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Abstract Insulin-like growth factor 1 (IGF-1) inhibits
5-fluorouracil (5-Fu)-induced apoptosis in esophageal car-
cinoma cells; however, the mechanisms for IGF-1-induced
5-Fu chemoresistance remain unknown. In the human
esophageal carcinoma cell line, CE48T/VGH, we show
that IGF-1 up-regulated survivin expression at the post-
transcriptional level and this up-regulation is mediated by
both the PI3-K/Akt and casein kinase 2 signaling pathways.
We then examine whether IGF-1-induced 5-Fu chemore-
sistance is mediated through up-regulation of survivin.
Ectopic expression of survivin inhibits 5-Fu-induced
apoptosis; furthermore, the abolition of survivin expression
sensitizes cells to 5-Fu treatment and prevents the anti-
apoptotic function of IGF-1 in esophageal carcinoma cell
lines. We also found that ectopic expression of survivin or
treatment with IGF-1 inhibits the release of Smac/DIABLO
and caspases activation after 5-Fu treatment. Our results
strongly suggest that IGF-1 inhibits 5-Fu induced apoptosis
through increasing survivin levels, which prevents Smac/
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DIABLO release and blocks the activation of caspases.
Therefore, up-regulation of IGF-1 and survivin would seem
to be responsible for 5-Fu chemoresistance in esophageal
cancer patients and these factors may be the valuable

predictors of 5-Fu chemoresistance in esophageal
carcinoma.
Keywords Insulin-like growth factor 1 (IGF-1) -

5-fluorouracil (5-Fu) - Survivin - Apoptosis -
Esophageal carcinoma

Introduction

5-Fluorouracil (5-Fu) is widely used in the treatment of a
range of cancers, including esophageal carcinoma. How-
ever, the response rate for 5-Fu as a single treatment agent
in esophageal carcinoma is only 15% and even for com-
binational chemotherapies or chemoradiation therapies, the
response rate remains below 40% [1-3]. Thus, an under-
standing of the molecular mechanisms of resistance to 5-Fu
is important for predicting or overcoming 5-Fu resistance
in esophageal carcinoma. Various studies have identified
several genes that contribute to 5-Fu resistance; these
involve 5-Fu metabolism and the targets of 5-Fu, such as
dihydropyrimidine dehydrogenase and thymidylate syn-
thase [4]. Recently, the modulation of 5-Fu resistance by
anti-apoptotic genes has gathered much attention. For
example, down-regulation of the Bcl-2 family or the
inhibitor of apoptosis protein (IAP) family sensitizes tumor
cells to 5-Fu treatment [5-7].

Survivin, an IAP protein, has dual functions, namely
regulating cell cycle progression and inhibiting apoptosis
[8, 9]. The expression of survivin is undetectable in
almost all adult normal tissues, however, survivin is
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over-expressed in various human tumors, including in
esophageal carcinoma [10]. The presence of survivin in
esophageal carcinoma is associated with an unfavorable
patient prognosis and chemoresistance [11, 12]. However,
the molecular mechanisms whereby survivin affects 5-Fu
resistance have not been well investigated.

Unlike XIAP, which acts as direct inhibitor of caspases
[13], survivin fails to bind caspases directly and the anti-
apoptotic mechanisms of survivin rely on cooperation with
cofactor molecules. For example, survivin can associate
with HBXIP to suppress the activation of caspase-9 [14].
The survivin-XIAP interaction leads to stabilization of
XIAP and subsequent enhancement of the anti-apoptotic
function of XIAP [15]. In HeLa cells, survivin can interact
with cytosolic Smac/DIABLO to prevent the formation of
XIAP/Smac/DIABLO complex and further enhance the
cytoprotection of XIAP [16]. Alternatively, survivin also
can bind with mitochondrial Smac/DIABLO to delay its
release from mitochondria and decrease the sensitivity of
cancer cells to apoptosis stimulants [17].

