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Abstract We have previously demonstrated that protein

kinase CK2 is a potent suppressor of apoptosis in cells

subjected to diverse mediators of apoptosis. The process of

apoptosis involves a complex series of molecules localized

in various cellular compartments. Among the various

proteins that modulate apoptotic activity are inhibitors of

apoptosis proteins (IAPs) which are elevated in cancers and

have been proposed to block caspase activity. We have

examined the impact of CK2 signal on these proteins in

prostate cancer cells. Cellular IAPs demonstrate distinct

localization and responsiveness to altered CK2 expression

or activity in the cytoplasmic and nuclear matrix fractions.

Modulation of cellular CK2 by various approaches impacts

on cellular IAPs such that inhibition or downregulation of

CK2 results in reduction in these proteins. Further, IAPs

are also reduced when cells are treated with sub-optimal

concentrations of chemical inhibitors of CK2 combined

with low or sub-optimal levels of apoptosis-inducing

agents (such as etoposide) suggesting that downregulation

of CK2 sensitizes cells to induction of apoptosis which

may be related to attenuation of IAPs. Decreased IAP

protein levels in response to apoptotic agents such as TNFa
or TRAIL were potently blocked upon forced overexpres-

sion of CK2 in cells. Together, our results suggest that one

of the modes of CK2-mediated modulation of apoptotic

activity is via its impact on cellular IAPs.
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Abbreviations

CK2 Acronym for the former name casein kinase II

CK2a CK2 catalytic subunit a
CK2b CK2 regulatory subunit b
IAPs Inhibitor of apoptosis proteins such as cIAP1,

cIAP2, XIAP, survivin

TBB 4,5,6,7-Tetrabromobenzotriazole

MNA 1,8-Dihydroxy-4-nitro-anthracene-9,10-dione

TRAIL Tumor necrosis factor-related apoptosis inducing

ligand

TNFa Tumor necrosis factor a
FBS Fetal bovine serum

Introduction

CK2 (formerly casein kinase II) is a ubiquitous protein

serine/threonine kinase that has a large number of potential

substrates, and as such is implicated in a variety of cellular

processes including cell growth and proliferation and sur-

vival [1–5]. The levels of CK2 are generally high in

proliferating cells, and analogous to this property is its
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consistently observed elevation in a variety of cancers

[1, 3]. A role for CK2 in cell proliferation has been known

for a long time, whereas the distinct nature of its involve-

ment in the cancer cell phenotype was not well understood.

However, the demonstration that CK2 was also a potent

suppressor of apoptosis [2, 6] pointed to an important link of

the kinase to the cancer cell phenotype given that cancer

cells characteristically demonstrate not only enhanced pro-

liferation, but also reduced cell death [e.g., 7]. Following our

original observations, it has become apparent that CK2 has a

broad role in suppression of apoptosis induced by various

mechanisms including that mediated by removal of growth

factors, treatment of cells with chemical agents/drugs, and

receptor-mediated apoptosis [8–11]. We have previously

documented that CK2-mediated suppression of apoptosis

impacts on several downstream targets in the apoptotic

machinery including Bax, Bcl-2, Bcl-xL, NF-jB, cyto-

chrome c, and caspase activity; importantly, it appears that

these events may be downstream of an initial production of

intracellular H2O2 in response to downregulation of CK2 [8,

9, 12, 13]. Because IAPs have been implicated in modula-

tion of apoptotic activity in cells [14–18], we have here

investigated their response to altered CK2 status by

employing androgen-sensitive (ALVA-41) and androgen-

insensitive (PC-3) prostate cancer cells. Our results show

that downregulation of CK2 results in reduction of various

IAPs, whereas overexpression of CK2 results in blocking

their loss suggesting a potential locus for CK2-mediated

suppression of apoptosis.

