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Transcription factor AP-2α involves in the process of mamma-
lian embryonic development and tumorigenesis. Many studies 
have shown that AP-2α functions in association with other in-
teracting proteins. In a two-hybrid screening, the regulatory 
subunit β of protein casein kinase 2 (CK2β) was identified as 
an interacting protein of AP-2α; we confirmed this interaction 
using in-vitro GST pull-down and in-vivo co-immunoprecipi-
tation assays; in an endogenous co-immunoprecipitation ex-
periment, we further found the catalytic subunit α of protein 
casein kinase 2 (CK2α) also exists in the complex. Phosphory-
lation analysis revealed that AP-2α was phosphorylated by 
CK2 kinase majorly at the site of Ser429, and such phosphor-
ylation could be blocked by CK2 specific inhibitor 4,5,6,7-tet-
rabromobenzotriazole (TBB) in a dose-dependent manner. 
Luciferase assays demonstrated that both CK2α and CK2β en-
hanced the transcription activity of AP-2α; moreover, CK2β in-
creased the stability of AP-2α. Our data suggest a novel cel-
lular function of CK-2 as a transcriptional co-activator of 
AP-2α. [BMB reports 2011; 44(7): 490-495]

INTRODUCTION

The transcription factor AP-2 family includes five related 
50-kDa proteins: AP-2α, AP-2β, AP-2γ (1), AP-2δ (2) and AP-2ε 
(3), which present a conserved helix-span-helix dimerization 
domain preceded by a DNA binding and a transactivation do-
main (4). AP-2 has been shown to bind the palindromic con-
sensus sequence 5’-GCCN3GGC-3’, found in various cellular 
and viral enhancers. A number of genes involved in cell 

growth, cell shape, cell movement, cell fate and cell commu-
nication are regulated by AP-2 (5, 6). One of mechanisms for 
the AP-2 family fulfills their roles is to activate or suppress vari-
ous downstream target genes at transcriptional levels. Many 
studies demonstrated that AP-2-interacting proteins can affect 
the transcription of AP-2 downstream targets by modulating 
the transcriptional activity of AP-2, such as Yin Yang factor 1 
(YY1) (7), retinoblastoma protein (RB) (8), oncogene DEK (9) 
and GAS41 (10) affect the transcription activity of AP-2α.
　Post-translational phosphorylation plays an important role in 
regulating the activity of AP-2 proteins. Till now, the transcrip-
tional activity of AP-2α can be phosphorylated by protein kin-
ase C and cAMP, protein kinase A (PKA), and protein kinase D 
(PKD), after phosphorylation, the transcriptional activity of 
AP-2α was upregulated (11-14).
　CK2 is a highly conserved Ser/Thr protein kinase consisting 
of two regulatory β (28 kDa) subunits and two catalytic α (42 
kDa) or α’ subunits (38 kDa) (15). The two catalytic subunits 
are linked through the β subunits (15). The β subunits (CK2β) 
form the core of the CK2 holoenzyme (16), its auto-phosphor-
ylation at the N terminal enhance and stabilize CK2 activity 
(17). The major role for CK2β within CK2 complexes appears 
to be substrate ducking or recruitment where it brings the sub-
strate protein and catalytic subunit into close enough prox-
imity to facilitate the phosphorylation reaction (18). 
　CK2 phosphorylates a range of cellular targets in a variety of 
subcellular sites and appears to be highly pleiotropic; it is in-
volved in many key biological functions, including cell growth 
and oncogenesis (19), signal transduction (20), circadian 
rhythms (21), and gene expression (22). There are papers re-
ported that CK2 phosphorylates transcription factors, for exam-
ple, CK2 phosphorylates the transcription members in an-
drogen receptor (AR) pathway (23), and the phosphorylation of 
transcription factor Nrf2 by CK2 is necessary for Nrf2 activa-
tion in neuroblastoma cells (24).
　To further investigate how the transcriptional activity of 
AP-2 is regulated and how their transcriptional effects are 
mediated by interacting proteins, we used AP-2α as the bait 
and screened a HeLa cDNA library in yeast two-hybrid system. 
We identified the β subunit of CK2 as a protein partner of 
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Fig. 1. Interaction of AP-2α with CK2β. (A) Schematic representation of the domain structure of AP-2α and constructs used in the study. 
AD, activation domain. BD, DNA-binding domain. DIM, dimerization domain. (B) Expressed and purified GST- AP-2α fusion proteins run 
on a 10% SDS-PAGE. (C) The GST-AP-2α fusion proteins were used in GST pull-down assays with His-CK2β. (D) The same pull-down as-
says were performed to analyze the interaction between CK2β and AP-2αN or AP-2αC. (E) 293FT cells were transfected with the indicated 
plasmids, the extracts were immunoprecipitated with rabbit polyclonal anti-Myc antibodies, and immunocomplexes were detected with 
mouse monoclonal anti-Myc and anti-HA antibodies. (F) Similar coimmunoprecipitation experiments were performed as (E), the extracts 
were immunoprecipitated with rabbit polyclonal anti-HA antibodies, and immunocomplexes were detected with mouse monoclonal an-
ti-Myc and anti-HA antibodies. About 500 μg of protein lysate was used for each IP. (G) Endogenous IP, the 293FT cell extracts were im-
munoprecipitated with anti-CK2β, and detected with both anti-AP-2α and anti-CK2α antibodies. About 700 μg of protein lysate was used 
for IP.