In prostate cancer cells, IGF-1 up-regulates survivin
through PI3-K/Akt pathway, thus mediating resistance to
Flutamide [18]. The expression of IGF-1 receptor has been
reported to be associated with an advanced tumor stage, a
shorter survival and recurrence in esophageal squamous
cell carcinoma [19]. In esophageal carcinoma cell lines,
IGF-1 stimulation mediates 5-Fu chemoresistance [20].
However, the molecular mechanisms underlying this effect
have not been well defined.

In this study, we show that through the PI3-K/Akt and
casein kinase 2 (CK2) signaling pathways, IGF-1 modu-
lates survivin protein stability and that survivin inhibits
5-Fu-induced apoptosis by preventing Smac/DIABLO
release from mitochondria, which sequentially blocks
caspase activation. More importantly, survivin is essential
to protecting cells from 5-Fu-induced apoptosis by IGF-1.

Fig. 1 IGF-1 inhibits 5-Fu a
induced apoptosis and up-
regulates the expression of
survivin in CE48T/VGH cells.
(a) Cells were incubated in
serum-free medium (SF)
containing 400 pM 5-Fu
without or with 100 ng/ml
IGF-1 and then apoptosis was
analyzed. (b) Cells were treated
as described in (a) and Western 03F
blot analysis was performed at
6 h after treatment. * p < 0.05,
unpaired 7-test
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Results
IGF-1 up-regulates survivin

IGF-1 is the survival factor for several chemotherapy drugs
in esophageal carcinoma cells [20]. Here we found, in
CE48T/VGH cells, that IGF-1 decreased serum starvation
and 5-Fu induced apoptosis (Fig. 1a). To identify the
molecules participating in the IGF-1 preventing 5-Fu-
induced apoptosis, we first examined the protein levels of
several pro- and anti-apoptotic molecules after treatment
with IGF-1. As shown in Fig. 1b, 5-Fu treatment decreased
the protein level of survivin by 86%; however, IGF-1
increased the survivin protein level and reversed the effect
of 5-Fu. In contrast to this change, treatment with IGF-1 or
5-Fu did not obviously affect the cIAP, Bcl-2 and Bax
protein levels.

IGF-1 up-regulates survivin at the post-transcriptional
level in CE48T/VGH cells

To assess the mechanisms by which IGF-1 regulates sur-
vivin expression, we first measured the survivin mRNA
and protein levels after IGF-1 treatment over time. Upon
IGF-1 treatment, the level of survivin protein was found to
be significantly increased at 3 h and this was sustained for
12 h in CE48T/VGH cells; however, there were no visible
effects on cIAP, Bcl-2 and Bax (Fig. 2a). In contrast, there
was no obvious change in the level of survivin mRNA after
IGF-1 treatment for up to 24 h (Fig. 2b). To further
investigate the impact of IGF-I on survivin protein level,
cycloheximide was used to block de novo protein synthe-
sis. In the presence of cycloheximide, the survivin protein
level was reduced 60% at 6 h; while upon IGF-1 stimula-
tion, there was only a slight decrease (13%) in the survivin
protein level (Fig. 2c). When taken together, these results
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survivin at the post- Time (hr) 3 6 g 12 -
transcriptional level. CE48T/ B
VGH cells were treated with ot = 4 = Fe = &= . i 5 g L
IGF-1 for the indicated time svvn RS S R S
intervals and (a) protein — Cm— . a O 12}
expressions were analyzed by clAP _ g Z
Western blotting; (b) survivin . . . g2
mRNA was analyzed by real- Bel-2 z %
time PCR. (¢) Four hours after g £
treatment with IGF-1, cells were Bax % s
incubated with 50 pg/ml x
cycloheximide (CHX), G| e s o S = Z 3 6 12 24
harvested at the indicated time Time ( hr)
intervals and survivin protein
was analyzed by Western c FIGHX - R %
blotting (left panel). The protein D="100
L .. SF IGF-1 T £
expression levels of survivin 28
were quantified (right panel) Tmethr) 0 2 4 6 0 2 4 6 pre
=
-
: & g 25
SIPDH - e - D - G e ZEN

indicated that IGF-1 up-regulated survivin expression at
the post-transcriptional level.

