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Casein Kinase II Phosphorylation Regulates
αNAC Subcellular Localization and
Transcriptional Coactivating Activity
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The subcellular localization of the αNAC coactivator is regulated, but the signaling pathways controlling its
nucleocytoplasmic shuttling and coactivation function are not completely characterized. We report here that
casein kinase II (CK2) phosphorylated αNAC on several phosphoacceptor sites, especially in an amino-terminal
cluster. Deletion or mutation of the clustered CK2 sites induced nuclear accumulation of αNAC in cells. αNAC
also localized to the nucleus when endogenous CK2 activity was inhibited by quercetin or 5,6-dichloro-1-β-D-
ribofuranosylbenzimidazole (DRB). These observations suggested that phosphorylation by CK2 might play a
signaling role in the nuclear export of αNAC. Interestingly, inhibition of the chromosome region maintenance
1 (CRM1) exportin by leptomycin B (LMB) led to accumulation of αNAC in the nucleus. We conclude that
CK2 phosphorylation of the N-terminal cluster corresponds to the signal for αNAC’s nuclear export via a
CRM1-dependent pathway. Finally, the nuclear accumulation of the protein resulting from the lack of CK2
phosphorylation mediated a slight but significant increase of the αNAC coactivating function on AP-1 transcrip-
tional activity. Thus, αNAC’s exit from the nucleus and capacity to potentiate transcription appear dependent
on its phosphorylation status.
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THE nascent polypeptide associated complex and co- resulting in enhanced transcription rates. To exert its
coactivation function, αNAC must enter the nucleusactivator alpha (αNAC) gene was first identified as a

modulator of translation (46) and purified as a hetero- and we have found that the subcellular localization
of the protein is regulated through differential phos-dimer with βNAC/BTF3b, previously identified as a

transcriptional factor in yeast (19) and higher eukary- phorylation. Indeed, αNAC is a substrate of the inte-
grin-linked kinase (ILK) (37) and of glycogen syn-otes (52). Moreover, α- and βNAC subunits were

shown to enter the nucleus in yeast (13). We charac- thase kinase 3β (GSK3β) (36). Our current model
for the potentiation of c-Jun transcription by αNACterized the αNAC subunit as being a transcriptional

coactivator of the chimeric Gal4-VP16 activator and is the following: the constitutive phosphorylation of
αNAC on residue Thr159 by GSK3β targets the co-of c-Jun homodimers in vivo (32,50). αNAC also

interacts with the general transcription factor TBP activator for degradation by the proteasome (36). The
inactivation of GSK3β in response to adhesion and(TATA binding protein) (50). αNAC promotes the

interaction between transcription factors bound to ILK activation (9) would then result in a Thr159-
hypophosphorylated αNAC that would become un-DNA and the basal transcriptional machinery, there-

fore stabilizing the transcription factors on DNA and available for proteasome degradation, but would be-
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come a substrate for the ILK activity on residue dent upon phosphorylation by CK2 at the N-terminal
phosphoacceptor sites.Ser43. The Ser43-phosphorylated αNAC would pref-

erentially interact with c-Jun (21), translocate to the
nucleus, and potentiate transcription (32). This model
hypothesizes that αNAC must subsequently be ex- MATERIALS AND METHODS
ported from the nucleus, and we surmised that this
export step could also be modulated by posttransla- Plasmids and Constructs (Subcloning Details
tional modifications. In this report, we further exam- and Vector Maps Available on Request)
ined the regulation of the subcellular localization of

The FLAG epitope was inserted into the pSI mam-αNAC by one of the major kinases in the cell, casein
malian expression vector (Promega, Madison, WI) tokinase II (CK2).
give the pSI-Flag plasmid. The cDNAs encodingCK2 is a constitutively active serine/threonine pro-
wild-type (wt) or mutated αNAC (see figure legends)tein kinase with an α2β2 tetrameric structure. It is
were inserted in-frame into pSI-Flag to yield the pSI-found in both the cytoplasm and the nucleus, but was
NAC-Flag expression vectors.reported to localize predominantly to the nucleus (31).

