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Abstract

NORE1A (RASSF5) is a tumor suppressor of the RASSF family that is often
down-regulated in human tumors. NORE1A has multiple roles in controlling
cellular homeostasis, one of them being regulating levels of S-catenin by
binding and modulating the ubiquitin ligase substrate recognition factor
S-TrCP. B-catenin is a major executor of the Wnt pathway. The ubiquitin
SCF-#TCP ligase complex acts on a phospho-degron site in S-catenin that can
be phosphorylated by GSK-38. We now show that in addition to binding
F-TrCP, NORE1A also promotes the phosphorylation of the S-catenin phos-
pho-degron by complexing with the kinase GSK-34. Indeed, NOREIA en-
hances the formation of a GSK-34/4-TrCP complex. A structural mutant of
NOREI1A that retains S-TrCP binding but will no longer interact with
GSK-3f inhibits the S-catenin degrading action of NORE1A. The GSK-3fin-
teraction with NORE1A plays an important role in the biology of NORE1A as
a GSK-3 inhibitor blocks NORE1A induced senescence. Thus, we identify a
new role for the tumor suppressor NOREIA: The regulation of GSK-34.
GSK-3f has many other substrates including multiple transcription factors
and co-activators such as p53 and the Hippo component TAZ. The work im-
plies that NORE1A may be able to influence all of them via this new kinase
scaffolding interaction.
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1. Introduction

NOREI1A (Novel Ras Effector 1 or RASSF5) is a member of the RASSF family of

DOI: 10.4236/jbm.2024.128006 Aug. 8, 2024

60 Journal of Biosciences and Medicines


https://www.scirp.org/journal/jbm
https://doi.org/10.4236/jbm.2024.128006
https://www.scirp.org/
https://doi.org/10.4236/jbm.2024.128006
http://creativecommons.org/licenses/by/4.0/

M. L. Schmidt et al.

tumor suppressors [1] [2]. In human tumors, NORE1A expression is frequently
down-regulated as a result of promoter hyper-methylation or Calpain-mediated
proteolysis [3] [4]. Additionally, loss of NORE1A via a genetic translocation re-
sults in a familial human cancer syndrome [5]. Studies on NORE1A in vitro
show that exogenous expression of NORE1A can promote apoptosis, cell cycle
arrest or senescence [3] [6]-[9]. In human tumor cell lines deficient for NORE1A
expression, the restoration of endogenous levels of NOREIA effectively blocks
the tumorigenic phenotype [3] [5].

Similarly to other members of the RASSF family, NORE1A contains a Ras
Association (RA) domain and can bind directly to the RAS oncoprotein [10]
[11]. Although NORE1A has been confirmed to be a major Ras senes-
cence/apoptosis effector, the mechanisms utilized remain only partially charac-
terized.

NOREI1A directly binds the MST kinases and modulates the Hippo pathway
[12] [13]. This is a kinase cascade terminating in the phosphorylation and regu-
lation of the oncogenic transcriptional co-activators YAP and TAZ [14] [15].
However, we have previously shown that it also regulates A-catenin [16].
[-catenin is a key component of the Wnt pathway. Signaling by the Wnt family
of proteins to modulate f-catenin is one of the core mechanisms that coordinate
cell proliferation, cell polarity, and tissue homeostasis [17] [18].

In the canonical Wnt/S-catenin pathway, S-catenin is the terminal executor,
serving as both a nuclear transcriptional co-regulator and a key component of
adherens junctions [19]-[21]. In the absence of Wnt ligand signaling, a mul-
ti-protein complex consisting of APC, Axin, and GSK-3f phosphorylates
[-catenin. This phosphorylation is necessary for the binding of S-TrCP, the sub-
strate recognition component of the SCF-#T"* ubiquitin ligase complex [22]
[23]. SCE-#T’mediated ubiquitination of S-catenin results in its rapid degra-
dation by the 26S proteasome [24]. Upon Wnt signaling, the phosphorylation
complex is destabilized by Disheveled family proteins allowing for unphosphor-
ylated S-catenin levels to quickly increase in the cytoplasm and translocate to the
nucleus. Nuclear S-catenin functions as a cofactor for transcription factors of the
TCF/LEF family, modulating genes involved in growth and survival [19].

