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Increased Radiation-Induced Apoptosis of Saos2 Cells via
Inhibition of NFkB: A Role for c-Jun N-Terminal Kinase

Roman A. Eliseev, Michael J. Zuscik, Edward M. Schwarz, Regis J. O’Keefe, Hicham Drissi,*
and Randy N. Rosier

Center for Musculoskeletal Research, University of Rochester Medical Center, Rochester, New York

Abstract To elucidate the possible effect of NFkB on radioresistance, we used the osteosarcoma cell line Saos2,
stably expressing the NFkB constitutive inhibitor, mlkB (Saos2-mlkB) or stably transfected with the empty vector (Saos2-
EV). lonizing radiation induced ““intrinsic’” apoptosis in Saos2-mlkB cells but not in Saos2-EV control cells, with intact
NF«B activity. We find as expected, that this NFkB activity was enhanced following irradiation in the Saos2-EV control
cells. On the other hand, inhibition of NF«B signaling in Saos2-mlkB cells led to the upregulation of the pro-apoptotic
systems, such as Bax protein and c-Jun N-terminal Kinase (JNK)/c-Jun/AP1 signaling. Inhibition of NFkB resulted in
decreased expression of the DNA damage protein GADD45, a known inhibitor of INK. Subsequently, J]NK activation of c-
Jun/AP-1 proteins increased radiation-induced apoptosis in these mutants. Radiation-induced apoptosis in Saos2-mlkB
cells was inhibited by the JNK specific inhibitor SP600125 as well as by Bcl-2 over-expression. Furthermore, release of
cytochrome-c from mitochondria was increased and caspase-9 and -3 were activated following irradiation in Saos2-ml«B
cells. Antisense inhibition of GADD45p in Saos2-EV cells significantly enhanced apoptosis following irradiation. Our
results demonstrate that radioresistance of Saos2 osteosarcoma cells is due to NFkB-mediated inhibition of JNK. Our study
brings new insight into the mechanisms underlying radiation-induced apoptosis of osteosarcoma, and may lead to devel-
opment of new therapeutic strategies against osteosarcoma. J. Cell. Biochem. 96: 1262-1273,2005.  © 2005 Wiley-Liss, Inc.
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Amongst the most devastating primary
malignant bone cancers are osteosarcomas
[Dorfman and Czerniak, 1998; Unni, 1998].
These tumors are highly aggressive and mostly
affect children and young adults. The treatment
of osteosarcomas is limited to chemotherapy as
these tumors remain a poor candidate for
radiotherapy due to their high resistance to
radiation [Fuchs and Pritchard, 2002]. Under-
standing the mechanisms that govern cell
survival versus programmed cell death of
osteosarcoma will delineate new therapeutic
strategies that may increase the effectiveness of
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radiation treatment of these tumors. In this
study, we aimed to determine the molecular
pathways underlying radioresistance of the
human osteosarcoma cell line Saos2 through
transcriptional regulation.

The cellular response to ionizing radiation
commonly involves activation of the anti-onco-
gene p53 [Oren, 2003], which recognizes radia-
tion-induced DNA damage and triggers a
cascade of events leading to apoptosis. However,
in various cancer cells including the osteosar-
coma cell line Saos2, p53 is mutated [Vogelstein
et al., 2000]. In addition, stress-responsive pro-
tein cJun N-terminal kinase, JNK [Kuwabara
et al., 2003, Dent et al., 2003] is known to be
involved in the cellular response to ionizing
radiation yet may be insufficient to overcome
the anti-apoptotic defense systems present in
these cells. The JNK signal transduction path-
way involves a series of phosphorylation events
that result in activation of the transcription
factor cJun, which translocates into the nucleus
and homodimerizes with other Jun family
members or heterodimerizes with Fos family
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members generating the activator protein-1
(AP-1) transcription complex [Angel and Karin,
1991]. AP-1 regulates an array of genes impor-
tant for osteoblast biology, including osteopon-
tin and osteocalcin [Stein et al., 1996].

