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Abstract The duodenal homeobox-1 protein Pdx-1 is one

of the regulators for the transcription of the insulin gene.

Pdx-1 is a phosphoprotein, and there is increasing evidence

for the regulation of some of its functions by phosphory-

lation. Here, we asked whether protein kinase CK2 might

phosphorylate Pdx-1 and how this phosphorylation could

be implicated in the functional regulation of Pdx-1. We

used fragments of Pdx-1 as well as phosphorylation

mutants for experiments with protein kinase CK2. Trans-

activation was measured by reporter assays using the

insulin promoter. Our data showed that Pdx-1 is phos-

phorylated by protein kinase CK2 at amino acids thr231 and

ser232, and this phosphorylation was implicated in the

regulation of the transcription factor activity of Pdx-1.

Furthermore, inhibition of protein kinase CK2 by specific

inhibitors led to an elevated release of insulin from pan-

creatic b-cells. Thus, these findings identify CK2 as a novel

mediator of the insulin metabolism.
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Introduction

Glucose homeostasis in mammalian cells is maintained by

the concerted action of two hormones, namely insulin and

glucagon, which are secreted by the pancreatic b- and a-cells,

respectively. On the other hand, an increase in the level of

blood glucose stimulates insulin gene transcription and also

insulin secretion [10]. Much of the glucose responsiveness is

conferred by the transcription factor Pdx-1 (pancreatic and

duodenal homeobox-1), also known as IPF-1, IDX-1, STF-1,

and IUF-1, which binds to the insulin promoter [1]. Although

Pdx-1 has been shown to be crucial for glucose regulation, the

exact mechanisms by which glucose modulates the function

of Pdx-1 remains to be elucidated.

Mouse Pdx-1 is a protein with 284 amino acids. The

N-terminus harbors the transactivation domain. This

domain also mediates protein-protein interactions with

other transcription factors and transcriptional co-regulators

[19, 21]. Pdx-1 also contains a central DNA binding

homeodomain, which also harbors a nuclear localization

signal [14, 19]. In the middle part of the protein is a proline-

rich domain, which seems to be implicated in the hetero-

dimerization with the DNA binding protein PBX-1 [12].

The role of the C-terminus is poorly understood. There are

indications that the C-terminus has an inhibitory function,

whereas other data show that the C-terminus is required for

full transactivation [19]. There is increasing evidence that

posttranslational modifications such as sumoylation [15],

O-linked glycosylation [9], and phosphorylation [1] might

be implicated in the regulation of Pdx-1. It has been shown

that Pdx-1 is phosphorylated by PAS (Per-Arnt-Sim) kinase

[3], GSK3 (glycogen synthase kinase 3) [5], and DNA-PK

(DNA-dependent protein kinase) [16].

Protein kinase CK2 plays multiple roles in the regulation

of gene expression and cell proliferation. Here, we analyze
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66424 Homburg, Germany

e-mail: Montenarh@uks.eu

Present Address:
F. Al-Quobaili

Department of Biochemistry and Microbiology,

Faculty of Pharmacy, Damascus University,

6735 Damascus, Syria

Cell. Mol. Life Sci. (2010) 67:2481–2489

DOI 10.1007/s00018-010-0348-0 Cellular and Molecular Life Sciences



whether protein kinase CK2 might also phosphorylate the

Pdx-1 protein and whether this phosphorylation could have

functional implications for Pdx-1. We found that Pdx-1

was phosphorylated by protein kinase CK2 in the C-ter-

minus at thr231 and ser232. The non-phosphorylated forms

of Pdx-1 showed an elevated transcriptional activity indi-

cating that the CK2 phosphorylation of Pdx-1 regulates its

transcriptional activity. Inhibition of CK2 kinase activity

led to an elevated production of insulin from b-cells of the

pancreas.