Full-length αNAC (wt) and mutants cDNAs wereThe β subunit is thought to have regulatory properties
subcloned in-frame at their C-termini with the Intein-whereas the α and α′ subunits are catalytic and inter-
Chitin binding domain of the pTYB2 expression vec-act with DNA (10). The DNA binding of the α cata-
tor (NEB, Mississauga, ON) to give pTYB2-NAClytic subunits in the nucleus abolishes the catalytic
plasmids.activity of the nuclear form of CK2. This loss of

DNA binding was observed with some CK2 inhibi-
Cell Culture and Transfectiontors but not with the flavonoid inhibitor quercetin

(15). CK2 interacts and phosphorylates a number of COS-7 African green monkey kidney cells were
proteins such as DNA topoisomerase II (5,8,43), IκBα maintained in low-glucose DMEM supplemented
(2,29,40), as well as transcription factors such as p53 with 10% fetal bovine serum at 37°C in 5% CO2. All
(12,30,31) and c-Jun (28). It also regulates the nu- transient transfections were performed using 5 µl/µg
clear import (20,23,48) or export (35) of molecules, of DNA of the GenePorter transfection reagent, ac-
and their transcriptional activities (22,24,34,41). cording to the manufacturer’s procedure (Gene Ther-

Protein motifs such as nuclear localization signals apy System, San Diego, CA).
and nuclear export signals (NES) are involved in the For immunoprecipitation, COS-7 cells were plated
entrance and exit of proteins to and from the nucleus, at 3 × 105 cells/60-mm plate, and transiently transfec-
respectively. This nucleocytoplasmic shuttling of mol- ted with 6 µg of pSI-NAC-Flag or mutant. For immu-
ecules through the nuclear pore complex is energy nocytochemistry, COS-7 cells were plated at 1.2 ×
dependent and requires transporter molecules named 105 cells/35-mm plate, on gelatin-coated coverslips,
importins and exportins [reviewed in (16,33,42)]. and transiently transfected with 0.4 µg of pSI-NAC-
Chromosome region maintenance 1 (CRM1) is an ex- Flag, or mutant construct, and 1.6 µg of pBlueScript
port receptor, also named exportin, that binds tightly (Stratagene, La Jolla, CA) or 2 µg of pBlueScript as
to the nuclear pore complex. The first evidence of a control.
CRM1 as an exportin was shown by using the CRM1
inhibitor leptomycin B (LMB), which blocks the nu- Metabolic Labeling
clear export of HIV-Rev (47). CRM1 mediates the
export of NES-containing proteins (14) and LMB is At 48 h posttransfection, the pSI-NAC-Flag trans-

fected COS-7 cells were treated for 1 h with the CK2a useful tool for the identification of CRM1 export
substrates (18,27). inhibitors, quercetin (Sigma, Oakville, ON), at 200

µM, 5,6-dichloro-1-β-D-ribofuranosylbenzimidazoleIn this study, we demonstrated that residues serine
25, 29, 34, and threonine 27, which are conserved (DRB) (Calbiochem, San Diego, CA), at 180 µM, or

vehicle (ethanol) followed by permeabilization withamong vertebrate αNAC proteins, constitute the ma-
jor CK2 phosphoacceptor sites both in vitro and in 0.6 U/ml Streptolysin O (Sigma) and labeling for 1

h with 50 µCi of [γ-32P]ATP (Amersham-Pharmaciavivo. We then identified these CK2 sites as modula-
tors of the nuclear export of αNAC, via the CRM1- Canada, Baie d’Urfé, QC), as described by Carter (6),

in the presence of inhibitors where indicated in figuredependent export pathway. We also studied the
effects of phosphorylation by CK2 on the αNAC co- legends. The cells were harvested by scraping in 2×

lysis buffer (100 mM Tris-Cl, pH 7.4, 300 mM NaCl,activating function and demonstrated that the tran-
scriptional coactivator activity of αNAC was depen- 2 mM EDTA, 2 mM EGTA, 2% Triton X-100, 2
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mM β-glycerophosphate, 2 mM orthovanadate, 5 mM in vitro kinase assays, 2 µg of the recombinant pro-
teins was incubated for 15 min at 30°C in CK2 buffersodium pyrophosphate) supplemented with 5 µg/ml

leupeptin, aprotinin, and pepstatin A and 1 mM (20 mM Tris-Cl, 50 mM KCl, 10 mM MgCl2, 200
µM ATP, pH 7.5) with 250 units of recombinant CK2PMSF. After centrifugation to pellet cell debris, sam-

ples were diluted with H2O to reach 1× lysis buffer and 5 µCi of [γ-32P]ATP, then resolved by SDS-
PAGE on a 12% gel. The dried gel was autoradio-and used for immunoprecipitation.
graphed on X-AR film (Kodak, Rochester, NY).

