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ReceiVed December 16, 2003

ABSTRACT: c-Jun is an immediate-early gene whose degradation by the proteasome pathway is required
for an efficient transactivation. In this report, we demonstrated that the c-Jun coactivator,nascent polypeptide
associated complexandcoactivator alpha (RNAC) was also a target for degradation by the 26S proteasome.
The proteasome inhibitor lactacystin increased the metabolic stability ofRNAC in vivo, and lactacystin,
MG-132, or epoxomicin treatment of cells induced nuclear translocation ofRNAC. We have shown that
the ubiquitous kinase glycogen synthase kinase 3â (GSK3â) directly phosphorylatedRNAC in vitro and
in vivo. Inhibition of the endogenous GSΚ3â activity resulted in the stabilization of this coactivator in
vivo. We identified the phosphoacceptor site in the C-terminal end of the coactivator, on position threonine
159. We demonstrated that the inhibition of GSK3â activity by treatment of cells with the inhibitor 5-iodo-
indirubin-3′-monoxime, as well as with a dominant-negative GSK3â mutant, induced the accumulation
of RNAC in the nuclei of cells. Mutation of the GSK3â phosphoacceptor site onRNAC induced a significant
increase of its coactivation potency. We conclude that GSK3â-dependent phosphorylation ofRNAC was
the signal that directed the protein to the proteasome. The accumulation ofRNAC caused by the inhibition
of the proteasome pathway or the activity of GSK3â contributes to its nuclear translocation and impacts
on its coactivating function.

The major pathways for protein degradation in cells
include lysosomal proteolysis and ubiquitin-dependent as
well as -independent proteasomal proteolysis. Lysosomes are
predominantly involved in the degradation of internalized
extracellular materials and receptors (1), whereas ubiquiti-
nation regulates the proteolysis of many short-lived and
abnormal cellular proteins. A large protein complex, present
in both the cytoplasm and the nucleus of cells, called the
26S proteasome, mediates this regulated degradation (2-
4). Within cells, the covalent addition of multiple molecules
of ubiquitin targets proteins to the 26S proteasome. The
ubiquitin-conjugated proteins are then recognized by the large
19S regulatory complex of the proteasome, and then de-
graded into short peptides by the 20S proteolytic core
complex (3, 5). The 26S proteasome complex is implicated
in the proteolysis of many transcription factors (reviewed in
ref 6), including c-Jun (7, 8). In recent years, targeted
degradation of transcriptional coactivators via the proteasome
pathway has also been described as a mechanism to regulate
transcriptional activity (9-14). For example, the proteolysis
of the estrogen receptorR and its coactivator by the 26S
proteasome is required for an efficient transactivation of
target genes (15), while proteasome-mediated degradation

of the p300 coactivator attenuates glucocorticoid signaling
(9).

Glycogensynthasekinase 3â (GSK3â)1 is an ubiquitously
expressed serine/threonine kinase that phosphorylates a
number of transcription factors (16). It also directly phos-
phorylatesâ-catenin, an Armadillo repeat protein family
member involved in the Wnt-signaling cascade in vertebrates.
In cell adhesion,â-catenin is present in cell-cell contacts
thanks to a rapid turnover of the protein dependent on the
axin/GSK3â/APC (adenomatouspolyposis coli) complex
(17). In the absence of Wnt signals, GSK3â phosphorylates
â-catenin and induces its ubiquitination and degradation by
the proteasome. Wnt signaling increases the amount of
â-catenin by inactivating the GSK3â activity (18). This
results in the stabilization and accumulation ofâ-catenin in
the cytosol (19). Stableâ-catenin can then bind to transcrip-
tion factors of the lymphoid enhancer factor-1/T cell factor
(LEF-1/TCF) family and is transported to the nucleus,
resulting in changes in gene expression (20). In the nucleus,
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â-catenin thus functions as a coactivator of LEF-1/TCF-
dependent transcription.

The AP-1 family member c-Jun is degraded by the
ubiquitin pathway (21, 22). The amino-terminal region of
c-Jun binds the c-Jun amino-terminal kinase (JNK), a
member of the stress activated protein kinases (23). JNK
targets nonphosphorylated c-Jun for ubiquitination and
degradation in normally growing cells (21, 24). Following
JNK activation by various stimuli, phosphorylation of c-Jun
protects it from ubiquitination and prolongs its half-life (7,
25). JNK phosphorylates c-Jun at positions Ser63 and Ser73
within the c-Jun transcriptional activation domain, an es-
sential step for the activating function of c-Jun (26).
Interestingly, ubiquitination-independent c-Jun degradation
by the proteasome has also been observed (27).

