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(Background: NOREIA is a Ras effector with a poorly defined function.
Results: NORE1A forms a direct, Ras-regulated complex with B-TrCP and activates the SCFF-""“" ubiquitin ligase complex to

Conclusion: Ras controls the activity and specificity of SCFP""“" via NORE1A.
Significance: We identify a novel Ras signaling pathway, defective in many tumors, that allows Ras to control specific protein

N

J

Ras is the most frequently activated oncogene found in human
cancer, but its mechanisms of action remain only partially
understood. Ras activates multiple signaling pathways to pro-
mote transformation. However, Ras can also exhibit a potent
ability to induce growth arrest and death. NORE1A (RASSF5) is
a direct Ras effector that acts as a tumor suppressor by promot-
ing apoptosis and cell cycle arrest. Expression of NOREI1A is
frequently lost in human tumors, and its mechanism of action
remains unclear. Here we show that NORE1A forms a direct,
Ras-regulated complex with 3-TrCP, the substrate recognition
component of the SCFFT™" ubiquitin ligase complex. This
interaction allows Ras to stimulate the ubiquitin ligase activity
of SCFPT*C? toward its target B-catenin, resulting in degrada-
tion of B-catenin by the 26 S proteasome. However, the action
of Ras/NORE1A/B-TrCP is substrate-specific because IkB,
another substrate of SCFPT*P, is not sensitive to NORE1A-
promoted degradation. We identify a completely new signaling
mechanism for Ras that allows for the specific regulation of
SCFP-T*CP targets. We show that the NORE1A levels in a cell
may dictate the effects of Ras on the Wnt/f3-catenin pathway.
Moreover, because NORE1A expression is frequently impaired
in tumors, we provide an explanation for the observation that
B-TrCP can act as a tumor suppressor or an oncogene in differ-
ent cell systems.

Genetic mutations leading to activated forms of the Ras
oncogene can be detected in almost one-third of human can-
cers (1). When activated, the Ras oncoprotein drives growth
and transformation by binding and activating multiple effectors
that stimulate multiple signaling pathways. Two of the best
characterized cascades are the Raf and PI3K effector pathways
(2). However, Ras can also impact other signaling pathways
important to proliferation and development, such as the Wnt/
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[B-catenin signaling pathway (3). The interaction of the Ras and
the Wnt/B-catenin signaling pathways is quite complex and
appears to occur at multiple levels (4-6). An interesting
dichotomy exists because Ras has been reported to exhibit both
positive and negative effects on the pathway (4 —6). Moreover,
although synergistic activation of transformation by Ras and
Wnt/B-catenin has been reported, other reports have identified
an antagonistic role in transformation (5, 6). How Ras impacts
the Wnt/B-catenin pathway is still not fully understood, nor is
the balance of cellular factors that dictate whether a net positive
or negative effect is observed for Ras on Wnt/B-catenin path-
way signaling.

In the canonical Wnt/B-catenin pathway, B-catenin is the
terminal executor, serving as both a nuclear transcriptional
coregulator and key component of adherens junctions (7). In
the absence of Wnt ligand signaling, a multiprotein complex
consisting of APC, Axin, and GSK-33 phosphorylates [3-catenin.
This phosphorylation is necessary for the binding of B-TrCP,
the substrate recognition component of the SCFF~""“* ubiq-
uitin ligase complex. SCFF"“"_mediated ubiquitination of
B-catenin results in its rapid degradation by the 26 S protea-
some (8). Upon Wnt signaling, the phosphorylation complex
is destabilized by Disheveled family proteins, allowing for
unphosphorylated B-catenin levels to quickly increase in the
cytoplasm and translocate to the nucleus. Nuclear B-catenin
functions as a cofactor for transcription factors of the TCF/LEF
family, modulating genes involved in growth and survival (9).

