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Abstract Akt (PKB) is a critical kinase in cell-survival

pathways. Its activity depends on the phosphorylation of

Thr308 and Ser473, by PDK1 and mTORC2, respectively.

We found that Akt can be further stimulated through

phosphorylation of Ser129 by another kinase, CK2. Here

we show that phosphorylation of Akt at Ser129 also

facilitates its association with Hsp90 chaperone, thus pre-

venting Thr308 dephosphorylation. This is supported by

the following observations: (1) phospho-Thr308 decreases

when Ser129 is mutated to alanine, (2) this decrease is

abolished by cell treatment with okadaic acid (to inactivate

PP2A) or geldanamycin (to inactivate Hsp90), (3) phos-

phorylation of Ser129 neither enhances the activity of

PDK1 nor hampers the in vitro activity of PP2A on Thr308,

but increases the Hsp90 association to Akt. These data

support the view that the antiapoptotic potential of CK2 is

at least in part mediated by its ability to maintain Akt in its

active form.
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Introduction

Akt (also known as protein kinase B, PKB) is a crucial kinase

regulating multiple cellular processes, such as cell death,

proliferation, growth, and metabolism (for reviews, see

[1–5]). Its dysregulated activity has often been related to

pathological conditions characterized by a high level of cell

proliferation and survival, such as cancer. Three isoforms of

Akt exist, Akt 1, 2, and 3 (or PKB a, b, c, respectively), with a

different tissue distribution [6], more ubiquitous for Akt 1

and 2. The three isoforms share a high sequence homology

and the same domain structure: an N-terminal PH (pleckstrin

homology) domain, connected by a short linker segment to a

central kinase domain, followed by a C-terminal regulatory

domain. The Akt activation mechanism is quite complex; a

number of partner proteins have been reported to modulate

Akt activity, such as the carboxyl-terminal modulator pro-

tein, CTMP [7], Tcl1 [8, 9], Hsp90/cdc37 [10], and Hsp27

[11]. The basic mechanism leading to Akt activation, how-

ever, starts with the up-regulation of phosphatidylinositol

3-kinase (PI3K) in response to external signals; this pro-

motes a rise in the concentration of phosphatidylinositol

3,4,5 trisphosphate (PIP3), which recruits Akt to the plasma

membrane by means of its PH domain. At this location, Akt

is phosphorylated at two key residues: Thr308 (numbering

according to the Akt1 sequence), in the catalytic domain,

is the target of the phosphoinositide-dependent kinase 1

(PDK1), while Ser473, in the C-terminal region, is phos-

phorylated by the complex mTORC2 [12] or by the

DNA-dependent protein kinase in response to DNA damage

[13]. Only the combined phosphorylation of these two

crucial residues confers catalytical competence to Akt.

In addition, we have recently demonstrated [14] that the

phosphorylation of Ser129, catalyzed by the protein kinase

CK2, promotes a further activation of Akt.
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CK2 [15] is another survival kinase, usually present in

the cells as a tetrameric holoenzyme, composed of two

catalytic subunits (a and/or a0) and two regulatory subunits

(b), playing a major role as a docking element for sub-

strates and interacting proteins [16, 17]. CK2 is

constitutively active and ubiquitous, but particularly ele-

vated in tumors as compared to normal tissues; for this

reason, it has recently been considered as a possible ther-

apeutic target [18–20]. The antiapoptotic role of CK2 is

supported by many findings (for reviews, see [17, 18, 21,

22]), and the mechanism seems to be extremely multifac-

eted, as expected considering the huge number of CK2

substrates [23]. Besides the many targets of CK2 involved

in cell life/death, a general cooperation has emerged

between CK2 and other survival pathways. In particular,

several connections have already been reported between

CK2 and the PI3K/PDK1/Akt pathway. In fact, CK2

phosphorylates the lipid phosphatase PTEN (phosphatase

and tensin homolog deleted on chromosome 10) and reg-

ulates its activity [24] and turnover [25], thus contributing

to maintaining a high level of phosphatidylinositols,

essential for Akt activation. Moreover, CK2, which can

also physically associate to Akt [26], directly phosphory-

lates its residue Ser129 [14]; this phosphorylation, added to

those of Ser473 and Thr308, contributes to a hyperacti-

vated state of Akt.