While cells constitutively synthesize S-catenin to maintain a ready response to
incoming Wnt signaling, the high turnover rate of S-catenin via the SCE-#TCP
ubiquitin ligase complex maintains homeostasis [22]. Corruption in the regula-
tory mechanism of S-catenin has been described in many human cancers and
mutated forms of S-catenin, which cannot be ubiquitinated by the SCE-#TCP
ubiquitin ligase, are oncogenic [25]. By enhancing down-regulation of S-catenin,
F-TrCP can serve as a tumor suppressor [18].

We now show that in addition to binding to S-TrCP, NOREI1A also forms an
endogenous complex with GSK-34. This allows NOREIA to promote the phos-
phorylation of the f-catenin phospho-degron by GSK-3p. Identification of a tri-
ple point mutant of NOREIA that binds S-TRCP but not GSK-3/ allowed us to
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determine that the interaction with GSK-3p is essential for NORE1A to modu-
late B-catenin. Thus, we identify a new signaling partner for NORE1A, GSK-35,
and show that NOREIA scaffolds the kinase and the ubiquitin ligase complex
that is required to promote S-catenin degradation and modulation of the Wnt
pathway. This may provide a mechanism by which Hippo pathway and Wnt
pathway activity can be coordinated by NORE1A.

2. Materials and Methods
2.1. Molecular Biology

F-TrCP1 expression construct was obtained from Addgene (#4489) and sub-cloned
into pEGFP-C1 using BamHI and Sall. Full-length human NORE1A ¢cDNA was
obtained from Origene (Rockville MD), amplified and subcloned using BglII/EcoRI
into a BamHI/EcoRI restriction digest of pCDNA3 (Invitrogen) containing an
in-frame 5' HA tag. We developed a triple point mutant of NORE1A mutating
the 92 - 94 residues from Arg to Ala using a PCR based approach. The mutant
was subjected to full sequencing to confirm fidelity before use. Activated RAS
plasmid has been described previously [26]. We obtained the HA-GSK-3 plas-
mids from Addgene (#14753 and #49491).

2.2. Antibodies

Anti-GFP (Santa Cruz Biotechnology SC-9996), Anti-HA (Covance MMS-101P),
Anti-Flag (Sigma-Aldrich #F1804), Anti-£TrCP (Cell Signaling Technology #4394),
Anti-f-catenin (Cell Signaling Technology #8814), Anti-Phospho-g-catenin (Cell
Signaling Technology #9561), Rabbit polyclonal Anti-NORE1A (ProSci PAS#71),
anti-GSK-34 (Cell Signaling Technology #27C10), anti-NORE1A (Pro-Sci [27]),
anti-S-actin (Sigma Aldrich Cat# A5441) and secondary antibodies were from

Amersham.

2.3. Cell Culture and Transfections

Cells were obtained from the ATCC (Manassas VA). HEK-293 cells were grown
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). NCI-H1299 and A549 cells were grown in RPMI with 10%
FBS. MCF-10A cells were grown in 50/50 DMEM/HAMSF12 medium supple-
mented with 5% horse serum, 10 ug/ml insulin, 10 ng/ml EGF and hydrocorti-
sone at 0.5 ug/ml. Cells were transfected using jetPRIME® (Polyplus) transfec-
tion reagent according to the manufacturers’ protocol with 1 ug of plasmid
DNA. In the B-catenin stability studies, 24 hours post-transfection, the cells were
trypsinized and split into two groups and allowed to rest for an additional 24
hours at 37 degrees in a tissue culture incubator. One group was then treated
with the proteasome inhibitor MG132 (Sigma-Aldrich, St. Louis MO) at a final
concentration of 5 uM or DMSO and placed back in the incubator for 5 hours.