AP-2α. The interaction between AP-2α and CK2β was con-
firmed by in vitro GST pull-down and in vivo co-immunopre-
cipitation and co-localization assays. The in vitro phosphor-
ylation assay revealed that AP-2α was phosphorylated by CK2 
kinase and the phosphorylation site was Ser429. Further more, 
the phosphorylation by CK2 kinase results in the increase of 
AP-2α-mediated transcriptional activity, and CK2 promotes the 
stability of AP-2α. 

RESULTS

CK2β interacts with AP-2α 
Yeast two-hybrid screening was performed as described in 
Materials and Methods. After screening with the pDBLeu-AP- 
2α clone, we identified multiple AP-2α-interacting proteins. 
One of them isolated is a full length cDNA clone encoding the 
β subunit of Casein Kinase 2 (CK2β).
　Next, we examined the physical interaction between AP-2α 
and CK2β by GST pull-down assays. As shown in Fig. 1A-D, 
GST-AP-2α bound to His-CK2β fusion protein, but no inter-
action was observed between GST and His-CK2β, demonstrat-
ing that CK2β and AP-2α interact directly. Further more, CK2β 
bound specifically to GST-AP-2αN fusions containing only the 
N-terminal AP-2α activation domain (1-165 a.a.). In contrast, 
GST-AP-2αC fusions containing the C-terminal AP-2α DNA- 
binding domain and dimerization domain (165-438 a.a.) did 
not bind to CK2β. So, the activation domain is sufficient to me-
diate the binding of AP-2α to CK2β.
　Since AP-2α and CK2β interact directly in vitro, we tested 
whether overexpressed AP-2α and CK2β in 293FT cells could 

interact in vivo. The results were shown in Fig. 1E, F, CK2β 
was detected in immune complexes of PCMV-Myc-AP-2α. 
AP-2α was detected in immunoprecipitates of PCMV-HA- 
CK2β. These results suggested that AP-2α could interact with 
CK2β in mammalian cells. 
　As CK2β interacts with AP-2α in the case of protein over-
expression, we investigated whether endogenous CK2β asso-
ciates with endogenous AP-2α. Endogenous AP-2α and CK2α 
could be precipitated by CK2β but not by control rabbit IgG 
(Fig. 1G). Therefore, AP-2α, CK2α and CK2β form a protein 
complex in vivo.

CK2β colocalizes with AP-2α in 293FT cell nuclei
Because of the tight association found in immunoprecipitation 
experiments, we next investigated whether these two proteins 
were present in the same region in cells. The immunofluo-
rescent assays were carried out. The image obtained showed 
that both HA-tagged CK2β (Fig. 2B) and Myc-tagged AP-2α 
(Fig. 2C) were localized in the nuclei of cells. After overlay, 
co-localized signals were clearly observed (Fig. 2D). These re-
sults are consistent with the presence of CK2β and AP-2α in 
the same complex in vivo.