Here we show that CK2 has an additional role in con-

trolling Akt activity, since it contributes to maintaining a

high Thr308 phosphorylation level, thus taking part in the

major mechanism of Akt regulation.

Materials and methods

Antibodies

Total Akt1/2/3, phospho-Akt (S473), and Hsp90 antibodies

were obtained from Santa Cruz Biotechnology (Santa Cruz,

CA, USA). Phospho-Akt (T308) and phospho-PDK1

(S241) antibodies were from Cell Signaling Technology

(Danvers, MA, USA). HA antibodies were from Sigma (St.

Louis, MO, USA), and phospho-Akt (S129) antibodies

were produced as described elsewhere [14].

Plasmids

The expression vectors for Akt were the murine HA-tagged

Akt1 (pCMV6-HAAkt1) and HA-tagged myrAkt1

(pCMV6-HAmyrAkt1, a constitutively active Akt con-

taining a consensus myristoylation site). S129A Akt

mutants were obtained as already described [14]. CK2a
cDNA (pcDNA3.1/myc-His) was produced as previously

described [27].

Proteins

Inactive DPH Akt1 (dephosphorylated) and active

PDK1 were kindly provided by Dr. H. McLauchlan and

Dr. J. Hastie (Dundee). Active full-length Akt1 (phos-

phorylated at Thr308 and Ser473) was purchased from

Upstate-Millipore (Temecula, CA, USA). Recombinant

CK2a was expressed, purified [28], and kindly donated by

Dr. S. Sarno (Padova). PP2A (protein phosphatase 2A)

purified from rabbit skeletal muscle was kindly provided

by Dr. P. Agostinis (Leuven). Purified recombinant Hsp90

was kindly provided by Dr. P. Csermely and Dr. C. Soti

(Budapest).

Cell culture, transfection, and treatment

HEK 293T cells were maintained in Dulbecco’s modified

Eagle’s medium (Sigma), supplemented with 10% fetal

calf serum, 2 mM L-glutamine, 100 U/ml penicillin, and

100 mg/ml streptomycin, in an atmosphere containing 5%

CO2.

Cells were plated onto 60-mm-diameter dishes at about

80% confluence and transiently transfected with 4 lg of

cDNA by standard calcium-phosphate procedure. All Akt

transfections were performed with HA-tagged myrAkt1,

except transfections for experiments of IGF-1 and OA

(okadaic acid) treatments, where HA-tagged Akt1 plasmid

was used. The transfection mixture was removed after

16 h, and cells were lysed 24 h after transfection.

Treatments with okadaic acid (Alexis, Lausen, Switzer-

land), IGF-1 (Sigma), LY294002 (Sigma), TBB [28], or

GA (geldanamycin) (Sigma) were performed during

transfection, under conditions indicated in the figure leg-

ends and described elsewhere [29].

Cell lysis and Western blot analysis

Cell lysis and Western blot analysis were performed as

described [14], in a buffer consisting of 20 mM Tris–HCl,

pH 7.5, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, and

0.5% (v/v) Triton X-100. For co-immunoprecipitation

experiments, a different lysis buffer was used according

to [30], consisting of 20 mM Tris–HCl, pH 7.5, 137 mM

NaCl, 1 mM EDTA, 1.5 mM MgCl2, and 0.2% (v/v)

Nonidet NP40. Lysis buffers were supplemented with

2 mM dithiothreitol, protease inhibitor cocktail Complete

(Roche, Mannheim, Germany), 10 mM NaF, 1 lM oka-

daic acid, and 1 mM Na vanadate. After Western blot

procedure, quantification of the antibodies signal was

obtained by chemiluminescence detection on a Kodak

Image Station 440CF and analysis with the Kodak 1D

Image software.
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Hsp90 binding to affinity matrix-purified Akt

Aliquots (100 lg) of total proteins from cells over-

expressing HA-tagged Akt [wild type (w.t.) or Ser129Ala

mutant] in 10 ll lysis solution were mixed with 250 ll of a

buffer containing 20 mM Tris–HCl, pH 7.5, 0.1 M NaCl,

0.1 mM EDTA, and 15 ll of the anti-HA affinity matrix

(Roche) previously equilibrated in the same buffer. After

15 min of incubation with gentle rotation at 4�C, the

affinity matrix-bound Akt was collected by centrifugation,

washed twice, and resuspended in the same buffer.

