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RESEARCH ARTICLE

CANCER

Ras Stabilization Through Aberrant Activation
of Wnt/p-Catenin Signaling Promotes
Intestinal Tumorigenesis

Woo-Jeong Jeong,'** Juyong Yoon,'*** Jong-Chan Park,'*? Soung-Hoon Lee,'?
Seung-Hoon Lee,"® Saluja Kaduwal,'> Hoguen Kim,* Jong-Bok Yoon,'® Kang-Yell Choi'?!

Although the guanosine triphosphate/guanosine diphosphate loading switch is a major regulatory mech-
anism that controls the activity of the guanosine triphosphatase Ras, we report a distinct mechanism for
regulating Ras activity through phosphorylation-mediated degradation and describe the role of this second
regulatory mechanism in the suppression of cellular transformation and tumors induced by Ras mutations.
We found that negative regulators of Wnt/B-catenin signaling contributed to the polyubiquitin-dependent
degradation of Ras after its phosphorylation by glycogen synthase kinase 3 (GSK3p) and the subsequent
recruitment of B-TrCP-E3 ligase. We found a positive association between tumorigenesis and Ras stabi-
lization resulting from the aberrant activation of Wnt/g-catenin signaling in adenomas from two mouse
models of colon cancer, human colonic tumors from various stages, and colon polyps of patients with
familial adenomatous polyposis. Our results indicated that GSK3p plays an essential role in Ras degrada-
tion and that inhibition of this degradation pathway by aberrant Wnt/g-catenin signaling may contribute to

Ras-induced transformation in colorectal tumorigenesis.

INTRODUCTION

Three decades after the identification of Ras as an oncogene, the field re-
mains a dynamic and active area of investigation. Studies have shown that
Ras activates the mitogen-activated protein kinase (MAPK) pathway
which controls diverse biological processes, including growth and the
differentiation of cells, and Ras and the MAPK pathway have been impli-
cated in a number of diseases, including cancer and certain developmental
disorders. Oncogenic mutations in Ras have been reported in one-third of
all human cancers; however, therapies directly targeting Ras have so far
been unsuccessful (/-3).

There are three main Ras isoforms, H-Ras, K-Ras, and N-Ras, and the
activity of these small guanosine triphosphatases (GTPases) is controlled
by a guanosine diphosphate (GDP)/guanosine triphosphate (GTP) loading
switch (4). Mutations that lock Ras into the active GTP-bound forms are ma-
jor causes of human cancers (2, 5). There is evidence to suggest that other
mechanisms also regulate Ras activity, such as ubiquitylation (6) and differ-
ential activity through subcellular localization and the recruitment of different
regulators of Ras (7). The roles of these additional regulatory mechanisms in
cancer are poorly understood. The E3 ligase substrate recognition protein
B-TrCP contributes to H-Ras degradation (&). H-Ras is also subject to mono-
and di-ubiquitylation, and these posttranslational modifications affect the
cellular trafficking of H-Ras (6); how this influences H-Ras activity and
the physiological relevance of this modification is not clear.

Two key genetic events in the development of colon cancer are aber-
rant activation of the Ras-MAPK and Wnt/B-catenin signaling pathways
(9). The Wnt/B-catenin pathway plays an important role in both onco-
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genesis and development (/0). In a resting state, B-catenin interacts with the
destruction complex, including the scaffolding proteins adenomatous polyp-
osis coli (APC) and Axin and the kinases casein kinase 1 (CK1) and gly-
cogen synthase kinase 3p (GSK3p). GSK3B-phosphorylated B-catenin is
recognized by B-TrCP and is subject to polyubiquitin-dependent proteasomal
degradation (11, 12). Regulation of B-catenin through degradation is a critical
mechanism controlling its activity as a transcriptional regulator, affecting ex-
pression of target genes involved in cellular transformation and oncogenesis
(13, 14). The Ras—extracellular signal-regulated kinase (ERK) and Wnt/B-
catenin pathways interact in the promotion of tumors (/5—18). We previously
found, using mainly in vitro studies, inhibition of the Ras-ERK pathway by
inhibitors of Wnt/B-catenin pathway, such as APC and Axin, and reported
that this regulation related with reduced proliferation (19, 20). These studies
indicated a potential mechanism for tumor promotion by mutational syner-
gistic activation of the Wnt/B-catenin and Ras pathways. The ERK pathway
inhibition through negative Wnt/B-catenin signaling occurred by proteasomal
degradation of Ras mediated by B-TrCP-E3 ligase (8). However, the de-
tailed mechanism, including molecular events triggering the recruitment of
B-TrCP-E3 ligase to Ras, was not determined. GSK3p has also been impli-
cated in regulating Ras-mediated oncogenesis through an unknown mecha-
nism (2]). Therefore, we explored how GSK3p controlled Ras-mediated
oncogenesis and identified a mechanism by which Wnt signaling promoted
the stabilization of Ras by inhibiting Ras phosphorylation by GSK3p. Fur-
thermore, this pathway was associated with colorectal tumorigenesis, thus
providing an additional mechanism for the formation of tumors involving
Ras to the mechanism involving Ras mutations.

RESULTS

Axin stimulates GSK3g-mediated H-Ras degradation

In a previous study, H-Ras was recognized by B-TrCP (8). Because B-TrCP
recognizes B-catenin phosphorylated by GSK3p (1, 12), we investigated
whether GSK3p phosphorylated H-Ras and contributed to its ubiquityla-
tion. We detected all Ras isoforms present in human embryonic kidney
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(HEK) 293 cells with an antibody that recognizes H-Ras, K-Ras, and N-
Ras. The amount of endogenous Ras in HEK293 cells was increased or
decreased by knockdown or overexpression of GSK3p, respectively. In
contrast, the amount of endogenous Ras polyubiquitylation was decreased
by GSK3p knockdown and increased by overexpression of GSK3p (Fig.
1A). To determine whether H-Ras was specifically stabilized in the absence
of GSK3p, we monitored the abundance of Myc-tagged H-Ras in Gsk3p 7
murine embryonic fibroblast (MEF) cells that were treated with the de novo
protein synthesis inhibitor cycloheximide (CHX). Myc-tagged H-Ras deg-
radation was inhibited in Gsk3p~~ MEF cells treated with CHX, and H-
Ras degradation was rescued by replacement of GSK3B (fig. S1A). We

confirmed that GSK3f promoted endogenous Ras destabilization by
showing that endogenous Ras degradation was blocked in Gsk33~ cells
treated with CHX (fig. S1B).

To determine whether GSK3 functioned in the recruitment of B-TrCP,
we tested the effect of a constitutively active form of GSK3p on the inter-
action between endogenous B-TrCP and Ras. The B-TrCP and Ras interac-
tion was weak, but was enhanced by overexpression of catalytically active
GSK3B (GSK3BCA) (Fig. 1B). The abundance of Myc-tagged H-Ras was
increased by Gsk3p knockout, even in the presence of overexpressed B-TrCP.
Enhanced H-Ras degradation in cells overexpressing B-TrCP was com-
pletely abolished in Gsk3B ™ cells and was rescued by the reintroduction

D
> AR
A & ’l"" R
‘é@& ro{i"Qz@Qz eo’é (}O‘b 06}' V5-GSK3B - + + - =
L £ P Flaglb + + + V5-GSK3BKD - - - + -
Flag-Ub + + & SIGSK3p - - - - &
GSK3BE| Flag p-TrcP - + o+ o+
Myc-H-Ras + + + + o+ 3
Ras |8 mn a» HA-Ub + + + + + =
<
0-TUDUIIN | e s s i o
WCL _ : . s .
HA | e e 8 e e || T
IP: Ras =
B s A e | B2
o
GSK3BCA - + - — a-Tubulin | EDeereseresepe | |~
: g B T Gsk3p+* Gsk3p--
cn[ 2] pror [emem] gl =
GSK3B[ . . e eme e s G siaxin - - - - - - + o+
R
Ras| . as Mve lQ Axin - - + + + + + +
, IP: p-TrCP Ve | SR e SP IR SIGSK3B - — - - + + - -
B-Actin | cume e a-TUbUIN [ ———— GSK3p - + — + - + - +
Myc-H-Ras + + + + + + + +
WCL FIag-Uh“"""’"“"“"""’
P
C E H .
VS-GSK3p - - - - + Axin = - + + - - + + Fl
B-TICP - + - + - & BTICP -— + - + - + - 4+ ag - 1 _
Myc-H-Ras + + + + + + Myc-H-Ras + + + + + + + + : ;
Myc| s —o QDO o Myc|---_...-| - 3
GSK3 -—— Y— . EETm =
£ | Axml P — —l GSKap =
BTCP[ == = =] B-TrCPl — PR — ._| N
B-Actin|.-..-| G-TUbU”nI - | GSK3p|.. = = -
3
™ - Myc | e» o» a» a» oo e es)|
Gsk3B** Gsk3p-- GSK3B A GSk3|3 - y 'Q
o-Tubulin | e e e e» e e e |