Immunoprecipitation of Flag-Tagged Proteins
Luciferase Assays

The radiolabeled cell lysates were incubated over-
COS-7 cells were seeded at 1.2 × 105 cells/well innight at 4°C with preequilibrated anti-Flag M2 affin-

six-well plates and transiently transfected the follow-ity gel according to the manufacturer’s instructions
ing day using 6 µl/well of the Lipofectamine reagent(Sigma). The affinity gel-purified proteins were ex-
(Invitrogen Canada Inc., Burlington, ON). Transfec-tensively washed in 1× lysis buffer and resuspended
tions used 300 ng of expression vectors for wild-typein SDS sample buffer in the absence of DTT. Immu-
αNAC or point mutants as indicated in figure leg-noprecipitates were run on 12% SDS-PAGE. The gel
ends, and 300 ng of the pCI-c-Jun expression plasmidwas subsequently dried and exposed for 3 days at
(38). The reporter vector (100 ng) was mmp-9 pGL3,−80°C. The intensity of the signals was quantified
which contains the proximal 670 bp of the mmp-9with the Typhoon PhosphorImager (Amersham-Phar-
gene promoter driving luciferase (17). Variations inmacia). Protein expression levels were controlled by
transfection efficiency were monitored with 40 ng ofWestern blotting with the anti-NAC antibody (51).
the pSV6tkCAT reporter (7). The total amount ofThe signal was revealed with the ECL+Plus kit (Am-
DNA was completed at 2 µg using the inert pBlue-ersham-Pharmacia) and quantified with the Typhoon
Script plasmid (Stratagene). Cells were maintained inPhosphorImager.
0.5% serum throughout and lysates were prepared in
the reporter gene assay lysis buffer (Roche MolecularImmunocytochemistry
Biochemicals, Laval, QC) 48 h posttransfection. Cell

At 24 h posttransfection, the cells transfected with lysate (100 µl) was used for single luciferase reporter
pSI-NAC-Flag wt or mutants were treated for 2 h assays following the manufacturer’s instructions (Pro-
with quercetin at 200 µM, DRB at 180 µM, LMB at mega). Luciferase activity was measured with a Mon-
20 and 50 ng/ml (Dr. M. Yoshida), or the correspond- olight 2010 luminometer (Analytical Luminescence
ing vehicle where indicated in figure legends. After Laboratory, San Diego, CA). Relative light units
treatment, the cells were fixed in 4% paraformalde- were normalized to CAT expression assayed by the
hyde, permeabilized with 0.2% Triton X-100, and the CAT Elisa system (Roche Diagnostics, Indianapolis,
endogenous peroxidase activity was quenched with IN). Under the conditions used, wt αNAC reproduci-
1% H2O2. Following blocking with 1% Blocking Re- bly increased the transcription of the AP-1-dependent
agent (Roche Molecular Biochemicals, Laval, QC) reporter by twofold over the level achieved with c-
supplemented with 0.2% Tween-20, the cells were in- Jun alone, for an overall induction of sixfold (data
cubated with the anti-αNAC antibody (51) or the not shown). This level of αNAC activity was set at
anti-Flag M2 antibody (Sigma). Secondary antibodies 100% for comparison with the mutant recombinant
were either a fluorescein isothiocyanate conjugated proteins. Results are mean ± SEM of seven experi-
anti-rabbit IgG antibody or a biotinylated secondary ments performed in triplicate. Statistical analysis
anti-mouse IgG antibody (Vector Lab. Inc., Burling- was performed using ANOVA and the Dunnett’s
ame, CA). After washes, the antigens were revealed posttest. A value of p < 0.05 was accepted as sig-
by indirect immunofluorescence or using the avidin nificant.
biotin peroxidase reagent (Vector Lab. Inc.). The per-
oxidase staining was revealed with DAB reagent. Re-
sults were visualized on a Leica DM-R microscope. RESULTS

In Vitro Protein Kinase Assays αNAC Is a Phosphoprotein In Vivo

The αNAC protein is remarkably conserved amongRecombinant CK2 protein kinase was purchased
from NEB. The recombinant proteins, from pTYB2- species, and is rich in serine and threonine residues.