Increasing amounts of recombinant Hsp90 were added

(as indicated in the figures), and incubated overnight in a

final volume of 25 ll with gentle rotation at 4�C. The

pellets, recovered by centrifugation and extensively washed

with the same buffer, were analyzed by SDS-PAGE and

Western blot.

Immunoprecipitation and co-precipitation experiments

Akt immunoprecipitation was performed starting with

200 lg of proteins from lysate of transfected cells, with

anti-HA antibodies, using the protocol described in [28].

The following modifications were introduced, where nec-

essary: immunoprecipitations performed to provide Akt

substrate to PP2A were carried out in the presence of 0.8%

(v/v) Triton X-100; immunoprecipitations performed to

assess the presence of co-precipitating Hsp90 were car-

ried out starting from lysate with a different lysis buffer

(see above) and in the presence of 35 lM ATP.

In vitro phosphorylation of Akt

Phosphorylation of recombinant Akt by CK2 was per-

formed as already described [14]. Phosphorylation by

PDK1 was achieved by incubating Akt with PDK1 for

10 min at 30�C, in the presence of 50 mM Tris–HCl, pH

7.5, 10 mM MgCl2, 10 lM ATP, [c-33P]ATP (1,500

cpm/pmol), 0.1 mM EGTA, and 1 mM DTT. Analysis was

performed by SDS-PAGE, blotting, electronic autoradiog-

raphy by Cyclone (Perkin Elmer, Shelton, CT, USA), and

Western blot with anti-phospho-Ser129 and anti-phospho-

Thr308 antibodies.

In vitro dephosphorylation of Akt by PP2A

Akt (recombinant or immunoprecipitated from Akt-over-

expressing cells) was incubated with purified PP2A for 2 h

at 30�C, in the presence of 50 mM Tris–HCl, pH 7.5,

5 mM MgCl2, and 5 lM ATP. Dephosphorylation was

assessed by Western blot analysis with anti-phospho-

Thr308 antibody.

Results

We have previously observed that, upon down-regulation

of CK2, the phosphorylation of Akt at Thr308 was sig-

nificantly reduced, although this residue is not a direct

target of CK2 [14]. This correlation has now been con-

firmed (Fig. 1a) by showing that overexpression of CK2

resulted in a higher level of Thr308 phosphorylation, while

Ser473, reported by others [31] to be affected by variations

in CK2 activity, was unaffected in our experimental

models.

To check if Thr308 phosphorylation is influenced by the

phosphorylation state of Ser129, the only known CK2

target in Akt, we have mutated Ser129 to Ala, and com-

pared the Thr308 phosphorylation of this mutant, expressed

in HEK 293T cells, with that of w.t. Akt. The results

(Fig. 1b) show that the Ser129Ala mutant was phosphory-

lated at Thr308 significantly less than w.t. Akt was.

Moreover, in the case of the mutant, overexpression of

CK2 did not induce any significant increase in Thr308

phosphorylation (Fig. 1b).

These findings could suggest an effect mediated by

protein kinase PDK1, responsible for the Thr308 phos-

phorylation [32], assuming that Akt phosphorylated at

Ser129 might be a better substrate for PDK1. To check this

hypothesis, we performed in vitro experiments with

recombinant proteins (Fig. 2a). We measured the activity

of PDK1 toward Akt that had been phosphorylated by CK2

compared to Akt that had not been pre-incubated with

CK2 or that had been incubated in the presence of the

CK2-inhibitor TBB (4,5,6,7-tetrabromobenzotriazole) to

prevent CK2-dependent phosphorylation. PDK1 efficiency

was detected by means of Western blot with the Thr308

phospho-specific antibodies. The results clearly demon-

strated that CK2 did not increase the PDK1-dependent

phosphorylation of Akt, which was rather decreased, for a

reason at present unknown. However, the Akt recombinant

protein available for these experiments was a deletion

mutant devoid of the PH domain, so we wanted to exclude

the possibility that our results were influenced by this

deletion. We therefore performed similar experiments by

immunoprecipitating Akt from cells expressing w.t. Akt or

Ser129Ala mutant, exploiting the fact that only a portion of

Thr308 phosphorylation was preserved, so that unphospo-

Thr308 was still available for in vitro reaction. Using these

immunoprecipitation pellets as substrates for PDK1

(Fig. 2b), we found that, again, PDK1 did not discriminate

between the two forms of Akt, either phosphorylated or

not by CK2 (distinguishable using anti-phosphoSer129

antibody, see Fig. 2b, right panel). Altogether these

experiments disprove the hypothesis that Ser129 phos-

phorylation facilitates Thr308 phosphorylation by PDK1.
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Next, we wanted to analyze the effect of Ser129Ala