Materials and methods

Cell lines and reagents

Androgen-sensitive ALVA-41 and androgen-insensitive

PC-3 prostate cancer cell lines were employed for these

experiments. ALVA-41 cells were grown in RPMI-1640

(Invitrogen/GIBCO, Carlsbad, CA) supplemented with 6%

FBS and 2 mM L-glutamine, whereas PC-3 cells were

maintained in RPMI-1640 supplemented with 10% FBS

and 2 mM L-glutamine. The following inhibitors of CK2

were employed: Apigenin, TBB from Calbiochem (San

Diego, CA), and MNA (a kind gift of Dr. L.A. Pinna,

University of Padova). Etoposide and rabbit anti-lamin A

antibody were purchased from Sigma-Aldrich (St Louis,

MO). Sources of various other antibodies and reagents

employed were as follows: rabbit anti-SOD1, and mouse

anti-actin were from Santa Cruz Biotechnology (Santa

Cruz, CA); TRAIL, TNFa, mouse anti-cytochrome c, goat

anti-XIAP, rabbit anti-cIAP1, and goat anti-cIAP2 were

from R & D Systems (Minneapolis, MN); and rabbit anti-

survivin was from Cell Signaling (Denver, CO).

Treatment of cells, preparation of cell fractions, and

immunoblot analysis

Treatment of cells with various inhibitors of CK2 or

apoptosis-inducing agents was carried out as described

previously [8, 9, 12, 13, 19]. To achieve overexpression of

CK2a, pcDNA6-CK2a expression vector was employed;

the details of transfection are the same as described pre-

viously [8, 9, 12, 13, 19]. Additional pertinent information

is provided in the figure legends. Preparation of cell

lysates, and preparation of nuclear matrix and cytoplasmic

fractions from cells following various treatments, and

immunoblot analysis for expression of various proteins

was carried out precisely as described previously [8, 9, 12,

13, 19].

Measurement of CK2 and caspase activities

Measurement of CK2 activity in cells treated with various

inhibitors was carried out by employing a CK2 assay kit

(MBL, Woburn, MA) as described previously [19]. Assay

of caspase activity using the fluorescent assay caspase

substrate (BioMol, Plymouth, PA) was carried out as

detailed previously [8, 13, 19].

Results

Inhibition of CK2 activity and induction of apoptosis

in prostate cancer cells by chemical inhibitors of CK2

In previous work, we have documented that induction of

apoptosis in cells is blocked by overexpression of CK2,

whereas modest downregulation of CK2 sensitizes cells to

low levels of apoptosis-inducing agents [8, 9]. Since it

appears that caspase activation is involved in induction of

apoptosis mediated by downregulation of CK2, and cellular

inhibitor of apoptosis proteins such as cIAPs, XIAP, and

survivin are involved in blocking caspase action [14, 15,

17, 18], we have investigated the effects of CK2 modula-

tion on these proteins in prostate cancer cells. As a first

step, we have analyzed the effect of two of the chemical

inhibitors (TBB and apigenin) on CK2 activity in both the

androgen-sensitive (ALVA-41) and androgen-insensitive

(PC-3) cells in cell culture. The results in Table 1 show

that both the CK2 inhibitors tested at a concentration of

80 lM caused a time-dependent inhibition of the cellular

CK2 activity with ALVA-41 cells showing somewhat

greater sensitivity compared with PC-3 cells. Significant

induction of apoptosis is observed at similar concentrations

of CK2 inhibitors; a representative experiment employing

80 lM TBB is shown in Fig. 1 demonstrating caspase-3

activation in ALVA-41 cells treated with TBB.
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Response of IAPs in prostate cancer cells following

modulation of CK2 activity by various methods

We have previously shown that moderate downregulation

of CK2 activity in cells results in their sensitization to

apoptosis-inducing agents such as TRAIL [9]. As a step to

further identify the downstream targets in the apoptosis

machinery that respond to CK2 modulations, we examined

the effects of manipulating CK2 by different strategies on

IAPs expression in prostate cancer cells (Fig. 2). The

results in Fig. 2 show the effects of 20 lM apigenin,

40 lM TBB (both CK2 inhibitors), 20 lM etoposide

(DNA damaging apoptosis-inducing agent), and 100 lM

TNFa without cycloheximide (a ligand for receptor-medi-

ated apoptosis); it may be noted that these concentrations

represent sub-optimal levels required for production of

their respective effects in prostate cancer cells [9].