Although cells constitutively synthesize B-catenin to main-
tain a ready response to incoming Wnt signaling, the high turn-
over rate of B-catenin via the SCF?""“F ubiquitin ligase com-
plex maintains homeostasis (10). Mechanistic corruption in the
regulatory mechanism of B-catenin has been described in many
human cancers, and mutated forms of 8-catenin that cannot be
ubiquitinated by the SCFP"™"“P ubiquitin ligase are oncogenic
(9). By enhancing down-regulation of B-catenin, B-TrCP can
serve as a tumor suppressor (11). However, the situation is
more complex because B-TrCP has also been reported to have
oncogenic potential in some situations (12, 13). This may be
due to its role in degrading non-B-catenin targets such as Clas-
pin (14).
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Paradoxically, activated forms of Ras are not only powerfully
transforming but can also act as powerful stimulators of cell
death pathways (15, 16). In part, Ras-induced cell death appears
to be mediated by members of the RASSF family of tumor sup-
pressors, which bind Ras and serve as death effectors (16).
NORE1A (RASSF5) was the first member of the RASSF family
to be identified (17). It connects Ras to the pro-apoptotic Hippo
pathway, but this does not seem to be essential for its tumor
suppressor function. It also modulates p53 (18, 19), which may
explain its ability to promote cell cycle arrest. NOREIA is
expressed in most normal tissues, but its expression is lost in
many tumors because of epigenetic inactivation or deregulated
proteolysis (18, 20). NORE1A is a bona fide tumor suppressor
because a hereditary genetic defectin NORE1A predisposes the
human carriers to kidney cancer (21). However, the biological
functions of the Ras/NOREIA interaction remain mostly
uncharacterized.

We identified a direct interaction between NOREIA and
B-TrCP in a yeast two-hybrid screen. This suggests that either
NOREI1A is a substrate for SCFP"™"“" or, more interestingly,
might connect Ras to the control of the complex. Because
SCFPT"“P modulates the Wnt/B-catenin pathway by targeting
B-catenin for degradation by the proteasome (11), NORE1A
might serve to link Ras to the control of 3-catenin.

We sought to determine the role of NORE1A in the control
of the SCFP"T"“P ubiquitin ligase and Wnt/S-catenin signaling.
We show that the binding of NORE1A to 3-TrCP is Ras-regu-
lated and that it allows Ras to stimulate the activity of SCF# """
toward B-catenin.

The activation of the SCF? """ ubiquitin ligase complex by
Ras/NOREI1A is substrate-specific because NORE1A had no
effect on SCFPT™CP gubstrate IkB. Moreover, NORE1A-defi-
cient lung tumor cells exhibit enhanced steady-state levels of
B-catenin and resist the growth inhibitory effects of B-TrCP.
Therefore, the cellular levels of NORE1A may dictate how Ras
modulates B-catenin and determine the substrate profile of the
SCFP-T*P ybiquitin ligase. B-TrCP has been reported to be an
oncogene and a tumor suppressor in different cell systems. The
levels of NORE1A may dictate the ultimate activity of B-TrCP
in a cell.

EXPERIMENTAL PROCEDURES

Molecular Biology—GFP-B-catenin was generated by PCR
amplification of the human B-catenin cDNA (Addgene, cat-
alog no. 16828) (22). The PCR product was TOPO-cloned
into pGEM-T-Easy (Promega) and subcloned into
pEGFP-C1 (Clonetech) using BamHI and Sall restriction
enzymes. 3-TrCP1 was obtained from Addgene (catalog no.
4489) and cloned into enhanced GFP in a similar manner. Dom-
inant negative 3-TrCP1 was a gift from Tianyan Gao (Univer-
sity of Kentucky). Full-length human NORE1A cDNA was
obtained from Origene (Rockville, MD), amplified, and sub-
cloned using BgllI/EcoRI into a BamHI/EcoRI restriction digest
of pCDNAS3 (Invitrogen) containing an in-frame 5’ HA tag (23,
24). We developed a triple point mutant of NORE1A, mutating
the 92-94 residues from Arg to Ala using a PCR-based
approach. Activated Ras has been described previously (25).
NORE1A shRNA constructs (RHS4531-EG83593) were
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obtained from Open Biosystems (Rockford, IL). pGL3-BAR-
Luc was a gift from Randall Moon (University of Washington,
WA). The TK-Renilla luciferase control plasmid was obtained
from Promega (Madison, WI).