The cells were then lysed and immunoblotted (IB) for levels of S-catenin.
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2.4. Immunoprecipitation and Western Blotting

Cellular lysates for immunoprecipitation were prepared using a modified RIPA
buffer (50 mM Tris-HCI, pH 7.4, 200 mM NaCl, 1% NP-40). Precleared lysate
was incubated with GFP-Trap® beads (Allele Biotech, BG) or with primary anti-
body or control IgG followed by protein A/G beads (eBioscience) and was
washed with lysis buffer. Proteins were run on a 4% - 15% Tris-Glycine gel
(Bio-Rad) and transferred to 0.2 um Nitrocellulose (Bio-Rad). Blots were devel-
oped using West Pico Enhanced ECL (Pierce Biotechnology) or West Femto
Enhanced ECL (Pierce).

2.5. Senescence Assays

Senescence assays were performed using a Senescence Detection Kit manufac-
tured and distributed by BioVision, Lilipitas, CA, (Catalog#K320-250).

2.6. Statistical Analysis

GraphPad Prism version 6.0 (GraphPad Software Inc., La Jolla, CA) was used to
evaluate statistical significance in the senescence assays by Student’s #tests. Val-
ues of p < 0.05 were considered significant. Data are expressed as mean * SD for

each group.

3. Results

3.1. NORE1A Promotes the Phosphorylation of #-Catenin via
GSK-f

We previously showed that NOREIA can negatively regulate f-catenin protein
levels by interacting with the E3 ubiquitin ligase substrate recognition sub-unit,
F-TrCP and promoting S-catenin degradation [16]. S-catenin is regulated by a
dual-kinase system consisting of CK1 and GSK-34, the latter actually phosphor-
ylates a phospho-degron sequence (amino acids Thr4l, Ser37, and Ser33) on
[-catenin that is required for recognition and ubiquitination by f-TrCP/ubiquitin
ligase complex [28]. As RASSF family proteins have been shown to be scaffold-
ing proteins [1], we wondered if NORE1A might play a larger role in the process
and also affect the phosphorylation of S-catenin by GSK-34.

The NCI-H1299 lung tumor cell line has lost expression of NORE1A. Previ-
ously we generated a NORE1A plus/minus cell system by stably transfecting a
NOREI1A expression plasmid or the empty vector into the cells [16]. We transi-
ently transfected the cells with a S-catenin expression construct and examined
the phosphorylation status of the f-catenin protein using an antibody against
specific GSK-38 phosphorylated residues. In the lysates from cells expressing
NORE1A, there was a substantial increase in phosphorylated A-catenin
(Ser33/37/Thr41) when compared to lysates expressing empty pZIP-HA-vector
(Figure 1(a)). As the phosphorylated form of S-catenin is rapidly degraded by
the proteasome, we used pre-treatment with low levels of the proteasome inhib-

itor MG132 to stabilize the protein to visualize the phosphorylation.
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Figure 1. NOREIA Enhances B-catenin Phosphorylation on GSK-34 Target Residues. (a)
H1299 cells, null for NOREIA expression, were transfected with either pZIP vector or
pZIP-HA-NOREI1A. Transformants were selected using G418 yielding a stable population
that is either +/— for NOREIA expression. Cells were transfected with GFP-f-catenin.
They were then lysed and analyzed on a Western blot for phosphorylated S-catenin. In

the cells expressing NORE1A, there is a marked increase in levels of phosphorylated en-
dogenous S-catenin on GSK-3p target residues. Total GFP-pS-catenin levels are shown as
the control. (b) HEK-293 cells were transfected with expression constructs expressing
NOREI1A and S-catenin. 24 hours post-transfection, the cells were treated with LiCl, for
another 24 hours. LiCl; is known to be an effective inhibitor of GSK-3 S kinase activity. In
the cells treated with LiCl,, NORE1A mediated down-regulation of f-catenin is impaired.
These results suggest that NOREIA is regulating f-catenin protein levels by enhancing
GSK-3Bkinase activity.