Figure 2a demonstrates that at the suboptimal concentra-

tions, TBB, TNFa, and etoposide produce a moderate

reduction in the immunoreactive levels of cIAP1, cIAP2,

and survivin, the exception being that treatment with TNFa
alone resulted in somewhat increased expression of survi-

vin. However, when 40 lM TBB is combined with either

20 lM etoposide or 100 lM TNFa there is a marked fur-

ther reduction in the levels of cIAP1, cIAP2, and survivin.

Analogous changes are observed in the increased levels of

cytochrome c under the same conditions reflecting the

induction of apoptosis. The results in Fig. 2b based on the

effects of apigenin (20 lM) in place of TBB confirm the

results shown in Fig. 2a concerning the amplified reduction

in IAPs expression following dual treatment which

includes a CK2 inhibitor. Together, these data suggest that

downregulation of CK2 activity results in reduction in

IAPs in these cells. In order to establish whether overex-

pression of CK2 results in the opposite effect on IAPs,

a representative experiment is shown in Fig. 3 employing

concentrations of TRAIL (50 ng/ml) and TNFa (20 ng/ml

plus 20 lM cycloheximide) which are known to induce

apoptosis in prostate cancer cells [9]. The results show that

the immunoreactive level of cIAP2 is markedly reduced

when cells are treated with TRAIL or TNFa. However,

when CK2 expression is increased by prior transfection of

the PC-3 cells with pcDNA6-CK2a expression plasmid,

there is complete reversal of the effects of TRAIL or TNFa
on cIAP2 level examined. These data suggest a protective

role of overexpression of CK2 on cIAP2 on steady state

protein levels.

Response of IAPs in subcellular fractions following

treatment of cells with inhibitors of CK2

Since IAPs are located in different cell compartments [e.g.,

16, 20], we investigated the effect of treating cells with

CK2 inhibitors on cytoplasmic and nuclear localized IAPs.

The data in Fig. 4 indicate that control cells fractionated

into the cytoplasmic and nuclear matrix fractions demon-

strated distinct distribution of survivin, XIAP, and cIAP2,

and that following treatment with CK2 inhibitor TBB there

was a differential response of IAPs in these subcellular

fractions. For example, in ALVA-41 cells, survivin protein

in the cytoplasmic fraction was dramatically reduced

compared with that in the nuclear matrix. In the case of PC-

3 cells, both the cytoplasmic and nuclear matrix-associated

survivin demonstrated significant reduction in response to

TBB. The level of XIAP in ALVA-41 and PC-3 cells was

greater in the cytoplasmic fraction compared with that in

the nuclear matrix. The reduction in cytoplasmic and

nuclear matrix XIAP was marked in response to TBB
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Fig. 1 Effect of TBB on caspase activity in prostate cancer cells. The

experiment shows analysis of various caspase activities in ALVA-41

cells treated with TBB at a concentration of 80 lM for the times

indicated. Assay of caspase activity was performed as described under

Materials and methods

Table 1 Effect of apigenin and TBB on CK2 activity in ALVA-41

and PC-3 cells

Time of

treatment (h)