Several putative phosphorylation sites for known pro-NAC plasmids, were produced and purified in E. coli
following the manufacturer’s procedure (NEB). For tein kinases (CK2, PKC, PKA) can be identified
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within the αNAC’s amino acid sequence (Fig. 1A). combinant αNAC protein was expressed and phos-
phorylated in COS-7 cells (Fig. 1B, lower and upperThese 14 putative phosphoacceptor sites were con-

served throughout evolution, raising the interesting panels). The immunoprecipitation reaction was spe-
cific as anti-GST failed to precipitate labeled proteinspossibility that they could be targeted by common

mechanisms of phosphorylation. (data not shown).
To investigate the phosphorylation status of

αNAC, we transfected COS-7 cells with an expres- Residues 25, 27, 29, and 34 Are the Major
sion vector for a Flag epitope-tagged αNAC fusion αNAC Phosphorylation Sites
and performed metabolic labeling of the intact cells
with [γ-32P]ATP after permeabilization (6). Labeling The data presented in Figure 1 confirmed that

αNAC is a phosphoprotein in vivo. As 10 out of theof phosphoproteins in permeabilized, intact cells is a
powerful experimental approach to study protein ki- 14 putative phosphoacceptor sites are fitting the S/

TXXD/E consensus CK2 site, and were conserved innase-catalyzed phosphorylation reactions and identify
relevant substrates (6). Radiolabeled cellular lysates αNAC (Fig. 1A), we examined whether αNAC was

a substrate for CK2, one of the major protein kinaseswere immunoprecipitated with the anti-Flag M2
affinity gel. Autoradiography indicated that the re- in the cell. Several αNAC deletion and point mutants

Figure 1. αNAC is a phosphoprotein. (A) Amino acid sequence comparison of the αNAC proteins in vertebrate. αNAC from rat, chicken,
and salmon are putative proteins. Amino acid residues 1–215 of mouse αNAC were aligned with αNAC proteins from human, rat, chicken,
and salmon using the Clustal algorithm (MegAlign, DNASTAR Inc., Madison, WI). From human to salmon, a 99% to 83% identity was
observed between the αNAC proteins. Nonconserved residues are shaded and conserved putative phosphoacceptor sites are boxed. Consensus
sites for PKC, PKA, and CK2 are X-S/T-X-R/K, R-X1-2-S/T-X, and X-S/T-X-X-D/E, respectively. (B) αNAC is phosphorylated in COS-
7 cells. COS-7 cells, transfected with pSI-NAC-Flag or pBlueScript (vector), were labeled with [γ-32P]ATP, and cellular extracts were
immunoprecipitated with anti-Flag beads. Immunoprecipitates were analyzed by immunoblotting with the anti-NAC serum (lower panel) or
by autoradiography (upper panel). M, molecular size markers in kDa.
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were engineered to determine which residues could nuclear expression pattern, but some nuclear staining
could also be detected under steady-state conditionsserve as phosphoacceptor sites (Fig. 2A).

We produced and purified these proteins in E. coli (Fig. 3A). In contrast, deletion of the N-terminal end
of the protein (mutant ∆4–45) triggered the accumu-and the recombinant proteins were used for in vitro

protein kinase assays with recombinant CK2 enzyme. lation of the mutant protein in the nuclei of the cells
(Fig. 3B). Identical localization patterns were ob-These assays revealed that CK2 phosphoacceptor

sites were present throughout the protein, but espe- served in C1 osteogenic cells (25) (data not shown).
We then examined the effects of serine/threonine-cially in a cluster at the N-terminal end of the mole-

cule, the 4–45 region (Fig. 2B). The threonine and to-alanine/glycine substitutions at the CK2 sites on
the nuclear accumulation of αNAC (Fig. 3C–I). Aserine residues contained in this cluster were mutated

individually or together into alanine or glycine resi- wild-type pattern was observed with the T27A mu-
tant (Fig. 3C). As well, the S29G point mutantdues. Mutant recombinant proteins were produced,

purified, and tested in the in vitro kinase assay with showed wild-type, cytoplasmic localization patterns
(Fig. 3D). Substantial nuclear staining was clearlyrecombinant CK2. The αNAC mutants were differen-

tially affected in their phosphorylation status, and the observed when the serine 25 or serine 34 residues
were replaced by alanine residues, but some cyto-quadruple mutant (S25A/T27A/S29G/S34A, hereaf-

ter referred to as STSS) generated the weakest signal plasmic staining remained evident (Fig. 3E and F, re-
spectively). The quadruple substitution point mutant(Fig. 2C). These experiments revealed that the four