To determine if NORE1A is using GSK-3/ or another kinase to phosphorylate
and drive f-catenin degradation, we used Lithium Chloride to specifically inhibit
GSK-34 phosphorylation activity [29]. HEK-293 cells were transfected with ex-
pression constructs expressing S-catenin paired with either an empty vector or
HA-NOREI1A. As expected, in the presence of NORE1A, levels of B-catenin are
difficult to detect However, when the GSK-3£ inhibitor LiCl, is added to the cell
media for 24 hours, NORE1A loses the ability to suppress f-catenin protein lev-
els (Figure 1(b)). NORE1A can bind several cellular kinases, including HIPK2
[30]. HIPK2 is known to be able to regulate S-catenin as well [31]. However,
LiCl, is considered fairly specific for GSK-3f [32] and HIPK2 dominant nega-
tives do not affect S-catenin levels [33].
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3.2. NORE1A Forms an Endogenous Complex with GSK-3

As NOREIA appeared to be modulating the phosphorylation of f-catenin on a
GSK-3p phosphorylation site, we sought to determine if NORE1A was interact-
ing with GSK-3p. First, HEK293 cells were transfected with expression con-
structs expressing HA-GSK-38 and GFP-NORE1A along with an activated
H-Ras (12Val). Cells were lysed 24 hours post-transfection and immunoprecipi-
tated against the GFP-epitope tag. NORE1A was found in complex with GSK-34.
However, unlike the case with S-TrCP [16], this interaction did not seem to be
affected by the presence of activated Ras (Figure 2(a)). To determine if this re-
sult was physiological, MCF-10A cells were lysed and an antibody against en-
dogenous GSK-3 was used to immune-precipitate GSK-3. Western analysis of
the IP with a NORE1A antibody showed that the two proteins were in an en-
dogenous complex (Figure 2(b)).

LS IP GFP
IB HA

GFP-NORE1A
GFP-Vec
HA-GSK-3B
RFP-H-Ras12V
(a)
2
(1]
S % 5
& S 3
¥ ¥y €
o
PP & ® & 3§
Mt * - ¢
ysate: IP GSK
NORE1A: IB NORE1A
GSK-3B IB GSK-3B

(b)

Figure 2. NORE1A forms an endogenous complex with GSK-34. (a) HEK-293 cells were
transfected with protein expression constructs expressing HA-GSK-3f along with an
empty vector or GFP-NOREIA in the presence or absence of activated H-RAS (12Val). 24
hours post-transfection, the cells were lysed and the purified lysates were immunoprecip-
itated using GFP-agarose beads. The immunoprecipitation was analyzed by Western blot.
(b) MCF-10A cells were lysed and the purified lysate was separated into equal batches
before immunoprecipitating using an antibody against GSK-34. IgG beads and anti-
body/IgG beads serve as controls. When the immunoprecipitation was analyzed by West-
ern blot, NORE1A was detected in an endogenous complex with GSK-34. The blot was
then probed with GSK-3f as a control (lower panel).
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3.3. NORE1A Functions as a Scaffold Stabilizing the
GSK-3f/B-TrCP Protein Degradation Complex

NOREI1A has no apparent catalytic activity and appears to function as a scaffold
protein. It directly binds f-TrCP [16], and so could be scaffolding GSK-38 and
F-TrCP into a complex, allowing for efficient phosphorylation and ubiquitina-
tion of target substrates, such as S-catenin. To investigate this, we transfected
HEK293 cells with expression constructs for S-TrCP and GSK-3p in the pres-
ence or absence of NORE1A. We then performed an immunoprecipitation for
GSK-3f and measured the levels of S-TrCP in the IP. We detected a weak inter-
action between S-TrCP and GSK-3p (Figure 3). However, when NOREIA ex-
pression was added to the experiment, the interaction between S-TrCP and
GSK-3p was significantly increased (Figure 3). Therefore, we provide the first
evidence that NORE1A does scaffold f-TrCP and GSK-3/4 into a complex, ex-
plaining why we observe such a potent effect on f-catenin protein stability.