mutation on Thr308 phosphorylation in response to dif-

ferent cellular conditions variably impinging on Thr308

phosphorylation by PDK1. Starting from starving condi-

tions induced by serum deprivation, we used IGF-1

(insulin-like growth factor-I) to stimulate cells over-

expressing w.t. and mutated Akt, and analyzed the Thr308

phosphorylation level (Fig. 3a). While the early phos-

phorylation in response to the stimulus did not differ

significantly, at longer IGF-1 treatment times, a decline in

phospho-Thr308 was observed in Ser129Ala Akt mutant,

much more evident than in w.t. Akt. This suggested to us

that the Thr308 dephosphorylation process, rather than its

phosphorylation by PDK1, might be affected by the Ser129

mutation. Consistent with this hypothesis, treatment of

cells with okadaic acid, an inhibitor of protein phospha-

tases (in particular PP2A and PP1 [33]), nearly abrogated

the differences between the Ser129Ala mutant and the w.t.

Akt (Fig. 3b), as far as Thr308 phosphorylation is

concerned. Moreover, in cells treated with LY294002 [34],

which blocks the upstream activation of Akt without

affecting its dephosphorylation, the higher level of phos-

pho-Thr308 in w.t. compared to mutant Akt was

maintained or even increased (Fig. 3c).

Based on these clues, we tested the in vitro activity of

the PP2A, i.e., the phosphatase acting on phospho-Thr308

[35], using purified Akt as substrate, without observing,

however, any significant difference in PP2A activity on

Akt that had been previously phosphorylated by CK2 on

Ser129 compared to control Akt, pre-incubated under the

same conditions, but in the absence of CK2 (Fig. 4a). In

this in vitro experiment, the phosphorylation degree

induced by CK2 was about 47%. Although we do not know

the exact extent of in vivo phosphorylation, we can assume

that it is similar to that observed in vitro, since the ratio

between the signal in WB with anti-phosphoSer129 Akt

and anti-total Akt was similar in in vitro and in vivo

experiments [14]. Therefore, the in vitro results reasonably

A

B

Transf. CK2 - +
Transf. Akt wt wt

WB Akt tot

WB Akt Sp129

WB Akt Sp473

WB Akt Tp308

WB CK2
-myc

1 2

WB Akt Tp308

WB Akt Sp129

WB Akt Sp473

WB Hsp90

WB Akt tot

Transf. Akt wt S129A S129A

Transf. CK2 - - +

WB CK2

1 2 3

Fig. 1 Effect of CK2 on Akt

Thr308 phosphorylation. a HEK

293T cells were transfected with

w.t. Akt plus myc-tagged aCK2,

where indicated (?). b HEK

293T cells were transfected with

w.t. Akt or Ser129Ala Akt

mutant, with or without myc-

tagged CK2a, as indicated.

Proteins (10 lg) from total

lysates were analyzed by

Western blot (WB) with the

indicated antibodies. The results

are also shown as a bar graph
for Thr308 signal normalized to

total Akt. Bar labels correspond

to lane numbers
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reflect the in vivo situation. Moreover, we also performed

experiments in which PP2A was assayed on Thr308 of Akt

immunoprecipitated from cells; the phosphatase activity

was very similar towards the w.t. Akt and the Ser129Ala

mutant (Fig. 4b). These data tend to rule out the possibility

that phosphorylation of Ser129 directly influences suscep-

tibility of Thr308 to dephosphorylation by PP2A.