Fig. 1. Axin enhances GSK3B-mediated degradation and polyubiquityla-
tion of H-Ras. (A) Effects of the knockdown or overexpression of GSK3B
on the stability and ubiquitylation of H-Ras. HEK293 cells were transfected
with the indicated vectors [SiRNA (siGSK3B); overexpression (GSK3B); con-
trol Flag-tagged ubiquitin only (no treat)], and whole-cell lysates (WCLs)
were immunoblotted for the indicated proteins. Samples on the right repre-
sent WCLs immunoprecipitated with an antibody that recognizes all Ras
isoforms (anti-Ras) from cells treated with the proteasome inhibitor ALLN
and then blotted with the antibody recognizing Flag-tagged ubiquitin. Data
are representative of two experiments. (B) Effect of GSK3B activation on the
interaction between endogenous B-TrCP and Ras. HEK293 cells were
transfected with catalytically active GSK3B (GSK3BCA) and then treated
with ALLN. WCLs were immunoprecipitated with an antibody recognizing
B-TrCP and blotted with antibodies to the indicated proteins. Data are rep-
resentative of three experiments. (C) Effects of knockout or replacement of

GSK3p on H-Ras stability. Gsk33*"* or Gsk33~~ MEF cells were transfected
with the indicated vectors, and WCLs were immunoblotted for the indicated
proteins. Data are representative of two experiments. (D) Effects of knock-
down or overexpression of wild-type (V5-GSK3B) or kinase-defective GSK3B
(V5-GSK3BKD) on the polyubiquitylation of H-Ras enhanced by overexpres-
sion of B-TrCP. HEK293 cells were transfected with the indicated vectors and
then treated with ALLN. WCLs were then immunoprecipitated with an anti-
body recognizing Myc. (E and F) Effects of GSK3B knockout on the enhance-
ment of B-TrCP-mediated degradation and polyubiquitylation of H-Ras by
Axin. Gsk33*"* or Gsk33™~ cells were transfected with the indicated vectors
and then analyzed (E) or treated with ALLN (F). Proteins were immunoprecip-
itated with antibody recognizing Myc. (G) The effect of GSK3B knockdown
with or without Axin knockdown on Ras ubiquitination. HEK293 cells were
transfected with the indicated vectors and then treated with ALLN. WCLs
were immunoprecipitated with the anti-Ras antibody. IP, immunoprecipitation.
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of GSK3 into the cells (Fig. 1C). Expression of a kinase-defective GSK33
(GSK3BKD) mutant stabilized H-Ras (fig. S1C), indicating that GSK3f
kinase activity was essential for H-Ras degradation. Moreover, GSK3f over-
expression increased H-Ras polyubiquitylation [detected in cells treated with
the proteasome inhibitor N-acetyl-leucinyl-leucinyl-norleucinal (ALLN)],
which was further increased by coexpression of B-TrCP. H-Ras polyubi-
quitylation by B-TrCP was barely detectable in cells overexpressing GSK3KD
or cells in which GSK3B was knocked down with short interfering RNA
(siRNA) (Fig. 1D). Together, these results suggest that H-Ras polyubiquityla-
tion and degradation by B-TrCP are tightly associated with GSK3f activity.

Because Axin is a negative regulator of Wnt signaling and a component
of the B-catenin destruction complex that also includes GSK3p, we inves-
tigated whether Axin contributed to GSK3B-mediated Ras degradation by
monitoring H-Ras abundance in Gsk3B""" and Gsk3B ™ cells, in response to
overexpression or knockdown of Axinl. In Gsk3p™" cells, but not Gsk3p 7~
cells, coexpression of both B-TrCP and Axin reduced the abundance of
H-Ras (Fig. 1E). H-Ras polyubiquitylation in Gsk3p ™" cells, but not in
Gsk3B™ cells, was increased in cells coexpressing B-TrCP and Axin in both
nondenaturing and denaturing conditions (Fig. 1F and fig. S1D). The role
of GSK3f and Axin in regulating Ras stability was further demonstrated
by the reduction in the abundance of endogenous Ras in response to over-
expression of these two proteins and the reversal of these effects by treat-
ment with the GSK3p inhibitor LiCl (fig. S1E).

To investigate the mechanism by which Axin promoted the destabili-
zation of Ras, we monitored the effect of Axin overexpression or knock-
down on the interaction between GSK3f and Ras. The amount of H-Ras
polyubiquitylation correlated with the amount of GSK3f that coimmuno-
precipitated with H-Ras; the greatest amount of polyubiquitylation and in-
teraction occurred in cells overexpressing both Axin and GSK3 (Fig. 1G).
The enhancement of the GSK3p-Ras interaction and H-Ras polyubiquityla-
tion by overexpressed Axin was negated by knockdown of GSK3f or Axin
(Fig. 1G). To determine whether the interaction between Axin and GSK3f
was important for the polyubiquitylation and destabilization of Ras, we
monitored the effects of Axin12F**>, an Axin mutant that lacks the domain
needed for binding GSK3p (fig. S1F) (22). The enhanced degradation and
polyubiquitylation of H-Ras, as well as the interaction between H-Ras and
GSK3p, were absent in cells overexpressing Axin1“®* (fig. S1, G and H).
Thus, Axin appears to serve as a bridge enabling GSK3f3-mediated poly-
ubiquitylation and degradation of H-Ras.

Phosphorylation is essential for H-Ras degradation

In vitro kinase assays with purified recombinant H-Ras and GSK3f
showed that histidine-tagged H-Ras (His—H-Ras) was phosphorylated by
GSK3p (Fig. 2A). We confirmed this phosphorylation event with an im-
munocomplex kinase assay, using the constitutively active GSK3 mutant
(GSK3BCA) or the catalytically inactive mutant GSK3BKD. His—H-Ras
was phosphorylated in the presence of immunopurified GSK3BCA, but
not in the presence of GSK3BKD (Fig. 2B).

Because B-TrCP functions as a component of the Skpl—Cull—F-box
protein (SCF) E3 ubiquitin ligase, we analyzed whether SCFPT™CP
functioned as a ubiquitin ligase for H-Ras in vitro and whether this
process required phosphorylation of H-Ras by GSK3p. H-Ras was ubi-
quitylated by SCFP ™ ubiquitin ligase complex in vitro, and this process
was enhanced by H-Ras phosphorylation by GSK3p (Fig. 2C). Liquid
chromatography—tandem mass spectrometry (LC-MS/MS) analysis of the
in vitro—phosphorylated H-Ras band revealed phosphorylation at Thr'**,
Thr'*® (Fig. 2D), and Ser'® (fig. S2A). However, degradation of an H-Ras
mutant lacking the hypervariable region (H-Ras—AHVR), which includes
Ser'®3, was enhanced by coexpression of B-TrCP and Axin in Gsk3p™" cells
(fig. S2B), suggesting that phosphorylation at this residue does not contrib-

ute to B-TrCP—mediated degradation of H-Ras. In contrast, the Thr'** and
Thr'*® residues of H-Ras are located in a GSK3p phosphorylation consensus
motif, S/TXXXS/T (fig. S2C) (23, 24), and these amino acids ("“TSAKT'*)
are also conserved in other Ras isoforms (fig. S2B). Consistent with this reg-
ulatory mechanism for degradation occurring for other Ras isoforms, we
found that the amount of Myc-tagged K-Ras and Myc-tagged N-Ras was
increased in Gsk3B ™ cells compared with the amount of these proteins in
Gsk3p*™" cells (Fig. 2E). Cells transfected to express K- or N-Ras also
exhibited ubiquitylation and reduced stability in cells overexpressing
B-TrCP that was independent of the HVR (fig. S3). Thus, we focused on
the role of the Thr'** and Thr'*® residues in H-Ras destabilization.