: IP GFP
| DS
[ - -

I -I IB Flag
S| S 5-Actin
GFPVEC + - - -
GFP-B-TICP - + + =+
HA-GSK38 + - + +
FlagNORE1A - - - =+

Figure 3. NOREIA Scaffolds GSK-35 to S-TrCP - HEK-293 cells were transfected with
expression constructs for GSK-35, f-TrCP, and NOREIA. 24 hours post-transfection,
cells were lysed and immunoprecipitated. GSK-3f and S-TrCP were detected weakly in a
complex. However, in the presence of NORE1A, the association between GSK-38 and
S-TrCP was enhanced.

3.4. Identification of a NORE1A Mutant Deficient for Binding
GSK-3 Demonstrates the Importance of the Interaction for
[-Catenin

To further support the Lithium Chloride data, a triple point mutant of NORE1A
was developed mutating residues 92 - 94 from Arg to Ala. HEK-293 cells were
transfected with expression constructs for GSK-38 paired with empty vector,
NOREI1A, and the triple point mutant (NORE1A 92-94A mutant). 24 hours
post-transfection, the cells were lysed and the purified cell lysate was im-
mune-precipitated using GFP-conjugated agarose beads. The assay was then an-
alyzed on a Western blot where GSK-38 was found to complex strongly with
NORE1A; however, GSK-3f failed to complex with the mutant NOREIA
(Figure 4(a)). When we examined the interaction of f-TrCP, we found that the
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NOREI1A point mutant still bound (Figure 4(b)). We then examined the effects
of the GSK-34 binding mutant on p-catenin. HEK-293 cells were transfected
with expression constructs expressing either S-catenin and subsequently paired
with an empty vector, wild-type NORE1A, or the mutant NORE1A 92 - 94A.
Results show the wild-type NORE1A suppressed S-catenin protein levels, while
the mutant NORE1A (92-94A) was unable to do so (Figure 4(c)). This is in
agreement with the LiCl, experiment and again supports the idea that NOREI1A
is indeed coordinating GSK-3/to regulate S-catenin.

IP GFP
[= Jew
[ESS] = .
GFP Vec + - -
HA GSK-38 + + o+
GFP NORE1A - o+ .
GFP NORE1A92-94A - -+
(a)
= IP GFP
| =@ 5
GFP Vec + - -
HA B-TrCP + + o+
GFP NORE1A - o+ -
GFP NORE1A92-94A - -+
(b)
[N |
GFP Vec + - - -
HA Vec -+ - -
GFP-B-Catenin -+ + +
HA NORE1A + - + -
HA NORE1A 92-94A - - -+
(c)

Figure 4. A NORE1A Point Mutant that Fails to Bind GSK-3 fails to suppress f-catenin.
(a) Deletion mutagenesis suggested that potential GSK-34 binding region rested in the 92
- 94 amino acid residues of NORE1A. These residues were mutated to Alanine residues
via PCR mutagenesis. Then HEK-293 cells were transfected with expression constructs
for GSK-3Band either wild-type NOREIA or the mutant NOREIA (92 - 94 A). Cells were
lysed 24 hours post-transfection and immunoprecipitated. Wild-type NORE1A was
found in complex with GSK-3 4. However, the mutant NORE1A (92 - 94 A) failed to bind
GSK-38. (b) To ensure the point mutant had not also lost the ability to interact with
S-TrCP we performed similar over expression/pull down studies in HEK-293 cells using a
GFP tagged form of S-TrCP. The NORE1A mutant retained binding, indeed, the binding
appeared to increase somewhat. (c) HEK293 cells were co-transfected with expression
constructs for S-catenin in the presence or absence of wild-type or mutant NORE1A. The
levels of B-catenin protein expression were measured by Western blot. Only the wild-type
NOREI1A suppressed the expression of S-catenin.
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3.5. NORE1A Requires GSK-3p Activity to Induce Cellular
Senescence