It has been demonstrated that GSK3â can phosphorylate
c-Jun at C-terminal sites, resulting in the inhibition of the
DNA-binding activity of c-Jun (28). In resting cells, in which
AP-1 activity is low, c-Jun is phosphorylated on three amino
acid residues located near the C-terminal DNA-binding
domain (29). Activation of resting cells results in specific
dephosphorylation of the C-terminal domain of c-Jun and
leads to increased AP-1 DNA binding (29). It is likely that
cell stimulation activates the N-terminal domain of c-Jun in
parallel with inhibition of GSK3â activity to prevent phos-
phorylation of the c-Jun C-terminus, resulting in increased
DNA-bound AP-1 complexes and enhanced AP-1 activity.

The nascent polypeptide-associated complexand coacti-
vator alpha (RNAC) was first described to be involved in
some aspects of translational control (30), but subsequently
was also shown to function as a transcriptional coactivator
by potentiating the activity of the chimeric Gal4-VP16
activator (31) and of c-Jun homodimers (32, 33).

The degradation ofRNAC may have profound conse-
quences for its subcellular localization and its coactivation
function. We present results demonstrating thatRNAC is
regulated by the proteasome pathway. We showed that its
degradation was dependent upon its phosphorylation by
GSK3â. The stabilization ofRNAC, by inhibition of the
GSK3â signal, or of the proteasome activity, induced the
nuclear accumulation of the protein. Increases in the amount
of nuclearRNAC potentiated its coactivating function.

MATERIALS AND METHODS

Cell Culture.COS-7 African green monkey kidney cells
were maintained in low glucose DMEM supplemented with
10% fetal bovine serum at 37°C in 5% CO2. All transient
transfections were performed using the GenePorter trans-
fection reagent (5µL/µg DNA) according to the manufac-
turer’s procedure (Gene Therapy System, San Diego, CA).

Constructs (subcloning details andVector maps aVailable
on request).The Flag epitope was inserted into the pSI
mammalian expression vector (Promega, Madison, WI) to
give the pSI-Flag plasmid. The cDNAs for the C-terminal
deletion mutant∆151-215 and single point mutants T157A,
T159A, T161A, and S166A were obtained by PCR cloning
(primer sequences available on request). The cDNAs encod-
ing wild-typeRNAC or mutants were inserted in-frame into
pSI-Flag to yield the pSI-NAC-Flag expression vectors.

Pulse-Chase.The COS-7 cells were plated at 3.2× 105

cells/60-mm plate 24 h prior to transfection, and transiently

transfected with 3µg of pSI-NAC-Flag or mutant, and 3µg
of pBlueScript (Stratagene, La Jolla, CA). At 48 h post-
transfection, the cells were incubated for 1 h in methionine-
and cysteine-free DMEM (ICN, Irvine, CA), and then labeled
for 30 min with 100µCi/mL of [35S]methionine (ICN). The
cells were washed and chased in complete medium supple-
mented with 1 mM excess of nonradioactive methionine for
30 min to 8 h before harvest. The proteasome inhibitor
lactacystin (10µM; Peptide Institute, Louisville, KY) (34),
the thiol protease inhibitor E-64-d (25µM; Peptide Institute),
and the GSK3â inhibitor 5-iodo-indirubin-3′-monoxime
(indirubin) (35) (20 µM, Calbiochem, La Jolla, CA) were
added with the first incubation in methionine- and cysteine-
free medium and during the pulse and the chase as well.
The cells were washed and lysed in 2× lysis buffer (100
mM Tris-Cl pH 7.4, 300 mM NaCl, 2 mM EDTA, 2 mM
EGTA, 2% Triton X-100) in the presence of 5µg/mL anti-
proteases (leupeptin, aprotinin, and pepstatin A) and 1 mM
PMSF. The lysates were diluted with H2O to reach 1× lysis
buffer. The cell extracts were incubated overnight at 4°C
with 40µL of EZview Red anti-Flag M2 affinity gel (Sigma,
Saint-Louis, MO), or with 20µL of anti-GST affinity gel as
a negative control (Santa Cruz Biotechnology Inc., Santa
Cruz, CA). The affinity gel-purified proteins were extensively
washed in 1× lysis buffer, resuspended in SDS sample buffer
without DTT, and resolved by a 12% SDS-PAGE. The
intensity of the signals was quantified using a Typhoon 8600
PhosphorImager (Amersham-Pharmacia Canada, Baie d’Urfe´,
QC).