IGF-1 regulates survivin expression via the PI3-K/Akt
and CK2 signaling pathways

We then investigated the signaling pathways through which
IGF-1 exerted the up-regulation of survivin protein expres-
sion. Two inhibitors of PI3-K, LY294002 and Wortmannin,
were found to significantly inhibit the IGF-1’s effect on the
up-regulation of survivin protein (Fig. 3a). Akt is acommon
down stream substrate for PI3-K during anti-apoptosis sig-
naling. To analyze the role of Akt in this regulation, aden-
oviral vectors containing an Akt dominant negative mutant
(Ad-Akt-DN) were used. In the Ad-Akt-DN-infected cells,
but not in the non-infected or the adenoviral vector infected
cells, IGF-1-up-regulation of survivin protein expression
was inhibited (Fig. 3b). We also found that IGF-1 treatment
significantly activated CK2 kinase activity in parallel to the
increase in survivin protein level (Fig. 3c). The effect of
IGF-1 on up-regulating survivin protein expression was
abolished by CK2 kinase inhibitors, tetrabromobenzotriaz-
ole and quinalizarin (1,2,5,8-tetrahydroxyanthraquinone)
[21,22],in a dose dependent manner (Fig. 3c, d). In contrast,
treatment with the ERK inhibitor, PD98059, had no effect on
the IGF-1 induced up-regulation of survivin protein
expression (Fig. 3e). The above findings indicated that the
PI3-K/Akt and CK2 signal pathways were critical to the
IGF-1 induced up-regulation of survivin expression.
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Survivin plays an important role in the anti-apoptotic
function of IGF-1 in esophageal carcinoma cells

To investigate whether survivin is a mediator associated
with IGF-1 preventing 5-Fu-induced apoptosis, we first
evaluated if survivin is able to inhibit 5-Fu-induced apop-
tosis. Ectopic expression of survivin, using the adenoviral
vector containing the survivin gene (Ad-survivin), resulted
in the modified cells showing resistance to 5-Fu; the ele-
vation in CE48T/VGH cells was from a LDsq of 0.395 mM
to a LDsg of 0.787 mM (Fig. 4a). In addition, when sur-
vivin was ectopic expressed in CE48T/VGH cells, serum-
starvation and 5-Fu induced apoptosis was significantly
decreased compared to the control (Fig. 4b). In agreement
with these findings, the protein levels of the activated
forms of caspase 3, 8 and 9 were increased after 5-Fu
treatment in the CE48T/VGH cells but not in the survivin
ectopic expressed cells (Fig. 4c). These results showed that
survivin enhanced 5-Fu resistance in CE48T/VGH cells.
Next, we tested if survivin is essential for the IGF-1
anti-apoptotic function. We abolished survivin expression
by infected cells with the adenoviral vector containing the
antisense-survivin gene (Ad-anti-survivin) and then deter-
mined the anti-apoptotic effect of IGF-1. In the survivin
knockdown cells, 5-Fu-induced apoptosis was significantly
increased (Fig. 4d, columns 3 and 7) and IGF-1 failed to
prevent 5-Fu-induced apoptosis (Fig. 4d, columns 7 and 8).
To ensure we were not looking a phenomenon specific
to CE48T/VGH, we tested whether survivin is also
required for IGF-1 to prevent 5-Fu-induced apoptosis in
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Fig. 3 IGF-1 regulates survivin
through the PI3-K/Akt and CK2
pathways. CE48T/VGH cells
were pretreated with

(a) LY294002 (LY; 20 uM) or
Wortmannin (Wor; 100 nM);
(¢) tetrabromobenzotriazole
(TBB); (d) quinalizarin

(e) PD98059 (PD; 25 uM) for
2 h before adding IGF-1 to the
culture medium. The cell lysates
were analyzed using Western
blotting and the kinase activity
of CK2 was determined in (c).
(b) Non-infected cells (Non)
and cells infected with the
adenoviral vector (Adv) or
Ad-Akt-DN were treated with
IGF-1. Cell lysates were
analyzed using Western blotting

Fig. 4 Survivin plays an
important role in the anti-
apoptotic function of IGF-1 in
CE48T/VGH cells. After
infected with indicated
adenoviruses, cells were treated
with 5-Fu and (a) cell
viabilities; (b) apoptosis;

(c) processions of caspases were
assayed. (d) After infection with
indicated adenoviruses, cells
were incubated in SF containing
5-Fu without or with IGF-1 and
then apoptosis was analyzed.

