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In primary mammalian cells, expression of oncogenes such as acti-
vated Ras induces premature senescence rather than transformation.
We show that homozygous deletion of glycogen synthase kinase
(GSK) 3� (GSK3��/�) bypasses senescence induced by mutant RasV12

allowing primary mouse embryo fibroblasts (MEFs) as well as immor-
talized MEFs to exhibit a transformed phenotype in vitro and in vivo.
Both catalytic activity and Axin-binding of GSK3� are required to
optimally suppress Ras transformation. The expression of RasV12 in
GSK3��/�, but not in GSK3��/� MEFs results in translocation of
�-catenin to the nucleus with concomitant up-regulation of cyclin D1.
siRNA-mediated knockdown of �-catenin decreases both cyclin D1
expression and anchorage-independent growth of transformed cells
indicating a causal role for �-catenin. Thus RasV12 and the lack of
GSK3� act in concert to activate the �-catenin pathway, which may
underlie the bypass of senescence and tumorigenic transformation
by Ras.

�-catenin � cyclin D1 � GSK3�

Immortalized rodent cells can readily be transformed by activated
Ras or other oncogenes, leading to a transformed phenotype in

culture and tumorigenicity in vivo (1, 2). However, in primary
rodent cells activated Ras induces premature senescence (onco-
gene-induced senescence), decreasing oncogenesis (3–5). A second
genetic alteration is required to bypass premature senescence and
induce cellular transformation (6–9). A number of different genetic
events bypass Ras-induced senescence including inactivation of the
p53/p21/p19ARF pathway by aberrations in p53, p19ARF, PML,
SIR2, DRIL1, TBX2, BCL6, or KLF4 (7–11), inactivation of Rb
family proteins (3, 6, 7), activation of transforming growth factor
(TGF)-� signaling (12, 13), and amplification of cellular or viral
oncogenes including c-Myc and adenoviral E1A (14, 15). It is not
clear whether these events represent a single pathway targeting the
consequences of p53 signaling or whether there are multiple
converging pathways or networks involved in the bypass of Ras-
induced senescence. There are similarities between Ras-induced
senescence and senescence of primary fibroblasts, particularly in the
role of the p53/p21/p19ARF pathway (11). The p53 pathway
induces plasminogen activator inhibitor-1 (PAI-1) with subsequent
down-regulation of the phosphatidylinositol-3-kinase (PI3K)/Akt/
PTEN/GSK3�-cyclin D1 pathway (16). Indeed, activation of the
PI3K pathway with subsequent inactivation of GSK3� and up-
regulation of cyclin D1 is sufficient to bypass p53-induced senes-
cence and p53-induced senescence is associated with a decrease in
signaling through the PI3K pathway (16).

The Wnt signaling pathway including Axin, APC and �-catenin
is targeted by mutation in multiple tumor lineages (17). In mam-
malian cells, Wnt signaling is achieved, at least in part, by intracel-
lular levels and localization of the oncoprotein �-catenin (18). The
role of �-catenin in p53- and Ras-induced senescence may be
complex as stabilized �-catenin induces p53-dependent senescence
but cooperates with Ras to transform cells (19). In the absence of

Wnt signals, a large multimeric protein complex that consists
minimally of the scaffold protein Axin, APC, GSK3, and �-catenin
is formed to sequester �-catenin to the cytosol and to regulate
�-catenin levels (20–22). GSK3 phosphorylates �-catenin in the
complex, targeting �-catenin for ubiquitination and subsequent
degradation by a proteasome pathway (21, 22). Mutation or dele-
tion of the putative GSK3 phosphorylation sites of �-catenin results
in nuclear, constitutively active, highly stable forms of �-catenin,
which are found in some colorectal cancers (23, 24). In addition to
phosphorylation of �-catenin, GSK3� plays a linker role in the
formation and recruitment of components of the Axin, APC,
GSK3, and �-catenin complex (20–22). Although GSK3� has been
proposed to integrate signals between the PI3K and �-catenin
pathway, it is not clear whether the same or different pools of
GSK3� mediate PI3K pathway signaling and regulate �-catenin
function (25). GSK3��/� MEFs have normal levels and localization
of �-catenin (26), indicating that other kinases may act redundantly
with GSK3� to control levels and localization of �-catenin.