Materials and methods

Plasmid constructions and site-directed mutagenesis

The full-length mouse Pdx-1 cDNA was subcloned from

pACT-Pdx-1 (kindly provided by Dr. Patrick Ziegler,

Institut für Medizinische Biochemie und Molekularbiolo-

gie, Universität Greifswald) into the BamH1 restriction

sites of the pGEX-4T1. The Pdx-1 S232A and/or T231A

mutations were introduced into the pGEX4T-1–Pdx-1

vector using a QuikChange site-directed mutagenesis kit

(Stratagene, USA) according to the manufacturer’s proto-

col. BamH1 fragments containing the cDNA encoding the

Pdx-1 amino terminus (aa 1–aa 130) and carboxy terminus

(aa 131–aa 284) were cloned within the multiple cloning

site of a pGEX4T-1 vector. For transient transfection

assays in HEK293T cells, the mammalian expression

construct was generated by cloning the BamH1 fragment of

Pdx-1 from pGEX4T-1 vector directly into BamH1 sites of

pcDNA3.1/hygro (-)-Pdx-1. The insulin reporter construct

pGEM3ZFM-RIP1-POLYA (kindly provided by [5]) used

for luciferase assays contained the rat insulin promoter I

(RIP) from residues -410 to ?51 cloned upstream of the

luciferase gene. pcDNA3.1/Hygro/lacZ vector was used for

the expression of b-galactosidase. For transient transfection

assay in bTC-3 and MIN6 cells, p39Flag/CMV-7.1-Pdx-1

constructs were produced by sub-cloning mouse Pdx-1

cDNA from pGEX4T-1–Pdx-1 vectors into BamH1 site

of p39Flag/CMV-7.1 vector. p39Flag/CMV-7.1-CK2a
was generated by cloning the fragment of human CK2a
cDNA from pcDNA3.1–CK2a vector directly into Hind

III/BamH1 sites of p39Flag/CMV-7.1 vector. The

pcDNA3.1–CK2b vector was produced by cloning human

CK2b cDNA from pT7-7–CK2b vector into NheI/BamH1

sites of pcDNA3.1/Hygro(-) vector. Constructs generated

by cloning and mutagenesis were confirmed by DNA

sequencing.

Expression and purification of bacterially expressed

Pdx-1 proteins

Pdx-1 wild type, mutants, and fragments were expressed in

E. coli BL21DE3 after induction with 1 mM isopropyl-b-

D-thiogalactopyranoside (IPTG) for 3 h at 37�C. Pdx-1 was

extracted with buffer R1 (100 mM Tris–HCl, pH 7.8,

100 mM NaCl, 10 mM MgCl2, 0.1% Tween 20), purified

by affinity chromatography with GSH-Sepharose and

eluted with glutathione in R1 buffer. Purified proteins were

dialysed in 20 mM Tris-HCl, pH 7.8, 100 mM NaCl, and

5 mM MgCl2 at 4�C overnight.

Purification of the CK2 holoenzyme, CK2a0 and CK2a

Recombinant CK2 holoenzyme cloned in a bicistronic

vector kindly provided by C. T. Walsh [24] and CK2a in

pT7-7 were expressed in E. coli BL21 (DE3), and the

proteins were purified according to the protocol published

by [13]. CK2a0 was expressed as a maltose-binding-protein

(MBP)-tagged fusion protein and purified by affinity

chromatography on amylose resins.

Cell culture and transfection

The human embryonic kidney 293T (HEK293T, ATCC

CRL 11268) cells were cultured in Dulbecco’s modified

Eagle’s medium (GIBCO) containing 5.5 mM glucose,

2 mM glutamine, 10% fetal bovine serum in humidified

5% CO2, and 95% air at 37�C. Transfection of HEK293T

cells was performed at more than 50% confluence by a

conventional calcium phosphate method. Transfected cells

were used within 3 days. The mouse b TC-3 and MIN6 cell

lines were maintained in DMEM medium containing

5.5 mM D-glucose and 2 mM glutamine supplemented

with 15% (v/v) fetal bovine serum, 100 lM b-mercap-

toethanol (b-MSH) in humidified 5% CO2, and 95% air at

37�C. bTC-3 and MIN6 cells were transiently transfected

with the Effectene� reagent (Qiagen Inc.) according to the

manufacturer’s instructions.