Percent CK2 activity

in ALVA-41 cells in

the presence of 80 lM

Percent CK2 activity

in PC-3 cells in the

presence of 80 lM

Apigenin TBB Apigenin TBB

0 100 100 100 100

6 60 ± 5 65 ± 6 75 ± 6 80 ± 8

12 32 ± 4 50 ± 3 45 ± 4 55 ± 3

24 10 ± 3 20 ± 3 30 ± 4 40 ± 6

Cells were treated with the inhibitors at the indicated concentration

for varying periods of times followed by measurement of CK2

activity as described under Materials and methods. The results

(mean ± S.E.M.) are expressed as percent CK2 activity compared

with control at zero time
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treatment in ALVA-41 cells, whereas its reduction in

PC-3 cells was moderate. cIAP2 was found to be

localized largely in the nuclear matrix fraction in both

the ALVA-41 and PC-3 cells, and its response to treat-

ment of cells with TBB was more dramatic in the

ALVA-41 cells compared with that in PC-3 cells

although the reduction in the latter was also significant.

Figure 5 shows the effects of MNA (another CK2

inhibitor tested at 80 lM concentration) on cIAP2,

cIAP1, XIAP, and survivin in ALVA-41 and PC-3 cells.

In accordance with the result in Fig. 4, cIAP2 was pre-

dominantly found in the nuclear matrix fraction and

demonstrated a dramatic reduction in response to MNA

treatment in both types of prostate cancer cells. Both

cIAP1 and XIAP were localized predominantly in the

cytoplasmic fraction, and demonstrated a marked reduc-

tion in their levels in response to MNA in both types of

cells. Data on effect of MNA on survivin expression

were also similar to those for TBB shown in Fig. 4.

Together, these results suggest that IAPs are dramatically

influenced by the status of CK2 activity in the cells, and

further these proteins demonstrate distinct distribution in

the cell and that their responsiveness to CK2 status may

also differ depending on their cellular locale.
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β-actin
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cytochrome c 
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cytochrome c
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- +          - +          - +   

- - +           +          - -
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A B

Fig. 2 Effects of various apoptosis-inducing agents on IAPs in

ALVA-41 prostate cancer cells. ALVA-41 cells were treated with

40 lM TBB, 20 lM apigenin, 20 lM etoposide, and 100 lM TNFa
without cycloheximide; all of these concentrations of the various

agents are sub-optimal for their respective effects (CK2 inhibition or

induction of apoptosis). Panel (a)shows the effects of TBB, etoposide,

and TNFa alone, and effect of etoposide plus CK2 inhibitor TBB or

TNFa plus TBB; panel (b) shows a similar experiment except that

apigenin rather than TBB is employed as the CK2 inhibitor. Cells

were treated for a period of 24 h prior to preparation of the cell

lysates. Panel ( a) shows immunoblots of cIAP1, cIAP2, survivin, and

cytochrome c. Panel (b) shows immunoblots of cIAP2, survivin, and

cytochrome c. Equal protein loading is confirmed by immunoblotting

for b-actin

PC-3 cells

cIAP2

pcDNA6

pcDNA6-CK2α
TNFα 20 ng/ml 

TRAIL 50 ng/ml - - +                    - - +

- +                 - - +                -

- - - +               +     +

+                 +                +                 - - -

Fig. 3 Effect of apoptotic signals on cIAP2 levels in PC-3 prostate

cancer cells in the presence or absence of CK2 overexpression.

Overexpression of CK2 was achieved in PC-3 cells by employing the

pcDNA6-CK2a expression plasmid (treated for a period of 48 h).

Control cells or cells expressing pcDNA6-CK2a were treated with

50 ng/ml of TRAIL or 20 ng/ml of TNFa (plus 30 lg/ml of

cycloheximide) (these agents induce apoptosis at these concentra-

tions). Equal quantities of cell lysates were immunoblotted for cIAP2.