We demonstrate that RasV12 and lack of GSK3� act in concert
to bypass senescence and transform primary mouse fibroblasts. The
acquisition of the oncogenic phenotype is associated with activation
of the �-catenin pathway, which may contribute the bypass of
senescence and the tumorigenic transformation of primary cells.

Results and Discussion
RasV12 Induces Premature Senescence in Wild-Type Primary MEFs but
Not in MEFs Devoid of GSK3�. To investigate whether GSK3�
contributes to oncogene-induced premature senescence, we iso-
lated primary mouse fibroblasts from GSK3��/� and GSK3��/�

embryos (26). Early passage (passage 3) primary MEFs were
infected with pBabe-RasV12 or control pBabe retrovirus.
Puromycin-resistant cells were collected, and mutant Ras expres-
sion, loss of GSK3� and retention of GSK3� were confirmed by
immunoblotting (Fig. 1A). Control virus-infected cells, either wild-
type or GSK3�-negative, grew slowly showing little morphological
difference from mock or uninfected cells. The majority of wild type
MEFs infected with pBabe-RasV12 (GSK3��/�/Ras) demonstrated
a spreading and flattening morphology, typical of senescent cells.
Senescence-associated acidic �-galactosidase (SA-gal) activity (27)
was present in a large fraction of cells (Fig. 1B). In contrast, only a
small fraction of GSK3��/�/Ras MEFs stained positive for SA-gal
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and occasionally demonstrated senescent morphology (Fig. 1B).
GSK3��/�/Ras MEFs grew slowly in culture characteristic of loss
of replicative capacity associated with senescence. In contrast,
GSK3��/�/Ras MEFs continued to proliferate in complete me-
dium containing 10% FBS and proliferated in response to lyso-
phosphatidic acid (LPA) (Fig. 1C), one of the major growth factors
present in serum (28–30). Thus, Ras-expressing GSK3��/� MEFs
bypass senescence and proliferate in culture.

Homozygous Deletion of GSK3� Allows RasV12 to Transform Primary
MEFs. We next examined whether GSK3��/�/Ras MEFs acquire
a transformed phenotype. When GSK3��/�/Ras MEFs were
plated in soft agar, they formed colonies (Fig. 1D), indicating
that they acquired the ability to grow under anchorage-
independent conditions. GSK3��/� cells infected with control
virus or wild type cells infected with either control or RasV12

virus did not form colonies in soft agar. In addition,
RasV12expression in GSK3��/� MEFs, but not in wild type
MEFs, conferred an invasive phenotype (Fig. 1E) in the pres-
ence or absence of LPA (28–30). Consistent with anchorage-
independent growth and invasive phenotype in vitro, RasV12-
expressing GSK3��/� cells were highly tumorigenic in athymic
nude mice, forming invasive tumors in 100% of injected mice
(7/7) (Fig. 1F). In contrast, GSK3��/�/Ras MEFs were not
tumorigenic. These results indicate that absence of GSK3�
allows bypass of Ras-induced senescence facilitating transfor-
mation of primary MEFs. Thus, GSK3� functions to constrain
transformation through contributing to oncogene-induced cel-
lular senescence.

Snail, a critical regulator of epithelial mesenchymal transition,
invasion and tumor growth, is regulated by GSK3� (31–33) poten-
tially playing a role in invasiveness. Real-time quantitative PCR and
immunoblotting showed that Snail RNA and protein levels are
higher in GSK3� null than GSK3� wild type MEFs (Fig. 1G).
Activated Ras cooperated with GSK3� loss to induce a marked
increase in Snail levels (Fig. 1G) potentially contributing to in-
creased invasion (Fig. 1E) and tumorigenesis (Fig. 1F) of RasV12-
expressing GSK3� �/� cells.

