of
human cancers. However, the
interaction between the two path-
ways in carcinogenesis is poorly
understood. A defective apc allele
and an activated ras gene are suf-
ficient to transform normal co-
lonic epithelial cells and render
them carcinogenic (40). �-Catenin
has been shown to cooperate with
Ras in the development of colorec-
tal cancer and hepatocellular carci-
noma (22, 23). Simultaneous intro-
duction of �-catenin gene and ras
mutations into mice resulted in the
development of hepatocellular car-
cinoma in 100% of tested animals,
although neither ras nor �-catenin
gene alone was sufficient for hepa-
tocarcinogenesis (23). These results
indicate that Wnt/�-catenin and
ERK signaling experience cross-talk
during carcinogenesis; however, the
molecular details of how the two
pathways can interact with each
other remain poorly elucidated.
In this study, we investigated a

mechanism for the Ras-ERK path-
way regulation by Wnt/�-catenin
signaling by modulating of the neg-
ative regulator Axin and related that
mechanism to cellular proliferation
and transformation. The ERK path-
way components (Raf-1, MEK, and
ERK kinases) were simultaneously
lowered in cells in which the�-cate-
nin level was reduced by Axin over-
expression, indicating that Axin
inhibits the Raf-1 3 MEK 3 ERK
cascade. Both EGF-induced G1 to S
phase progression and growth of
L929 cells were also reduced by
Axin overexpression, providing fur-
ther evidence for the role of Axin in
suppression of the cell growth that
is controlled by the ERK pathway.

The role of Axin in the inhibition of growth induced by the ERK
pathway activation was further indicated by reduction of ras-
induced proliferation by Axin. The sizes and numbers of colo-
nies of L929 cells grown on a soft agar plate in the presence of

FIGURE 8. Effects of Axin on Ras-, �-catenin-, or Raf-CAAX-induced proliferation. A, NIH3T3 cells
containing Dox-inducible H-rasG12R were grown in DMEM containing 10% FBS at an 1 � 104 cells per well
in 6-well plates. Cells were transiently transfected with either 0.5 �g/ml pCS2-MT or pCS2-MT-Axin. 12 h
after transfection, cells were either untreated or treated with 0.5 �g/ml Dox for 24 h for Ras induction. 28 h
after transfection, BrdUrd was added at a final concentration of 20 �M for 8 h. The cells were fixed,
permeabilized, and incubated with anti-BrdUrd monoclonal antibody, followed by incubation with goat-
anti-mouse-CyTM2-conjugated secondary antibody. Cell nuclei were stained with DAPI. Cells were visual-
ized by a confocal microscope as described under “Experimental Procedures.” Cells exhibiting BrdUrd
incorporation in the nucleus were scored as BrdUrd-positive cells. Error bars indicate the standard devia-
tions of three independent analyses. The lower panel shows representative results. B, L929 cells were
co-transfected with either pcDNA3.0 or pcDNA3.0-FLAG-�-catenin and 0.5 �g of pCS2-MT or pCS2-MT-
Axin. Cells were stained and analyzed as described in Fig. 8A. The percentage of BrdUrd-positive cells was
calculated from the total number of DAPI-stained cells. Representative results are shown in the lower
panels. Bar, 100 �M. C, L929-GFP-Axin cells were co-transfected with either vector or pZIP-Raf-CCAX. 12 h
after transfection, the cells were either treated or untreated with 0.5 �g/ml Dox for 24 h for Axin induction.
28 h after transfection, BrdUrd was added at a final concentration of 20 �M for 8 h. The cells were fixed,
permeabilized, and incubated with BrdUrd antibody, and subsequently with TRITC-conjugated goat anti-
rabbit IgG. The relative intensities of TRITC-conjugated BrdUrd were measured using a FACS Vantage
system (BD Biosciences Immunocytometry systems). Each data point represents the average of three
independent analyses. Representative results are shown in the right panels.
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EGF were reduced by induction of Axin, indicating that Axin
probably has an inhibitory function in transforming cellular
growth induced by ERK pathway activation. The incidence of
colony formation and the size of the formed colonies were both
extremely low in the case of NIH3T3 cells compared with those
of L-cells retaining transforming characteristics under identical
growth conditions. Although the numberswere few, well devel-
oped small sized colonies were formed by induction of
H-RasG12R by Dox (24). The H-RasG12R-induced colony forma-
tionwas blocked by transfection ofAxin (supplemental Fig. S2),
confirming the role of Axin in anti-transformation of cells
induced by oncogenic Ras.
The effects of Axin on the ERK pathway regulation was con-

firmed in similar analyses of primary hepatocytes, providing
physiologically relevant evidence for down-regulation of the
ERK signaling pathway by Axin. Inhibition of the ERK pathway
components by Axin transfection occurred only in cells retain-
ing wild-type �-catenin gene, including Chang liver cells and
primary hepatocytes. The effects of Axin transfection on regu-
lation of the ERK pathway components were not observed in
cells, such as HCT-116 and HepG2 cancer cells, that harbored
mutated �-catenin gene. The role of �-catenin in ERK pathway
regulation by Axin wasmore convincingly confirmed by reduc-
tion of the activities of the ERK pathway components by
siRNA-mediated reduction of non-degradable endogenous
�-catenin in HCT-116 cells. Therefore, ERK pathway regula-
tion by Axin probably occurs, at least partly, via regulation of
�-catenin.