Immunocytochemistry.COS-7 cells were plated at 1.2×
105 cells/35-mm plate, on gelatin-coated cover slips. Twenty-
four hours later, the cells were transiently transfected with
0.4 µg of pSI-NAC-Flag and 1.6µg of pBlueScript (Strat-
agene). At 24 h post-transfection, the cells were treated for
4 h with the proteasome inhibitors lactacystin (25µM) (34),
MG-132 (20µM, Calbiochem) (36), and epoxomicin (20µM,
Calbiochem) (37), or E-64-d (25µM), indirubin (10, 20, and
50 µM), or vehicle. After treatment, the cells were fixed in
4% paraformaldehyde, permeabilized with 0.2% Triton
X-100, and the quenching of endogenous peroxidase activity
was performed with 1% H2O2. Following blocking with 1%
Blocking Reagent (Roche Molecular Diagnostics, Laval, QC)
supplemented with 0.2% Tween-20, the cells were incubated
with the anti-Flag M2 antibody (Sigma), then incubated with
the secondary biotinylated anti-mouse IgG antibody (Vector
Laboratories Inc., Burlingame, CA). After washes, the cells
were incubated in the Avidin Biotin peroxidase reagent
(Vector Lab. Inc.). The peroxidase staining was resolved with
DAB reagent. For the results presented in Figure 6, HeLa
cells were transfected with 2µg of pcDNA3-R85, an
expression vector for a myc-tagged dominant-negative (DN)
GSK3â mutant (38). Cells were fixed and treated as
described above, and then incubated with a polyclonal anti-
RNAC antibody (1:50 dilution) (39) and a monoclonal anti-
myc tag antibody (1:200 dilution) (Santa Cruz Biotechnol-
ogy). The cells were then incubated for 1-2 h at room
temperature with a fluorescein isothiocyanate-conjugated
anti-mouse IgG secondary antibody (dilution 1:500) to reveal
the myc-tagged DN-GSK3â and a rhodamine-conjugated
anti-rabbit IgG secondary antibody (dilution 1:500) to detect
endogenousRNAC protein. Coverslips were mounted in
Vectashield (with DAPI) mounting medium (Vector Labo-

GSK3â TargetsRNAC to the Proteasome Biochemistry, Vol. 43, No. 10, 20042907



ratories). All results were visualized on a Leica DM-R
microscope at 200×.

In ViVo Phosphorylation Assays.At 48 h post-transfection,
the pSI-NAC-Flag transfected COS-7 cells were treated for
1 h with lactacystin (10µM), E-64-d (25µM), indirubin (20
µM), or the corresponding vehicle, followed by permeabi-
lization with 0.6 U/mL Streptolysin O (Sigma) and labeling
for 1 h with 50µCi of [γ-32P]ATP (Amersham-Pharmacia),
as described by Carter (40), in the presence of inhibitors
where indicated in figure legends. The cells were lysed in
2× lysis buffer in the presence of inhibitors of phosphatases
(2 mM â-glycerophosphate, 2 mM orthovanadate, 5 mM
sodium pyrophosphate), and of proteases (5µg/mL leupeptin,
aprotinin, pepstatin A, and 1 mM PMSF). The cell lysates
were diluted with H2O to reach 1× lysis buffer. The
radiolabeled cell extracts were incubated overnight at 4°C
with anti-Flag M2 affinity gel (Sigma). The affinity gels were
extensively washed in 1× lysis buffer and resuspended in
SDS sample buffer in absence of DTT. Immunoprecipitates
were run on 12% SDS-PAGE. The gel was subsequently
dried and exposed at-80°C. The intensity of the signals
was quantified using the Typhoon PhosphorImager. To
control for protein expression levels, one-third of the lysates
were run onto a 12% SDS-PAGE and transferred to a PVDF
membrane. The membrane was blocked and incubated with
the anti-NAC antibody. After washes, the membrane was
incubated with the anti-rabbit secondary antibody conjugated
to HRP (Amersham-Pharmacia). The signal was revealed
with the ECL+Plus kit (Amersham-Pharmacia) and quanti-
fied with the Typhoon PhosphorImager.

In Vitro Kinase Assays.Full-lengthRNAC, deletion and
point mutant cDNAs were subcloned in-frame at their
C-termini with the Intein-Chitin binding domain of the
pTYB2 expression vector (New England Biolabs Ltd.,
Mississauga, ON). The recombinant proteins were produced
and purified following the manufacturer’s procedure (NEB).
For in vitro kinase assays, 2µg of the recombinant proteins
were incubated for 30 min at 30°C in GSK3â buffer (20
mM Tris-Cl pH 7.5, 10 mM MgCl2, 5 mM DTT) with 2.5
units of GSK3â (Sigma) and 5µCi of [γ-32P]ATP, and then
resolved by a 12% SDS-PAGE.