The results show that loss of cIAP2 in cells treated with TRAIL or

TNFa was completely blocked in cells overexpressing CK2a

Cy       NM        Cy      NM      Cy       NM        Cy     NM

survivin

β -actin

cIAP2

XIAP

Co TBB Co TBB

PC3 cellsALVA-41 cells

Fig. 4 Effect of CK2 inhibitor TBB on levels of IAPs in cytoplasmic

and nuclear matrix fractions of prostate cancer cells. ALVA-41 and

PC-3 cells were treated with 80 lM TBB for 24 h and subjected to

cytoplasmic (Cy) and nuclear matrix (NM) fractionation as indicated

under Materials and methods. These fractions were subjected to

immunoblot analysis for survivin, XIAP, and cIAP2 as shown. Protein

loading was confirmed by inclusion of a b-actin immunoblot
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Discussion

A consistent feature of cancer cells is that they exhibit

deregulation of both proliferation and cell death [e.g., 7].

For example, in the case of prostate cancer it is suggested

that reduced apoptotic activity rather than increased pro-

liferation plays an important role in its progression [21].

Accordingly, cellular apoptotic machinery has attracted

considerable attention as a potential target for designing

therapeutic approaches. Apoptosis or programmed cell

death in cells is regulated through activation of a complex

series of pathways and molecules, and likewise its inhi-

bition also appears to incorporate a number of potential

mechanisms [e.g., 14, 15, 17, 18, 22]. One aspect of cell

survival control was recognized with the observation that

protein kinase CK2, known to have a role in cell prolif-

eration in normal and cancer cells [1, 3], was also capable

of suppressing cell death mediated by diverse agents

suggesting the potential involvement of several pathways

[2, 6, 8, 23]. For example, it has been documented that

CK2 influences apoptosis associated with removal of

growth factors [24, 25], chemical agents [6, 19], physical

agents [26, 27], and death receptor ligands [8, 9, 11].

Thus, it would appear that CK2 has a global role in regu-

lating apoptotic activity in cells [8]. Since CK2 has been

found to be elevated in various cancers that have been

examined [1, 3], its involvement in suppression of apop-

tosis (besides its role in cell proliferation) provided an

important link of CK2 signaling to the cancer phenotype

and eventually to its potential as a target for cancer therapy

[2, 9, 10, 25, 28].

Among the diverse mechanisms that appear to be

involved in mediating repression of apoptosis in cells

[14, 15, 18], we have been interested in examining the

influence of CK2 on downstream targets in the apoptotic

machinery. Our previous studies have indicated involve-

ment of several molecules that are impacted by CK2,

including generation of intracellular ROS (reactive oxygen

species such as H2O2) in response to downregulation of

CK2 and influence on molecules such as Bcl-2, Bcl-xL,

Bax, NFjB, and FLIP [8, 9, 20]. The present study has

demonstrated that IAPs are also influenced by manipula-

tion of the CK2 status in the cells. IAPs including cIAP1,

cIAP2, XIAP, and survivin have been implicated in sup-

pression of apoptosis by blocking caspase activity in

addition to other potential effects in the cell [e.g., 14, 15,

18]. Our studies indicate that approaches to inhibit CK2

activity or reduce CK2 levels (by chemical inhibitors or

inducers of apoptosis) result in a significant reduction in

the immunoreactive protein levels of various IAPs. Con-

sidering the consistent elevation of CK2 in cancers [1, 3],

the present results are germane to the observed elevation of

various IAPs in cancer cells including prostate cancer [14,

15, 17, 29]. Of note, our observations on the effects of CK2

status on survivin agree with a previous study [29]; how-

ever, we have noted that the cytoplasmic component of

survivin is significantly more sensitive to manipulation of

CK2 levels in the cell. It has been previously noted that

survivin localized in the nuclear and cytoplasmic fractions

may exert distinct functions such as promotion of mitotic

activity by the nuclear survivin or blocking of apoptosis by

the cytoplasmic survivin [e.g., 20]. Since CK2 promotes

cell proliferation and suppresses apoptosis, our results

imply that this signal may exert dual effects in the cell

through cytoplasmic and nuclear survivin. Accordingly,

our data hint that CK2 may have an important role in

regulating the cytoplasmic survivin function in addition to

the other IAPs as targets for modulation of apoptotic

activity in cancer cells.