CK2 phosphoacceptor sites present in the N-terminal STSS, in which the four CK2 sites were mutated, ex-
hibited the highest level of nuclear staining (Fig. 3G).cluster were functional in vitro and represented the

bulk of CK2 phosphorylation within the molecule. When residues serine 25 and serine 34 were jointly
mutated to nonphosphorylable alanine residues (S25A/We then examined the in vivo phosphorylation sta-

tus of the ∆4–45 and STSS mutant proteins by meta- S34A double mutant), the mutant protein predomi-
nantly localized to the nucleus (Fig. 3H). Interest-bolic labeling, and compared them to that of wt

αNAC protein (Fig. 2D). The STSS mutant protein ingly, when these residues were mutated to glutamic
acid to mimic phosphorylation (S25E/S34E doublegenerated a much fainter radioactive signal than wt

αNAC. The immunoprecipitated ∆4–45 protein was mutant), the recombinant protein remained cytosolic
(Fig. 3I) Thus, the nuclear accumulation of the ser-still phosphorylated, but to a lower level than the

STSS protein because it was barely detectable after ine/threonine mutants highlighted a possible impor-
tant role of the CK2 protein kinase in the regulation32P labeling (Fig. 2D, upper panel). These data indi-

cated that αNAC was phosphorylated by CK2 in vivo of αNAC subcellular localization.
and that the N-terminal cluster of CK2 sites was

The Inhibition of CK2 Activity Resultsfunctional in the cells. Immunoblotting performed
in αNAC Nuclear Accumulationwith anti-NAC antibody (Fig. 2D, lower panel) was

used as a control of protein expression to quantify CK2 is predominantly present in the nucleus of
cells (31) and the flavonoid inhibitor quercetin isthe signals. Quantification performed with a Typhoon

PhosphorImager revealed that 80% of the labeled known to block its activity (15,39). DRB is also a
cell-permeable CK2 inhibitor (10,26). COS-7 cellsphosphorylation signal was abolished in the STSS

mutant (Fig. 2E). The ∆4–45 mutant represented 9% were transiently transfected with wt αNAC fused to
the Flag epitope, then treated with quercetin or DRBof the wild-type signal, suggesting the presence of

additional phosphoacceptor site(s) in this region. for 2 h. After metabolic labeling, the overexpressed
proteins were immunoprecipitated with the anti-Flag
M2 beads and the signal was analyzed by autoradiog-Deletion of the CK2 Phosphoacceptor Sites
raphy and quantified with a PhosphorImager. LevelsLeads to Nuclear Accumulation of αNAC
of expression of the transfected αNAC protein were
normalized by Western blotting (not shown). Inhibi-CK2 is one of the kinases known to regulate the

nucleocytoplasmic shuttling of proteins. To investi- tion of the endogenous CK2 activity by quercetin in-
duced a significant reduction (55%) of the phosphor-gate the role of CK2 phosphorylation on αNAC sub-

cellular localization, we used some of the deletion or ylation level of the overexpressed molecule (Fig.
4A). A similar degree of inhibition (60%) was ob-site-specific mutants described in Figure 2A. Tran-

sient transfections were performed in COS-7 cells served following treatment of cells with a different
CK2 inhibitor, DRB (Fig. 4A). The reduction inwith wt or mutated αNAC and the proteins were vis-

ualized with the anti-αNAC antibody (51) (Fig. 3). αNAC phosphorylation in vivo following treatment
of cells with two different inhibitors of CK2 demon-Immunodetection of steady-state expression patterns

revealed that wt αNAC had a cytoplasmic and peri- strated that αNAC was an in vivo substrate of CK2.
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Figure 3. Nuclear accumulation of αNAC-Flag proteins after deletion or mutation of the N-terminal CK2 sites. COS-7 cells were transfected
with expression vectors for Flag-tagged wt, deleted, or point mutated forms of αNAC and the overexpressed proteins were detected by
indirect immunofluorescence using anti-αNAC antibody. Representative signals are shown. (A) αNAC; (B) ∆4–45; (C) T27A; (D) S29G;
(E) S25A; (F) S34A; (G) STSS; (H) S25A/S34A; (I) S25E/S34E. Bar: 100 µM.