Luciferase Assays.COS-7 cells were seeded at 1.2× 105

cells/well in 6-well plates and transiently transfected the
following day using 6µL/well of the Lipofectamine reagent
(Invitrogen Canada Inc., Burlington, ON). Transfections used
300 ng of expression vectors for wild-typeRNAC or the
T159A point mutant, and 300 ng of the pCI-c-Jun expression
plasmid (32). The reporter vector (100 ng) was mmp-9 pGL3,
which contains the proximal 670 bp of the mmp-9 gene
promoter driving luciferase (41). Variations in transfection
efficiency were monitored with 40 ng of the pSV6tkCAT
reporter (42). The total amount of DNA was completed at 2
µg using the inert pBlueScript plasmid (Stratagene). Cells
were maintained in 0.5% serum throughout and lysates were
prepared in the reporter gene assay lysis buffer (Roche
Molecular Biochemicals, Laval, QC) 48 h post-transfection.
One hundred microliters of cell lysate were used for single
luciferase reporter assays following the manufacturer’s
instructions (Promega). Luciferase activity was measured
with a Monolight 2010 luminometer (Analytical Lumines-
cence Laboratory, San Diego, CA). Relative light units were
normalized to CAT expression assayed by the CAT Elisa

system (Roche Diagnostics, Indianapolis, IN). The expression
level detected in cells transfected with the mmp-9 pGL3
reporter alone was arbitrarily ascribed a value of 1. The
expression level of transfected proteins was controlled by
immunoblotting with appropriate antibodies (data not shown).

RESULTS

Proteasome Inhibitor Lactacystin Increases the Metabolic
Stability of RNAC. It is well established that inhibition of
the 26S proteasome by lactacystin leads to a stabilization
and accumulation of proteins that are usually metabolized
by this pathway (43). To determine whetherRNAC was
degraded by the 26S proteasome, we employed COS-7 cells,
which express detectable levels of endogenousRNAC (not
shown), and transfected them with theRNAC-Flag expres-
sion vector. The transfected cells were pulse-labeled with
[35S]methionine for 30 min and chased for increasing periods
of time. Immunoprecipitation showed that the level of
radiolabeledRNAC-Flag decreased significantly slower in
lactacystin-treated cells (Figure 1C) than in control cells
(Figure 1A), whereas the thiol protease inhibitor E-64-d
(Figure 1B) had no effect on the degradation ofRNAC in
COS-7 cells. In these experiments, theRNAC-Flag proteins
could be resolved as a doublet reflecting differentially
phosphorylated forms of the protein (ref33 and Que´lo and
St-Arnaud, unpublished observations). Pulse-labeledRNAC-
Flag protein levels decreased gradually with a calculated half-
life of 1.8 h, in contrast to protein from the lactacystin-treated
cells that exhibited a longer half-life (>8 h) (Figure 1D).
These results strongly suggest thatRNAC undergoes pro-
teasome-mediated proteolysis.

Inhibition of the Proteasome ActiVity Induces the Nuclear
Translocation ofRNAC.The inactivation of the proteasome-
dependent degradation pathway results in the accumulation
of some proteins, such asâ-catenin (44), and their translo-
cation to the nucleus. To determine the localization ofRNAC
after inhibition of the proteasome, the transfected COS-7 cells
were treated with the proteasome inhibitors lactacystin (34),
MG-132 (36), or epoxomicin (37), or the thiol protease
inhibitor E-64-d for 4 h, and immunostained with the anti-
Flag M2 antibody (Figure 2). Immunodetection of steady-
state expression patterns revealed thatRNAC-Flag had a
cytoplasmic and perinuclear expression pattern (panel b),
identical to endogenousRNAC (see Figure 6, bottom panel).
Some nuclear staining could also be detected under steady-
state conditions (Figure 2b).RNAC translocated to the
nucleus after inhibition of the 26S proteasome activity by
treatment of cells with lactacystin (panel c), MG-132 (panel
e), or epoxomicin (panel f). This translocation was specific
to the inhibition of the proteasome since no effect was
observed after treatment with E-64-d (panel d). Thus, the
inhibition of the rapid turnover ofRNAC led to its stabiliza-
tion and accumulation in cells. This resulted in its nuclear
translocation, where the protein may exert its coactivating
function.

RNAC Is Phosphorylated by GSK3â in ViVo. Inhibition
of the GSK3â kinase was shown to stabilize c-Jun (8) and
â-catenin (18) in target cells. Mutations of the GSK3â
phosphorylation sites withinâ-catenin leads to an accumula-
tion of the mutant protein (19, 44, 45). These results
stimulated experiments to test whetherRNAC was a substrate
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of GSK3â in cells (Figure 3). Metabolic labeling of intact
cells after permeabilization (40) showed that theRNAC-Flag
protein was phosphorylated in vivo (upper panel, lane 2).
Inhibition of the endogenous GSK3â activity by indirubin
(35) reduced the phospholabeling ofRNAC and thus
confirmed thatRNAC was a substrate of GSK3â in vivo
(lane 3). Normalization of the phosphorylation signal to
protein expression levels (Figure 3, lower panel) using the
Scion Image software (Scion Corporation, Md) confirmed
that indirubin treatment reduced phosphorylation levels by
25%.