Antibodies, preparation of cell extracts and Western

blot analysis

Rabbit anti-Pdx-1 polyclonal antibody was purchased from

Abcam, UK. Anti-GAPDH polyclonal antibody was from

Santa Cruz Biotechnology Inc., USA. Preparation of the

cell extracts was as described previously [17]. Signals were

developed and visualized by the Lumilight system of

Roche Diagnostics, Germany.
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In vitro kinase assay

The in vitro kinase assay using the CK2-specific synthetic

peptide RRRDDDSDDD was performed as described [17].

In vitro phosphorylation

Bacterially expressed and purified Pdx-1 proteins were

mixed with the CK2 holoenzyme, CK2a or CK2a0 in 20 ll

kinase buffer (50 mM Tris–HCl, pH 7.5, 150 mM NaCl,

5 mM MgCl2, 1 mM DTT). The phosphorylation reaction

was started by the addition of 32PcATP. After 30 min at

37�C, the reaction was stopped by the addition of 10 ll 39

sample buffer (6% SDS, 30% glycerol, 15% 2-mercap-

toethanol, 0.03% bromophenol blue and 0.195 M Tris–

HCl, pH 6.8). Proteins were separated in an SDS-poly-

acrylamide gel and visualized by autoradiography.

In vivo labeling of cells with 33P-phosphate

12 h post-transfection, 2 9 106 transfected bTC-3 cells

were preincubated for 1.5 h with phosphate-free DMEM

supplemented with 100 lM b-mercaptoethanol (b-MSH),

2 mM glutamine, and 15% FCS at 37�C/5% CO2, and then

cells were labeled for another 5 h with 250 lCi 33P-phos-

phate (Hartmann Analytic). To inhibit endogenous CK2,

labeling with 33P-phosphate was performed in the presence

of 15 lM 2-dimethylamino-4,5,6,7-tetrabromo-1H-benzi-

midazole (DMAT, CALBIOCHEM�). The cells were

washed with cold PBS and harvested with lysis buffer

(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA,

1% Triton X-100) containing protease inhibitors (Com-

pleteTM, Roche Diagnostics) and phosphatase inhibitors

(PhosSTOP, Roche Diagnostics). Lysates were used for

immunoprecipitation with agarose conjugated anti-Flag

antibodies (ANTI-FLAG M2 Affinity Gel, Sigma-Aldrich).

Following SDS-polyacrylamide gel electrophoresis, Pdx-1

protein was transferred to PVDF membrane (Roche Diag-

nostics) and exposed to a film for autoradiography.

Luciferase assays

HEK293T or bTC-3 cells were seeded in six-well plates

and co-transfected with a constant amount of DNA con-

sisting of 1.5 lg luciferase reporter construct, 0.5 lg

pcDNA3.1/Hygro/lacZ b-galactosidase expression vector,

and 2 lg Pdx-1 expression constructs for HEK293T cells

or of 0.15 lg luciferase reporter construct, 0.05 lg

pcDNA3.1/Hygro/lacZ b-galactosidase expression vector,

and 0.2 lg CK2 encoding vectors. As a control we used an

expression vector without insert. For protein expression

analysis, cells were harvested 48 h after transfection, and

protein lysates were prepared as described above. For

luciferase assays, cells were harvested 48 h after trans-

fection with reporter lysis buffer (Promega), and luciferase

activities were determined using the luciferase assay kit

(Promega) according to the manufacturer’s instructions. To

determine the transfection efficiency, b-galactosidase

activity was measured by determining the optical density at

405 nm after incubation of cell extracts with o-nitrophenyl-

b-D-galactopyranoside (Sigma) at 37�C. Results are

expressed either as the ratio of the luciferase activity/b
galactosidase activity or as the ratio of the luciferase

activity/Pdx-1 protein expression levels. Control cells were

transfected with pcDNA3.1/hygro(-)-Pdx-1 wild type,

luciferase reporter construct, and lacZ b-galactosidase

expression vector. Results are averaged from three inde-

pendent experiments.