The cJun N-terminal Kinase signaling path-
way was previously shown to participate in
osteoblast differentiation and apoptosis [Liu
and Shuai, 2001], and is regulated by the
transcription factor NFxB. Furthermore, NFxB
has been established as a major inducer of
malignancy [Barnes, 1997]. The mechanism
by which NF«B signaling regulates tumor
progression and apoptosis is still under heavy
investigation. This pro-survival protein is con-
stitutively activated in various cancer cell lines,
thereby, leading to disruption of their apoptotic
programs [Rayet and Gelinas, 1999]. NF«xB
upregulates Bcl-2-mediated anti-apoptotic
mechanisms, while it downregulates pro-apop-
totic mechanisms involving Bax protein [Chen
et al.,, 1999]. Additionally, NFxB has been
shown to regulate radiosensitivity in several
cancer cell lines[Chendil et al., 2004; Egan et al.,
2004; Guo et al., 2004]. De Smaele et al. [2001]
demonstrated that JNK pathway inhibition by
NF«kB is a possible mechanism for NF«kB-
mediated suppression of TNF-induced apopto-
sis. Furthemore, NFxB upregulates the expres-
sion of the DNA damage protein GADD45p,
which binds to MKK7/JNKK2 activator of JNK
leading to inhibition of the JNK pathway [Papa
et al., 2004]. Thus, we hypothesized that radio-
resistance of Saos2 osteosarcoma cells may be
due to NFkB mediated inhibition of the JNK
signaling and that interfering with NFxB
signaling alters the radiosensitivity of osteosar-
coma cells.

Here we report that inhibition of NFxB in
human osteosarcoma Saos2 cells over-expres-
sing NF«B constitutive supressor mIxB, results
in increased sensitivity of these cells to ionizing
radiation. We show an increase in the cytosolic
fraction of cytochrome-c and activation of
caspase-9 and -3 in irradiated Saos2-mIkB cells.
These apoptotic markers were absent in irra-
diated control Saos2 cells (Saos2-EV). Furthe-
more, inhibition of NFxB in Saos2-mIkB cells
was associated with increased levels of Bax
protein and increased activity of the JNK/cJun/
AP1 system, when compared to Saos2-EV cells.
Overall, our current study demonstrates that
the radioresistance of Saos2 osteosarcoma cells
results from NFxB-mediated inhibition of JNK.

MATERIALS AND METHODS
Materials

Most chemicals were from Sigma unless
otherwise noted. Cell culture media and compo-
nents were from Gibco. All oligonucleotides
were custom made by IDT. Primary antibodies
were from Santa Cruz Biotechnology (anti-IxBoa,
anti-pIkBa,  anti-p65, anti-lamin, anti-
GADDA458, and anti-p-cJun), Trevigen (anti-
holocytochrome-c), Sigma (anti-pactin), or
Epitomics (anti-Bel2 and anti-Bax). HRP-con-
jugated secondary antibodies were from Santa
Cruz Biotechnology (anti-goat) or BioRad (anti-
mouse and anti-rabbit). Caspase-3, -9, and -8
fluorogenic substrates were from Calbiochem,
Hoechst33342 stain was from Molecular Probes.
JNK inhibitor SP600125 was from Calbiochem.

Cell Culture and Treatment

Human primary osteosarcoma Saos2 cells
were cultured in DMEM media supplemented
with 10% fetal bovine albumin and 1% penicil-
lin/streptomycin mixture. Our laboratory
previously created Saos2 cell lines stably
expressing mIkB (Saos2-mI«B cells) or an empty
vector (Saos2-EV cells) [Andela et al., 2002].
These stably transfected cells were maintained
in the presence of 200 ug/ml of G418. Cells were
irradiated with 10 Gy of y-radiation using a
cesium source. Some Saos2-mIxB cells were
transiently transfected with the pIRESneo-Bcl2
construct [Eliseev et al., 2003] or with the empty
pIRESneo vector (Clontech) as a control start-
ing at 48 h before irradiation. Some Saos2-mIxB
cells were continuously treated with 100 nM
JNK inhibitor SP600125 or DMSO as a vehicle
control starting at 3 h before irradiation. A
subset of Saos2-EV cells was incubated with 5
ug/ml of GADD45p antisense (5'- GTC ATC CTC
CTC CTC CTC GT -3') or sense (5- ACG AGG
AGG AGG AGG ATG AC -3') oligonucleotides
starting at 48 h before irradiation. In all cases,
DNA was introduced into cells using Fugene-6
liposome reagent (Roche) according to manu-
facturer’s instructions.

Cell Fractions and Whole Cell Lysates

Cytosolic fractions were prepared as in Eli-
seev et al. [2003] by incubating at 2.5 x 107 cells
per ml of “permeabilization buffer” (195 mM
mannitol, 95 mM sucrose, 2 mM HEPES, pH
7.4,0.1mM EGTA, 0.01% digitonin) for 5 min on
ice, spinning down at 10,000g for 5 min, and
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collecting the supernatant. Nuclear fractions
were prepared using the NE-PER nuclear
extraction kit (Pierce) according to the manu-
facturer’s protocol. Whole cell lysates were
prepared by washing cells in PBS at room
temperature, resuspending them at 2.5 x 107
cells/ml in lysis buffer (20 mM Tris-HCI, pH 7.9,
137 mM NaCl, 1 mM EDTA, 1% Triton X100,
10% glycerol) supplemented with protease
inhibitors on ice for 30 min and spinning down
cell debris at 10,000¢ for 15 min at +4°C. The
concentration of protein in cell fractions and
lysates was measured using Coomassie Plus
Protein Assay Reagent (Pierce) in a Beckman
Coulter DU640 spectrometer. Cell fractions and
lysates were stored at —80°C until needed.