We generated phosphorylation-deficient (T144A/T148A; H-Ras-2A)
and phosphorylation-mimetic (T144E/T148E; H-Ras-2E) mutants. We con-
firmed that His—H-Ras-2A was not phosphorylated by GSK3BCA (Fig. 2B).
Although wild-type H-Ras expressed with GSK3f exhibited a half-life of
6 hours, H-Ras-2A expressed with GSK3p was stable (fig. S4A). To study
the role of phosphorylation in regulating H-Ras stability, we generated a
polyclonal antibody recognizing phosphorylated H-Ras (p-H-Ras) that did
not recognize either H-Ras mutant, H-Ras-2A or H-Ras-2E (fig. S4B).
The abundance of p-H-Ras in cells that express wild-type H-Ras or in cells
that express an oncogenic mutant form of H-Ras (H-Ras"®') was increased
by overexpression of GSK38 (Fig. 2F). In cells expressing Myc-tagged H-Ras,
the abundance of p-H-Ras was also increased by overexpression of Axin,
but the increase in the abundance of this phosphorylated form resulting
from overexpression of GSK3p and Axin was abolished by exposure of
the cells to Wnt3a, which inhibits GSK3p activity (Fig. 2G).

We assessed the importance of the two phosphorylation sites in H-Ras
for p-TrCP—induced degradation in Gsk3p"" and Gsk3B ™ cells (Fig. 2H).
‘When the T144A/T148 A mutation was made in the context of wild-type or
oncogenic H-Ras™", overexpression of B-TrCP failed to promote the deg-
radation of either form of H-Ras-2A. Conversely, H-Ras-2E appeared un-
stable and was further degraded after the transfection with B-TrCP in either
Gsk3p™" or Gsk3B™ cells, whether phosphomimetic substitution was con-
structed in wild-type or oncogenic H-Ras (Fig. 2H and fig. S4C). Transcript
abundance was similar for wild-type, H-Ras-2A, and H-Ras-2E, suggesting
that the differences in abundance of these proteins in the transfected cells
were not due to differences in expression (fig. S4D). Analysis of the half-life
of H-Ras-2A and H-Ras-2E in cells treated with CHX to inhibit protein syn-
thesis showed that H-Ras-2E had the shortest half-life in cells overexpres-
sing B-TrCP and that H-Ras-2A was stable (fig. S4E).

To identify the role of phosphorylation in H-Ras ubiquitination, we
qualitatively analyzed the polyubiquitylation of H-Ras phosphorylation
mutants. H-Ras-2A exhibited the least, and H-Ras-2E exhibited the most,
GSK3p and B-TrCP-mediated polyubiquitylation, and the relative amount
of polyubiquitylation correlated with the coimmunoprecipitated B-TrCP
(Fig. 2I). The apparent increase in wild-type H-Ras polyubiquitylation and
phosphorylation induced by overexpression of B-TrCP and GSK3p was
blocked by treatment of the cells with recombinant Wnt3a, and this inhibi-
tion was associated with reduced coimmunoprecipitation of B-TrCP. These
data indicated that Wnt/B-catenin signaling stabilized Ras, whereas block-
ing Wnt/B-catenin signaling by overexpressing Axin destabilized Ras through
a mechanism involving GSK3B-mediated phosphorylation of H-Ras at
Thr'** and Thr'*® and recruitment of the E3 ligase linker protein B-TrCP.

Phosphorylation-mediated H-Ras degradation inhibits
ERK pathway activity

To determine the effect of Ras destabilization by GSK3p on the activation
of the downstream ERK pathway, we monitored the effects of GSK3f on
activation of the ERK pathway by oncogenic Ras or epidermal growth factor
(EGF). Overexpression of GSK3 inhibited the increase in phosphorylated
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Fig. 2. Phosphorylation of H-Ras at Thr'** and Thr'*® is related with poly-
ubiquitylation and degradation. (A) In vitro kinase assay with His—H-Ras in
the absence or presence of GSK3p. Data are representative of five experi-
ments. (B) Immune complex kinase assays with immunopurified GSK3BCA
or GSK3BKD together with His—H-Ras [wild-type (WT)] or His—H-Ras-2A
(2A). Data are representative of two experiments. (C) H-Ras ubiquitylation
by SCF*T™P is enhanced by GSK3p. Purified H-Ras was subjected to in vitro
ubiquitylation by SCF*TP complexes in the absence or presence of GSK3B.
H-Ras was detected with the anti-Ras antibody. Data are representative of
three experiments. (D) Electrospray ionization (ESI) tandem mass spectrum
containing phosphorylated Ras-T'*4/T'®_ (E) Effects of GSK3B knockout on
the stability regulation of H-, K-, and N-Ras. Gsk38*"* or Gsk33™~ cells were
transfected with Myc-tagged H-Ras, Myc-tagged K-Ras, or Myc-tagged
N-Ras. (F) Specific recognition of phosphorylated H-Ras or H-Ras™®" at Thr'**
and Thr'*® by a polyclonal rabbit antibody recognizing p-Ras. HEK293 cells

ERK (p-ERK) and activating transcription factor 2 [Atf-2, a transcription
factor targeted by ERK; (25)] and reduced Elk-1 reporter activity in re-
sponse to oncogenic H-Ras™"' (Fig. 3, A and B) or EGF (fig. S5, A and
B). In both cases, the reductions in ERK signaling were associated with re-
duced abundance of Ras in the GSK3f-overexpressing cells. Both short- and
long-term ERK activation and Elk-1 reporter activation by EGF or oncogenic
H-Ras™®' were inhibited in HEK293 cells expressing H-Ras-2E and were
enhanced in cells expressing H-Ras-2A (Fig. 3, C and D, and fig. S5, C
and D). To confirm that inhibition of ERK pathway activity was not the result
of altered Ras trafficking, we assessed the localization of Ras with an anti-
body recognizing Ras or phosphorylated Ras (p-Ras). We found that both
Ras and p-Ras localized at similar subcellular regions (fig. S6). Thus, reg-
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Gsk3B** Gsk3p--

were transfected with the indicated constructs and then treated with ALLN.
Data are representative of two experiments. (G) The effects of Wnt/B-catenin
signaling on H-Ras phosphorylation. HEK293 cells were transfected with the
indicated constructs and then treated with ALLN. Where indicated, Wnt3a was
administered for 2 hours before harvesting. (H) Effects of phosphorylation-
deficient or phosphorylation-mimetic mutations in H-Ras on protein stability.
Gsk3p** and Gsk3p~~ cells were transfected with constructs indicated on
the right with or without cotransfection with B-TrCP. Proteins were detected
with antibodies recognizing the epitopes or proteins indicated on the left.
Data are representative of two experiments. (l) Effects of phosphorylation-
deficient and phosphorylation-mimetic mutations in the presence or absence
of Wnt3a on the phosphorylation, ubiquitination, and B-TrCP-binding affinity
of H-Ras. HEK293 cells were transfected with the indicated constructs,
treated with ALLN and Wnt3a, and immunoprecipitated with an antibody
recognizing Myc. Data are representative of two experiments.

ulation of the stability of both wild-type and oncogenic mutant H-Ras pro-
teins by GSK3 affects signaling through the ERK pathway.

H-Ras phosphorylation suppresses proliferation

and transformation

To investigate the importance of the phosphorylation and degradation of
H-Ras in cellular proliferation and transformation, we monitored the ef-
fects of expressing the phosphorylation-deficient Ras mutant on prolifer-
ation and transformation. In this experiment, we used oncogenic H-Ras™®!
because this mutant has been reported to be degraded by B-TrCP in a process
involving Axin (8). The proliferation of Gsk3B""" cells expressing H-Ras™®!
but those expressing with H-Ras™®'-2A was reduced by overexpression of
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B-TrCP, Axin, or both. In contrast, proliferation of Gsk3 Bf/ ~ cells expressing
H-Ras™®' or H-Ras"®'-2A was not affected by overexpression of B-TrCP
or Axin (Fig. 3E and fig. S7A). Moreover, the proliferation of Gsk3p
cells expressing oncogenic H-Ras™®! was higher than that of Gsk3p™"
cells expressing oncogenic H-Ras™®' (Fig. 3E and fig. S7A). The impor-
tance of the phosphorylation of oncogenic H-Ras in cellular transformation
was also revealed by the loss of the inhibitory effects of B-TrCP and Axin
on the anchorage-independent growth in cells expressing H-Ras™®'-2A
(Fig. 3F and fig. S7B). Together, these results suggest that phosphorylation
of H-Ras at Thr'** and Thr'*® by GSK3 can inhibit cellular transformation
caused by oncogenic H-Ras.