Infection of pancreatic b-cells with a recombinant

lentivirus and reporter assay

The lentiviral transfer vector Ins-715luc, encoding a rat

insulin promoter I (RIPI) (sequence from -715 to ?31)/

luciferase gene was a kind gift of Michiyo Amemiya-Kudo

from Okinaka Memorial Institute for Medical Research,

Tokyo, Japan [2]. The plasmid was cut with PmeI and Bgl

II and cloned upstream of the luciferase gene, generating

the lentiviral transfer vector pFW-INSluc. The viral parti-

cles were produced as described [25] by triple transfection

of 293T/17 cells with the gag/pol-rev packaging plasmid,

the env plasmid encoding vesicular stomatitis virus gly-

coprotein and the transfer vector. Cell extracts were

prepared with reporter lysis buffer (Promega, Mannheim)

and analyzed for luciferase activities.

Determination of insulin in the culture medium

of pancreatic b-cells

Confluent Min6 cells were split 1:5 and grown for 2 days

until 40–50% confluent in 24-well plates. The cells were

then washed twice with Krebs-Ringer bicarbonate HEPES

buffer (KRBH) of the following composition: 125 mM

NaCl, 5.9 mM KCl, 5.0 mM NaHCO3, 1.2 mM MgCl2,

1.3 mM CaCl2, 25 mM HEPES, pH 7.4, and 4 mM glu-

cose. Bovine serum albumin (0.1%, w/v) was added as an

insulin carrier. Next, cells were incubated for 4 h in KRBH

supplemented with CK2 inhibitors as indicated. Incubation

was stopped by putting the plates on ice, and the super-

natants were collected for insulin content assays using a

rat/mouse insulin enzyme-linked immunosorbent assay kit

(Millipore). When indicated, cells were pre-treated with

CK2 inhibitors in complete growth medium for 16 h before

assaying for insulin content.
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Results

In order to analyze whether Pdx-1 might be a substrate for

protein kinase CK2, we first started a computer-based

search for consensus sites on the polypeptide chain of Pdx-1.

The consensus phosphorylation site for CK2 is charac-

terized by the sequence S/TXXE(D). We found four

putative CK2 phosphorylation sites on the polypeptide

chain of Pdx-1, which are schematically shown in Fig. 1a.

Two putative sites, namely ser61 and ser66, are located in

the N-terminal transactivation domain. The two other sites

thr231 and ser232 are located in the C-terminus of Pdx-1. An

alignment of the amino acid sequences of Pdx-1 from

different species (Fig. 1b) revealed that all four sites are

highly conserved among different species indicating that

these regions may represent functionally relevant domains.

Next, we tested whether bacterially expressed and

highly purified Pdx-1 was phosphorylated by protein kinase

CK2. Figure 2a shows a Coomassie blue-stained SDS

polyacrylamide gel of the Pdx-1 protein, which was used

for the following experiments. As shown in Fig. 2b Pdx-1

was phosphorylated by the CK2 holoenzyme (lane 3),

whereas there was no signal in the absence of CK2 (lane 2)

or in the absence of Pdx-1 (lane 1). Phosphorylation of

Pdx-1 by CK2 was inhibited in the presence of 10 lM

tetrabromobenzotriazole (TBB) (lane 4), which is an effi-

cient and specific inhibitor of protein kinase CK2 [26].

Protein kinase CK2 is composed of two regulatory b-sub-

units and two catalytic a- or a0-subunits. Beside the

holoenzyme also the free catalytic subunits may phos-

phorylate a substrate, and therefore we analyzed whether

Pdx-1 could also be phosphorylated by the a- or a0-subunit

alone. First, the specific activity of the CK2 holoenzyme,

CK2a and CK2a0, was normalized to phosphorylate the

CK2 specific peptide substrate with the sequence

RRRDDDSDDD to the same extent (data not shown). As

shown in Fig. 2b neither the a- (lane 7) nor the a0-subunit

(lane 9) alone phosphorylated Pdx-1. A weak band in lane

9 may indicate an autophosphorylation of the MBP-CK2a0-
subunit.