Caspase-3, -9, and -8 Activities Assay

Caspase-3, -9, and -8 activities were mea-
sured using fluorogenic substrate cleavage
assay [Nicholson, 1999]. The reaction mixture
contained 200 pl of PBS, cell lysates at a
concentration of 10 pg of total protein per
reaction and 20 pM of either caspase-3 fluoro-
genic substrate Ac-DEVD-amec, caspase-9
fluorogenic substrate Ac-LEHD-afc, or cas-
pase-8 fluorogenic substrate Z-IETD-afc. The
reactions were loaded into 96-well plates and
incubated at 37°C for 30 min. Fluorescence at
corresponding wavelength was measured using
a Hitachi plate reader according to the manu-
facturer’s protocol.

Hoechst Staining

Cells were trypsinized, washed in PBS, and
resuspended in fresh DMEM media in 6-well
plates at 10° cells per ml. A nuclear stain
Hoechst33342 was added to cell suspensions to
a final concentration of 1 puM. After 5 min
incubation at room temperature, plates were
mounted on a stage of Zeiss AxioVert inverted
fluorescence microscope. Nuclear morphology
and condensation of chromatin were assessed
and the number of condensed, that is, apoptotic
nuclei versus total nuclei were counted. Pic-
tures of stained nuclei were taken using
AxioCam CCD camera.

Trypan Blue Staining

Plasma membrane integrity was assayed by
staining cells with Trypan Blue as follows: cells
plated in 6-well plates and treated in various
ways as described above were incubated with
1% Trypan Blue in DMEM media at room

temperature for 5 min. Plates were mounted
on amicroscope stage and the number of Trypan
Blue positive cells versus total number of cells
was counted.

Clonogenic Survival

Irradiated and non-irradiated cells were
trypsinized, resuspended in fresh media, and
counted. An equal proportion of each culture
was diluted and plated in 6-well plates. Plates
were incubated for 10 days at 37°C in 5% CO,
humidified incubator before counting colonies.
Colonies were visualized by staining with 1%
Toluidin Blue. Numbers of colonies in irra-
diated cultures were compared to non-irra-
diated cultures and expressed as percent of
survival.

Western Blot

Twenty-five micrograms of total protein in
whole cell lysates or fractions per sample were
mixed with Laemli sample buffer, boiled for 5
min, loaded into 4—-20% Tris/Glycine precast
gels (Gradipore), electrophoresed at 150 V, and
then electroblotted onto PVDF membranes at
100 V for 1 h on ice. Blots were blocked in 5%
BSA in PBST for 1 h, probed with primary
antibody diluted in 2.5% BSA/PBST to 1 pg/ml,
washed 5 x5 min in PBST, incubated with
corresponding HRP-conjugated secondary anti-
body diluted in 2.5% BSA/PBST to 0.2 ug/ml,
washed 5 x5 min in PBST, developed using
SuperSignal WestPico chemiluminescent sub-
strate (Pierce), and photographed. Blots were
stripped in Re-Blot Plus buffer (Chemicon) for
15 min at room temperature and reprobed with
anti-lamin (nuclear fractions) or anti-factin
antibody (whole cell lysates and cytosolic frac-
tions) to verify equal loading. Blots were
scanned and band intensities were measured
using Adobe Photoshop software.

Heterologous Promoter-Reporter
Luciferase Assay

To assay the transcriptional activity of NFkB,
cells were co-transfected with the NF«B-firefly
luciferase reporter vector pNF«B-Luc (Invitro-
gen) and the renilla luciferase vector pRL-TK
(Promega). To assay the transcriptional activity
of AP1, cells were co-transfected with the AP1-
firefly luciferase reporter vector pAP1-Luc
(Stratagene) and the renilla luciferase vector
pRL-TK. Firefly luciferase activity was mea-
sured using a Dual Luciferase Reporter Assay
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System (Promega) according to the manufac-
turer’s protocol as previously described [Andela
etal., 2002], normalized to renilla luciferase and
expressed as relative luminescence units (RLU).