In primary mammalian cells, the expression of oncogenes, such as activated RAS,
induces premature senescence rather than transformation [34]. Oncogene Induced
Senescence (OIS) can be bypassed by a number of different genetic events includ-
ing inactivation of the p53/p21/p19ARF pathway, inactivation of the Rb family of
proteins, and aberrations in p53, PML, SIR2, KLF4, and YAP/TAZ [34] [35]. Re-
cent research has now identified GSK-38 as a key player in the activation of cellu-
lar senescence [34] [36] [37]. These reports demonstrate that loss GSK-3 expres-
sion is a vital factor that determines whether a cell transforms or becomes senes-
cent in the presence of constitutively active RAS [34]. Exactly how GSK-3/ func-
tions in RAS-mediated senescence is not clear, and likely occurs on multiple levels
including regulation of p-catenin, p53, and potentially partial suppression of
TEAD genes [34] [35] [38]. NOREI1A is a powerful RAS senescence effector that
functions through both p53 and Rb pathways [27] [39]. As we had found that
NOREI1A binds to GSK-34, we sought to determine whether NOREIA may also
use GSK-34 to shift cells into a senescent phenotype. To achieve this, we used
A549 lung tumor cells (mutant RAS containing) and transiently transfected them
with either an empty vector or an expression construct expressing a GFP-tagged
NOREI1A. 6 hours post-transfection the cells were then treated with LiCl, or water,
the carrier solution, at a final concentration of 10 mM for 72 hours. The cells were
then processed using a f-gal senescence staining kit. The number of positive blue
cells for each experimental group was counted and quantified. Results show that
NOREI1A strongly induced a senescent phenotype in the A549 cells and this effect
was suppressed by the LiCl,, suggesting that NORE1A is using GSK-3/in part as a
senescence effector (Figure 5).

45.0% B-Gal Senescence Assay

40.0%
2 35.0%
3 30.0%
S 25.0%

g 20.0%
8 15.0%
& 10.0%
5.0%
0.0%

Vec Vec + LiCl, NORE1A NORE1A + LiCl,

Figure 5. The GSK-3f inhibitor Lithium Chloride Blocks the Ability of NORE1A to In-
duce Senescence. A549 cells were transfected with vector or NORE1A expression con-
struct. 6-hours post-transfection, the cells were treated with LiCI2 at a final concentration
of 10 mM for 72 hours. The cells were then processed for S-gal activity using a senescence
detection kit. The cells were then counted and the results were quantified. As expected,
NOREI1A strongly shifted cells into senescence (p = 0.05). This effect was impaired in the
presence of LiCl,, supporting the hypothesis that NORE1A is working with GSK-33to ac-
tivate senescence.

DOI: 10.4236/jbm.2024.128006

68 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2024.128006

M. L. Schmidt et al.

4. Discussion

NOREI1A is a RASSF family member that serves as a direct, pro-apoptotic and
senescent effector of the RAS oncoprotein [5]-[8] [10] [30] [40]. It is frequently
down-regulated in human tumors both at an epigenetic and at a protein level [3]
[4]. Therefore, NORE1A is likely to serve as an important human tumor sup-
pressor in human cancer. Like other RASSF family members, NORE1A binds
the MST kinases directly, and thus has the potential to connect RAS to the Hip-
po pathway [12]. However, deletion mutants of NORE1A that cannot interact
with MST kinases retain the ability to inhibit cell growth and suppress the tu-
morigenic phenotype [41]. Thus, other tumor suppressor pathways independent
of the canonical Hippo signaling pathway must be modulated by NOREIA.

One MST-independent function of NORE1A may be the modulation of the
ubiquitin proteosome system. The ubiquitin-proteasome system controls the
degradation of the majority of regulatory eukaryotic proteins, including proteins
that play a key role in tumorigenesis, like S-catenin, IkB, YAP, and TAZ [42]. E3
ubiquitin ligases determine the timing and specificity of ubiquitination for sub-
strates and typically target proteins with specific post-translational modifications
like phosphorylation or hydroxylation [43]. We previously showed that NORE1A
forms a direct, RAS regulated, endogenous complex with g-TrCP [16]. S-TrCP is
the E3 substrate recognition component for the SCF-#T** ubiquitin ligase com-
plex, and is a key element in the regulation of both Wnt and Hippo pathways
[44]. We found that RAS can use NOREIA to promote the degradation of
[-catenin by directly binding f-TrCP [16]. B-catenin is the terminal executor of
the Wnt signaling pathway and must be phosphorylated before it is recognized
by f-TrCP [22] [23].