Antibodies—Anti-GFP (Santa Cruz Biotechnology, catalog
no. SC-9996), anti-HA (Covance, catalog no. MMS-101P),
anti-FLAG (Sigma-Aldrich, St. Louis MO, catalog no. F1804),
anti-B-TrCP (Cell Signaling Technology, catalog no. 4394), anti-
B-catenin (Cell Signaling Technology, catalog no. 8814), anti-
phospho-B-catenin (Cell Signaling Technology, catalog no. 9561),
rabbit polyclonal anti-NORE1A (19), and secondary antibodies
were from Amersham Biosciences.

Cell Culture and Transfections—Cells were obtained from
the ATCC. HEK-293 cells were grown in DMEM supplemented
with 10% FBS. HEK-293 NFkB-luciferase cells were provided by
Howard Donninger (University of Louisville, KY). NCI-H1299
cells were grown in RPMI medium with 10% FBS. Cells were
transfected using jetPRIME® (Polyplus) transfection reagent.
In the B-catenin stability studies, the proteasome was inhibited
using MG132 (Sigma-Aldrich) at a final concentration of 5 um
and cycloheximide (Sigma-Aldrich) at a final concentration of
10 um. Cell selections were performed in 500 wg/ml G418
(Sigma). FTI-277 was obtained from Calbiochem (La Jolla, CA).

Immunoprecipitation and Western Blotting—Cellular lysates
for immunoprecipitation were prepared using a modified
radioimmune precipitation assay buffer (50 mm Tris-HCI (pH
7.4),200 mm NaCl, and 1% Nonidet P-40). Precleared lysate was
incubated with GFP-Trap® beads (Allele Biotech, San Diego,
CA) or with primary antibody or control IgG, followed by pro-
tein A/G beads (eBioscience), and washed with lysis buffer. Pro-
teins were run on a 4 —15% Tris-glycine gel (Bio-Rad) and trans-
ferred to 0.2 wm nitrocellulose (Bio-Rad). Blots were developed
using West Pico enhanced ECL (Pierce) or West Femto
enhanced ECL (Pierce).

Luciferase Assays—Dual luciferase assays were performed
using reagents from the Promega Dual-Luciferase assay kit
(catalog no. E1960). Cells were transfected for 24 h before lys-
ing and reading using a Luminat LB 9507 from Berthold
Technologies.

RESULTS

NOREI1A Forms a Direct, Endogenous, Ras-regulated Com-
plex with B-TrCP—B-TrCP is the substrate recognition com-
ponent of the SCFP*“" ubiquitin ligase. It is expressed as two
closely related isoforms, B-TrCP1 and B-TrCP2. A yeast two-
hybrid screen (Myriad Genetics, Salt Lake City, UT) using full-
length NORE1A as bait identified B-TrCP1 as a potential direct
binding partner. To determine whether this result was physio-
logical, we immunoprecipitated lysates from MCF10A cells for
NORE1A and immunoblotted them for the presence of
B-TrCP. Fig. 1A) shows that NORE1A and B-TrCP could be
detected in an endogenous complex. Further studies were then
performed using exogenously expressed proteins. HEK-293 cells
were cotransfected with expression constructs for NORE1A and
B-TrCP1. The cells were then lysed and immunoprecipitated for
B-TrCP1 and immunoblotted for NORE1A. The proteins could be
coimmunoprecipitated (Fig. 1B).
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FIGURE 1. A, whole cell lysates were prepared from MCF-10A cells, and the puri-
fied protein extracts were immunoprecipitated (/P) with anti-NORE1A for 16 h
and then immunoblotted for B-TrCP. IgG incubated with MCF-10A lysate and
Ig/NORE1A antibody incubated with lysis buffer served as the negative controls.
The blot of NORE1A levels is not shown because of interference from the IgG
band. MCF10A lysate served as the positive control. B, HEK-293 cells were trans-
fected with expression constructs for NORE1A and B-TrCP1. Cell lysates were
immunoprecipitated with GFP-Trap® beads (Allele Biotech) and immunoblotted
(IB) for the presence of B-TrCP1. Vec, vector. C, HEK-293 cells were transfected
with expression constructs for NORE1A and B-TrCP1 in the presence or absence
of a construct expressing a red fluorescent tagged activated H-Ras (12V). After
24 h, the cells were lysed and immunoprecipitated with GFP-Trap® beads before
immunoblotting. A shorter exposure of the immunoprecipitation shows that the
presence of activated H-Ras enhances NORE1A binding to B-TrCP.