CK2 Kinase phosphorylates AP-2α in vitro
The interaction of AP-2α with CK2β in vivo and in vitro lets us 
consider whether CK2 kinase could phosphorylate AP-2α. The 
reported consensus site for CK2 phosphorylation is Ser/Thr-X- 
X-Glu/Asp (20). There are five potential phosphorylation sites 
in AP-2α with the analysis of bioinformatics (see schematic in 
Fig. 3A). As described in Materials and Methods, mutations to 
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Fig. 2. CK2 colocalized with AP-2α in 293FT cells. (A) Nuclear 
staining of 293FT cells by Hoechst 33258. (B) Nuclear local-
ization of HA-CK2β, detected with mouse monoclonal anti-HA an-
tibody and Alexa 594 conjugated goat anti-mouse secondary 
antibody. (C) Nuclear localization of Myc-AP-2α, detected with 
rabbit polyclonal anti-Myc antibody and Alexa 488 goat anti-rabbit 
secondary antibody. (D) Overlay of images in (B) and (C), show-
ing co-localization of two proteins.

Fig. 3. CK2 Kinase phosphorylates AP-2α. (A) The potential phos-
phorylate sites in AP-2α were predicted (www.expasy.org) and 
marked with triangle; (B) The amount of each substrate used in 
each kinase assay was shown by Coomassie-Brilliant blue staining 
of the SDS-PAGE gel prior to autoradiography. (C) 293FT cells 
were treated with CK2 Kinase specific inhibitor TBB for 16 h as 
indicated concentrations. The cell lysates were immunoprecipitated 
with anti-AP-2α antibody and analyzed with anti-phosphoserine 
and anti-AP-2α antibodies. (D) Relative phosphorylation of AP-2α
was quantified from the results in (C). The data represent average 
± SD for three measurements.

Ala were introduced to all of the predicted phosphorylation 
sites (T230A, S239A, S264A, S291A, S429A and S239-291A). 
As shown in Fig. 3B, CK2 phosphorylates all of the mutants ex-
cept S429A of AP-2α (lane 3) and negative control GST pro-
tein (lane 1), suggesting Ser429 is the CK2 phosphorylation 
site.
　Then we tested whether the CK2 specific inhibitor 4,5,6, 
7-tetrabromobenzotriazole (TBB) (25, 26) could affect the 
phosphorylation of AP-2α in vivo. Treated with 25 mM and 40 
mM TBB, the lysates of 293FT cells were immunoprecipated 
with anti-AP-2α antibody, and immunblotted by anti-phospho-
serine antibody (Sigma), TBB reduced the phosphorylated 
AP-2α (Fig. 3C, D) in a dose-dependent manner.
　We next wanted to investigate whether the phosphorylation 
of AP-2α by CK2 affects the transcriptional activity of AP-2α. 
293FT cells were transfected with the A2 reporter construct 
alone or together with expression vector pCMV-Myc-AP-2α 
and/or pCMV-HA-CK2β, and/or pCMV-Myc-CK2α as indicated 
in Fig. 4A, B. The luciferase activity was measured and nor-
malized relative to β-galactosidase activity as described by the 
manufacture. Transfection of AP-2α stimulated the luciferase 
activity obviously, compared to that of luciferase reporter plas-
mid alone. As shown in Fig. 4A, CK2β increases the transcrip-
tional activity of AP-2α in a dose dependent manner. And co-
transfected with AP-2α and CK2α and/or CK2β were observed 
the notable activation of the luciferase expression. 
Pharmcological inhibition of CK2 by specific inhibitor TBB, 
decreased the transcriptional activation obviously and showed 
a concentration dependent manner (Fig. 4B). 

CK2β promotes the protein stability of AP-2α
　To elucidate the mechanism for the increased transcription 
activity of AP-2α by CK2, we then examined whether CK2β af-
fected the level of AP-2α protein. 293FT cells were co-trans-
fected with 2 μg of pCMV-Myc-AP-2α and increasing amount 
of pCMV-HA-CK2β (0, 1, 2, 4 μg), the results show that with 
an increasing amount of pCMV-HA-CK2β, the protein level of 
PCMV-Myc-AP-2α also increased, but no change in the level 
of endogenous β-actin protein was observed (Fig. 4C).