FACING PAGE

Figure 2. CK2 phosphorylates αNAC in vitro and in vivo. (A) Schematic representation of αNAC illustrating potential CK2 phosphorylation
sites. Shown is a schematic diagram of αNAC illustrating putative CK2 residues (arrow), and location of the various serine/threonine-to-
alanine/glycine substitutions (bold arrows). The N-terminal and C-terminal deletion mutants of αNAC utilized in this study are also repre-
sented. (B) CK2 phosphorylates the αNAC N-terminus in vitro. In vitro CK2 protein kinase assay was performed with recombinant wild-
type and deleted mutants of αNAC. The majority of the functional CK2 sites are located in the N-terminal end of the molecule. (C)
Identification of the CK2 phosphoacceptor sites cluster. CK2 protein kinase assay was performed with wild-type and point mutants of
αNAC. αNAC molecule is especially phosphorylated in the STSS phosphoacceptor sites motif (STSS: quadruple mutant S25A/T27A/S29G/
S34A). (D) CK2 phosphorylates αNAC in vivo. COS-7 cells were transfected with Flag-tagged wt or mutated αNAC expression vectors or
pBlueScript (control). After labeling, the cell lysates were immunoprecipitated with anti-Flag beads and analyzed by autoradiography (upper
panel) or by immunoblotting with anti-NAC antibody (lower panel). αNAC phosphorylation status was altered by deletion and mutation of
the N-terminal cluster of CK2 phosphoacceptor sites. (E) Quantification of the phosphorylation level. The phosphorylation levels of αNAC
wt and mutants were quantified with the Typhoon PhosphorImager and wt αNAC level was set at 100%. A significant decrease was observed
after deletion (∆4–45) or mutation (STSS) of the CK2 phosphoacceptor sites. ***p < 0.001.
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We further used the CK2 inhibitors quercetin and
DRB to investigate the role of CK2 in the control of
αNAC subcellular localization (Fig. 4B). The COS-7
cells were transiently transfected with wt αNAC-Flag
vector, then treated with quercetin (middle panel),
DRB (lower panel), or vehicle (upper panel) for 2 h.
Immunocytochemistry was performed with the anti-
Flag M2 antibody. These experiments revealed a nu-
clear accumulation of the recombinant αNAC protein
after treatment with quercetin (Fig. 4B, middle panel)
or DRB (Fig. 4B, lower panel). Only the patterns ob-
served at the highest doses of inhibitor used are
shown, but a progressive, dose-dependent effect was
observed for both inhibitors (not shown). Identical re-
sults were obtained when C1 osteogenic cells (25)
were treated with the inhibitors (not shown). These
data demonstrated that the inhibition of CK2 activity
induced the nuclear accumulation of αNAC. This in-
hibition of CK2 activity mimicked the effect of the
deletion and the mutation of the N-terminal cluster of
CK2 phosphoacceptor sites (Fig. 3). Furthermore, the
effect of CK2 inhibitor treatment on αNAC localiza-
tion in vivo suggested that CK2 controlled the nu-
clear export of αNAC and thus that phosphorylated
serine and threonine residues represented the signal
for nuclear export of the molecule.

In Vivo Export of αNAC From the Nucleus

CRM1 is a transporter molecule that exports NES-
containing proteins through the nuclear pore com-
plex, and leptomycin B (LMB) is known to specifi-
cally inhibit this pathway (27). We investigated
whether the CK2-mediated export of αNAC from the
nucleus was dependent on the CRM1 pathway. For
that purpose COS-7 cells were transiently transfected
with the Flag-fused αNAC expression vector and the
cells were subsequently treated with LMB 24 h post-
transfection. After 2 h of treatment, immunocyto-
chemistry was performed with the anti-αNAC anti-
body (Fig. 5). Immunostaining revealed that LMB
treatment led to the accumulation of αNAC into the
nucleus in a dose-dependent manner (Fig. 5). This
treatment mimicked the pattern of αNAC localization

Figure 4. Nuclear accumulation of αNAC after CK2 inhibition.
obtained after deletion or mutation of the CK2 sites (A) Quercetin or DRB treatment inhibits αNAC phosphorylation

in cells. COS-7 cells transfected with pSI-NAC-Flag were treated(∆4–45 and STSS), or after quercetin or DRB treat-
for 2 h with the CK2 inhibitors, quercetin or DRB, or vehicle, andment. We conclude that in vivo phosphorylation of
labeled with [γ-32P]ATP. Cellular extracts were immunoprecipi-

the N-terminal CK2 cluster was the signal for the nu- tated with anti-Flag beads. Immunoprecipitates were analyzed by
autoradiography and quantified by PhosphorImager analysis. Pro-clear export of αNAC and that this export was medi-
tein expression was normalized by Western blotting (not shown).ated by the CRM1-dependent pathway.
***p < 0.001. (B) Immunocytochemistry was performed in COS-
7 cells transiently transfected with the pSI-NAC-Flag expression
plasmid. Twenty-four hours posttransfection, the cells were treatedDifferential Phosphorylation of the N-Terminal
for 2 h with vehicle (upper panel), quercetin (middle panel), orCluster Modulates αNAC Coactivation Potency
DRB (lower panel) and the subcellular localization of αNAC-Flag
proteins was revealed after immunostaining with the anti-Flag M2αNAC potentiates the activity of c-Jun homodi-
antibody. Inhibition of the CK2 endogenous activity induced a nu-