NOREI1A is a Ras effector protein. Consequently we exam-
ined the role of Ras in the interaction between NORE1A and
B-TrCP1 in similar experiments. The presence of activated
H-Ras in the cotransfection enhanced the association between
NORE1A and B-TrCP1 proteins (Fig. 1C). These blots were
underexposed in comparison with the blots in Fig. 1B.

NOREIA Promotes [-Catenin Degradation via [B-TrCP—
Because B-TrCP is the substrate recognition component of the
major ubiquitin ligase complex regulating protein levels of
B-catenin (8), we examined the effects of NORE1A expression
on 3-catenin protein stability using transient transfections per-
formed in HEK-293 cells. Coexpression of NOREIA sup-
pressed the expression of B-catenin to subdetectable levels.
This effect was largely blocked by the 26 S proteasome inhibitor
MG132 (Fig. 2A). To further support the MG132 experiment,
the transient transfections of NORE1A and B-catenin were
repeated in HEK-293 cells. 24 h post-transfection, the cells were
treated with cycloheximide. Dishes were lysed over a time
course of 24 h, and samples were examined by Western blot
analysis. The results confirmed that NORE1A was acting at a
protein stability level (Fig. 2B). To determine whether NORE1A
and B-TrCP1 synergize to promote the degradation of
[B-catenin, we partially inhibited the proteasome by adding low
levels of MG132 for 6 h. Under these conditions, the ability of
both NORE1A and B-TrCP1 to suppress 3-catenin expression
was impaired rather than abolished. This allowed us to detect a
synergistic reduction in B-catenin levels when NORE1A and
B-TrCP1 were transfected together (Fig. 3A4). Furthermore, a
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FIGURE 2. A, HEK-293 cells were transfected with expression constructs for B-catenin and NORE1A. 24 h post-transfection, the cells were trypsinized, split into
two groups, and allowed to rest for an additional 24 h. One group was then treated with the proteasome inhibitor MG132 for 5 h, and the other group was
treated with dimethyl sulfoxide for 5 h. The cells were then lysed and immunoblotted (/B) for levels of B-catenin (B-cat). Vec, vector. B, HEK-293 cells were
transfected with vector or NORE1A and, after 24 h, split into six dishes each. Cycloheximide (CHX) was added after a further 24 h, and dishes were lysed over
a time course. Levels of B-catenin protein were measured by Western blot analysis. Shown is a representative blot of two experiments.
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FIGURE 3. A, HEK-293 cells were transfected with expression constructs for
NORE1A, B-catenin (B-cat), B-TrCP1, and a dominant negative B-TrCP
(AFBOX) that is unable to ubiquitinate target substrates. Low levels of MG132
were added to partially inhibit the 26 S proteasome and reveal differences
between weak and strong activity. /B, immunoblot; Vec, vector. B, HEK-293
cells were transfected with expression constructs for NORE1A, a NORETA
mutant unable to bind to Ras (RAMUT), B-catenin, and activated H-Ras. Rela-
tive levels of B-catenin were assayed by immunoblot analysis. Actin served as
a loading control. C, HEK-293 cells were cotransfected with expression con-
structs for NORE1A, B-catenin, and a HA-tagged ubiquitin. 24 h post-transfec-
tion, the cells were lysed and analyzed by Western blotting for HA incorpora-
tion into GFP- B-catenin (~120 kDa).