Inhibition of GSK3â BlocksRNAC Degradation.We next
investigated the impact of phosphorylation by GSK3â on
the stability ofRNAC. For that purpose, pulse-chase analyses
were performed with the wild-typeRNAC in the presence
of indirubin or vehicle. Following immunoprecipitation, the
level of pulse-labeledRNAC-Flag proteins decreased slower

in indirubin-treated cells (Figure 4A, lower panel) than in
vehicle-treated cells (Figure 4A, upper panel). The half-life
of the protein increased by 2.5-fold after indirubin treatment
and was measured at 4.5 h (Figure 4B). These results strongly
suggest that the inhibition of the GSK3â activity prevented
RNAC degradation by the 26S proteasome and led to an
accumulation of the protein in cells.

Inhibition of the GSK3â ActiVity Leads to the Nuclear
Translocation of RNAC. We examined the subcellular
localization ofRNAC in COS-7 cells when GSK3â activity
was inhibited by treatment with indirubin or by overexpres-
sion of a dominant-negative GSK3â (DN-GSK3â) mutant.
We performed immunocytochemistry in COS-7 cells tran-
siently transfected with expression vectors forRNAC and
the subcellular localization of the Flag-tagged proteins was
observed with the anti-Flag M2 antibody. As previously
observed, the immunostaining revealed a predominant peri-
nuclear and cytoplasmic distribution ofRNAC (Figure 5a;
see also Figure 6, lower panel). In contrast, the protein
located to the nucleus of cells after inhibition of the GSK3â
activity by treatment with indirubin. The indirubin effect was
dose-dependent (Figure 5, panels b, c, and d), with the higher
nuclear staining observed at 50µM. Cells were also
transfected with a dominant negative mutant form of GSK3â
(38). Figure 6 shows a field of four cells (top panel, DAPI
staining) that expressed endogenousRNAC (bottom panel).
One of these cells also expressed the DN-GSK3â mutant
(middle panel). The endogenousRNAC protein localized to

FIGURE 1: The 26S proteasome degradesRNAC. (A, B, C) Pulse-
chase analysis. At 48 h post-transfection with anRNAC-Flag
expression vector, COS-7 cells were pulse-labeled for 30 min with
[35S]-methionine and lysed at the indicated times. Lactacystin (panel
C, 10 µM), E-64-d (panel B, 25µM), or vehicle (panel A) were
added during the pulse and the chase. Flag-tagged proteins were
purified with anti-Flag M2 affinity resin and revealed by autora-
diography. M, molecular size markers. (Panel D) quantification.
The intensity of the signal from the blots shown in A-C were
quantified using a PhosphorImager; the signal at time 0 of the chase
was set as 100%. The graph shows mean( SEM of three separate
experiments. The half-life ofRNAC was calculated at 1.8 h in
untreated cells but increased to more than 8 h in response to
lactacystin treatment.

FIGURE 2: Localization ofRNAC in cells treated with inhibitors
of the proteasome. COS-7 cells were transiently transfected with
theRNAC-Flag expression vector. At 24 h post-transfection, COS-7
cells were treated with lactacystin (c, 25µM), E-64-d (d, 25µM),
MG-132 (e, 20µM), epoxomicin (f, 20µM), or vehicle (a, b). After
4 h of treatment, the cells were immunostained with the anti-Flag
M2 antibody (b-f). Detection was by peroxidase staining (a-d)
or indirect fluorescence (e, f). Background staining was assessed
by staining cells transfected with the empty expression vector (panel
a). Bar) 100 µm.
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the cytoplasm, except in the cell that coexpressed the DN-
GSK3â protein, where it also accumulated in the nucleus
(Figure 6, bottom panel). Taken together, these results show
that inhibition of GSK3â activity, either with chemical
inhibitors or dominant negative mutants, promoted nuclear
localization ofRNAC.

Identification of the GSK3â Phosphoacceptor Site.To
identify the GSK3â phosphoacceptor site withinRNAC,
wild-type RNAC, deletion and point mutants were produced
and purified inEscherichia coliusing pTYB2-based expres-
sion vectors, which yield recombinant proteins devoid of an
associated fusion moiety. These were used for in vitro kinase
assays with recombinant GSK3â (Figure 7). The maltose
binding protein (MaBP), produced in a similar fashion, was
used as a negative control, whereas the recombinant protein
myelin basic protein (MyBP) served as positive control for
the GSK3â activity. In vitro kinase assays demonstrated that
RNAC was a substrate of GSK3â in vitro (Figure 7A, upper
panel, lane 4). In these assays, a minor phosphorylated
product with faster electrophoretic mobility was observed.
This band may represent a degradation product or a differ-
entially posttranslationally modified recombinantRNAC
molecule. Deleting residues 151-215 from the recombinant
RNAC completely inhibited GSK3â phosphorylation of the
protein (Figure 7A, upper panel, lane 5), suggesting that the
GSK3â phosphoacceptor site resides in the carboxy-terminal
end ofRNAC. The decrease observed with the∆151-215
mutant was not due to a lower amount of the recombinant
protein, as shown by Gel Code Blue staining (Figure 7A,
lower panel).