* p < 0.05; NS not significant
difference; unpaired #-test
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other esophageal carcinoma cells. A 5-Fu sensitive cell
line, CE81T/VGH, and a 5-Fu resistant cell line, TE-2,
were used. In these two cell lines, IGF-1 increased the
survivin protein level and reversed the down-regulation
effect of 5-Fu on survivin (Fig. 5a). Survivin overexpres-
sion in TE-2 and CE81T/VGH cells, significantly conferred
cells resistant to 5-Fu treatment; the LDs, was elevated
from 0.085 to 0.136 mM and from 0.779 to 1.364 mM in
CE81T/VGH and TE-2 cells, respectively (Fig. 5b, c¢). In
accordance with results in CE48T/VGH cells, the presence
of IGF-1 inhibited 5-Fu-induced apoptosis in sh-luc(con-
trol)-infected CE81T/VGH and TE-2 cells (Fig. 5d, e,
columns 3 and 4). Down-regulation of survivin by sh-sur-
vivin in CE81T/VGH and TE-2 cells (to 40% and 60%,
respectively, Fig. 5d, e), 5-Fu-induced apoptosis was
significantly increased (Fig. 5d, e, columns 3 and 7) and
IGF-1 only partially inhibited 5-Fu-induced apoptosis
(Fig. 5d, e, columns 7 and 8). Taken together, these results
clearly showed that survivin is able to protect esophageal
carcinoma cells from 5-Fu-induced apoptosis and survivin
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Survivin

is an important mediator in the anti-apoptotic function of
IGF-1 in esophageal carcinoma cells.

Survivin inhibits 5-Fu-induced apoptosis by preventing
the release of Smac/DIABLO from the mitochondria

Then, we sought to explore the role of Smac/DIABLO in
survivin inhibition of 5-Fu-induced apoptosis. As shown
in Fig. 6a, 5-Fu treatment significantly increased the
release of Smac/DIABLO and cytochrome ¢ from the
mitochondria in a time-dependent manner. On the ecto-
pic expression of survivin in CE48T/VGH cells, survivin
was localized to both the cytoplasm and the mitochon-
dria and, after 5-Fu exposure, there was complete inhi-
bition of the release of Smac/DIABLO from the
mitochondria; however, the release of cytochrome ¢ was
not affected (Fig. 6b). These results indicated that sur-
vivin suppressed the release of Smac/DIABLO from
mitochondria and this sequentially inhibited 5-Fu-induced
apoptosis.
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As IGF-1 induced an up-regulation of survivin, we sought
to analyze if IGF-1 treatment has the same effect on Smac/
DIABLO as survivin. Figure 6¢ shows that IGF-1 treatment
blocked the release of Smac/DIABLO that is induced
by 5-Fu. Moreover, IGF-1 treatment also inhibited the
5-Fu-induced release of cytochrome ¢ from mitochondria.

Discussion

In summary, this study explores one molecular mechanism
of IGF-1 chemoresistance via the up-regulation of survivin
expression and shows that survivin inhibits 5-Fu-induced
apoptosis by preventing Smac/DIABLO release from the
mitochondria, which then blocks apoptosis. Survivin is
abundantly expressed in virtually every human tumor that
has been tested, but is expressed at low to undetectable
levels in most normal tissues. The deregulation of survivin
expression in cancers is involved in transcriptional and
post-transcriptional control [23]. As lowering of survivin
expression enhances the cytotoxic effects of chemotherapy
drugs, much attention has been devoted towards elucidat-
ing pathways controlling survivin level in tumor cells [23].
In this study, we found that, in esophageal carcinoma cells,
IGF-1 up-regulates survivin expression through the PI3-K/
Akt and CK2 signaling pathways. This regulation is
remarkable because it pinpoints a new survivin anti-apop-
totic network that is initiated by IGF-1/CK2 signaling, and
it depends on stabilizing survivin protein but not on gene
transcription as previous reports. In prostate cancer cells,
IGF-1/Akt/mTOR signaling increases the stability and

translation of survivin mRNA; in HEK 293T cells, CK2
increases survivin expression via f-catenin-Tcf/Lef-medi-
ated transcription [24, 25]. These data, along with ours,
indicate that IGF-1 mediates diverse regulation mecha-
nisms to influence survivin expression in different cell
types.