dominant negative form of B-TrCP1 (26) blocked NORE1A-
mediated degradation of B-catenin (Fig. 3A).

To examine the effects of Ras on the system, we included
activated H-Ras in the transfections, again with attenuation of
the proteasome with low levels of MG132. Activated Ras
enhances NORE1A activity against B-catenin (Fig. 3B). As fur-
ther support for the role of Ras in directly modifying the action
of NORE1A, we included a NORE1A point mutant that is
defective for Ras binding in the assay (NOREIARAMUT) (27).
This experiment showed that the effects of Ras were due to its
interaction with NORE1A (Fig. 3B).

NORE1A appears to regulate [B-catenin protein levels
through the proteasome by interacting with the ubiquitin
ligase, B-TrCP. If this is indeed the mechanism of action, it
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would require (B-catenin to be polyubiquitinated by B-TrCP,
which would mark it for proteasomal degradation. To confirm
this, HEK-293 cells were transfected with expression constructs
for NORE1A and GFP-B-catenin along with a HA-tagged ubiq-
uitin and treated with MG132. Incorporation of ubiquitin into
GFP-B-catenin could be detected (Fig. 3C).

NOREIA Suppresses 3-Catenin Signaling—Active 3-catenin
translocates to the nucleus, where it binds the transcriptional
repressors TCF/LEF, thereby activating specific gene transcrip-
tion. An artificial promoter sequence linked to the luciferase
gene has been developed as a transcriptional reporter for
B-catenin activity (28). This reporter, containing a 3-catenin
activation region (BAR-Luc), was cotransfected with an
expression construct for B-catenin and a Renilla luciferase
internal control into a matched pair of NCI-H1299 cells sta-
bly transfected with vector or NOREIA expression vector.
The NORE1A-expressing cells showed reduced B-catenin
activity (Fig. 44).

Loss of NOREIA expression enhances steady-state levels of
B-Catenin—The above results suggest that the loss of NORE1A
that is so frequently found in human tumors should uncouple
Ras from the negative regulation of B-catenin. Therefore, the
levels of B-catenin in a Ras-driven tumor cell should inversely
correlate with NORE1A expression. To test this hypothesis, we
examined the levels of endogenous B-catenin in the NCI-
H1299 NORE1A = matched pair. These cells carry an activated
Ras mutation and undetectable levels of endogenous NORE1A
(29). Fig. 4B shows that the NORE1A-negative cells exhibited
higher levels of endogenous B-catenin than the cells stably
transfected with NORE1A. As further confirmation, we trans-
fected HEK-293 cells with shRNA constructs against NORELA
and assayed for the levels of endogenous [-catenin protein.
B-catenin was elevated in the shRNA-transfected cells but not
in the scrambled shRNA-transfected cells (Fig. 4C).

NOREIA Differentially Regulates B-TrCP Targets—To deter-
mine whether the effect of NORE1A on SCF# """ is a general
activation or a specific activation toward a particular subset of
targets, a second degradation target of B-TrCP1, I«kB (30), was
chosen for analysis. HEK-293 cells were transfected with
expression constructs for IkB, B-catenin, and NORE1A.
Western blot analysis of the protein levels showed that,
although IkB levels remained the same in the presence of
NORE1A, NORE1A suppressed B-catenin, (Fig. 54). I«B is a
negative regulator of NF«B (30). If NORE1A promotes its deg-
radation, we should expect NFkB signaling to increase. Lucif-
erase assays using HEK-293 cells stably transfected with an
NF«B luciferase reporter showed that NORE1A does not pro-
mote the activation of NF«kB (Fig. 5B).