mers in vivo (32,36,38). Moreover, we demonstrated clear accumulation of αNAC in COS-7 cells. Bar: 50 µM.
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Figure 6. Mutation of the N-terminal CK2 sites modulates αNAC
coactivation potency. COS-7 cells were transfected with expres-
sion vectors for wild-type (wt) αNAC, or S25A, T27A, S34A,
STSS, S25A/S34A, or S25E/S34E mutants, and activator and re-
porter plasmids as described in Materials and Methods. Single lu-
ciferase assays were performed 48 h posttransfection. The expres-
sion of the reporter gene measured in the presence of c-Jun and
wt αNAC was ascribed a value of 100%. Statistical analysis was
performed using ANOVA and the Dunnett’s posttest. *p < 0.05.

acid, which results in nuclear accumulation (Fig. 3F),
led to a significant increase in the coactivation po-
tency of the recombinant protein (Fig. 6). The com-
pound mutants STSS and S25A/S34A that localize to
the nucleus (Fig. 3G and H) also displayed increasedFigure 5. Nuclear export of αNAC by the CRM1-dependent ex-

port pathway. Twenty-four hours after transfection with pSI-NAC- coactivation activity (Fig. 6). Mutant S25E/S34E had
Flag, COS-7 cells were treated for 2 h with leptomycin B (LMB), coactivation potency comparable to wt αNAC. These
an inhibitor of the CRM1-dependent export pathway, at 20 (A) or

data suggest that differential phosphorylation of50 ng/ml (B). Bar: 100 µM.
αNAC at the N-terminal cluster regulates the ability
of αNAC to potentiate AP-1-dependent gene tran-
scription.

that the absence of CK2 phosphorylation at the N-
terminal end of αNAC mediated its nuclear accumu-
lation. We thus examined whether CK2 phosphoryla-

DISCUSSION
tion could modulate the coactivating function of
αNAC. COS-7 cells were transiently cotransfected Although it was established that αNAC is a tran-

scriptional coactivator (32,36,38,50) and that it enterswith an AP-1-dependent reporter plasmid (mmp-9
pGL3) (17) and expression vectors for c-Jun and the nucleus (13,36), the precise mechanisms and the

identity of the functionally important amino acid resi-αNAC. Luciferase reporter assays were performed,
and results obtained with wt αNAC or the CK2 phos- dues involved in the regulation of its subcellular lo-

calization are just beginning to be unraveled. Accord-phoacceptor sites point mutants were compared (Fig.
6). In these experiments, the level of wt αNAC activ- ingly, the central goal of this study was to identify

specific signals involved in the regulation of αNACity was set at 100% for comparison with the mutant
recombinant proteins. The experiments were per- nuclear export and the protein kinase involved in di-

rectly regulating this function.formed seven times in triplicate, and comparable pro-
tein expression levels for αNAC and c-Jun were mea- The sequence of the αNAC protein was highly

conserved through evolution, especially in vertebrates,sured using immunoblotting (data not shown).
The single point mutants S25A and T27A had co- with more than 80% of identity. The C-terminal part

of the molecule is the most conserved among species,activation potency comparable to wt αNAC. Muta-
tion of residue Ser34 to a nonphosphorylable amino whereas the N-terminus differs between higher and
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lower eukaryotes. The acquisition of this N-terminus major motif controlling subcellular localization and
coactivating activity of αNAC.throughout evolution could correspond to an evolu-

tionary switch emphasizing a different, or more con- The in vitro phosphorylation data raised the possi-
bility that the CK2 protein kinase might be involvedtrolled, role of αNAC in vertebrates. Especially, the

lack of the highly controlled N-terminus of the mole- in the regulation of αNAC nuclear localization in
vivo. We found that inhibition of the endogenouscule in lower eukaryotes such as yeasts could explain

the differences observed to date in the functions of CK2 activity in vivo by the inhibitors quercetin or
DRB was sufficient to trigger a nuclear accumulationαNAC (32,38,45).