Phosphorylation is an important post-translational reg-
ulatory mechanism to affect protein stability and cytopro-
tective functions of survivin [26, 27]. Since there are two
putative CK2 phosphorylation sites, Thr48 and Thr97, on
survivin [28], we initially speculate that IGF-1 may regu-
late survivin protein stability through CK2 phosphoryla-
tion. Unfortunately, both Akt and CK2 failed to
phosphorylate survivin in vitro (data not shown), which
suggests that Akt and CK2 might regulate other molecules
that control survivin stability. Possibilities include Hsp60,
Hsp90 or aryl hydrocarbon receptor interacting protein
(AIP), which have been reported to bind to survivin and
maintain survivin stability against proteasome-dependent
degradation [29-31]. In our data, we also observed that
LY294002, Wortmannin and PD98059 treatment increased
the levels of survivin protein for 40%, 60% and 40%,
respectively in CE48T/VGH cells. Since survivin is a
radio- and chemo-resistance factor, several chemicals have
been reported to induce survivin protein expression due to
stabilization of the protein, i.e. etoposide [17], adriamycin,
paclitaxel [32, 33] and cisplatin [17, 34], suggesting that
this change in survivin expression could be a possible
general effect of these drugs. However, the mechanisms for
the increase in survivin level caused by LY294002,
Wortmannin and PD98059 need further investigation.
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Autocrine stimulation by IGF-1 is involved in mediating
multiple chemotherapy drugs resistance in esophageal
carcinoma cells [20], while the molecular mechanisms for
IGF-1 induced chemoresistance is not well investigated.
This is the first study to extend the important role of sur-
vivin in IGF-1 mediated 5-Fu chemoresistance in esopha-
geal carcinoma cells. First, the over-expression of survivin
significantly reduced the cytotoxic effect of 5-Fu. Second,
inhibition of survivin expression not only increased the
cytotoxic effect of 5-Fu but also abrogated IGF-1 mediated
5-Fu resistance, which indicates that survivin is an
important mediator in IGF-1-induced 5-Fu resistance.
Taken together, up-regulation of survivin is one of the
mechanisms by which IGF-1 mediates 5-Fu resistance.

The cytoprotective effect of survivin relies on translo-
cation to the mitochondria and intermolecular cooperation
[14, 15, 27]. In this study, ectopic expression of survivin
increases the amount of survivin in mitochondria. This
specifically blocked the release of Smac/DIABLO but not
cytochrome c¢ from the mitochondria. Although 5-Fu-
induced cytochrome c¢ release is not affected, ectopic
expression of survivin still inhibits 5-Fu-induced caspase
activation. These data indicate that the anti-apoptotic
mechanisms of survivin connect to two parallel pathways:
(1) mitochondrial survivin may associate with Smac/DIA-
BLO in a way that prevents its release from mitochondria
and sequesters it away from other IAP proteins, such as
XIAP, and further remove the pro-apoptotic function of
Smac/DIABLO [16, 17], (2) cytosolic survivin may sup-
press cytochrome c-induced apoptosis by interacting with
HBXIP or XIAP in a manner that prevents the caspase 9
activation during 5-Fu induced apoptosis [14, 15] (Fig. 7).