Since it has been reported that the formation of an

Akt/Hsp90 complex protects phospho-Thr308 from

PP2A-mediated dephosphorylation [30], we wondered if

the effect of CK2 on Thr308 dephosphorylation might be

mediated by the chaperone protein Hsp90. To check this

point, we added recombinant Hsp90 to our in vitro de-

phosporylation assay, and we observed a protective effect

A

B

PDK1 - + - +

wt S129A

WB Akt Tp308

WB Akt tot

input

wt S129A

Akt IP

WB Akt tot

WB Akt Sp129

CK2 - - + + + +

PDK1 + + + + - -

TBB - + - + - +

WB Akt tot

WB Akt Tp308

radioactivity

1 2 3 4 5 6

Fig. 2 Effect of CK2 on PDK1 activity towards Thr308.

a Recombinant DPH-Akt (240 ng) was pre-incubated for 40 min

with a radioactive phosphorylation mixture in the presence or in the

absence of CK2a (200 ng). Where indicated, TBB (10 lM) was

added at the beginning of the radioactive reaction. After pre-

incubation, a new nonradioactive mixture was added, together with

PDK1 (20 ng) where indicated. Incubations were prolonged for an

additional 10 min. Analysis was performed by SDS-PAGE followed

by Western blot with the indicated antibodies; since incubation in the

presence of CK2 turned out to reduce the amount of total Akt, the

results are also shown as as a bar graph for Thr308 signal normalized

to total Akt. Radioactivity was detected by electronic autoradiogra-

phy, then radioactive bands were cut and counted by liquid

scintillation; the CK2-dependent phosphorylation degree (lanes 3
and 5) was estimated at 18%. Three determinations were performed

for each experiment; mean values ± SEM are shown. b HEK 293T

cells were transfected with w.t. Akt or Ser129Ala Akt mutant, Akt

was immunoprecipitated from cell lysates, and the washed pellets

were incubated with a phosphorylation mixture, in the presence or in

the absence of PDK1 (80 ng). Samples were analyzed by Western

blot with the indicated antibodies; on the right (input), the Western

blot analysis of 10 lg of total lysate proteins is shown
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much more evident when Akt was previously phosphory-

lated by CK2 (Fig. 4c). We therefore exploited two

different approaches to analyze the effect of CK2 on the

Akt/Hsp90 binding. Firstly, we performed in vitro experi-

ments with recombinant Hsp90 protein, whose ability to

bind to Akt immobilized on resin was measured, either

under conditions where Akt was phosphorylated by CK2

(Akt from cells expressing w.t. protein) or not (Akt from

cells expressing the Ser129Ala mutant). The results

(Fig. 5a) showed that the Ser129Ala mutant displays a

lower affinity for Hsp90 compared to w.t. Akt. Secondly, to

evaluate the in vivo binding of w.t. and mutant Akt to

Hsp90, we performed immunoprecipitation experiments,

under conditions respectful of multiprotein complexes.

Figure 5b shows that, when w.t. Akt was immunoprecipi-

tated, the amount of co-precipitating Hsp90 was much

higher than in the case of the Ser129Ala Akt mutant. Then

we tried to mimic constitutive phosphorylation of Ser129 by

mutating Ser129 to an aspartic acid, which sometimes can

substitute for the effect of a phosphorylated residue.

However, the results obtained with this mutant (not shown)

were very similar to those observed with the Ser129Ala

mutant, in terms of phospho-Thr308 level and Hsp90

association. These results seem to indicate that the intro-

duction of a negatively charged side chain at position 129 is

not sufficient to mimic phosphorylation of Ser129, but they

do not allow us to completely exclude that the mutation of

Ser129Ala is accompanied by a structural defect not related

to the phosphorylation state. To confirm that the reduced

association of mutant Akt with Hsp90 was due to the lack of

phosphorylation, we treated cells overexpressing w.t. Akt

with the CK2-inhibitor TBB [28]. After having assessed

that the level of Ser129 phoshorylation was actually

decreased by the treatment (Fig. 5c, right panel), we mea-

sured the amount of Hsp90 co-precipitating with Akt, and

we found that CK2 inhibition produced an effect similar to

the Ser129Ala mutation (Fig. 5c, left panel). As expected,

no effect was observed on Hsp90 association when TBB

treatment was applied to cells expressing the Ser129Ala

mutant instead of the w.t. Akt.

A

OA - + - +

WB Akt tot

WB Akt Tp308

WB Akt Sp129

B

C

wt Akt S129A Akt

wt Akt S129A Akt

LY - + - +

WB Akt tot

WB Akt Tp308

WB Akt Sp129

IGF-1 (min) 0 10 30 120 0 10 30 120

wt Akt S129A Akt

WB Akt tot

WB Akt Tp308

WB Akt Sp129

Fig. 3 Effect of Ser129Ala

mutation on the Thr308

phosphorylation in response to

different cellular conditions.