Having shown that Pdx-1 is a substrate for the CK2

holoenzyme, in the next step we wanted to narrow down

the phosphorylation sites on the polypeptide chain of

Pdx-1. We cloned two recombinant Pdx-1 fragments, one

starting at amino acid 1–130 and the other one starting at

amino acid 131 until 284 as GST-fusion proteins (Fig. 3a).

The N-terminal part contains two putative phosphorylation

sites at ser61 and ser66; the C-terminal part contained two

Fig. 1 Putative CK2

phosphorylation sites on Pdx-1.

a Schematic representation of

the domain structure of mouse

Pdx-1. Transactivation indicates

the N-terminal transactivation

domain with three highly

conserved sub-domains,

spanning amino acids 13–22,

32–38, and 60–73. Homeobox

signifies the homeodomain, and

NLS indicates the nuclear

localization signal. Arrows
show the putative CK2

phosphorylation sites.

b Alignment of Pdx-1 amino

acid sequences of different

species. Putative consensus sites

for CK2 phosphorylation are

indicated in italics
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sites at thr231 and ser232. Proteins were expressed in

bacteria and purified by GSH-Sepharose affinity chroma-

tography. Figure 3b shows a Coomassie blue-stained SDS-

polyacrylamide gel with the two Pdx-1 fragments used for

the following experiments. Equal amounts of protein were

incubated with the CK2 holoenzyme and 32PcATP. Phos-

phorylated proteins were analyzed on a 12.5% SDS

polyacrylamide gel followed by autoradiography. As

shown in Fig. 3c, only the C-terminal fragment was

phosphorylated by protein kinase CK2. Autophosphory-

lated CK2b subunit was present in all lanes where the CK2

holoenzyme was used. From this result we conclude that

the CK2 phosphorylation sites are located in the C-termi-

nus of Pdx-1, probably at thr231 and/or ser232. In order to

further determine whether these two positions were indeed

phosphorylated by CK2, we mutated ser232 and thr231

individually to alanine, and we also made a double mutant

where both sites were mutated to alanine. Bacterially

expressed and purified Pdx-1 mutant proteins as well as

Pdx-1 wild type protein were subjected to a kinase reaction

with CK2 holoenzyme and 32PcATP. Proteins were ana-

lyzed on a 12.5% SDS polyacrylamide gel followed by

autoradiography. Wild type Pdx-1 was strongly phosphor-

ylated by CK2, whereas both single mutants were

considerably weaker phosphorylated than the wild type

Fig. 2 In vitro phosphorylation of Pdx-1 by the CK2 holoenzyme and

the a- and a0-subunits. a Bacterially expressed and purified GST-

Pdx-1 (1.5 lg) was analyzed on a 12.5% SDS-polyacrylamide gel

followed by Coomassie blue staining. b In vitro CK2 phosphorylation

assay was performed in the presence of GST-Pdx-1 (1.5 lg) wild type

by using a purified CK2 holoenzyme (lane 3) or CK2a (lane 7) or

MBP-CK2a0 (lane 9) and CK2 holoenzyme in the presence of 10 lM

TBB (lane 4). The reaction was carried out in the presence of
32PcATP for 30 min at 37�C. The CK2 holoenzyme (lane 1) or CK2a
(lane 6) or MBP-CK2a’ (lane 8) was incubated with 32PcATP in the

absence of Pdx-1 as a control. Phosphorylated proteins were separated

in a 12.5% SDS polyacrylamide gel, and the gel was subjected to

autoradiography

Fig. 3 In vitro phosphorylation of Pdx-1 fragments by the CK2

holoenzyme. a Schematic representation of GST-tagged Pdx-1

fragments. The GST moiety is shown as a black bar; the Pdx-1 part

is shown as a white bar. Numbers above the Pdx-1 part indicate the

respective Pdx-1 amino acids according to mouse Pdx-1. Arrows
show the localization of putative CK2 phosphorylation sites.

b Bacterially expressed and purified Pdx-1N-terminus (1.5 lg) and

Pdx-1 C-terminus (1.5 lg) were analyzed on a 12.5% SDS-poly-

acrylamide gel. The gel was stained by Coomassie blue.