GSK3� and GSK3� have been proposed to mediate redundant
and overlapping functions (25, 34). However, RasV12 did not
transform GSK-3��/� primary MEFs (35) [supporting information
(SI) Fig. 5], suggesting that GSK3� and GSK3� function differen-
tially in cell senescence and transformation.

Homozygous Deletion of GSK3� Sensitizes Immortalized MEFs to
Ras-Mediated Transformation. In contrast to primary cells, immor-
talized rodent cell lines are readily transformed by RasV12 alone. To
further explore the role of GSK3� in cell transformation, we took
advantage of established GSK3��/� and GSK3��/� MEF lines
(26). Early passages of the cells did not form colonies in soft agar
or develop tumors in athymic nude mice (data not shown), indi-
cating these MEF lines are immortalized but not transformed.
Similarly, pooled puromycin-resistant colonies of GSK3��/� and
GSK3��/� cells infected with the control virus did not form
colonies in soft agar. Expression of RasV12 in both GSK3��/� and
GSK3��/� MEFs conferred an ability to grow under anchorage-
independent conditions. However, Ras-expressing GSK3��/�

MEFs grew more profusely resulting in the formation of markedly

Fig. 1. Growth properties of RasV12- expressing primary MEFs. Primary MEFs were infected with control pBabe or pBabe-RasV12 retrovirus. (A) Ras protein
expression was verified by immunoblotting. (B) Primary MEFs (10th passage after infection with virus) were stained for SA-�-gal expression and the cells were
photographed at �100 magnification. The data are mean � standard errors of triplicates, representative of two independent experiments. (C) Cell proliferation
was assayed by crystal violet staining. Two independent experiments of triplicate assays were performed (*, P � 0.001). (D) A total of 4 � 104 primary MEFs infected
with pBabe-RasV12 or pBabe vector were plated on soft agar as detailed in Methods. Photomicrographs were taken 12 days after plating at � 40 magnification.
The data are mean � standard errors of triplicates, representative of two independent experiments (*P � 0.0001). (E) Ras-expressing GSK3��/� MEFs invade
through matrigel. The cells were photographed at �100 magnification. The data are mean � standard errors of triplicates, representative of two independent
experiments (P � 0.0001). (F) A total of 4 � 106 primary MEFs infected with RasV12 or vector retrovirus were injected s.c. into the right flank of nude mice.
Photographs of the mice were taken at 29 days after cell injection. The data represents the average tumor size of four to seven mice from each group (*, P �
0.05; **, P � 0.0001). (G) (Left) Snail mRNA measured as fold change in MEFs. The data are the mean � standard errors in two independent experiments. (Right)
Relative Snail protein levels.
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higher numbers and larger colonies in soft agar (Fig. 2A). Consis-
tent with the results of anchorage-independent growth, RasV12-
expressing GSK3��/� MEFs formed more rapidly growing tumors
in nude mice than RasV12-expressing GSK3��/� cells (Fig. 2B).
Most of the tumors derived from RasV12-expressing GSK3��/�

cells reached a size of 1 cm3 within 2 weeks of injection, whereas
RasV12-expressing GSK3��/� cell-derived tumors remained �0.2

cm3. Control virus transduced GSK3��/� or GSK3��/� cells did
not form palpable tumors (0/5).

Inactivation of the p53/p21/p19ARF pathway can bypass senes-
cence induced by Ras and cooperate with Ras to transform cells
(7–11). However, as both GSK3��/� and GSK3��/� immortalized
MEFs have lost p53, the cooperative interaction between activated
Ras and loss of GSK3��/� is independent of effects on the p53
pathway.

Activation of the PI3K pathway has been suggested to be
sufficient to bypass p53-induced senescence (16). However, as
demonstrated by Western blot analysis (Fig. 2C), phosphorylation
levels of Akt, Erk and S6 Ribosomal Protein in tumors derived from
RasV12-expressing immortal GSK3��/� cells (GSK3��/�/Ras) and
primary cells (GSK3��/�/Ras-Pr) were not higher than in tumors
derived from RasV12-expressing GSK3��/� cells (the low levels of
GSK3� in the GSK3��/� tumors likely reflects the presence of host
stroma cells). In addition, Ras expression levels in the tumors
derived from RasV12-expressing GSK3��/� were much higher than
those in the tumors derived from RasV12-expressing GSK3� null
cells (Fig. 2C), suggesting that, although Ras can transform im-
mortalized wild type MEFs, higher levels of Ras are required.