To confirm that GSK3p contributes to Ras destabilization in vivo, we
inhibited GSK3p by administering LiCl to mice and then analyzed colon
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Fig. 3. Effects of the regulation of H-Ras stability on ERK pathway activa-
tion, cellular proliferation, and transformation. (A) Effect of GSK3p over-
expression on H-Ras-®'-induced ERK pathway activity in HEK293 cells
detected as phosphorylation of ERK and the ERK target Atf-2. (B) Effect
of GSK3B overexpression on H-Ras-®'-induced ERK pathway activity in
HEK?293 cells detected as activity of an Elk-1 reporter construct. The relative
luciferase activities were estimated by dividing individual luciferase activities
by the value for B-gal. Values are given as means + SD of three experiments.
(C) Effects of H-Ras phosphorylation mutants on H-Ras“®'-induced ERK
pathway activation in HEK293 cells detected as phosphorylation of ERKs.
(D) Effects of H-Ras phosphorylation mutants on H-Ras“®'-induced ERK
pathway activation in HEK293 cells detected as activity of an Elk-1 reporter

tissue for B-catenin and Ras abundance (Fig. 3G). Immunoblotting and
immunohistochemical analyses showed that the abundance of B-catenin
and Ras in colon tissue was increased in a dose-dependent manner by LiCl
(Fig. 3G). Furthermore, intraperitoneal injection of ALLN to inhibit the
proteasome resulted in the accumulation of both total Ras and p-Ras,
and the abundance of p-Ras was reduced by LiCl (Fig. 3G).

Ras is stabilized in murine and human colon cancers

APC is another constituent of the B-catenin destruction complex, and mu-
tations in the encoding gene are common causes of colon cancer (26). We
found that overexpression of APC along with GSK3f enhanced H-Ras
polyubiquitylation and increased the abundance of p-H-Ras and destabilized
Myc-tagged H-Ras in HEK293 cells (fig. S8). We also identified an RKO
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construct and reported the same as for (B). (E) Gsk33™* and Gsk3p™~ cells
were transfected with the indicated vectors, and cell proliferation was quan-
tified at the indicated times after transfection. (F) Gsk3s+* and Gsk3s~~ cells
were transfected with the indicated vectors, and the number of colonies
present after selection with G418 was calculated. Data are the average and
SD of three experiments and presented as colony number relative to H-Ras-®'-
expressing Gsk33** cells. (G) Regulation of the stability of Ras by the GSK3
inhibitor LiCl and proteasomal inhibitor ALLN in mouse colon tissue. Top:
Mice were injected with PBS or LiCl (100 mg/kg) (left) with or without DMSO
or ALLN (38.3 mg/kg) 9 hours before tissue lysis (right). Whole-tissue lysates
were subjected to immunoblot analyses. Bottom: Immunofluorescence stain-
ing was monitored by confocal microscopy. Scale bar, 20 um.
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colorectal cancer cell retaining wild-type genes for the Wnt/B-catenin sig-
naling components, and these cells exhibited increased abundance of both
B-catenin and Ras proteins in response to Wnt3a stimulation (fig. S9).
To address the in vivo significance of the regulation of Ras stability by
Wnt/B-catenin signaling, we adopted the well-established Apc™™* and
Apc'®*N murine models for intestinal tumorigenesis (27). We detected
B-catenin and Ras staining at the plasma membrane of cells in the normal
mucosa of the small intestine of wild-type mice. In contrast, we detected
strong nuclear B-catenin staining in the adenomas of the small intestine of
both Apc™™* and Apc’*™*Y mice. Ras and ERK activation were also
increased in the adenoma regions (Fig. 4A and fig. S10, A and B). Both
B-catenin and Ras staining were increased in the adenocarcinomas of
Apc'%N mice (Fig. 4A). In contrast to the nuclear p-catenin, Ras in ad-
enoma and adenocarcinoma was localized at the membrane and cytoplasm
of cells. We also detected phosphorylated Atf-2 (p-Atf-2), indicating acti-
vation of the ERK pathway, in the adenomas of Apc*™* and Apc!%3*N
mice (fig. S10, C and D). Consistent with the immunohistochemical
results, immunoblot analysis showed an increase in B-catenin, Ras, and

A Apchins_Ad

Apc163§N_Ad

B-Catenin

Normal

Tumor

Fig. 4. Loss of Apc increases Ras abundance in murine colon and in hu-
man FAP colon samples. (A) Immunohistochemical analysis of B-catenin
and Ras in adenomas and adenocarcinomas from Apc™* and Apc’¢3eN
mice and normal mucosa of the small intestine from a WT mouse. Zoomed
images (white solid box) are x4 magnifications. Ad, adenoma; Ac, adeno-
carcinoma. (B) Immunoblot analyses of normal mucosa and adenoma
tissues from Apc™* and Apc’6®N mice. WCLs were prepared and
probed with antibodies recognizing the indicated proteins. For the bot-
tom two sections, the extracts were immunoprecipitated with the anti-

p-ERK in the tumors of Apc™™" and Apc’®**Y mice. Furthermore, p-Ras
was decreased in adenomas compared to normal tissue (Fig. 4B).

We also examined Ras abundance in human colon specimens from fa-
milial adenomatous polyposis (FAP) patients (28). All FAP cases were
determined on the basis of multiple polyp formation (>800) on the colonic
mucosa (a representative gross image of FAP is shown in Fig. 4C, left bot-
tom). The examined FAP patients included two cases each of adenoma and
moderately differentiated adenocarcinoma. Nuclear B-catenin staining was
strong in the tumor region, but not in the adjacent normal tissue (Fig. 4C).
Consistent with the studies in mice, the abundance of Ras was increased in
adenoma case 1 of a FAP patient in which nuclear -catenin was increased
(Fig. 4C). Similarly, in adenoma case 2, the staining pattern of Ras was
correlated with the staining pattern of B-catenin, such that cells with a strong
B-catenin signal also had a strong Ras signal (fig. S11A). ERK activity
(p-ERK) was also increased in the tumor area where Ras was increased
(Fig. 4C; see fig. S11B for validation of antibody specificity). However,
higher magnification revealed differences in the intracellular localization
of these proteins: Ras staining was observed in both the cytoplasm and the

Apci63sN.Ac B

B-Cateninlzl EI
~[E=|ES

pas (] [N

ApcMinﬁ Apc1638N

(wt K-ras/mt Apc)

Adenocaricnomacase 2 Adenocarcinomacase 1 g
(mt K-ras/mt Apc)

Ras antibody and probed with p-Ras or anti-Ras antibody. N, normal; Ad,
adenoma. (C and D) Immunohistochemical analyses of adenoma (C) and
adenocarcinoma (D) from FAP patients. Gross image of colon showing
multiple polyps is labeled “Adenoma case 1” in (C). Histology of tumor
and normal areas was analyzed by H&E staining, and B-catenin, Ras,
and p-ERK were evaluated by immunohistochemical analyses. The bottom
panels show higher-magnification images of the dotted box areas. All scale
bars, 50 um. See fig. S11D for details of the genotypes of the patient
samples shown in adenocarcinoma case 1 and case 2.
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plasma membrane in the tumor area, whereas p-ERK staining was predomi-
nantly observed in the nucleus, and B-catenin was detected in the cytoplasm
and nuclei of tumor cells (Fig. 4C, magnified images of the tumor regions
are shown at the bottom). Immunoblot analysis of adenoma case 1 detected
a truncated APC, indicative of FAP (fig. S11C), and also showed differences
in B-catenin, Ras, and p-ERK from the normal tissue that were consistent
with those observed by immunohistochemical analyses (Fig. 4C). Transcript
analysis confirmed that the accumulation of Ras in tumor tissues was not
mediated by the altered mRNA abundance (fig. S11C).