NOREIA Levels Dictate the Biological Activity of B-TrCP—
B-TrCP has a range of targets and can act as an oncogene or a
tumor suppressor, depending upon the particular cellular
milieu (11-14). The cofactors determining whether the net
effect on growth of B-TrCP is positive or negative are not
known. To determine whether NORE1A may be one of these
factors, we transfected the NORE1A = NCI-H1299 cell system
with B-TrCP1 and selected for the marker carried by the
B-TrCP1 construct. Fig. 6A shows that B-TrCP1 was highly
growth-inhibitory in the NORE1A-positive cells but only
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FIGURE 4. A, NCI-H1299 cells stably transfected with vector (Vec) or NORE1A were transfected with an expression construct for B-catenin along with a
B-catenin-responsive luciferase reporter (BAR-Luc) and a TK-Renilla internal control. Dual-Luciferase assays were performed, and results were standardized with
the Renilla readout (M1/M2). n = 2 independent experiments. Error bars show mean = S.E,; p = 0.02. B, immunoblot (/B) analysis confirming expression of
HA-NORE1A. NCI-H1299 = for NORE1A expression show differences in steady-state expression of B-catenin (B-cat). Whole cell lysates were prepared, and
endogenous levels of B-catenin were analyzed by immunoblotting. Quantification was performed by densitometry using QuantityOne software by Bio-Rad
and is shown in arbitrary units. C, HEK-293 cells were transfected with shRNA constructs against NORE1A. Endogenous levels of B-catenin were analyzed by
Western blotting. Scr, scrambled. D, stable NORE1A shRNA constructs were validated against endogenous NORE1A in HBEC-3KT cells.

A. ! IBHA B. NFKB Luc Assay
12
L 08
Flag Vec + - G 06

HA kB + 4 5

GFP B-catenin + o+ o4
FlagNORE1A - + 0
0

mVec m NORE1A

FIGURE 5. A, HEK-293 cells were transfected with expression constructs for
NORE1A, B-catenin, and IkB. After 24 h, the cells were lysed and assayed for
differential protein expression by Western blot analysis. Shown is a represent-
ative blot of at least two experiments. /B, immunoblot; Vec, vector. B, HEK-293
cells stably expressing an NF kB luciferase (Luc) reporter were transfected with
HA-empty vector and HA-NORE1A. A slight suppression of activity was
observed because of NORETA, but quantification showed that this was not
significant (p = 0.12). n = 2 independent experiments. Error bars show
mean * S.E.

weakly inhibitory in the NORE1A-negative cells. The quantifi-
cation is shown in Fig. 6B.

NOREIA Is a Key Node in the Regulation of B-Catenin via
Ras—Ras has been reported to exhibit both negative and posi-
tive effects on -catenin protein levels (31, 32). The factors that
determine the net effect of Ras on B-catenin are not clear. To
determine whether NOREIA dictates the effects of Ras on
B-catenin, we treated the NCI-NCI-H1299 NORE1A = cell
system with a farnesyl transferase inhibitor (FTI)* (Fig. 7A) that

2 The abbreviation used is: FTI, farnesyl transferase inhibitor.
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inactivates Ras (33). NCI-H1299 cells contain an activated form
of Ras, which allowed us to examine the effects of endoge-
nous Ras activation on endogenous 3-catenin expression in a
NORE1A-positive or -negative background. A “normal” cell is
positive for NORE1A expression and does not have an activated
Ras signaling pathway. The levels of B-catenin under these cir-
cumstances are shown in the fourth column of Fig. 7B. In the
presence of a competent activated Ras (no FTI) in these
NORE1A-positive cells, the levels of B-catenin go down (Fig.
7B, second column). However, when we remove the FTI from
NORE1A-negative cells, we observed that the levels of 3-catenin
increased (Fig. 7B, first column) relative to the levels in the normal
cells (Fig. 7B, fourth column). Therefore, the presence or
absence of NORE1A may dictate the effects of Ras, positive or
negative, on (3-catenin protein levels.