HEK 293T cells were

transfected with w.t. Akt or

Ser129Ala Akt mutant for 24 h

and treated as indicated; 10 lg

of total proteins from cell

lysates were analyzed by

Western blot. a After

transfection, cells were serum-

deprived for 12 h, then treated

with 100 ng/ml IGF-1 for the

indicated times. b Cells were

treated with 0.5 lM okadaic

acid (OA) where indicated for

the last 1 h of transfection.

c Cells were treated with 25 lM

LY294002 (LY) where

indicated for the last 2 h of

transfection
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Next, we reasoned that, if a stronger association to

Hsp90 is responsible for a higher phospho-Thr308 level in

w.t. than in Ser129A Akt, the abrogation of Hsp90 function

in the cells would abolish these differences. We therefore

treated the cells with the Hsp90 inhibitor GA (geldana-

mycin) [36], and we found (Fig. 6) that, without any effect

on PDK1 activation, the Thr308 phosphorylation of w.t.

Akt was dramatically reduced by GA, reaching a level very

similar to that of the Ser129Ala mutant, in which phospho-

Thr308 was unaffected by the GA treatment. Also the level

of Ser129 phosphorylation was slightly reduced by GA, by

a mechanism that is presently unclear.

Discussion

The work described in this paper discloses a new mecha-

nism by which CK2 up-regulates Akt, showing that

WB Tp308

Akt IP

WB Akt tot

A

B

CK2 - + - + - +

PP2A (µl) 0 0 1 1 3 3

WB Tp308

PP2A - + - +

PP2A - + - +

WB Tp308

WB Akt tot

wt S129A

- CK2 + CK2

WB Hsp90

C

Fig. 4 Effect of CK2-

dependent phosphorylation on

PP2A activity towards phospho-

Thr308. a Recombinant active

Akt (200 ng) was preincubated

for 30 min with a

phosphorylation mixture in the

absence or in the presence of

CK2a (100 ng). The degree of

Akt phosphorylation induced by

CK2 under the conditions used

for this experiment was about

47%. Incubations were further

prolonged for 2.5 h, with the

addition of purified PP2A as

indicated. Thr308

phosphorylation state was

measured by means of Western

blot (WB) with the phospho-

specific antibody; the

quantification of the signal is

shown in the bottom panel,
expressed as percentage of

phosphorylation compared to

the control (no PP2A addition).

Three different determinations

were performed; means ± SEM

are shown. b HEK 293T cells

were transfected with w.t. Akt

or Ser129Ala Akt mutant, Akt

was immunoprecipitated from

cell lysates, and the washed

pellets were incubated with 3 ll

of purified PP2A. Thr308

phosphorylation state and total

Akt amount were assessed by

means of WB with the indicated

antibodies. c Recombinant

active Akt (200 ng) was

preincubated for 30 min in a

phosphorylation mixture with or

without CK2a (100 ng). Then

recombinant Hsp90 (150 ng)

was added, followed by purified

PP2A (3 ll), where indicated,

and incubations were prolonged

for a further 2.5 h. Analysis was

performed by means of WB

with the indicated antibodies
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phosphorylation of Akt at Ser129—in addition to confer-

ring higher activity per se [14]—also ensures a higher

phosphorylation level at Thr308. While data obtained by

altering the activity of cellular CK2 (by CK2 inhibition or

overexpression) could be explained assuming an indirect

effect of CK2, mediated by one or more of its many sub-

strates involved in PI3K/PDK1/Akt pathways [such as

PTEN [24, 25], Hsp90 [37], or cdc37 (cell division cycle

37) [38]], the effects observed by mutating Ser129 to a

non-phosphorylatable residue allow us to conclude that

Ser129 phosphorylation is directly involved in determining

a higher level of phospho-Thr308. In principle, this could

be due either to an increased phosphorylation by the

Thr308 kinase (PDK1) or to a decreased dephosphorylation

by the Thr308 phosphatase (PP2A). Our results show that

Ser129 phosphorylation does not affect Thr308 phosphory-

lation by PDK1 (Fig. 2); somewhat surprisingly, PP2A

also displays similar activity towards immunoprecipitated

Akt either phosphorylated or not at Ser129 (Fig. 4). We

observed, however, that if lysis and immunoprecipitation

were performed under conditions respectful of multiprotein

complexes, the chaperone protein Hsp90, as expected [30],

co-precipitated with Akt, and its amount was significantly

reduced when Ser129 was not phosphorylated (Fig. 5).