It is noteworthy that the effect of altering CK2 on IAPs

in prostate cancer cells was apparent in both the androgen-

sensitive and androgen-insensitive cells which is consis-

tent with our other observations indicating that CK2

functions are analogous in prostate cancer cells regardless

of their phenotype [25]. The increased responsiveness of

the androgen-sensitive compared with androgen-insensi-

tive cells may relate to the observation that androgen

receptor-mediated transcriptional activity is modulated by

cIAP1

cIAP2

SOD1

Lamin A

β-Actin

Cy        NM       Cy       NM       Cy      NM      Cy    NM

XIAP

Survivin

Co MNA Co MNA

PC3 cellsALVA-41 cells    

Fig. 5 Effect of CK2 inhibitor MNA on levels of IAPs in cytoplas-

mic and nuclear matrix fractions of prostate cancer cells. All details

are essentially the same as for Fig. 4, except that MNA at 80 lM was

employed as the inhibitor of CK2 in ALVA-41 and PC-3 cells treated

for a period of 24 h prior to isolation of the cytoplasmic (Cy) and

nuclear matrix (NM) fractions. Equal amounts of protein were

subjected to immunoblot analysis for cIAP2, cIAP1, XIAP, and

survivin. The fidelity of the cytoplasmic and nuclear matrix fractions

was confirmed by analysis of SOD1 (a cytoplasmic marker) and lamin

A (a marker for nuclear compartment). b-actin was included as a

protein loading control
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CK2 [30]. The mechanism by which CK2 influences IAPs

in cancer cells is not fully understood, although our pre-

liminary studies suggest that CK2 alters expression of

survivin message (data not shown) analogous to the pre-

vious observation [29] that linked survivin expression to

CK2-mediated activity in Wnt signaling. However, it is

not clear if the alteration in other IAPs relate to changes at

the message level in response to manipulation of CK2

status since preliminary studies did not indicate a change

in the message level of cIAP1, cIAP2, or XIAP (data not

shown). These studies are currently underway in our lab-

oratory. In this regard, a recent report demonstrating that

fibronectin protection of TNFa-induced apoptosis is via

the AKT/survivin pathway [31] is of special note since

CK2-mediated phosphorylation of a site in AKT may have

a role in its activity [32]. Also, germane to these consid-

erations is the observation that AKT is involved in

stabilization of X-linked inhibitor of apoptosis protein

[33].

In addition to the present observations on IAPs as

potential targets of CK2 effects on apoptotic activity, a

number of other molecules and pathways that may be

involved in CK2-mediated suppression of apoptosis have

also been identified, including, e.g., phosphorylation of

IjBa and NFjB [34–36], Wnt signaling [37], Bid [38],

Max [39], Faf1 [40], and the caspase-inhibiting protein

ARC [41]. Together, these observations support the

notion that CK2 may exert a global effect on the apop-

tosis machinery in the cell [8, 25, 42]. Thus, while it has

been proposed that IAPs and especially survivin [14, 15]

may be useful targets for cancer therapeutics, we have

considered that CK2 which is a remarkable nodal mole-

cule with its impact on a wide range of cellular activities

may be an even more attractive target for cancer therapy

[10, 25, 28, 42].

In conclusion, we have presented data that provide novel

information on the impact of CK2 on IAPs. Downregula-

tion of CK2 results in loss of cellular IAPs in a distinct

manner, and overexpression of CK2 protects IAPs from

such downregulation induced by apoptotic signals. Con-

sidering that CK2 is deregulated in all the cancers that have

been examined, and that IAPs have also been found to be

elevated in several cancers, we propose that therapies

directed at downregulation of CK2 could additionally

produce a targeted downregulation of IAPs thereby facili-

tating a potent induction of apoptosis.
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