c Recombinant Pdx-1 fragments were phosphorylated by CK2

holoenzyme. Phosphorylation was conducted in the presence of

GST-Pdx-1 N-terminus (lane 1) or GST-PDX-1 C-terminus (lane 3)

with CK2 holoenzyme and 32PcATP. To serve as control, the

GST-Pdx-1 N-terminus (lane 2) or the GST-Pdx-1 C-terminus (lane
4) or CK2 holoenzyme (lane 5) alone was also incubated with
32PcATP. Phosphorylated proteins were separated in a 12.5% SDS

polyacrylamide gel. Proteins were visualized by autoradiography. The

lower band shows the autophosphorylation of CK2b subunit.

Molecular weight markers (in KDa) are indicated on the left

CK2 phosphorylation of Pdx-1 2485



Pdx-1 (Fig. 4b). Figure 4a shows that we used equal

amounts of Pdx-1 proteins for the phosphorylation reac-

tion. The double mutant was only very weakly

phosphorylated if at all. These results show that obviously

both sites are phosphorylated.

In order to analyze the in vivo phosphorylation of Pdx-1

in pancreatic b-cells, we labeled bTC-3 cells, which were

transfected with Flag-tagged Pdx-1 with 33P-phosphate in

the presence or absence of 15 lM DMAT, which is a rather

specific inhibitor of CK2 [22]. Cells were extracted, and

Pdx-1 was immunoprecipitated with anti-Flag-tag anti-

bodies. The immunoprecipitate was analyzed on an SDS

polyacrylamide gel. Figure 5 lane 2 shows that the phos-

phorylation of Pdx-1 was much weaker in the presence

than in the absence of the CK2 inhibitor. Although Pdx-1 is

also phosphorylated by other kinases, this result strongly

indicated that CK2 contributes to the phosphorylation of

Pdx-1.

We then asked whether CK2 phosphorylation might

have an influence on the transcription factor activity of

Pdx-1. To measure the transcriptional activity, we used a

luciferase construct whose expression is under the control

of the insulin promoter. This construct was transfected into

HEK293T cells together with either wild type Pdx-1 or the

CK2 phosphorylation mutants. Luciferase activity was

measured 48 h after transfection. The results of three

independent experiments were shown in Fig. 6. Compared

to the control with the empty vector wild type Pdx-1

showed a considerable increase in the luciferase activity.

The single mutants S232A and T231A showed an elevated

level of transcriptional activity, which was even more

pronounced for the double mutant S232A/T231A. The

results were normalized for the corresponding proteins

expressed after transfection. Thus, CK2 phosphorylation of

Pdx-1 modulates its transcriptional activity.

To further prove the influence of the CK2 phosphory-

lation on the transcription factor activity of Pdx-1, we

employed another approach in pancreatic b-cells. We

infected Min6 cells with a lentivirus coding for luciferase

under the control of the insulin promoter. First, we tested

the system by analyzing the insulin promoter activity as a

response to elevated glucose concentration. As expected

transcription factor activity was elevated by increasing the

glucose concentration in the medium from 2 mM glucose

(LG) to 25 mM glucose (HG) (Fig. 7). Inhibition of CK2

activity by either TBB [23] or quinalizarin, another CK2-

specific inhibitor [7], led to a further increase of the insulin

promoter activity. Thus, these results confirm our previous

findings obtained with the CK2 phosphorylation mutants of

Pdx-1.

Fig. 4 In vitro phosphorylation of the Pdx-1 wild type and

phosphorylation inactive mutants by the CK2 holoenzyme. a Pdx-1

wild type and mutant proteins were analyzed on a 12.5% SDS

polyacrylamide gel. Proteins were stained with Coomassie Brilliant

Blue. b Pdx-1 is phosphorylated by CK2 on both ser232 and thr231.