Since Hsp90 hampers the accessibility of phospho-Thr308

to the phosphatase PP2A [30], it is expected that a more

stable complex will result in a slower in vivo dephospho-

rylation process. Consistently, when Hsp90 function was

inhibited by GA, phospho-Thr308 level of w.t. Akt

decreased to the level observed with the Ser129Ala mutant

(Fig. 6). In Fig. 5, it is also noteworthy that the effect of

cell treatment with the CK2 inhibitor TBB was even more

dramatic than the mutation of Ser129 in terms of reduced

Hsp90 association; this is not completely unexpected

considering that TBB blocks the action of CK2 also on

other substrates related to the Akt pathway. For example,

Hsp90 itself is a CK2 substrate, as is another protein, the

co-chaperone cdc37, which has been reported to participate

WB Hsp90

WB Akt

WB Hsp90

WB Akt

tupniIP

A

B

C inputIP

WB Akt

WB Akt Sp129

WB Hsp90

Akt immobilized wt S129A

Rec. Hsp90 (ng) - 75 750 - 75 750

Akt transfected: - wt S129A - wt S129A

TBB - - + - + - - + - +

Akt transf: - wt S129A - wt S129A

Fig. 5 Association of Hsp90 protein to w.t. and Ser129Ala Akt.

a HA-tagged Akt (w.t. or Ser129Ala mutant) was expressed in HEK

293T cells, immobilized on resin (anti-HA Affinity Matrix, Roche),

and incubated with increasing amounts of purified recombinant

Hsp90. After washing, the resin-bound proteins Hsp90 and Akt were

detected by Western blot (WB) with the specific antibodies. b HEK

293T cells were transfected with empty vector (-), HA-tagged w.t.

Akt (w.t.), or HA-tagged Ser129Ala Akt (S129A). Lysate proteins

(200 lg) were used for immunoprecipitation with anti-HA antibodies.

The left panel [immunoprecipitation (IP)] shows the WB analysis of

the pellets for the amount of precipitated Akt and co-precipitated

Hsp90. The right panel (input) shows WB with the same antibodies of

10 lg of proteins from total lysates. c HEK 293T cells were

transfected with HA-tagged w.t. Akt (w.t.) or HA-tagged Ser129Ala

Akt (S129A), and treated, where indicated, with 20 lM TBB for 3 h.

Then, 200 lg of lysate proteins was used for immunoprecipitation

with anti-HA antibodies. Left panel (IP) shows the WB analysis of the

pellets for the amount of precipitated Akt and co-precipitated Hsp90.

Right panel (input) shows WB with the indicated antibodies of 10 lg

of proteins from total lysates
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in the Akt/Hsp90 complex [38]. For this latter, however,

we have no evidence for a possible role in mediating the

effect of Ser129 on Thr308 phosphorylation (not shown).

The mechanism by which the presence of a phosphate

group on Ser129 increases the affinity of Akt for Hsp90 is

still a matter of conjecture; data obtained in far western

(overlay) experiments tend to rule out a direct binding of

Hsp90 to the region of Akt containing (phospho)Ser129. In

fact, when Ser129 peptide or phospho-peptide was incu-

bated over a membrane exposing Hsp90, no association

was observed, as judged from the WB with anti-Ser129

antibodies (not shown). Negative results were also obtained

the other way around, i.e., immobilizing Ser129 peptide on

the membrane and overlaying with Hsp90 (not shown). Our

results are consistent with previously reported data [30]

showing that the Akt region involved in the interaction

with Hsp90 encompasses residues 229–309, thus not

including Ser129. We have to assume, therefore, that the

phosphorylation of Ser129 confers to Akt a conformation

more suitable for Hsp90 binding. A crystal structure of this

region would greatly help in understanding this mecha-

nism; unfortunately, Ser129 is located in the Akt linker

region, connecting the PH and the catalytic domains, and,

so far, no structure of this portion is available, but only

models that are considered highly speculative [39]. For the

time being, we can only speculate that this linker region,

endowed with a high flexibility, can variably interact with

remote domains of Akt in a phosphorylation-dependent

manner.