DISCUSSION

NOREIA binds activated Ras and serves as a proapoptotic
Ras effector (18, 19). Furthermore, NORE1A suppresses tumor
cell growth and is frequently inactivated in human tumors, and
its inactivation is implicated in a hereditary cancer syndrome
(16, 21, 23). Therefore, it is likely to serve as an important
human tumor suppressor. NORE1A binds to the MST kinases
and may connect Ras to the proapoptotic Hippo signaling path-
way (18). However, deletion mutants of NORE1A that cannot
interact with MST Kkinases retain the ability to inhibit cell
growth and suppress the tumorigenic phenotype (34). There-
fore, unknown tumor suppressor pathways independent of the
classic Hippo pathway must also be modulated by NORE1A.
B-TrCP is the substrate recognition component for the
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FIGURE 6. A, NCI-H1299 cells stably expressing NORE1A or an empty vector
were transfected with an expression construct for B-TrCP1 and selected with
G418. Shown is a representative experiment. Vec, vector. B, quantification of
live cells after 2 weeks. Data are the average of two separate assays performed
in duplicate. Error bars represent mean = S.E. (p = 0.03).

SCFP-T*P ubiquitin ligase complex and exists as two closely
related isoforms, B-TrCP1 and B-TrCP2. Under the influence
of Wnt signaling, it binds and regulates the degradation of the
proto-oncogene P-catenin (11). B-catenin has a dual role in
the cell, serving both as a component of adherens junctions in
the cytoplasm and as a transcriptional coregulator in the
nucleus, modulating the function of the TCF/LEF transcription
factors (35). The Wnt/B-catenin pathway plays key roles in
development and tumorigenesis, and mutations in the system
leading to the excessive accumulation of B-catenin have been
identified at high frequency in human tumors (9, 35, 36).
Aberrant activation of the Ras pathway is one of the most
common defects observed in human cancers (37). Over a
decade of study has revealed multiple, subtle links between
the Ras and Wnt/B3-catenin pathways. The links are complex
and remain poorly understood because they invoke both syn-
ergistic and antagonistic relationships (6). Indeed, Ras has been
reported to suppress B-catenin levels but also to promote
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B-catenin transcription (31, 32). The net effect appears to be
context-dependent. However, in vivo studies have confirmed
that defects in the two pathways can synergize to promote can-
cer (3).

Here we show that Ras promotes the binding of NORE1A
to B-TrCP1, the substrate recognition component of the
SCFP TP ubiquitin ligase, and that this interaction promotes
the degradation of B-catenin (Fig. 8). Because we identified
NOREI1A and 3-TrCP1 in ayeast two hybrid interaction screen,
this interaction is likely to be direct. The interaction of
NORE1A with B-TrCP1 explains how Ras can negatively regu-
late B-catenin and how such regulation may be defective in
tumor cells that have suffered inactivation of NORE1A. By
using FTIs to inhibit the endogenous activated Ras in our NCI-
H1299 cell system, we were able to show that Ras down-regu-
lates endogenous B-catenin protein levels in the presence of
NOREI1A but enhances them in its absence. Therefore, the lev-
els of NORE1A in a cell may play a major role in determining
the net effect of Ras on 3-catenin. However, it is not impossible
that these experiments also impacted non-Ras farnesylated tar-
gets. Therefore, further experiments to examine the biological
effects of the Ras/NORE1A/B-TrCP1 interaction may be
warranted.

The mechanism by which NORE1A specifically stimulates
SCFPFT™“P yia B-TrCP1 remains unclear. We hypothesize that
NORE1A may be acting as a scaffold for other regulatory com-
ponents such as kinases.