In the adenocarcinoma specimens, we identified Apc germline mutations
of FAP patients with denaturing high-performance LC followed by sequencing
analysis. A deletion mutation (c.3927_3931delAAAGA, p.Clu1309fsX4)
was detected in adenocarcinoma case 1, whereas a nonsense mutation
(c.1269G>A, p.Trp423X) was identified in adenocarcinoma case 2 (fig.
S11D). Because K-ras mutations are known to occur after 4pc mutations
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in colorectal tumorigenesis (29, 30), we assessed the somatic mutational
status of K-ras in all of the FAP patients at codons 12, 13, and 61. A point
mutation at codon 12 was detected in adenocarcinoma case 2, whereas no
mutations at codons 12, 13, or 61 were found in adenocarcinoma case 1 (fig.
S11E). Increased Ras and B-catenin and increased ERK activity were ob-
served in the tumors of both adenocarcinoma case 1 (wild-type K-ras) and
case 2 (mutant K-ras) patients (30) (Fig. 4D). The overall staining patterns
of B-catenin, Ras, and p-ERK in the FAP adenoma cases correlated, re-
gardless of the mutational status of K-ras, indicating that Ras stabiliza-
tion through aberrant Wnt/B-catenin signaling may contribute to colorectal
tumorigenesis.

We also used a human tissue microarray (TMA) assay to investigate Ras
abundance in normal and cancer tissues from different organs. The abun-
dance of Ras was increased in many cancers including breast, lung, prostate,
and lung cancers, but not in renal cell carcinoma (Fig. SA). Because colon
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C — Adenocarcinoma
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adenocarcinoma
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Fig. 5. The abundance of Ras is increased in various cancer tissues and
in different stages of colon cancers. (A) Immunohistochemical analyses
of Ras abundance in TMA samples of normal and cancerous regions of
the indicated organs. Ras was detected with the anti-Ras antibody. (B) A

representative example of immunohistochemical analyses for the indi-
cated proteins of TMA containing normal, adenoma, adenocarcinoma,

M o M N A C M
and metastatic adenocarcinoma colon specimens. (C) The specificity
of p-Ras staining was confirmed by signal elimination by p-Ras peptide
(p-peptide) but not by the control peptide. (D) Quantitative analysis was
performed by comparing the mean intensity of the staining for B-catenin,
Ras, or p-Ras among various stages of colon cancer. AU, arbitrary unit.
All scale bars, 100 um.
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cancer showed the greatest increase in Ras abundance, we examined the
correlation between Ras, p-Ras, and B-catenin by human colon cancer
TMA that included five normal, five adenoma, six adenocarcinoma, and
eight metastatic adenocarcinoma cases (representative cases are shown
in Fig. 5B). The abundance of Ras was high in adenoma and adenocar-
cinoma, as well as in metastatic adenocarcinoma, whereas weak Ras stain-
ing was observed in normal colon (Fig. 5B). Critically, strong Ras staining
correlated with weak p-Ras staining, consistent with the role of phosphoryl-
ation in regulating Ras abundance. The specificity of the p-Ras signal in
immunohistochemical analysis was confirmed by ablation of the signal by
competition with the p-Ras peptide used for generation of p-Ras antibody
and no effect of control peptide (Fig. 5C and fig. S12). Quantitative analyses
showed an increase in Ras and a decrease in p-Ras during colon cancer
progression in all cases (Fig. 5D). Overall, our data indicate that stabilization
of Ras protein through its dephosphorylation correlated with the occur-
rence, progression, and metastasis of colon cancer.

DISCUSSION

Our studies showed that GSK3p, a negative regulator of the Wnt/B-catenin
pathway, phosphorylates H-Ras at Thr'* and Thr'*® within the TSAKT
motif corresponding to the GSK3 consensus site S/TxxxS/T (23, 24). This
phosphorylation event recruited B-TrCP to Ras despite Ras lacking the con-
served B-TrCP-binding motif (DpS/TGXXpS/T). This result indicates that
either Ras retains a unique B-TrCP binding site or the phosphorylated motif
in Ras represents a previously unknown B-TrCP binding site that may also
be present in other phosphorylated proteins. Phosphorylation of Ras by
GSK3p connects regulation of Ras stability to the Wnt/B-catenin signaling
pathway; when Wnt signaling was inhibited by Axin or APC overexpres-
sion, we observed enhanced GSK3f binding to and phosphorylation of
H-Ras. Our data indicated that B-TrCP mediated E3 ligase activity through the
recognition of p-H-Ras, leading to H-Ras polyubiquitylation (Fig. 6). Fur-
thermore, ERK pathway activity was reduced in cells overexpressing
GSK3p and correlated with Ras stability. The importance of GSK3p
and its phosphorylation of Ras in the reduction of oncogenic Ras activity
and inhibition of oncogenic Ras—induced cellular proliferation and
transformation was indicated by the lack of effect of Axin and B-TrCP over-
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Fig. 6. Model for the regulation of Ras stability. GSK3p-mediated phosphorylation of H-Ras at Thr
and Thr'*® is inhibited by Wnt3 and is facilitated by Axin and APC. The E3 ligase linker protein B-TrCP is &
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expression in Gsk3p ™ cells or in cells expressing phosphorylation-deficient
mutants within the oncogenic form of Ras (H-Ras™®"). Because cellular pro-
liferation and transformation decreased concomitantly with the reduction in
oncogenic Ras, which was mediated by the components of the B-catenin
destruction complex, these results indicated that Wnt/B-catenin signaling
may inhibit the degradation of the oncogenic form of Ras and thus promote
the oncogenic activity of Ras. Moreover, cell proliferation and transforma-
tion induced by oncogenic Ras were greater in Gsk3B ™ than in Gsk3p™"
cells and correlated with the accumulation of Ras in Gsk3p™ cells. Al-
though GSK3p and B-TrCP were identified as major proteins involved in
the destabilization of Ras, other mechanisms may contribute to Ras degra-
dation because the abundance of Ras appeared reduced in the Gsk3p
cells overexpressing Axin.

The in vivo role of GSK3p in suppression of Ras-induced transforma-
tion was demonstrated in a previous study showing promotion of Ras-
mediated cellular transformation in Gsk33~~ MEFs and Ras-induced tumor
formation in a corresponding xenograft model (27). We found that multi-
ple components of the Wnt-regulated B-catenin destruction complex were
involved in H-Ras degradation, including Axin, APC, and GSK3p. Further-
more, we found that addition of Wnt3a to inhibit the destruction complex
reduced H-Ras polyubiquitylation and phosphorylation in cells, and in
mouse models of colon cancer caused by inactive APC mutations, both
B-catenin and Ras were more abundant in the cancerous tissue than in nor-
mal tissue, confirming the importance of the Wnt/B-catenin pathway in
regulating Ras stability in vivo.

We also provided evidence for this Wnt/B-catenin—Ras connection in
human colon cancer. TMA studies with various stages of human colon
cancer tissues indicated that the phosphorylation and stability regulation
of Ras plays an important role in pathogenesis in vivo. Compared with
normal colon, tumors at every stage showed tight correlation between ac-
cumulation of B-catenin and Ras and a decrease in p-Ras. The regulation
of Ras stability by Wnt/B-catenin signaling is particularly important because
it provides a mechanistic basis for crosstalk between two major transform-
ing signaling pathways. Potential crosstalk between the Wnt/B-catenin and
the Ras-ERK pathways has been suggested in previous studies (15—18, 31),
but no mechanism has been defined. H-Ras mutation alone does not induce
hepatocellular carcinoma (HCC), but a combination of genetic mutations