Bacterially expressed and purified Pdx-1 wild type and alanine

mutants were incubated with CK2 holoenzyme in the presence of
32PcATP. Phosphorylated proteins were run on a 12.5% SDS

polyacrylamide gel and then subjected to autoradiography. The

autoradiogram shows labeled GST-Pdx-1 wild type (lane 2), S232A

(lane 4), T231A (lane 6), S232A/T231A (lane 8), and the autophos-

phorylation of CK2 b subunit. The CK2 holoenzyme (a2b2) (lane 1)

or GST-Pdx-1 wild type (lane 3) or S232A (lane 5) or T231A (lane 7)

or S232A/T231A (lane 9) protein alone was included as a negative

control

Fig. 5 In vivo labeling of bTC-3 cells with 33P-phosphate. bTC-3

cells were labeled with 33P-phosphate for 5 h. Pdx-1 was immuno-

precipitated from the cell extract and analyzed on a 12.5% SDS

polyacrylamide gel. Phosphate-labeled proteins were identified by

autoradiography. For control, the blot was incubated with an Pdx-1

antibody. Protein bands were visualized by the ECL method
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We then analyzed the effect of overexpression of the

CK2a and CK2b in b-cells on the transcriptional activity of

Pdx-1. bTC-3 cells were transfected with DNA consisting

of insulin promotor luciferase reporter construct and with

CK2a and CK2b constructs; 48 h after transfection lucif-

erase activity was measured. As a control, we also

transfected cells with an empty vector without CK2 inserts.

Luciferase activity in the control was set as 100%. As

shown in Fig. 8, expression of CK2a and CK2b subunits in

b-cells resulted in a considerable decrease of the luciferase

activity. This result further supports the notion that phos-

phorylation of Pdx-1 by CK2 regulates the Pdx-1

transcriptional activity.

In the next step we analyzed the insulin release from the

b-cells in the presence or absence of CK2 inhibitors. Min6

cells were incubated with 50 lM TBB for 20 h. After

incubation the supernatant of the cells was analyzed for

insulin. As shown in Fig. 9, treatment of cells with TBB

led to an elevated level of insulin in the culture medium.

The same results were obtained also by using DMAT or

quinalizarin as CK2 inhibitors (data not sown). Thus, these

results further support our initial findings that CK2 phos-

phorylation of Pdx-1 is implicated in the regulation of the

insulin production in b-cells.

Discussion

It has been known for quite some time that the transcription

factor Pdx-1 is a phosphoprotein (for review see [1]). Pdx-1

is phosphorylated by DNA-dependent protein kinase

(DNA-PK), which is implicated in the repair process of

double-strand breaks in DNA [11]. There is strong evi-

dence for an additional role in blocking apoptosis.

Furthermore, it has been demonstrated previously that

DNA-PK phosphorylates many transcription factors [4,

18]. Although DNA-PK phosphorylates Pdx-1 on threonine

11, which is part of the transactivation domain of Pdx-1, no

Fig. 6 Ser232 and thr231 phosphorylation modulate Pdx-1 transcrip-

tional activity. HEK293T cells seeded in a six-well plate were

transfected with 2 lg of empty vector (pcDNA3) or pcDNA3-derived

vectors encoding either wild type or mutant Pdx-1, 1.5 lg of RIP

luciferase, and 0.5 lg of b-galactosidase by calcium phosphate

transfection methods. The cells were lysed, and luciferase activity

was measured 48 h after transfection. The data between the control

cells (empty vector group) and the Pdx-1 wild type-expressing cells

(a) are expressed as the ratio of the RIP luciferase activity/b-

galactosidase activity. On the contrary, results between Pdx-1 WT

and different mutant-expressing cells (b) are shown as RIP luciferase

activity divided by the amount of Pdx-1 proteins expressed in the

cells. In both cases, the relative activity in Pdx-1 wild type-expressing

cells was set at 100%. The results are the means ± SE of three

separate experiments done in triplicate

Fig. 7 Effect of CK2 inhibitors on the transcription of the insulin

promotor. Min6 cells were infected with a recombinant lentivirus

coding for a luciferase construct under the control of the insulin

promotor and incubated with 2 mM glucose (LG) or 25 mM glucose

(HG) or with HG in the presence of either 50 lM TBB or 50 lM

quinalizarin. Luciferase activity measured at LG was set at 100%, and

the activity of the other sample was calculated in relation to this

value. Standard deviation was calculated from three independent

experiments

CK2 phosphorylation of Pdx-1 2487



alteration in the transcriptional activity of Pdx-1 was

observed in response to DNA-PK phosphorylation [16].