Reexpression of GSK3� Suppresses Ras-Induced Transformation. The
enhanced susceptibility of GSK3� null MEFs to Ras-induced
oncogenic transformation could potentially be due to clonal
variation in the two immortal MEF lines rather than the lack of
GSK3�. To evaluate this possibility, we reexpressed GSK3� in
the GSK3��/� MEF line by infection with a GSK3� retrovirus
that coexpresses GFP (36). Highly enriched populations of
�90% GFP-positive cells were sorted and isolated by flow
cytometry. The expression of GSK3� was confirmed by Western
blotting (data not shown). Similar to the wild-type MEF line, the
reexpressing GSK3� cells were less susceptible to transforma-
tion induced by the pBabe-RasV12 retrovirus compared with the
control GSK3��/� cells as reflected by decreased anchorage-
independent growth and tumorigenicity in nude mice (Fig. 3 A
and B). This observation confirms the role of GSK3� in inhi-
bition of Ras-induced transformation in immortalized MEFs.

GSK3� Suppresses Ras Transformation Through both Catalytic and
Axin-Binding Activity. GSK3� functions both as a kinase regulating
�-catenin phosphorylation and as a structural component of the
APC/Axin/GSK3�/�-catenin complex (25, 37). We thus examined
whether the kinase activity of GSK3� is required to suppress
Ras-induced cell transformation. To this end, we assessed a kinase-
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Fig. 2. Lack of GSK3� sensitizes RasV12 transformation of immortalized MEFs.
(A) Soft agar assay was performed as described in Fig. 1. (B) Comparison of
tumorigenicity of Ras-expressing GSK3��/� and GSK3��/� MEF lines. A total of
2 � 106 MEFs were injected as xenografts into nude mice. The data represents
the average tumor size of five mice of each group (*, P � 0.05; **, P � 0.0001).
(C) Phosphorylation of Akt, GSK3�/�, ERK1/2, S6 ribosomal protein, and Ras
protein expression were examined by immunoblotting in tumors derived from
primary GSK3��/� MEFs infected with Ras virus (GSK3��/�/Ras-Pr) or Ras
expressing GSK3��/� (GSK3��/�/Ras) or GSK3��/� (GSK3��/�/Ras) immortal
MEFs.

Fig. 3. GSK3� reexpression suppresses Ras-induced cell transformation in GSK3� both kinase and Axin-binding activity-dependent manner. Immortalized
GSK3��/� MEFs were infected with wild type GSK3� (GSK3�-In) or control retrovirus. GFP-positive cells were sorted and infected with Ras virus or control pBabe
virus. (A) Soft agar assay was performed as described in Fig. 1& Fig. 2. (B) Tumorigenicity assays in nude mice as described in Fig. 2. Each data point of growth
curves represents the average tumor size of 5 mice in each group. Tumors that did not grow were assigned a volume of zero (* P � 0.05). (C) GSK3��/� MEFs were
infected with retrovirus carrying mutant GSK3� (GSK3�-K85M, GSK3� -Y216F) in comparison with that carrying wild type GSK3� (GSK3�-Wt). GSK3 protein
expression was verified by immunoblotting. The GSK3� null and GSK3� (wild type or mutants) reexpressing immortal MEFs were infected with Ras virus or control
pBabe virus. Transduced cells were analyzed for growth in culture by crystal violet colorimetric staining (D) and by soft agar assays (E), as detailed in Methods
and Fig. 1.
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dead mutant of GSK3� (K85M) which also lacks the ability to bind
to the scaffold protein Axin and a hypomorphic mutant (Y216F)
with markedly decreased kinase activity that has been reported to
retain Axin binding (36, 38, 39). Highly enriched GFP-positive cells
were isolated by flow cytometry and expression of GSK3� con-
firmed by Western blotting (Fig. 3C). In contrast to wild-type
GSK3�, the K85M mutant, which lacks kinase activity and Axin
binding, did not inhibit anchorage-dependent (Fig. 3D) or -inde-
pendent growth (Fig. 3E) of Ras-expressing GSK3��/� cells,
suggesting the importance of GSK3� kinase activity and/or Axin
binding in inhibition of Ras transformation. In contrast, expression
of the hypomorphic mutant (Y216F) of GSK3� led to marked
inhibition of anchorage-dependent and -independent growth of
Ras-expressing GSK3��/� cells compared with GSK3��/� or
K85M mutant cells; however, the Y216F mutant was less effective
than wild type (Fig. 3 D and E). Thus, both kinase and Axin-binding
activity appear required for GSK3� to optimally suppress Ras
transformation.