26S
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recruited to phosphorylated H-Ras to mediate its polyubiquitylation and degradation by the 26S proteasome.
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in H-Ras and B-catenin mutations results in a critical increase in the fre-
quency of HCC in a mouse model (/6). Stabilization of Ras through
Wnat/B-catenin signaling also provides a potential molecular mechanism
to explain previous observations of a genetic interaction between the genes
encoding proteins in the Wnt/B-catenin pathway and Ras in the tumori-
genesis of several different types of cancer in mice (15, 17, 18, 31). The
Ras accumulation in human colorectal cancers may be caused by DNA
amplification or transcriptional activation. The amplification of DNA was
observed in several cancers including colorectal cancers (32, 33). However,
the copy number information for the genes encoding K-Ras or N-Ras in the
Oncomine database (http://www.oncomine.org) did not significantly change
in colorectal cancers compared with paired normal samples (fig. S13).
The mRNA abundances for K-, N-, and H-Ras were not significantly dif-
ferent between adenoma and normal epithelium (fig. S14). Therefore, the
DNA amplification and transcriptional activation may not be a major cause
for the Ras contribution to human colorectal cancer patients. Currently, reg-
ulation of the ERK pathway by 4pc mutation is controversial. Different
studies have reported either decreased ERK activity in human colorectal
tumors (3/) or increased ERK activity in adenoma of Apc™™"* mice (34)
compared with adjacent normal tissue. The ERK activation pattern in mice
with Apc loss varies depending on the size of tumors (35). The different
results for ERK pathway activation in the context of Apc deficiency are not
clear, but the stage or size of the tumor or tissue context could contribute to
ERK activation status. We observed similar local activation of ERK in the
small tumors or in the border area of large tumors from Apc™™™" mice with-
out gross activation of ERK throughout the tumor (fig. S10B). Transient
and short-term ERK activation may be sufficient for cancer cell prolifera-
tion, and ERK activity is tightly regulated by feedback regulation loops
even in cancer (36, 37).

In summary, we present a previously unknown mechanism for the de-
stabilization of Ras that involves GSK3B-mediated phosphorylation of
Ras and that is inhibited by Wnt/B-catenin signaling. This stabilization
of Ras by Wnt/B-catenin signaling stimulates downstream ERK signaling
and cellular proliferation and ultimately leads to tumor development. Ad-
ditionally, we provide in vivo evidence for a role of this Ras stabilization
pathway in colorectal tumorigenesis. However, further investigation with
large numbers of human specimen need to be performed to provide more
convincing data for the Ras stabilization related with pathophysiology.
The destabilization of Ras proteins by the B-catenin destruction complex
represents an attractive target for the development of Ras-regulating drugs
and provides useful information for designing and evaluating clinical inter-
ventions for the management of human cancers caused by aberrant acti-
vation of the Wnt/B-catenin and Ras-ERK pathways.

MATERIALS AND METHODS

Cell culture, transfection, and drug treatment

HEK293 cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco) supplemented with 10% fetal bovine serum (FBS). Im-
mortalized Gsk3p ™" and Gsk3B ™~ MEF cells were provided by J. Woodgett
(Mount Sinai Hospital-Samuel Lunenfeld Research Institute, Toronto,
Canada) and cultured as previously described (38). RKO cells were maintained
in RPMI 1640 (Gibco) containing 10% FBS. Plasmid transfections were
performed with Lipofectamine (Invitrogen) according to the manufacturer’s
nstructions. The following drugs and recombinant proteins were administered
at the indicated concentrations: ALLN (25 ug/ml), CHX (50 pg/ml), EGF
(20 ng/ml), LiCl (20 mM), and Wnt3a (100 ng/ml). Recombinant Wnt3a
protein was purchased from R&D Systems. All other chemicals were purchased
from Sigma-Aldrich.

Plasmids and siRNA

The following constructs have been described previously (8, 19, 20):
pcDNA3.1-H-Ras, pMT3-H-Ras™®!, pcDNA3.1-Flag—-TrCP, pCS2-
MT-Axin, pSUPER-Axin siRNA, pCMV-APC, pFA2-Elk-1, pFR-Luc
reporter plasmid, pPCMV—-galactosidase (B-gal) reporter, pCS4-3xHA-Ub,
and pCS4-3xFlag-Ub. p-RSET-His—H-Ras was provided by M. A. White
(University of Texas Southwestern Medical Center, Dallas, TX) (39), and
pDEST40-Axinl and pDEST40-Axin"®**? were provided by R. C. Sears
(Oregon Health and Science University, Portland, OR) (22). The pcDNA3.1-
GSK3B-VS5 and pcDNA3.1-GSK33-K85M-V5 plasmids were a gift
from T. Hagen (University Hospital, Nottingham, UK). The pEGFP-C3—
H-Ras, pEGFP-C3-K-Ras, and pEGFP-C3-N-Ras constructs were pro-
vided by Y. I. Henis (Tel Aviv University, Israel) (40). Full-length K- and
N-Ras sequences were isolated from an HEK293 cell complementary DNA
(cDNA) library by polymerase chain reaction (PCR). For K-Ras, the
following primers were used: (forward) 5'-CGGGATCCATGACTG-
AATATAAACTTGTG-3' and (reverse) 5'-CGGGGTACCCATAATTAC-
ACACTTTGTCTT-3'. These primers included 5’ Kpn I and 3’ Bam
HI restriction sites, which were used for insertion of the products into the
pcDNA3.1-myc vector (Invitrogen). For N-Ras, the following primers
were used: (forward) 5-CGGAATTCATGACTGAGTACAAACTGGTG-
3’ and (reverse) 5'-CCCAAGCTTCATCACCACACATGGCAATCC-3'.
These primers included 5’ Eco RI and 3’ Hind III restriction sites, which
were used for insertion of the products into the pcDNA3.1-myc vector.
The H-, K-, and N-Ras mutants containing deletion of the HVR (H-, K-,
and N-Ras—AHVR), mutations of the H-Ras phosphorylation sites, and
pcDNA3-GSK3BS9A-HA were generated by PCR-based mutagenesis
(Stratagene). All constructs and mutations were confirmed by nucleo-
tide sequencing analyses. The siRNA sequences for Axin were de-
scribed previously (20). The siRNA sequences for GSK33 (NM_002093)
were 5'-CACUGAUUAUACCUCUAGU-3’ and 5'-CACUGUAACA-
UAGUCCGAU-3'. The green fluorescent protein (GFP) siRNA used for
the negative control was 5-GUUCAGCGUGUCCGGCGAGTT-3’ (syn-
thesized by Bioneer).

Immunoprecipitation, in vivo ubiquitination assay,

and immunoblotting

Immunoprecipitation and in vivo ubiquitination assays were performed as
previously described (8). Briefly, cells were washed in ice-cold phosphate-
buffered saline (PBS; Gibco) and lysed with radioimmunoprecipitation assay
(RIPA) buffer (Upstate Biotechnology). Ten millimolar N-ethylmaleimide
(NEM; Sigma-Aldrich) was subsequently added to the RIPA buffer for
the in vivo ubiquitination assays. The lysates were incubated with the indi-
cated antibodies and protein A/G agarose at 4°C for 12 hours, and the im-
munoprecipitated beads were washed three times in RIPA buffer. In vivo
ubiquitination assays were performed under denaturing conditions when
necessary. Denatured cell extracts were prepared by resuspending cell
pellets in 1 ml of denaturing buffer [SO mM tris (pH 7.5), 150 mM NaCl,
1% SDS, and 10 mM NEM] and boiled for 10 min. Immunoprecipita-
tion assays were performed with an antibody recognizing Myc after ad-
dition of 9 ml of tris-buffered saline (TBS) buffer [S0 mM tris (pH 7.5) and
150 mM NaCl] together with 0.5% NP-40 and 10 mM NEM. The im-
mune complexes were resolved by SDS—polyacrylamide gel electrophoresis
(SDS-PAGE), and immunoblotting was performed as previously described
(8). Antibodies were obtained from the following sources: anti-GSK38,
anti-Myc, anti—p-Atf-2, and anti—p-ERK from Cell Signaling Technology;
anti-HA (hemagglutinin), anti-GST (glutathione S-transferase), anti-APC
(C-20), and anti—B-catenin from Santa Cruz Biotechnology; anti-Ras (clone
Ras10) and anti-Axin from Upstate Biotechnology; anti—o-tubulin from
Calbiochem; anti-H-Ras from Oncogene Research Products; anti—3-TrCP
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from Zymed; anti-V5 from Invitrogen; and anti-Flag from Sigma-
Aldrich. Phospho-T"**/T'*® H-Ras polyclonal antibodies were gener-
ated by immunizing rabbits with a keyhole limpet hemocyanin (KLH)
carrier protein—conjugated phosphorylated peptide (residues 140 to 152;
PYIEpTSAKpTRQGYV; Abmart Inc.). Secondary antibodies were horse-
radish peroxidase (HRP)—conjugated anti-mouse (Cell Signaling Technol-
ogy) and anti-rabbit (Bio-Rad).