Our results indicate that the increased levels of survivin
mediated by the IGF-1 counteract the anti-tumor action of
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Fig. 7 Schematic illustrating the role of survivin in IGF-1 mediating
5-Fu resistance in esophageal carcinoma cells. IGF-1 goes through
PI3 K/Akt and CK2 signaling pathways to up-regulate survivin and
prevent 5-Fu-induced Smac/DIABLO release and caspase activations
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5-Fu. Thus, 5-Fu may not have a particular benefit in
tumors in which the survivin levels are known to be ele-
vated. Our finding implies that survivin may be therapeu-
tically valuable as well as being a predictive biomarker of
5-Fu chemoresistance in esophageal carcinoma. Conse-
quently, combined therapies, including suppression of
survivin expression by, for example, YM155 and a block-
ade of IGF-1R signaling by, for instance a monoclonal
antibody against IGF-1R, CP-751,871, may be promising
therapeutic approaches that target esophageal carcinoma
cells [35, 36].

Materials and methods
Reagents

Recombinant human IGF-1 was obtained from Intergen
(Purchase, NY, USA). 5-fluorouracil, PD98059, LY294002,
Wortmannin, cycloheximide and digitonin were purchased
from Sigma—Aldrich (St Louis, MO, USA). Tetrabromobenzo-
triazole and quinalizarin (1,2,5,8-tetrahydroxyanthraquinone)
were bought from Calbiochem (La Jolla, CA, USA). Anti-
bodies against G3PDH and caspase 9 were purchased from
Upstate Biotechnology Inc. (Lake Placid, NY, USA). Anti-
bodies against Bcl-2, Bax, phospho-Akt (Ser473), Akt,
phospho-Erk, Erk, Smac/DIABLO and caspase 8 were
obtained from Cell Signaling Technology (Danvers, MA,
USA). Antibody against cIAP was bought from AnaSpec
Inc. (San Jose, CA, USA). Antibody against CK2 was
obtained from Santa Cruz (Santa Cruz, CA, USA). Antibody
against caspase 3 was purchased from Stressgen Bioreagents
Co. (Ann Arbor, MI, USA). Antibodies against Cytochrome
¢ and Heat shock protein 60 were bought from R&D Systems
(Minneapolis, MN, USA).

Cell lines, RNA preparation and real-time PCR analysis

The human esophageal carcinoma cell line, CE48T/VGH
and CE81T/VGH were established in our laboratory [37]
and routinely cultured in Dulbecco’s modified eagle’s
medium (DMEM) with 5% fetal calf serum. TE-2 was
kindly provided by Dr Morio Kasai, The Second Depart-
ment of Surgery, Tohoku University School of Medicine,
Sendai, Japan and routinely cultured in DMEM with 10%
fetal calf serum.

Total RNA from CE48T/VGH cells was purified and
cDNA was reversed transcribed from 1 pg total RNA as
described previously [38]. Real-time PCR reactions using
SYBR GREEN PCR Master Mix (Applied Biosystems,
Foster City, CA, USA) were run on an ABI Prism 7000
PCR machine. The primers used in this study were as
follows; survivin forward: 5-TCAGCCCAACCTTCA
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CATCTG-3'; survivin reverse: 5'-CTGCTGCCTCCAAA
GAAAGC-3'. DDX-5 forward: 5-GAATTTCACTGAA
CCCACTGCTATT-3’; DDX-5 reverse: 5'-TGCCACTCC
AACCATATCCA-3'.

Adenovirus and lentivirus constructions

Replication-deficient adenoviruses encoding GFP (Ad-IE),
survivin (Ad-survivin) or antisense survivin (Ad-anti-sur-
vivin) were generated using the Adeno-X Expression
System I (Clontech Laboratories, Mountain View, CA,
USA). The survivin cDNA was amplified from Jurket total
RNA and cloned into pcDNA3.1 vector (Invitrogen,
Carlsbad, CA, USA). The survivin DNA fragment was then
cloned into pShuttle IE/R vector and further cloned into
pAdeno-X vector.