RasV12 and the Lack of GSK3� Act Coordinately to Induce Nuclear
Localization of �-Catenin Increasing Cyclin D1 Expression in Primary
MEFs. The interactions between GSK3� and �-catenin, a key
regulator of cell growth, motility and transformation, prompted us
to determine whether Ras and knockout of GSK3� could act in
concert to induce �-catenin nuclear translocation, leading to acti-
vation of the �-catenin pathway (26, 40, 41). Neither homozygous
disruption of GSK3� nor RasV12 expression in wild type primary
MEFs was sufficient to induce nuclear �-catenin accumulation (Fig.
4A). However, Ras-expressing primary GSK3��/� MEFs exhibited
striking increases in nuclear �-catenin (Fig. 4A Upper), indicating
that coordinate expression of RasV12 and deletion of GSK3�
promotes nuclear translocation of �-catenin. Consistent with the
localization of �-catenin to the nuclei of GSK3��/� Ras cells in
culture, significant staining of nuclear �-catenin was observed in the
nuclei of GSK3��/� Ras tumor cells in vivo, suggesting that the
change in �-catenin localization persists in vivo (Fig. 4A Lower).

Because lack of GSK3� alone was not sufficient to induce the
nuclear accumulation of �-catenin, GSK3� may play a key role in
inducing �-catenin degradation in GSK3� null MEFs. To assess this
possibility, we examined phosphorylation of �-catenin at Ser-33 and
-37 and Thr-41, through which GSK3 destabilizes �-catenin (42). As
shown in Fig. 4B, these sites were indeed phosphorylated in
GSK3�-negative MEFs likely by GSK3� and phosphorylation
levels were decreased upon introduction of Ras. The inhibition of
�-catenin phosphorylation at Ser-33 and -37 and Thr-41 by onco-
genic Ras in GSK3��/�/Ras cells is apparently not mediated by the
Ras-P13K-Akt pathway as phosphorylation of GSK3� at Ser-21 by
Akt was not increased in GSK3��/�/Ras cells. In addition, phos-
phorylation of �-catenin by casein kinases CK1 at Ser-45, a priming
site for the subsequent phosphorylation by GSK3, was also inhib-
ited by introduction of RasV12 in GSK3� null cells but not in
wild-type cells (Fig. 4B Upper).

Activation of dishevelled (Dvl) promotes Wnt/�-catenin signal-
ing (43–45). We thus examined phosphorylation of dishevelled-3
(Dvl-3) as a readout for the effect of RasV12 on activation of the Wnt
pathway in the presence and absence of GSK3�. Phosphorylation
of Dvl-3 as indicated by a size shift on Western blotting (46) was
increased in GSK3��/�/Ras cells compared with GSK3��/� or
RasV12-expressing GSK3��/� cells suggesting that RasV12 enhances
Wnt signaling in GSK3��/� cells (Fig. 4B Upper). Consistent
with the enhanced Wnt signaling, we also observed an increase
in Wnt-3 expression and a concurrent decrease in sFRP-2 levels in
GSK3��/�/RasV12 cells as compared with GSK3��/� cells (Fig. 4B
Lower). These results together indicate that multiple mechanisms
are involved in activation of �-catenin in GSK3��/�/Ras cells.