Identification of H-Ras phosphorylation sites

A 40-ul sample of His—H-Ras phosphorylated by GSK3p was separated
by 10% SDS-PAGE, and the H-Ras protein bands were excised for in-gel
digestion with trypsin (25 ng/ml; Promega). The enrichment of phospho-
peptides from tryptic digests was performed with TiO, microcolumns as
previously described (47). The phosphopeptides were analyzed by nano-
electrospray LC-MS/MS. High-pressure LC separation was performed on
an Ultimate instrument equipped with a Famos Autosampler (LC Packings)
at a flow rate of 200 nl/min. The columns were constructed from fused
silica capillary tubes (360-um outer diameter and 75-um inner diameter)
and packed with 300 A C18 beads (5-um diameter; Grace Vydac) to a
length of 15 cm. The MS/MS were recorded on an API QSTAR Pulsar
Q-TOF (quadrupole orthogonal acceleration—time-of-flight) mass spec-
trometer (Applied Biosystems) in the information-dependent acquisition
mode. The MS/MS spectra were used to search the National Center for
Biotechnology Information (NCBI) nonredundant and expressed sequence
tag databases with the computer algorithm Mascot or proID (Applied
Biosystems).

Preparation of recombinant proteins

For kinase assays, recombinant proteins were purified from Escherichia
coli C41 transformed with p-RSET-A-His-H-Ras or p-RSET-A-His-H-
Ras-T144/T148A (His—H-Ras-2A) and induced with 0.25 mM isopropyl-
B-p-thiogalactopyranoside (IPTG). His—H-Ras or His—H-Ras-2A extracts
were prepared by sonication in buffer [25 mM tris (pH.8.0), 100 mM
NaCl, and 30 mM imidazole]. The E. coli extracts were applied to Ni-NTA
(nitrilotriacetic acid)-Sepharose resin (Qiagen), and His—H-Ras or His—H-
Ras-2A was eluted with elution buffer [25 mM tris (pH.8.0), 100 mM NaCl,
and 500 mM imidazole]. Eluted proteins were dialyzed with kinase buffer
with a 3500 molecular weight cutoff membrane.

In vitro kinase assay

In vitro kinase analyses were performed with 2 ug of purified His—H-Ras
and 200 ng of recombinant human active GSK3 (R&D Systems) in 20 pl
of kinase buffer [SO mM tris-HCI (pH 7.5), 10 mM MgCl,, and 1 mM di-
thiothreitol (DTT)] containing 10 mM adenosine 5'-triphosphate (ATP) and
10 uCi [y-**P]ATP (PerkinElmer Life Sciences) for 4 hours at 30°C. Re-
actions were stopped by addition of 5x SDS sample buffer and heating at
95°C. The samples were separated by 10% SDS-PAGE, and images were
obtained by autoradiography of the dried gels.

Immunocomplex kinase assay

Cells were transfected with pcDNA3-GSK3BS9A-HA or pcDNA3-
GSK3BK85M-HA for 48 hours and lysed with RIPA buffer, and solubilized
fractions were subjected to immunoprecipitation with anti-HA antibody to
precipitate HA-GSK3p. Immunocomplex kinase assays were performed
by incubating the immunopellets for 2 hours at 30°C with 2 pg of His-H-
Ras or His—H-Ras-2A recombinant protein in 20 ul of kinase buffer
containing 10 mM ATP and 10 uCi [y-**P]ATP. The reaction was terminated
by addition of 5x SDS sample buffer and heating at 95°C. The reaction mix-
ture was subjected to SDS-PAGE on a 12% polyacrylamide gel, and images
were obtained by autoradiography of the dried gels.

In vitro ubiquitination assay

For the in vitro ubiquitination assay, purified H-Ras was phosphorylated
by GSK38 and then incubated in a reaction buffer containing 25 mM tris-
HCI (pH 7.5), 50 mM NaCl, 5 mM ATP, 10 mM MgCl,, | mM DTT, 1 ug
of ubiquitin, 250 ng of Ubal, 500 ng of UbcH5a, and SCF* ™ complex.
For the preparation of SCFPT™F complex proteins, Uba, Cull, and RBX1
were isolated from transfected HeLa cells, and B-TrCP was purified from
transfected 293T cells with Flag resin (Sigma). UbcH5a was purified from
E. coli. SKP1 and ubiquitin were purchased from ATGen or Enzo Biochem
Inc. After incubation at 25°C for 4 hours, the reaction was terminated by
the addition of SDS sample buffer and analyzed by Western blotting anal-
ysis with an anti-Ras (clone Ras10) antibody.

Elk-1 reporter assay

Cells were transfected with the indicated combinations of the following
plasmids: pcDNA3.1-H-Ras, -2E, or -2A; pMT3-H-Ras™®!, -2E, -2A;
pcDNA3.1-GSK38-V5, together with pFA2—Elk-1, pFR-Luc plasmid,
and pCMV—-gal reporter (Clontech). At 24 hours after transfection,
the cells were treated with 20 ng of EGF for 12 hours as required. Cells
were harvested and lysed in the reporter lysis buffer according to the man-
ufacturer’s instructions (Promega). Luciferase activities were normalized
to B-gal levels as an internal control. The results are expressed as the
means £+ SD from three independent experiments.

Cell proliferation assay

Plasmid transfections were performed as indicated in Gsk3, B** or Gsk3p™~
cells, which were subsequently seeded into 96-well plates. Viable cell num-
bers were determined at 0, 24, 48, and 72 hours after seeding by a color-
imetric assay with a Cell Counting Kit-8 proliferation assay kit (Dojindo
Laboratories). The absorbance at 420 nm was monitored with a Fluostar
Optima microplate reader (BMG Labtech). The results are expressed as
the means = SD from three independent experiments.

Animals and tissue preparation

Mice were maintained according to standard protocols and fed a standard
maintenance diet from Dae Han Bio Link. C57BL/6J-Apc™™* and C57BL/6]-
Apc'®N mice were obtained from Jackson Laboratory and National
Cancer Institute mouse repository, respectively. Mice were housed in micro-
ventilation cage system (MVCS) cages with a computerized environmental
control system (Threeshine Inc.). Room temperature was maintained at
24°C with a relative humidity of 40 to 70%. For tissue preparation, intes-
tinal and colon tissues from the mice were removed immediately after
mice were killed. The abdomens of the mice were cut open longitudinally
and cleaned by flushing with PBS. Tumor tissues and enterocytes from
Apc™™ or Apc'®**N mice were obtained as previously described (42). To
investigate the in vivo regulation of Ras stability by Wnt/B-catenin signaling,
we intravenously injected PBS or LiCl into the tail vein of 12-week-old
male ICR mice (5 or 100 mg/ml) daily for 7 days. Dimethyl sulfoxide (DMSO)
or ALLN (38.3 mg/ml) was injected intraperitoneally 9 hours before mice
were killed. The animal studies were approved and performed under the
guidelines of the Institute of Health Guidelines for the Institutional Re-
view Board of Severance Hospital, Yonsei University College of Medicine
(Seoul, Korea).