DISCUSSION

Many proteins were identified to be involved in some im-
portant pathway mediated by protein-protein interaction. In 
this paper, we used AP-2α as bait to screen HeLa cell cDNA li-
brary and identified a new interacting protein CK2β by yeast 
two-hybrid screening. As the interaction identified by yeast 
two-hybrid do not always occurred in mammary cells, it was 
further proved by pull-down, co-immunoprecipitation, endog-
enous IP and subcellular colocalization analyses. These results 
indicated that AP-2α interactes with CK2 to form a protein 
complex in vitro and in vivo. 
　Different to other AP-2α interacting proteins such as Yin 
Yang factor 1 (YY1) (7), retinoblastoma protein (RB) (8, 27), on-
cogene DEK (9) and GAS41 (10), CK2 phosphorylates AP-2α. 
To date, AP-2α could be phosphorylated by protein kinase C 
and cAMP (13), could be phosphorylated by protein kinase A 
(PKA) at Ser239 (11), and could be phosphorylated by protein 
kinase D (PKD) at Ser258 and Ser326 (14). S239 in AP-2α is 
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Fig. 4. CK2 affects the transcriptional activity of AP-2α by affecting 
its protein stability. (A) The increase of CK2 on the transactivation of
AP-2α in a dose dependent manner. 293FT cells were transfected 0,
0.3 ug, 0.6 ug pCMV-HA-CK2β as indicated, 24 h later, cells were 
harvested for luciferase assay. (B) 293FT cells were transfected with
plasmid as indicated. 16 h after transfection, cells were treated TBB 
for another 24 h for different concentrations. Relative luciferase activ-
ities represent mean ± SD from at least three independent experi-
ments after normalization to β-galactosidase activities. (C) CK2β pro-
motes the stability of pCMV-Myc-CK2α 293FT cells were co-trans-
fected with 2 μg of pCMV-Myc-AP-2α and increasing amounts of 
PCMV-HA-CK2β (0, 1, 2, 4 μg) and harvested 8 h post-transfection.
Cell lysates were prepared and separated by 10% SDS-PAGE electro-
phoresis. A single blot membrane was cut into strips based on mo-
lecular weight and incubated with anti-Myc (Sigma), anti-HA (Sigma),
and β-actin antibodies to detect the protein levels of PCMV-Myc-AP-
2α, PCMV-HA-CK2β and β-actin, respectively. Densitometric analysis
of Myc-CK2α/β-actin and HA-CK2β/β-actin ratio were performed with
ImageJ software.

essential neither for DNA binding nor for stimulating down-
stream target genes, while Ser258 and Ser326 of AP-2α were 
in the central basic domain of AP-2α and related to the DNA 
binding activity (14). The central basic domain and the he-
lix-span-helix motif were essential for DNA binding and dime-
rization (28). In our experiment, CK2 phosphorylates the posi-
tion of S429, and increase the protein stability of AP-2α, 
which consistent with the reporter that the C-terminal 90 ami-
no acids of AP-2α are responsible for protein stability (29). The 
interaction domain of AP-2α with CK2β located in the N-termi-
nal moiety, which could explain our results that the transcrip-
tional activity of the mutant AP-2α (S429A) was partially acti-
vated by CK2, maybe the mutation didn’t disrupt the inter-
action (data not shown) between them, the CK2 upregulates 
AP-2α by promoting its protein stability.
　In addition, CK2β also stimulated the transcriptional activity 
of endogenous AP-2 family members (our unpublished data). 
Pharmcological inhibition of CK2 by specific inhibitor TBB, 
decreased the endogenous phosphorylation of AP2α, and the 
in vitro transcriptional activation obviously, showed a dose de-
pendent manner. The concentrations of TBB used in our ex-
periments were relative low, and the CK2 presents the major 
target (30). 
　CK2 associates many kind of cancers (31), in mammalian 
system, targeted overexpression of CK2 in mice results in the 
development of T cell lymphoma and mammary tumorigenesis 
(32). Elevated CK2 activity was observed in many primary hu-
man breast cancers by regulating erbB2 signaling (33), which 
is overexpressed mostly in breast carcinomas, and is a marker 
of a poor prognosis (34). In the other hand, erbB2 is the down-
stream target gene of AP-2α, many studies showed a positive 
association between AP-2α and erbB2 overexpression in clin-
ical breast cancer series (35, 36). According to our findings, 
CK2 may function in breast cancer development due to the ac-
tivation of AP-2α transcriptional activity.
　Taken together, our results indicate that CK2 phosphoylates 
and up-regulates the transcriptional activity of AP-2α through 
stabilizing it. To our best knowledge, this is the first demon-
stration that CK2 functions as a partner of AP2. Our data sug-
gest a novel cellular function of CK-2 as a transcriptional 
co-activator of AP-2α.