Cyclin D1 is a downstream target of both the �-catenin-TCF
transcription factor and GSK3 (47–49). Furthermore, cyclin D1
levels and localization are altered in senescent cells and expression

of a stable nuclear cyclin D1 can bypass p53-induced senescence
(16). Serum induced a more robust accumulation of cyclin D1 in
GSK3��/�/Ras MEFs than in GSK3��/�/Ras MEFs (Fig. 4C).
Expression of c-Jun, but not c-Myc, was also enhanced in
GSK3��/�/Ras MEFs (SI Fig. 6). Thus, the nuclear translocation
of �-catenin induces target gene expression. To determine whether
�-catenin was required for the increased induction of cyclin D1 in
GSK3��/�/Ras MEFs, �-catenin expression was down-regulated
with siRNA and shRNA. As determined by immunoblotting and
immunofluorescence staining, transfection with �-catenin RNAi
reduced �-catenin by 70–80% (Fig. 4D) in GSK3��/�/Ras MEFs
with a concomitant decrease in cyclin D1 induction, an effect not
observed with nontargeted RNAi (Fig. 4E). Silencing �-catenin
with siRNA or shRNA also decreased anchorage-independent
growth of GSK3��/�/Ras MEFs (Fig. 4F), indicating that the
�-catenin pathway contributes to the transformation of primary
MEFs induced by coordinate expression of activated Ras and loss
of GSK3�.

In summary, we have demonstrated that GSK3�-negative pri-
mary MEFs bypass RasV12 induced senescence acquiring a trans-
formed phenotype. Our results reveal that Ras mutation and the
absence of GSK3� act in concert to transform primary murine
fibroblasts. The cooperative effects of RasV12 and lack of GSK3�
on the �-catenin-cyclin D1 pathway provide a potential mechanism
for the observed synergism between Ras and lack of GSK3� in the
bypass of senescence and transformation of primary cells. These
studies establish a role for GSK3� in oncogene-induced senescence
of primary cells limiting oncogene-induced transformation.

Methods
Cells. MEF cell lines isolated from GSK3��/� mouse embryo and wild-type litter-
mate were established in culture as immortal lines as described previously (26).
The immortal MEF lines lack p53 expression (not presented). MEFs were cultured
in high-glucose DMEM supplemented with 10% FBS, 100 units/ml penicillin and
100 �g/ml streptomycin. Cells were frozen at early passages and used for less than
4weeks incontinuousculture.PrimaryMEFsfromGSK3��/� andGSK3��/� mouse
embryos were cultured in the same medium supplemented with 1 mM sodium
pyruvate.

Retrovirus Constructs (LZRS-EGFP-GSK3�, LZRS-EGFP-GSK3�-K85M, LZRS-EGFP-
GSK3�-Y216F, pBabe, and pBabe-RasV12). Retroviral constructs for HA-GSK3�,
HA-GSK3�-K85M, and HA-GSK3�-Y216F were described in ref. 36. The pBabe
vector and pBabe-RasV12 were from S. Lowe (Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY).

Generation of Retrovirus. The retrovirus constructs (LZRS-EGFP, LZRS-EGFP-
GSK3�, LZRS-EGFP-GSK3�-K85M or LZRS-EGFP-GSK3�-Y216F, pBabe, and pBabe-
RasV12) were transfected into the BOSC23 packaging line using Lipofectamine
2000 as described elsewhere (36). After infection with pBabe or pBabe-RasV12,
transduced cells (colonies) were selected by culture with puromycin (for immortal
cells, 2 �g/ml for 2 weeks; for primary cells, 1 �g/ml for 3 days).

Western Blotting and Antibodies. Western blot analysis was performed as
described (36). Pan-Ras Val12 (Calbiochem), �-actin (Sigma), GSK3, Wnt-3, sFRP-2,
sFRP-3 (Santa Cruz Biotechnology), �-catenin, cyclin D1, pAkt (Ser-473), pS6
(S240/244), pERK1/2, pGSK3�/� (S21/9), p-�-catenin (S45), p-�-catenin (Ser-33/37/
Thr-41), �-catenin, Dvl-3 (Cell Signaling) and Snail (Abcam) antibodies were used
for immunoblotting.