As a result of our study, we first identified CK2 as of αNAC. But how does the phosphorylation status
of these serine/threonine residues regulate the subcel-an essential regulator of αNAC subcellular localiza-

tion. αNAC contains several potential CK2 phos- lular localization of αNAC? One possibility is that
the phosphorylation status of these amino acid resi-phoacceptor sites in its sequence. Remarkably, the

majority of the functional CK2 phosphorylation sites dues directly affects protein conformation, which in
turn regulates the access of αNAC to the nuclear ex-were located in a small cluster at the N-terminus of

the molecule. αNAC proteins bearing S/T-to-A/G port machinery. The use of leptomycin B, a specific
CRM1–nuclear export pathway inhibitor, has pro-mutations of the residues from that cluster were phos-

phorylated less intensely in vitro and in vivo. It ap- vided evidence that αNAC nuclear shuttling was de-
pendent on this export pathway.peared that more than one amino acid residue was

involved in the regulation of αNAC nuclear localiza- Subcellular compartmentalization of αNAC ap-
pears to play a major role in the regulation of αNACtion because the single substitution mutants, S25A

and S34A, were not completely localized to the nu- function. We have recently shown that αNAC must
be phosphorylated by the integrin-linked kinase tocleus and still exhibited residual cytoplasmic stain-

ing, when compared to the quadruple STSS mutant enter the nucleus and exert its full coactivating func-
tion (37). Similarly, phosphorylation by GSK3β con-(Fig. 3). While single alanine/glycine substitution of

Thr27 and Ser29 residues alone was without apparent trols the half-life of αNAC (36) and mutation of the
GSK3β phosphoacceptor site leads to increased co-effect on the localization of the protein, the alanine/

glycine substitutions of the four (STSS) CK2 phos- activation potency (36). We have found in this study
that CK2 phosphoacceptor sites point mutants thatphoacceptor residues caused a significant nuclear

accumulation of αNAC. Mutating two residues of accumulate in the nucleus also have increased coacti-
vating activity (Figs. 3 and 6). This observation didthe cluster to glutamic acid residues (mutant S25E/

S34E), thus mimicking the effect of phosphorylation, not extend to the S25A mutant, perhaps due to the
nature of the amino acid substitution that we engi-excluded the protein from the nucleus. These data

support the conclusion that differential phosphoryla- neered. Additional substitutions will be required to
fully decipher the impact of differential phosphoryla-tion of αNAC by nuclear CK2 regulates the subcellu-

lar localization of the coactivator. tion of αNAC by CK2 at residue Ser25.
The CK2 phosphorylated form of αNAC is rapidlyResults of metabolic labeling experiments using

the ∆4–45 deletion mutant demonstrated that most of sent out of the nucleus by the CRM1-dependent ex-
port pathway. The rapid shuttling of αNAC may un-the CK2 phosphoacceptor sites are located in the N-

terminus of the protein, between residues 4 and 45 derlie the way that cells respond to the need for tran-
sient AP-1 activation. The intramolecular mechanism(Fig. 2B). Within this domain, five putative phos-

phoacceptor sites match the CK2 consensus sequence of control of the nuclear localization and function that
we describe is well suited to allow rapid transit of(Fig. 1A). We have mutated each of the five residues,

alone and in various combinations. While computer- αNAC between the nucleus and the cytoplasm. Rapid
nuclear shuttling allows rapid and transient change inbased analysis identifies Thr12 as a putative CK2

site, it calculates a very low probability for this resi- AP-1-dependent gene expression, which is a charac-
teristic of AP-1 responses.due to be a functional site (calculated probability:

0.102). The T12A mutant had wild-type subcellular Our findings suggest that a dominant nuclear ex-
port over nuclear import contributes to the cyto-localization and wild-type coactivating potency (data

not shown). Many of the remaining putative phos- plasmic localization of αNAC under steady-state
conditions. A growing number of proteins have nowphoacceptor sites at the C-terminal end were also mu-

tated or deleted without effect on the localization of been shown to undergo regulated nuclear export. In
most cases, the mechanism by which export is regu-the protein (data not shown). These observations

strongly suggest that the N-terminal cluster of CK2 lated has not been fully elucidated, but so far many
appear to involve phosphorylation (3,4,11,49). Givenphosphoacceptor sites we have characterized is the
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the number of examples already in the literature, it nase will constitute an interesting area for future in-
vestigation.seems likely that regulation of nuclear export is at

least as common as that of nuclear import, and that
the steady-state localization of many proteins is
largely determined by the relative rates of the two ACKNOWLEDGMENTS
processes.
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