The packaging system for lentiviral production included
the vectors, pCMV-AR8.91, pMD.G, and the shRNA
expression plasmid (pLKO.1), were obtained from the
National RNAi Core Facility, Taiwan. For the knockdown
of survivin, the target sequence 5'-CCGCATCTCTACATT
CAAGA-3’ (TRCN0000073718) was inserted into pLKO.1
vector. A shRNA vector against luciferase (pLKO.1-
shLuc) was used as a negative control for knockdown
validation. To generate lentiviral particles, a mixture of the
3 vectors, pCMV-AR8.91, pMD.G, and pLKO.1l, was
prepared and transfected into HEK293T cells using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA, USA). The
virus suspension was collected at 48 and 36 h after trans-
fection. For lentivirus infection, culture medium was
replaced with medium containing 8 pg/ml polybrene
before lentivirus infection. After 24 h infection, 2 pg/ml
puromycin was added for 3 days to select successful
infection cells.

Western blotting

The same amount of protein was subjected to 10% or 15%
SDS-PAGE and the resolved proteins were transferred
onto 0.22 uM PVDF membranes (Millipore, Billerica, MA,
USA). Antigen—antibody complexes were visualized with
peroxidase-conjugated secondary antibodies using the ECL
system (Amersham Pharmacia, Bucks, UK). The poly-
clonal anti-survivin antibodies were generated from
immunized rabbits using recombinant survivin protein in
our laboratory.

Subcellular fractionation

The cytosolic and mitochondrial fractions were generated
using a digitonin-based subcellular fractionation technique
[39, 40]. Briefly, cells were harvested by trypsin treatment
and then digitonin-permeabilized for 10 min on ice in

cytosolic extraction buffer (250 mM sucrose, 70 mM Tris
pH 7.0, 20 mM PMSF, 1 pg/ml leupeptin, 2 pg/ml apro-
tinin, 100 pg/ml digitonin). After centrifuged at 800 g for
10 min at 4°C, the supernatant (cytosolic fraction) was
collected and the pellet was dissolved for 10 min on ice in
mitochondrial lysis buffer (50 mM HEPES, 4 mM EDTA,
2 mM EGTA, 1% Triton X-100, 20 mM PMSF, 1 pg/ml
leupeptin, 2 pg/ml aprotinin). After centrifugated at
2,300 g for 10 min at 4°C, the supernatant comprising the
mitochondria-enriched fraction was retained.

Viability assay

Cells were seeded into each well of 24-well plates over-
night and infected with indicated viruses in 2% FCS-
medium for overnight, and then the cells were incubated in
SF medium for 24 h. Subsequently, the indicated drugs
were added to the cells for another 48 h and the viable cells
were counted by the trypan blue exclusion.

Apoptosis assay

Apoptosis was analyzed using the Cell Death Detection
ELISA (Roche Diagnostics, Mannheim, Germany) to
measure cytoplasmic histone-associated DNA fragments
following the manufacturer’s instruction. Briefly, cells
were seeded into each well of 96-well plates. After the
indicated treatments, both the floating and attached cells
were lysed in lysis buffer and incubated for 30 min at room
temperature. The supernatant was then transferred into an
ELISA microtiter plate for analysis.

CK2 activity assay

The CK2 kinase activity was measured using the CK2
Assay Kit (Upstate Biotechnology Inc.), according to the
supplier’s instructions. Briefly, cells were collected and
lysed on ice for 30 min in NET buffer (50 mM Tris pH 7.4,
1 mM EDTA, 150 mM NaCl, 0.5% NP-40, 20 mM PMSF,
2 pg/ml aprotinin, 1 uM leupeptin, 1 mM sodium vana-
date, 80 mM sodium pyrophosphate, and 50 mM sodium
fluoride). Whole cell homogenates were centrifuged at
15,500 g for 30 min at 4°C and the supernatants were
collected. Next, 1 mg of the proteins was reacted with anti-
CK2« antibody coated protein G/A beads (Calbiochem)
overnight at 4°C. The immunoprecipitated samples were
dissolved in 20 pl of NET buffer and 10 pl was subjected
to SDS-PAGE to measure the efficiency of the immuno-
precipitation; the other 10 pl was incubated with substrate
peptide in assay dilution buffer I containing 10 uCi [y->2P]-
ATP for 10 min at 30°C. The reaction was then stopped by
adding 40% trichloroacetic acid solution. Aliquots were
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then transferred onto P81 paper squares and the radioac-
tivity was measured using a scintillation counter.
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