RNA Isolation and Real-Time Quantitative PCR. Total cellular RNA was isolated
from MEFs with TRIzol according to the manufacturer’s protocol (Invitrogen).
Fluorogenic Taqman probes, Taqman One-Step RT-PCR master reagent and
Taqman GAPDH detection kit were from Applied BioSystems. Snail mRNA level
was determined by Taqman real-time RT-PCR using the ABI PRISM 7700 Sequence
Detection System (Applied Biosystems) through 40 cycles, with GAPDH as a
reference.

SA-�-Galactosidase Staining. Staining for SA-�-gal activity in cultured cells was
carried out using a staining kit (Chemicon International Inc/Specialty Media).
Briefly, cells were seeded and cultured in 30-mm dishes. After washing with PBS,
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the cells were fixed with �-Gal Fixative and stained with Complete �-Gal Stain
Solution followed by addition of �-Gal Holding Solution.

Cell Proliferation Assay. Cellnumberswereassessedbystainingwithcrystal violet
as an indicator of DNA content. Cells were seeded in 96-well plates (5 � 103 per
well) in complete DMEM. After overnight starvation, the cells were stimulated
withLPA(5�M)orvehicle (0.5%BSAinPBS) for48handstainedwith0.5%crystal
violet in 20% methanol for 20 min. Sorenson’s Buffer [0.1 mol/liter sodium citrate
(pH 4.2) and 50% ethanol] was added to each well and incubated for 2 h.
Absorbance was measured at 570 nm with a microplate autoreader.

In Vitro Invasion Assay. Invasion was analyzed with 24-well Biocoat Matrigel
invasion chambers with 8-�m polycarbonated filters (Becton Dickinson). Cells
were starved for 20 h in serum-free DMEM. After washing with serum-free

DMEM,1�104 cells in0.5mlDMEMwere inoculated intotheupperchamberand
0.75 ml DMEM containing LPA (1 �M) or vehicle (0.5% BSA in PBS) was added to
the lower chamber. The cells were allowed to migrate through the Matrigel at
37°C, 5% CO2 for 24 h. Nonmigrated cells on the upper surface of the filter were
removed by wiping with a cotton swab. The cells that penetrated through pores
of the Matrigel to the underside of the filter were stained with 0.25% crystal
violet in 20% methanol for 30 min. Migrated cells were photographed and
counted in 10 random fields.