We then identified the phosphoacceptor site by using point
mutants of the serine and threonine residues in the C-terminal
region ofRNAC. The residue threonine 159 was identified

as the GSK3â phosphoacceptor site in vitro (Figure 7B, upper
panel, lane 4). Staining of the proteins demonstrated that the
decreased signal obtained with the T159A mutant was not
due to a reduced amount of protein (Figure 7B, lower panel).

FIGURE 3: GSK3â phosphorylatesRNAC in vivo. COS-7 cells were
transfected with theRNAC-Flag expression vector, and treated for
2 h with the GSK3â inhibitor, indirubin (20µM), or vehicle. After
labeling with [γ-32P]ATP, the Flag-tagged proteins were immuno-
precipitated. The phosphorylated proteins were revealed by auto-
radiography (upper panel) and the expression ofRNAC by
immunoblotting with the anti-NAC antibody (lower panel). M,
molecular size markers.

FIGURE 4: Proteasome degradation ofRNAC depends on GSK3â
phosphorylation. (A) Pulse-chase analysis. After transfection with
theRNAC-Flag expression vector, the35S-labeled COS7 cells were
chased for the times indicated, in the presence of indirubin (lower
panel, 20µM) or vehicle (upper panel). The Flag-tagged proteins
were purified with anti-Flag M2 affinity gel and revealed by
autoradiography. M, molecular size markers. (B) Quantification.
The half-life of RNAC was calculated at 1.8 h in vehicle-treated
cells, but increased 2.5-fold in response to indirubin treatment (4.5
h).

FIGURE 5: Nuclear translocation ofRNAC following inhibition of
GSK3â activity. COS-7 cells were transiently transfected with the
RNAC-Flag expression vector. At 24 h post-transfection, the cells
were treated for 4 h with increasing concentration of indirubin (b,
c, d) or vehicle (a). The peroxidase staining was revealed with anti-
Flag M2 antibody. (a) vehicle; (b) 10µM indirubin, (c) 20 µM
indirubin; (d) 50µM indirubin. Bar ) 50 µm.
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T159 Phosphoacceptor Site Is Functional in Cells.We
transfected deletion and point mutants ofRNAC-Flag in
COS-7 cells and performed metabolic labeling with [γ-32P]-
ATP. Immunoprecipitated Flag-tagged proteins revealed a
decrease in phosphorylation after deletion or mutation of the
C-terminal region ofRNAC (Figure 8A). The phosphory-
lation levels were measured by PhosphorImager, and con-
trolled for protein expression levels (data not shown). The
∆151-215 mutant retained only 31% of theRNAC phos-
phorylation level, whereas the T159A point mutant lost 16%
of the phosphorylation signal intensity (Figure 8B). It should
be noted that mutation of the T159 phosphoacceptor residue
and inhibition of GSK3â by treatment of cells with indirubin
had identical effects onRNAC phosphorylation (Figure 8B).
The very low phosphorylation level observed with the deleted

mutant was most likely due to the presence of other
phosphoacceptor sites within the deleted C-terminal region.

As inhibition of GSK3â activity resulted in the relocal-
ization ofRNAC to the nucleus, we next examined the effect
of mutating the GSK3â phosphoacceptor site on the coac-
tivating function ofRNAC. We performed transfections in
COS-7 cells with expression vectors for wild-type or T159A
RNAC proteins, c-Jun, and a luciferase reporter gene under
the control of the mmp-9 gene promoter (41). Under the
conditions selected, c-Jun modestly stimulated the expression

FIGURE 6: Nuclear accumulation ofRNAC in cells expressing a
dominant-negative GSK3â mutant. HeLa cells were transiently
transfected with pcDNA3-R85, an expression vector for a myc-
tagged dominant-negative (DN) GSK3â mutant. Indirect immuno-
fluorescence with an anti-myc epitope and anti-RNAC antibodies
revealed expression of the transfected DN-GSK3â mutant (middle
panel) or the endogenousRNAC protein (bottom panel). DAPI stain
in the mounting medium labeled the nuclei of all cells in the field
(top panel). Note that endogenousRNAC was cytoplasmic in
untransfected cells, but accumulated in the nucleus of cells
expressing DN-GSK3â.