Immunohistochemistry

Paraformaldehyde-fixed paraffin sections were deparaffinized and re-
hydrated. For antigen retrieval, the slides were autoclaved in 10 mM sodium
citrate buffer. Sections were preincubated in PBS and then blocked in 5%
bovine serum albumin (BSA) and 1% goat serum in PBS at room tempera-
ture for 30 min. The sections were incubated with primary antibody
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overnight at 4°C. Antibodies recognizing proliferating cell nuclear antigen
(PCNA) or 5-bromo-2’-deoxyuridine (BrdU) were purchased from Santa
Cruz Biotechnology and Dako, respectively. Antibodies recognizing p-ERK
(IHC Preferred) or p-Atf-2 (T”") were purchased from Cell Signaling Bio-
technology. The antibodies recognizing Ras or B-catenin were obtained from
Millipore and BD Biosciences, respectively. The concentrations of the
primary antibodies were as follows: PCNA (1:500), BrdU (1:200), f-catenin
(1:200), p-ERK (1:20 to 1:100), p-Atf-2 (1:50), and Ras (1:100). For immuno-
fluorescence staining, the sections were then incubated with Alexa Fluor
488— or Alexa Fluor 555—conjugated immunoglobulin G secondary anti-
body (Molecular Probes; 1:500) at room temperature for 1 hour, counter-
stained with 4’,6-diamidino-2-phenylindole (DAPT) (Boehringer Mannheim),
and mounted in Gel/Mount medium. Visualization of fluorescence signal
was performed by confocal microscopy (LSMS510, Carl Zeiss) at excitation
wavelengths of 488 nm (Alexa Fluor 488), 543 nm (Alexa Fluor 555), and
405 nm (DAPI). All incubations were carried out in the dark in humid cham-
bers. For diaminobenzidine (DAB) staining, immunohistochemistry was
performed with the UltraTek HRP kit (Scytek Laboratories Inc.). The DAB-
stained preparations were visualized with a general optical microscope (Nikon
TE-200U). The primary antibody was omitted for negative control slides,
resulting in very low background labeling. The specificity of p-ERK staining
was confirmed by specific inhibition of p-ERK staining after co-incubation
with a p-ERK—specific blocking peptide (Santa Cruz Biotechnology). At least
four fields per section were analyzed to establish reproducibility.

Patients and TMA

Four unrelated FAP patients were analyzed in this study. All cases were
identified in the Department of Pathology at Yonsei University Medical
Center between 2003 and 2005 for molecular marker studies. The fresh
specimens were stored and obtained from the Cancer Specimen Bank of
the National Research Resource Bank Program of the Korea Science and
Engineering Foundation of the Ministry of Science and Technology. Au-
thorization to use these tissues for research purposes was obtained from
the Institutional Review Board of Yonsei Medical Center. The differentia-
tion grades of the tumors were evaluated according to the guidelines of the
American Joint Commission on Cancer. All FAP colons had >800 polyps.
The tissue specimens were fixed in 10% neutral-buffered formalin, dehy-
drated by serial immersion in alcohol, cleared in xylene, and embedded in
paraffin. For histological analyses, 4-um-thick sections were cut from tis-
sue blocks with an RM2245 microtome from Leica Microsystems. For pro-
tein extraction, fresh tumor tissues were obtained immediately after surgical
excision for available cases and stored at —80°C before use. TMAs for
normal and cancer tissues from various organs (BC8) and colon disease
spectrum (BC05002) were purchased from SuperBioChips and US Biomax,
respectively. Immunohistochemistry was performed with antibodies against
B-catenin, Ras, or p-Ras. The specificity of the p-Ras antibody was con-
firmed by a competition experiment with phosphospecific and control pep-
tides. The TMA slides were scanned with the BX51 virtual microscopy
system (Olympus) at 40% objective magnification. For quantitative anal-
ysis, the intensity of each staining was determined by HistoFAX software
(TissueGnostics).

Anchorage-independent growth assay

Anchorage-independent cell growth was monitored by assaying the colony-
forming ability of cells in soft agar as previously described (20). Briefly,
Gsk3p™" or Gsk3p™ cells were transiently transfected with the combi-
nations of plasmids indicated and cultured in 10% FBS-DMEM for
2 days. Cells were mixed with equal volumes of 1.2% agar solution and 2x
DMEM/20% FBS and then immediately transferred to the wells of a 96-
well flat-bottom microplate containing an identical solidified base agar layer.

Medium was added on top of the agar and changed once per week to com-
pensate for evaporation, and colonies were scored after 20 days. The results
are expressed as the means + SD from three independent experiments.

Mutational analysis of Apc

For mutational analyses of Apc genes in FAP patient specimens, peripheral
blood lymphocytes were isolated from patient blood samples and the Apc
gene was amplified by PCR. To analyze the mutational status of the Apc
gene, we performed denaturing high-performance liquid chromatography
(DHPLC) analysis through all the coding exons of the Apc gene. All sam-
ples showing abnormal patterns in the DHPLC analysis were subjected to
DNA sequencing analysis.

DHPLC analysis

DHPLC was performed with a WAVE MD DNA fragment analysis sys-
tem with a DNASep column (Transgenomic Inc.). DNASep columns con-
tain nonporous alkylated polystyrene-divinylbenzene particles that are
both electrically neutral and hydrophobic; thus, the negatively charged
phosphate ions of DNA molecules cannot bind to the column unaided. Tri-
ethylammonium acetate (TEAA) is a positively charged reagent that facili-
tates the interaction between the stationary matrix and the DNA molecules.
DNA fragments are eluted from the column by reducing the hydrophobic
interaction between the alkyl chains of TEAA and the stationary phase of
the column. This is achieved by altering the ratio of TEAA to acetonitrile.
The DNA molecules eluted from the column are detected by scanning
with an ultraviolet C detector. The successful resolution of heteroduplexes
from homoduplexes requires an elution gradient at a partially denaturing
temperature. At this temperature, only heteroduplexes are destabilized by
the mismatched bases, such that they are slightly more melted than the
homoduplexes, resulting in earlier elution than the homoduplexes. This
special resolution temperature was predicted by use of DHPLC Melt soft-
ware (http://insertion.stanford.edu/melt.html). After denaturation, re-
annealed PCR products were injected onto the column and eluted with a
linear acetonitrile gradient at a flow rate of 0.9 ml/min, with a mobile phase
consisting of a mixture of buffers A (0.1 M TEAA and 1 mM EDTA) and
B (25% acetonitrile in 0.1 M TEAA).

Mutational analysis of K-ras

Total genomic DNA was extracted from hematoxylin and eosin (H&E)—
stained paraffin sections of 10-um thickness containing a representative por-
tion of each colorectal tumor block by means of the QIAamp DNA Mini
Kit (Qiagen). Fifty nanograms of DNA was amplified in a 20-ul reaction
solution containing 2 pl of 10x buffer (Roche), MgCl, (1.7 to 2.5 mM),
0.3 uM each primer pair [codons 12 and 13: (forward) 5’-TTATGTGTGA-
CATGTTCTAAT-3’, (reverse) 5'-AGAATGGTCCTGCACCAGTAA-3';
codon 61: (forward) 5'-TCAAGTCCTTTGCCCATTTT-3/, (reverse) 5’-
TGCATGGCATTAGCAAAGAC-3'], 250 uM deoxynucleotide tripho-
sphates, and 2.5 U DNA polymerase (Roche). Amplification was performed
with a 5-min initial denaturation at 94°C followed by 30 cycles of 1 min at
94°C, 1 min at 55°C, and 1 min at 72°C, and a 10-min final extension at
72°C. PCR products were separated on a 2% agarose gel and gel-purified
with a QIAgen gel extraction kit (Qiagen) before being subjected to DNA
sequencing analysis.

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/5/219/ra30/DC1

Fig. S1. Role of GSK3p and Axin in the regulation of H-Ras stability.

Fig. S2. H-Ras phosphorylation at Ser'® is not involved in its degradation.
Fig. S3. The role of B-TrCP in regulating the stability of K- and N-Ras.
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Fig. S4. Thr'** and Thr'*® of H-Ras are phosphorylated by GSK3p and are involved in its
degradation.

Fig. S5. Effects of H-Ras stabilization through GSK3p-mediated phosphorylation on ERK
pathway activation by EGF.

Fig. S6. Subcellular localization of Ras and p-Ras.

Fig. S7. GSK3p inhibits cellular proliferation and transformation induced by oncogenic Ras
through phosphorylation and subsequent degradation of H-Ras.

Fig. S8. Effects of APC upon degradation and polyubiquitylation of H-Ras by overexpres-
sion of GSK3p.

Fig. S9. Effects of Wnt3a on the stability of B-catenin and Ras in RKO cells.

Fig. S10. Immunohistochemical analyses of Apc"™* and Apc’®%N mice.

Fig. S11. Immunohistochemical and immunoblot analyses and mutational status of Apc
and K-Ras genes of adenocarcinoma from FAP patients.

Fig. S12. Specificity test for the antibody that detects phosphorylated Ras in immuno-
histochemical analyses.

Fig. S13. DNA copy numbers of K-Ras, N-Ras, TOP1, and GAPDH in human colorectal
adenocarcinoma.

Fig. S14. mRNA expression of K-, N-, and H-Ras and PCNA in human colorectal adenoma.
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