One of the major kinases that phosphorylates the phospho-degron of f-catenin
is GSK-34 [28]. This is a serine/threonine kinase that is an important compo-
nent of diverse signaling pathways involved in the regulation of cell survival,
protein synthesis, glycogen metabolism, cell mobility, and proliferation [45]
[46]. It has been reported to have both tumor promoting and tumor suppressing
effects in different circumstances [47] [48]. Unlike many other protein kinases in
the cell, GSK-3 has constitutively active kinase activity [49]. Thus, control of
GSK-3p function may rely on targeting proteins, like Axin or APC, that control
its coupling to the appropriate substrate. Here we show that NORE1A is likely
one of these targeting proteins, as it can complex with the kinase and when we
used a GSK-34 inhibitor, or a mutant that does not complex with GSK-34, we
blocked the ability of NORE1A to suppress f-catenin protein. The interaction of
NOREI1A and GSK-38 may be indirect, as we have never seen the kinase ap-
pearing in any of our NORE1A two-hybrid screens. However, we have detected
NOREIA in a direct complex with both cdc37 and TRIM25, both of which have
been reported to be binding partners of GSK-3f in the BioGRID database. So
there are multiple potential mechanisms by which NORE1A could modulate the
kinase. (Figure 6)
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Figure 6. Proposed NORE1A/GSK-3//4-TrCP Signaling Complex—The schematic, de-
picts how we hypothesize NOREI1A to function as a scaffolding molecule in this protein

regulatory complex for f-catenin in contrast to other f-TrCP binding substrates such as
IkB.

By identifying NORE1A as a scaffold molecule for the GSK-3/ kinase com-
plex, we link NORE1A to the potential control of a broad range of targets in ad-
dition to S-catenin, including p53, Snail, Smad1l, Smad3, BCL-3, p21CIP1, HIF-1aq,
and Cyclin D1 [50]. GSK-3p can also phosphorylate the Hippo pathway compo-
nent TAZ, resulting in its proteosomal degradation [51]. So the NORE1A/GSK-3/
connection provides a potential MST independent mechanism by which NORE1A
could regulate Hippo.

Moreover, in addition to the SCE-#T** Ubiquitin ligase complex, NORE1A
can also modulate the ITCH ubiquitin ligase system [52]. ITCH can also impact
components of the Wnt pathway upstream of f-catenin [52] and the Hippo
pathway component LATS [53]. So the role of NOREI1A in regulating the prote-
osome and in Hippo/Wnt signaling and coordination has the potential to be
quite complex.

NOREI1A is a RAS effector and could serve as a connection between RAS and
GSK-3p4. However, although we found that the interaction of NORE1A with
F-TrCP was RAS dependent, [16], its interaction with GSK-3/ was not. There-
fore, NORE1A may have RAS dependent and RAS independent effects on
GSK-3p activity or targeting.

NOREIA is a potent senescence inducer [54]. Indeed, senescence induction
rather than apoptosis induction seems to be its major physiological activity [3].
NOREI1A acts, in part, by scaffolding the kinase HIPK2 to the key tumor sup-
pressor p53 [27]. Here, we show that full NORE1A induced senescence is de-
pendent upon GSK-3 activation as well. GSK-3/ can indirectly regulate p53 via
mdm? regulation [55] and Hippo pathway components LATS1 and 2 kinases
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can also modulate p53 [56]. Thus, NORE1A potentially has at least three mecha-
nisms by which it can impact p53 activity, HIPK2 [27], Hippo pathway and now
GSK-38.

Lithium chloride has the potential to have non-GSK-3/ dependent effects and
the NOREIA point mutant may lose binding to other proteins in addition to
GSK-3p. Moreover, over-expressing scaffolding proteins can give misleading
results due to the requirements of stoichiometry for their function. Further
studies using knockout strategies and more precise inhibitors of GSK-34 may

strengthen the conclusions.
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