MATERIALS AND METHODS

Plasmid construction
Full-length cDNA of AP-2α was ligased in frame to pDBLeu for 
yeast two-hybrid screening and pCMV-Myc (Clontech) for 
mammalian expression. Full-length cDNAs for human CK2α 
and CK2β subunits were inserted into pCMV-Myc or pCMV- 
HA vector. Plasmids pGEX-4T-1-AP-2αN (1-655 a.a.), pGEX-4T- 
1-AP-2αC (165-438 a.a.) and reporter plasmid A2-Luc were 
constructed as previously described (10). Vector pCMV-LacZ 
was constructed by fusing LacZ gene into pCMV-Myc. Site-di-
rected mutagenesis of AP-2α was performed to mutate Thr-230, 
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Ser-239, Ser-264, Ser-291, Ser-429 separately to Ala residue. 
Double-mutation Ser239-Ser291 was generated by two ways of 
mutagenesis using the single-mutation. All constructs and muta-
tion were confirmed by DNA sequencing. 

Yeast two-hybrid screening
The HeLa cell cDNA library was inserted in frame with the 
GAL4 sequence encoding the activation domain in the vector 
pPC86 (GIBIO/BRL). The Mav203 cells containing pDBLeu- 
AP-2α were subsequently transformed with the HeLa cDNA li-
brary as described in the GIBCO/BRL product protocol. 
Transformants were selected by growth on SD-leu-, Trp-, His- 
medium supplemented with 25 mM 3-amino-1, 2, 4-triazole 
(3-AT), and the positive colonies were verified using X-gal filter 
assay. 

GST Pull-down assays
5 μg of GST-AP-2α fusion protein or GST protein was mixed 
with 5 μg of His-tag CK2β in binding buffer at 4oC for 2 h. 
Glutathione-Sepharose 4B beads (Amersham Pharmacia) were 
added followed by incubation for another 2 h. The beads were 
washed three times with binding buffer, binding proteins were 
boiled and subjected to SDS-PAGE. Proteins were detected by 
Western blot analysis using anti-His antibody.

Co-immunoprecipitation (co-IP) and endogenous 
immunoprecipitation (IP) assays 
For the co-IP and IP assays, extracts were prepared from 293FT 
cells transfected or non-transfected, incubated with indicated 
antibodies for 2 h at 4oC. Then, sepharose-conjugated pro-
tein-A/G beads (Santa Cruz Biotech) were added and the mix-
ture was incubated at 4oC for another 2 h. After extensive 
washing with RIPA buffer, the beads were boiled. The pre-
cipitated proteins were separated by SDS-PAGE and trans-
ferred to PVDF membranes for Western blotting analysis. 

Immunofluorescent staining
293FT cells were cultured on glass coverslips and co-trans-
fected with pCMV-Myc-AP-2α and pCMV-HA-CK2β. 24 h after 
transfection, cells were used to immunofluorescent staining as 
previously discribed (10).

In vitro kinase assays
Both GST-AP-2α fusion proteins including mutant fusion pro-
teins and GST protein were separately mixed with purified 500 
unit CK2 (NEB) in 30 μl of kinase buffer containing 150 mM 
NaCl and 10 μCi of [γ-32P]ATP. Kinase reactions were in-
cubated at room temperature for 1h before adding PBS and 
glutathione-sepharose 4B beads. The beads were washed three 
times in PBS and boiled. The supernatant proteins were sepa-
rated by 12% SDS-PAGE and autoradiography.

Luciferase assays
293FT cells were transfected with A2-Luc, pCMV-LacZ and the 

indicated expression vectors by using Lipofectamine 2000 
(Invitrogen). At 24 h following transfection, the cells were 
washed with PBS and then harvested in lysis buffer. The luci-
ferase assay was carried out with the luciferase assay system 
(Promega). β-galactosidase activity was used to normalize for 
different transfection efficiencies.

Protein stability assay
To examine the influence of CK2 on the protein level of AP-2α, 
293FT cells grown on 6 cm dishes were co-transfected with 2 μg 
of pCMV-Myc-AP-2α and increasing amount of pCMV-HA- 
CK2β (0, 1, 2, 4 μg), and harvested at 8 h post-transfection, cells 
lysates were prepared for W Western blotting analysis.
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