Soft-Agar Assay. Cells were suspended in complete DMEM containing 0.3% soft
agar and seeded in triplicate on 60-mm dishes precoated with 0.6% agar in
complete growth medium and incubated at 37°C, 5% CO2. After 12–14 days,
colonies were photographed and counted in 10 randomly chosen fields and
expressed as means of triplicates, representative of two independent
experiments.
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Fig. 4. RasV12 and lack of GSK3� act in concert to activate the �-catenin pathway. (A) Ras expressing primary MEFs were starved in serum-free DMEM for 24 h, and
then cultured in complete growth medium overnight. Cells were fixed and immunostained with antibodies to �-catenin (20.0 �g/ml; Biosource, CA) to determine the
contents and localization of �-catenin. Nuclei were stained with DAPI (Upper). Immunohistochemical staining of �-catenin in the xenografts derived from Ras
transformed GSK3��/� MEFs. Paraffin-embedded sections were stained with or without (control) primary anti-�-catenin antibody (Bottom). (B) Phosphorylation of
GSK3�/�, �-catenin (Ser-33/37/Thr-41), �-catenin (Ser 45) and Dvl-3 (Top) and Wnt-3, sFRP-2 and sFRP-3 (Lower) were examined by immunoblotting in Ras expressing
primary MEFs. (C) RasV12-expressing primary GSK3��/� and GSK3��/� MEFs were starved in serum-free DMEM for 24 h and cultured in complete growth medium as
indicated. Expression of cyclin D1 was analyzed by immunoblotting. Reprobing for �-actin was included as loading control. (D) GSK3��/�/Ras MEFs were transfected
with either mouse-specific �-catenin (siRNA-�-cat) or nontargeting siRNA (siRNA-nt) using Lipofectamine 2000. Forty-eight hours after transfection, �-catenin
expression was analyzed by immunostaining or Western blotting. Reprobing for �-actin was included as loading control. (E) GSK3��/�/Ras MEFs were transfected with
�-catenin siRNA. 36 h later, the cells were cultured in serum free DMEM for overnight. The cells were then incubated in complete growth medium for the indicated
hoursandanalyzedbyimmunoblottingforcyclinD1and�-actin (loadingcontrol). (F)Theanchorage-independentgrowthofthecellsaftersiRNA(Left)or shRNA(Right)
knockdown of �-catenin expression was assessed in soft agar assay as described in Fig. 1. The data are mean � standard errors of triplicates in two independent
experiments (P � 0.001).
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Tumor Xenografts in Athymic nu/nu Mice. Female athymic (nu/nu) mice were
purchased from the National Cancer Institute (Frederick, MD) at 6 weeks of age
and were housed in appropriate sterile filter-capped cages. All animal studies
were carried out under ACUF-approved protocols. Exponentially growing cells
were harvested, washed, and resuspended in 200 �l PBS, and 2 � 106 (immortal-
ized) or 4 � 106 (primary) cells were injected s.c. into the right flank of athymic
mice. Tumor sizes were determined by measuring the length (l) and the width (w)
with calipers. Tumor volume was calculated with the formula (V � lw2/2).

Immunofluorescence Staining and Immunohistochemistry. For immunofluores-
cence staining, cells were seeded onto coverslips and incubated overnight to
establish adherence, followed by starvation in serum-free DMEM for 24 h, and
then culture in complete growth medium overnight. After fixing with parafor-
maldehyde, cells were incubated with an antibody to �-catenin (20.0 �g/ml) at
4°C for overnight, followed by incubation with Alexa Fluor 488 conjugated
secondary antibody for 1 h at room temperature and examined by using immu-
nofluorescence microscopy (Nikon). Images were captured with IPLab imaging
software (Bio Vision Technologies).

For immunohistochemistry, tissue specimens from tumor xenografts were
fixed with 10% neutral-buffered formalin, and 5 �m paraffin sections prepared.
One section was stained with hematoxylin and eosin (H&E) for histologic assess-
ment, and the other sections were immunostained after antigen retrieval with
boiling10mMsodiumcitratebufferfor20min.Theprimaryantibodiesusedwere
rabbit polyclonal antibody to �-catenin (1:100; Biosource) at 4°C for overnight,
followed by incubation with Goat anti rabbit horseradish peroxidase-conjugated

antibodies (1:500) (Bio-Rad). Mayer’s hematoxylin (Sigma) was used as a coun-
terstain. Throughout the above analyses, controls were prepared by omitting the
primary antibody.

RNA Interference. The siRNA derived from an mRNA sequence (AAACAUAAU-
GAGGACCUACAC) of mouse �-catenin as described in ref. 50 or SMARTpool
siRNA, which target mouse �-catenin, were prepared by Dharmacon Research
with a nontargeting duplex as negative control. siRNA (100 nM) were transfected
into GSK3��/�/Ras MEFs with lipofectamine 2000 (Invitrogen) according to In-
vitrogen transfection protocols for mouse embryo fibroblasts. The retrovirus-
mediated shRNA for mouse �-catenin was from OpenBiosystems. The virus was
generated in BOSC23 packaging line and used to infect MEFs according to
manufacturer instructions. The efficiency of siRNA or shRNA knockdown was
confirmed by Western blotting and immunofluorescent analysis of the cellular
�-catenin protein.

Statistical Analysis. Statistical analysis was carried out using the ANOVA test
(for multiple groups) and the Student t test (for two groups). Differences with
P values of �0.05 were considered statistically significant.
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