Given the constitutive activity of CK2, it is possible that

Akt phosphorylation at Ser129 also occurs under resting

conditions, preceding phosphorylation at Thr308 by PDK1

in response to cellular signals. It seems more likely, how-

ever, that CK2 intervention occurs when phosphate is

already present on Thr308 and is aimed at maintaining this

activation state. This possibility is supported by pre-

liminary results suggesting that active Akt is a better

substrate for CK2 than unphosphorylated Akt (unpublished

data; also compare the degree of CK2-dependent phos-

phorylation obtained in experiments of Fig. 2, i.e., 18%

wt Akt S129A Akt

GA - + - +

WB Akt tot

WB Akt Tp308

WB Akt Sp129

WB Hsp90

WB PDK1 Sp241

Fig. 6 Effect of geldanamycin

(GA) on the Thr308

phosphorylation of w.t. and

Ser129Ala mutant Akt. HEK

293T cells were transfected with

w.t. Akt or Ser129Ala Akt

mutant for 24 h and treated with

10 lM GA for the last 1 h of

transfection, where indicated;

10 lg of total proteins from cell

lysates were analyzed by

Western blot with the indicated

antibodies. In the lower panel,
quantification of phospho-

Thr308 and phospho-Ser129 of

three different experiments

(means ± SEM) are shown
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phosphorylation of inactive Akt, with that of Fig. 4, 47%

phosphorylation of active Akt). This would be consistent

with a situation in which CK2 plays its role after PDK1,

preferentially phosphorylating those molecules displaying

an active conformation owing to the presence in them of

phospho-Thr308 (and possibly phospho-Ser473). Whatever

the order of Akt phosphorylation might be, our results

suggest that Ser129 dephosphorylation precedes Thr308

dephosphorylation and, in a way, is a prerequisite. Inter-

estingly, Ser129 phosphorylation is not affected by the

okadaic acid treatment (Fig. 3), ruling out the implication

of the okadaic-sensitive phosphatases, PP2A and PP1 [33].

Further work will be necessary to elucidate these aspects,

but implication of different enzymes mediating Ser129 and

Thr308 dephosphorylation would be consistent with the

hierarchical concept of one phospho-site preventing the

dephosphorylation of the other. We also observed a slight

reduction in Ser129 phosphorylation in cells treated with

the PI3K inhibitor LY294002 (Fig. 3); although this com-

pound has been reported as a CK2 inhibitor as well [40],

we do not have any evidence of cellular CK2 inhibition

at the concentration used [14]. Rather, considering that

LY294002 treatment reduces the Akt phospho-Thr308, the

preference of CK2 for phosphorylating Akt already in

the active conformation can be a possible explanation of

this observation.

We have also tried to evaluate the relevance of Ser129

phosphorylation to Akt functionality in cells. We have

already shown [14] that the Akt Ser129 mutant displays

reduced activity towards GSK3b or a specific peptide sub-

strate. New preliminary results would indicate that w.t. Akt

ensures a higher level of cell survival in response to an

apoptotic stimulus, compared to the mutant not phospho-

rylatable by CK2, expressed at a similar level. However, in

our experiments only a minority of cells were transfected,

thus preventing any reliable analysis about the effects of the

mutation on transfected cell survival; future experiments

exploiting stable transfection or cell sorting will be necessary

to clarify this point. Although most of the experiments were

performed on cells ectopically expressing Akt, it is important

to stress, in this respect, that the implication of CK2 in the

direct phosphorylation of Akt Ser129 and in increasing the

level of Thr308 phosphorylation was previously demon-

strated to occur physiologically in nontransfected Jurkat

cells [14]. Therefore, we can assume that all the findings

reported here reflect biologically relevant events.

In summary, our results outline a new mechanism by

which CK2 controls Akt activity. By ensuring high levels

of phospho-Thr308, the key residue for Akt activation,

CK2 can significantly potentiate the Akt-mediated cataly-

sis. Consequently, cells where CK2 expression/activity are

abnormally high (as frequently observed, e.g., in tumors)

may also undergo unwanted hyperactivation of Akt. As the

Akt signaling is one of the most critical pathways in pro-

moting cell survival, this can in turn result in marked

apoptosis resistance and enhancement of the tumor phe-

notype, contributing to that vicious circle where CK2 plays

a major role as a key suppressor of apoptosis [21] and a

cancer driver, although no genetic alterations of CK2 are

known to be responsible for specific kinds of tumors [41].
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