Currently, a mechanism for the ERK pathway regulation by
Axin has yet to be clearly illustrated. The ERK activation by
RasL61 or �-catenin was lowered by dominant negative Tcf-4
(24, 41), indicating involvement of �-catenin/Tcf-mediated
gene transcription in the ERK pathway regulation by Wnt/�-
catenin signaling. The level of Ras-GTP was reduced by Axin

overexpression, indicating that the
Raf-13MEK3 ERK regulation by
Axin-�-catenin signaling occurs via
Ras. Interestingly, the level of GTP-
bound overexpressed non-hydro-
lyzable RasL61 was also reduced by
Axin overexpression, providing us
an opportunity for identification
of the regulation of the Ras protein
level by Wnt/�-catenin signaling.
Evidence for the Ras regulation by
Axin was also provided by the
reductions of the levels of endoge-
nous Ras by Axin overexpression.
A role of �-catenin in the regula-
tion of the Ras protein level was
also revealed by �-catenin-de-
pendent degradation patterns in
Ras regulation by Axin (Figs. 5A,
5C, and 6A). The Ras regulation by
Axin was further confirmed by
regulation of an activity of Akt, a
known effecter of Ras (36), as well
as the fact that the Akt regulation

also occurred in cells retaining wild-type �-catenin gene
(Fig. 6). The role of �-catenin in the regulation of Ras by Axin
was also shown by regulation of the Ras level and activities of
the ERK pathway components by knockdown of endogenous
non-degradable mutant �-catenin (Fig. 5C). The loss of both
Ras and ERK regulation by Axin in HCT-116 cells overex-
pressing non-degradable �-catenin S33Y further confirms the
essential role of �-catenin in Ras regulation by Axin (Fig. 5D).
Overall, the ERK pathway is subjected to dual Ras regulation,
GTP loading, and Ras reduction byAxin. The theory explaining
the dual regulation of Ras byWnt/�-catenin signaling was sup-
ported by differences in the regulation folds between the Ras
level and the activities of the ERK pathway components (Fig.
6A). The fold regulations of the ERK activities were much
higher than those of the Ras protein level but similar to those of
Ras-GTP. The level of Ras-GTP determines the fold regulation
of the ERK pathway, because it represents the cumulative activity
ofRas causedby regulationofGTP loading aswell as by the level of
Ras.
Currently, routes for regulations of the reduction and GTP

loading of Ras are not clear. The regulation of GTP loading of
Ras by Wnt/�-catenin signaling might be caused by the signal
from upstream of Ras, and that explanation was supported by
the recent identification of the epidermal growth factor recep-
tor (EGFR) gene as a transcriptional target of Wnt/�-catenin
signaling (42). However, we suggest that the major functional
point of Axin in the regulation of the ERK pathway is Ras rather
than EGFR. Axin inhibits Raf-13MEK3 ERK cascade in cells
retaining mutated ras as well as wild-type ras, indicating that
Axin regulates Ras at least partly at its own level or downstream.
The RasL61-induced proliferation was totally abolished (Fig.
8A), but the proliferation induced by constitutively active Raf-
CAAXwas not affected byAxin overexpression (Fig. 8C). These
epistasis results further indicate that a functional point of Axin

FIGURE 9. Effects of Axin on EGF-induced transformation of L929 cells. L929-GFP-Axin cells were grown in
DMEM. The cells (1.2 � 103 cells/well in 12-well plates) were incubated for 14 days with or without 0.5 �g/ml
Dox and/or 20 ng/ml EGF in soft agar. The average globe sizes and mean values of colony numbers (left panel)
were calculated from at least 150 colonies as described under “Experimental Procedures.” Error bars indicate
the standard error-mean. Colonies expressing GFP-Axin were photographed under a phase-contrast fluores-
cence microscope. Cells not expressing GFP-Axin proteins are indicated by black arrows. Cells expressing an
intermediate amount of GFP-Axin proteins are indicated by blue arrows. Cells expressing a high amount of
GFP-Axin are marked by white arrows. Bar, 500 �m.
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in the regulation of the ERK pathway is Ras. We observed reg-
ulation of Ras by EGFR siRNA, however, that might be attrib-
uted by �-catenin regulation, as indicated by the concomitant
reductions of �-catenin and Ras by EGFR siRNA (Fig. 6B). It is
unknown how EGFR is involved in regulation of �-catenin,
however, a previous study reported EGFR-�-catenin interac-
tion without providing any information for cross-talk between
Wnt/�-catenin and Ras-ERK pathways (43). The mechanism
for Ras reduction by �-catenin signaling has also not been
illustrated currently. However, a recent study has reported
mono- and di-ubiquitination of Ras protein involving the
endocytic pathway (38). The Ras reduction by Axin is poten-
tially regulated by the lysosomal protein degradation
machinery as indicated by inhibition of the Axin-induced
Ras reduction by leupeptin in our current study.
In this study, we identified regulations of the Ras-ERK path-

way and cellular proliferation and transformation by Wnt/�-
catenin signaling involvingAxin and its effector,�-catenin. The
identification of Ras-ERK pathway regulation by Wnt/�-cate-
nin signaling provides evidence for the role of the Ras-ERK
pathway in tumorigenesis induced by abnormalities inWnt/�-
catenin signaling.
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