DNA-PK is a ser/thr kinase composed of two Ku regulatory

subunits and a large catalytic subunit. Protein kinase CK2

is also composed of two regulatory b-subunits and two

catalytic a- or a0-subunits. Besides, CK2 phosphorylates a

number of transcription factors [20], and it plays an

important role in preventing apoptosis. Thus, it was an

interesting question whether CK2 might also phosphorylate

Pdx-1. Here, we show for the first time that Pdx-1 is

phosphorylated by protein kinase CK2 at least in vitro.

Moreover, in vivo labeling of Pdx-1 in the presence of CK2

inhibitors revealed a considerably weaker phosphorylation

of Pdx-1 than in the absence of inhibitors.

The homeodomain-interacting protein kinase 2 (Hipk-2)

is another kinase that phosphorylates Pdx-1 within the last

70 amino acids at the C-terminus [6]. Although these

phosphorylation sites are far away from the transactivation

domain of Pdx-1, Hipk-2 phosphorylation of Pdx-1

increases its transcriptional activity. There are two putative

Hipk-2 phosphorylation sites in the C-terminus of Pdx-1,

namely thr214 and ser269, which are in the vicinity of the

two CK2 phosphorylation sites identified in the present

paper. Our data demonstrate that the CK2 phosphorylation

of Pdx-1 also regulates its transcriptional activity, although

in this case the non-phosphorylatable form showed a higher

transcriptional activity. Our results thus strongly support

previous observations showing that the C-terminus is also

important for full Pdx-1 transactivation potential [19]. In

addition also in b-cells of the pancreas, our results give a

further confirmation of this effect by observing a consid-

erable increase in the insulin promotor activity after

inhibiting CK2 activity. Besides, we see that inhibition of

CK2 activity resulted in an elevated secretion of insulin

into the culture medium. On the other hand, overexpression

of CK2a and CK2b in b-cells resulted in a decrease of the

reporter activity.

It has been shown that the mammalian Per-arnt-sim

kinase (PASK) activity is stimulated in pancreatic islet

b-cells by elevated glucose concentration [8]. Recombinant

Pdx-1 was efficiently phosphorylated by purified PASK in

vitro on a single site, namely thr152. By using mutants at

position 152, which mimic phosphorylation, it was shown

that the thr152D and thr152E mutant forms displayed a more

cytosolic distribution at both high and low glucose con-

centrations than wild type or thr152A mutant Pdx-1 [3].

Thus, phosphorylation of Pdx-1 by PASK seems to keep

Pdx-1 out of the nucleus. Using either wild type or the two

alanine mutants of Pdx-1 at the CK2 phosphorylation site,

we found Pdx-1 always in the nucleus (data not shown).

Thus, CK2 phosphorylation of Pdx-1 does not result in an

altered subcellular localization of Pdx-1. Our present

findings suggest CK2 as a novel regulator of the insulin

production in pancreatic b cells.
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Fig. 8 Overexpression of CK2a and CK2b decreased the transcrip-

tion of the insulin promotor in pancreatic b-cells. bTC-3 cells were

transfected with control or CK2 encoding vectors together with RIP-

luciferase and b-galactosidase. Forty-eight hours after transfection

luciferase activity was determined. The luciferase activity in the cells

transfected with the empty vector (-) was set as 100%, and the

activity of cells transfected with CK2a and CK2b (?) was calculated

in relation to this 100% value. Standard deviation was calculated from

three independent experiments

Fig. 9 Effect of CK2 inhibitors on insulin release from pancreatic

b-cells. Min6 cells were treated with TBB or left untreated. The

culture medium was collected, and the insulin content was measured

by a rat/mouse insulin Elisa Kit (Millipore). The experiment was

performed in triplicate, and the data are presented as percentage of

insulin release in the absence of inhibitors
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