FIGURE 7: Identification of the GSK3â phosphoacceptor site. (A)
Recombinant GSK3â was incubated with recombinantRNAC WT,
or ∆151-215 deletion mutant, positive control (MyBP) or negative
control (MaBP), in the presence of [γ-32P]ATP. The32P-phosphor-
ylated substrates were detected by autoradiography (upper gel). The
lower gel shows Gel Code blue staining. The autophosphorylation
of GSK3â was detected in this in vitro kinase assay (bold arrow).
A significant decrease in GSK3â-dependent phosphorylation was
observed with the∆151-215 mutant. (B) In vitro GSK3â kinase
assay was performed with single point mutants ofRNAC C-terminal
region (upper gel). A significant decrease in the phosphorylation
level was observed with the T159A mutant (lane 4). The lower gel
shows Gel Code blue staining. M, molecular size markers.
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of the reporter gene, while the wild-typeRNAC protein was
without effect (Figure 9). When coexpressed with c-Jun,
RNAC potentiated AP-1-dependent transcription from the
mmp-9 promoter (Figure 9). Interestingly, the T159A phos-
phoacceptor mutant, which accumulates in the nucleus (data
not shown), led to increased transcription from the mmp-9
promoter, presumably through interaction with endogenous
c-Jun proteins. When coexpressed with c-Jun, the T159A

RNAC mutant strongly potentiated the transcriptional activity
of c-Jun (Figure 9). The T159A coactivating activity was
significantly higher than the activity measured for its wild-
type counterpart (Figure 9). Thus, blocking the phosphory-
lation of RNAC by GSK3â leads to an increase in the
transcriptional regulatory activity ofRNAC.

DISCUSSION

The regulation of the expression and degradation of
transcription factors and their coactivators are important for
an efficient regulation of target gene transcription (6, 9-11,
13, 15). c-Jun degradation, subcellular localization, and
transcriptional activity is tightly regulated in cells (7, 29,
46, 47). RNAC was previously demonstrated to be a
transcriptional coactivator for c-Jun (32, 33). In this study,
we have addressed the control ofRNAC protein levels and
subcellular localization by inhibition of the proteasome
pathway and suppression of GSK3â signaling.

Our results strongly suggest that posttranslational modi-
fications ofRNAC resulted in its regulated degradation by
the 26S proteasome in vivo. TheRNAC protein was a
substrate for GSK3â-dependent phosphorylation in vivo and
in vitro, and this posttranslational modification occurred on
residue T159 of the molecule. Since the inhibition of the
endogenous GSK3â activity blockedRNAC degradation, we
conclude that GSK3â-dependent phosphorylation ofRNAC
is the key signal that directs the protein for proteolysis by
the 26S proteasome. Inhibition ofRNAC degradation by
inhibition of the proteasome or GSK3â activities moreover
resulted in the accumulation ofRNAC in the nuclei of cells
and increasedRNAC coactivating potency.

Ubiquitination and proteasome-dependent degradation has
been reported for transcriptional coactivators that modulate
the activity of several classes of transcription factors, such
as nuclear receptors (9, 12, 15), octamer proteins (10, 11),
cardiac MEF2 factors (13), and AP-1 family members (14,
48). Thus, regulating the stability and level of transcriptional
coactivators may appear as a general mechanism to modulate
transcriptional activity. In some instances, ubiquitination of
the coactivator molecule was unambiguously demonstrated
(14). In other cases, ubiquitination was inferred based on
interaction of the coactivator with a ubiquitin ligase protein
and the effect of proteasome inhibitors (11, 13). Our attempts
to detect ubiquitinatedRNAC species were not successful
(not shown). While this may reflect the difficulty in isolating
polyubiquitinated proteins upon inhibition of the proteasome
(49), it is worth mentioning that ubiquitination-independent
proteasomal degradation was recently demonstrated for AP-1
family members (27, 50). It remains possible thatRNAC, a
coactivator of the c-Jun AP-1 dimer (32, 33), is targeted to
the proteasome via a similar ubiquitination-independent
pathway.

It appeared that the intracellular pool ofRNAC was
recognized and phosphorylated by an active GSK3â in cells.
Inhibition of endogenous GSK3â activity by indirubin
treatment or through a dominant-negative GSK3â mutant led
to nuclear accumulation ofRNAC. Permeabilization and
phosphorylation studies revealed that the T159 phosphoac-
ceptor site was functional in cells. Labeling of phosphop-
roteins in permeabilized, intact cells is a powerful experi-
mental approach to study protein kinase-catalyzed phosphoryla-

FIGURE 8: The T159 phosphoacceptor site is functional in cells.
COS-7 cells were transfected with wild-typeRNAC, with or without
indirubin treatment, the∆151-215 deletion mutant, or the T159A
point mutant expression vectors, and radiolabeled with [γ-32P]ATP
following permeabilization. (A) After immunoprecipitation with the
anti-Flag M2 beads, the phosphorylation status of the Flag-tagged
proteins was revealed by autoradiography (representative experi-
ment). (B) The phosphorylation levels of wild-typeRNAC and
mutant proteins were calculated using a Typhoon PhosphorImager
and controlled for protein expression levels. With the phosphory-
lation signal of wild-typeRNAC arbitrarily set at 100%, phosphor-
ylation of the other samples was calculated as∆151-215: 31%;
T159A: 84%; indirubin treatment: 82%.