B-TrCP1 can act as a tumor suppressor (11), as expected,
because it can serve as a negative regulator of B-catenin, but it
has also been reported to exhibit oncogenic functions in some
cellular environments (12, 13). This may be due to its effects on
substrates in addition to -catenin. These include a range of
proteins involved in cell cycle regulation and transcriptional
control, such as IkB (38, 39), NFkB (40), GLI2 (41, 42), REST
(43, 44), ATF4 (45), CDC25A (46, 47), CDC25B (47), and Clas-
pin (48, 49). It seems likely that mechanisms exist to target
B-TrCP to particular substrates under particular conditions.
NOREIA may be part of such a mechanism because it activates
B-TrCP1 toward B-catenin but not toward IkB. Because we
found that the ability of B-TrCP1 to suppress growth of tumor
cells is heavily dependent upon the presence of NORE1A, it
may be the NORE1A status of a cell that dictates whether or not
B-TrCP1 is oncogenic or tumor-suppressive. It will be interest-
ing to determine against which other substrates NORE1A acti-
vates 3-TrCP1.

NOREI1A is not the first member of the RASSF family to be
identified as binding to B-TrCPl. A splice variant of the
RASSF1A protein, RASSF1C, can also bind (50). However,
unlike NORE1A, RASSF1C acts to somehow stabilize B-catenin
protein levels and enhance B-catenin signaling. Perhaps it acts
by competing with NORE1A for binding.

Another pathway with which RASSF family members have
been associated is the Hippo pathway. This pathway is a major
signaling mechanism involved in controlling organ size and
apoptosis (51). The canonical Hippo signaling pathway involves
a kinase cascade where MST kinases phosphorylate LATS
kinases, which then act on the transcriptional coregulators YAP
and TAZ (52). RASSF proteins such as NOREIA can bind and
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FIGURE 7. A, NCI-H1299 cells stably transfected with NORE1A or empty vector (Vec) were treated with a farnesyl transferase inhibitor for 24 h to modulate Ras.
Whole cell lysates were harvested and probed for total levels of endogenous B-catenin. A representative blot is shown. B, quantification of two experiments.
Vector,Ras™/NORETA~; NORETA,Ras "/NORE1A™; Vector + FTI,Ras  /NORE1A~; NORETA + FTl,Ras /NORE1A ™. A normal cell would be expected to be negative
for activated Ras and positive for NORE1A. Therefore, the fourth column is the reference column. Quantification using densitometry was calculated on
QuantityOne software from Bio-Rad. Values from two separate assays were combined for quantification. The graph shows these data as mean = S.E. (p = 0.02).
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FIGURE 8. Diagram of the new Ras/NORE1A/Wnt signaling pathway. We
interpret our data to suggest a novel Ras/NORETA signaling pathway that
activates B-TrCP toward a subset of its substrates, such as B-catenin, but not
IkB. This results in differential degradation of SCFF"""F substrates by the pro-
teasome in the presence of Ras/NORE1A signaling.

activate the MST/Hippo kinases (18) and, therefore, may regu-
late the activity the Hippo pathway executors YAP and TAZ by
phosphorylation. However, in addition to B-catenin, 3-TrCP1
also binds and regulates the stability of YAP and TAZ (53).
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Moreover, 3-catenin has been shown to bind to YAP and TAZ
in a transcription complex (54). Therefore, the interaction of
NOREI1A with B-TrCP1 may allow NORE1A to invoke power-
ful non-canonical Hippo pathway regulation, which may also be
controlled by Ras. This may prove to be a potent additional
mechanism where the RASSF family proteins contribute to
growth and survival control.

We identify a function for NORE1A acting as a Ras-regulated
scaffold for B-TrCP1 that activates the ubiquitin ligase complex
toward specific targets. These results may explain, mechanisti-
cally, many of the apparent contradictions in the relationship
between the Ras and Wnt/-catenin pathways.
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