FIGURE 9: Effect of mutating the GSK3â phosphoacceptor site on
RNAC-mediated coactivation of c-Jun-dependent transcription.
COS-7 cells were transfected with expression vectors for c-Jun,
wild-type RNAC, or the T159A mutant, alone or in combinations.
The reporter construct contained the proximal 670 bp of the mmp-9
gene promoter driving luciferase. After 48 h in low serum, the cells
were lysed and luciferase assays were performed. The expression
level detected in cells transfected with the reporter construct alone
was arbitrarily ascribed a value of 1. Results are mean( SEM of
three independent transfections.
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tion reactions and identify relevant substrates (40). We treated
cells with the inhibitor indirubin to confirm thatRNAC was
a substrate of GSK3â in vivo. Indirubin was also shown to
inhibit several cyclin-dependent kinases such as CDK1 (35).
However, indirubin inhibits GSK3â more potently than it
does CDK1 (35). Moreover, no consensus site for phosphor-
ylation by CDKs was identified within theRNAC amino
acid sequence using NetPhos, the prediction server of the
Center for Biological Sequence Analysis of the Technical
University of Denmark. This supports the hypothesis that
RNAC is a bona fide GSK3â substrate in cells.

In the permeabilization experiments, the phospholabeling
of the T159A mutant was only slightly reduced. This most
likely results from the presence of several putative phos-
phoacceptor sites for various other protein kinases within
the RNAC sequence (18 serine and 18 threonine residues).
A similar reduction of phosphorylation was obtained after
inhibition with indirubin, however, which confirmed that
residue T159 was the only functional GSK3â phospho-
acceptor site in cells. By contrast, an important decrease in
phospholabeling was observed with the∆151-215 mutant,
presumably related to the presence of 10 putative phospho-
acceptor sites in the deleted region.

Nuclear accumulation ofRNAC was induced by inhibition
of the GSK3â activity. Under steady-state conditions, a small
portion ofRNAC was localized to the nucleus of cells (Figure
2), suggesting that the protein may shuttle to and from the
nucleus constitutively. Our results showing a nuclear staining
of RNAC following proteasome inhibition or GSK3â inhibi-
tion suggest that the cellular accumulation ofRNAC,
achieved by influencing the regulated degradation ofRNAC
by the proteasome pathway, resulted in a higher nuclear entry
of the molecule. A similar nuclear pattern was obtained with
another GSK3â inhibitor, SB216763 (data not shown). We
hypothesize that the translocation to the nucleus was medi-
ated by an unidentified nuclear localization sequence, or in
conjunction with a transcriptional partner, which leads to the
availability of RNAC in the nucleus to exert its function as
a transcriptional coactivator (31, 33). By analogy to the
â-catenin pathway,RNAC nuclear translocation may occur
in a complex with transcription factors such as c-Jun, with
which RNAC is known to interact (33). Full c-Jun transcrip-
tional activity also requires dephosphorylation of GSK3â
phosphoacceptor sites (29) and inhibition of proteasome
degradation (24). It is tempting to speculate that some of
the signals that control c-Jun phosphorylation by GSK3â and
its stability will also impact onRNAC phosphorylation and
half-life. Affecting both the stability ofRNAC and its partner
c-Jun, through signaling or treatment with GSK3â or
proteasome inhibitors as described herein, would result in
cellular accumulation of the proteins, their translocation to
the nucleus and their saturation effects on transcription.

Indeed, we demonstrated that mutation of the GSK3â
phosphoacceptor site resulted in a significant increase in
RNAC coactivating function. The transcription data presented
in Figure 9 is the first demonstration of the AP-1-dependent
coactivating function ofRNAC on a natural transcriptional
regulatory sequence, the mmp-9 gene promoter. Inhibition
of the endogenous GSK3â activity by treatment of cells with
low doses of indirubin or the SB216763 inhibitor also
resulted in a slight increase inRNAC-mediated coactivation
(data not shown). Overall, our results are consistent with a

role for GSK3â phosphorylation in the control of the
subcellular localization ofRNAC with an impact on its
coactivating function.

Since the degradation ofRNAC by the proteasome appears
to be a steady-state event, it will be of interest to determine
the nature of putative inhibitory stimuli forRNAC degrada-
tion. In our present model, the phosphorylation ofRNAC
by GSK3â in the absence of signals would represent the
initial event for the degradation ofRNAC. The inactivation
of GSK3â in response to an unknown upstream signal would
then result in a hypophosphorylatedRNAC that would
become unavailable for the proteasome degradation machin-
ery, would translocate to the nucleus, and potentiate tran-
scription.
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