Real-Time RT-PCR

Total cellular RNA was prepared using
RNeasy Mini Kit (Qiagen), according to the
manufacturer’s protocol. The concentration of
prepared RNA was assayed by UV absorption at
260 nm. Five hundred nanograms of total RNA
was reverse transcribed into cDNA using
SuperScript First-Strand Synthesis Kit (Invi-
trogen) and Oligo-dT primers, according to the
manufacturer’s protocol. One microliter of the
cDNA was subjected to real-time PCR using
following sets of primers: GADD45p (5'-TGT
ACG AGT CGG CCA AGT TGA TGA-3' and 5'-
TGT GAG GGT TCT GTA GGA AGG GAA-3') or
GAPDH (5'- GAGTCAACG GATTTG GTC GT -
3" and 5'- GAC AAG CTT CCC GTT CTC AG -
3).Real-time PCR was performed as previously
described [Andela et al., 2002] using the
RotorGene real-time DNA amplification system
(Corbett Research) and the double-strand-spe-
cific fluorescent dye SYBR Green (Bio-Rad) to
monitor DNA synthesis. PCR products were
subjected to a melting curve analysis and the
data were analyzed and quantified with the
RotorGene analysis software. The expression of
GADD45p was normalized to the expression of
GAPDH.

Statistical Analysis

Experiments were repeated three to five
times, mean values and standard deviations
were calculated, and the statistical significance
was determined using a standard ¢-test. Data
with P < 0.05 were considered statistically sig-
nificant.

RESULTS

NFkB Activity is Inhibited in Saos2 Cells Stably
Over-Expressing mixB

We determined the effect of NFxB on the
sensitivity of human primary osteosarcoma
cells Saos2 to ionizing radiation. We compared
radiation effects between the osteosarcoma cell
line Saos2 stably expressing the NF«xB consti-
tutive inhibitor, mIxB (Saos2-mIxB) and Saos2
cells stably transfected with the empty vector
(Saos2-EV). Figure 1A shows strong over-
expression of IkBa in the Saos2-mIxB cells in
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Fig. 1. Expression of lkBo and activity of NFkB in Saos2-EV and
Saos2-mlkB cells. A: A representative (n=3) Western blot for
total (top blot) or phosphorylated (middle blot) IkBo in whole cell
lysates of Saos2-EV (EV) or Saos2-mlkB (mlkB) cells. Equal
loading was verified by reprobing for B-actin; (B) A representative
(n=3) Western blot for the p65 subunit of NFkB in nuclear
fractions. Equal loading was verified by reprobing for lamin; (C)
The heterologous promoter-reporter luciferase assay of NFkB in
non-irradiated control and irradiated Saos2-EV or Saos2-mlkB
cells was performed as described in Materials and Methods. Data
are Means £ SD (n=4). * indicates P < 0.05 when compared to
control level in Saos2-EV cells.

comparison to the empty vector infected con-
trols (top panel). This mIxB protein cannot be
phosphorylated (middle panel) rendering it
non-degradable. This stabilization of mlIxB
induced the total abrogation of the p65 (RelA)
regulatory subunit of NFkB in the nuclear
fraction (Fig. 1B) as assessed by Western blot
analyses. These results suggest that mIxB



1266 Eliseev et al.

prevents the translocation of p65 into the nuclei
of Saos2-mI«kB cells, thereby effectively inhibit-
ing NF«B signaling in these mutant cells. We
further confirmed the inhibition of NFkB sig-
naling in Saos2-mI«B cells using the NFxB-luc
reporter. Figure 1C shows that this reporter
displays an 80% inhibition of reporter gene
expression in Saos2-mIkB cells in comparison to
Saos2-EV control cells. In addition, NFkB
activity in Saos2-mIxB cells irradiated with 10
Gy of y irradiation was also assessed after 24
and 48 h in culture. Figure 1C shows that NFxB
activity is dramatically induced in Saos2-EV
control cells after irradiation at both time points
(sevenfold at 24 h and eightfold at 48 h).
However, in Saos2-mlIkB cells, this irradia-
tion-induced upregulation of promoter activity
is abrogated. These results indicate that by
over-expressing mIkB, successful inhibition of
NF«B signaling is achieved in Saos2-mIkB cells
when compared to the empty vector infected
controls.

Molecular Inhibition of NFkB Leads to Increased
Radiation-Induced Apoptosis in Saos2 Cells

To determine the effects NF«kB signaling
inhibition on irradiation-mediated cell death,
we exposed Saos2-mIkB cells and Saos2-EV
controls to 10 Gy of ionizing radiation and
assessed cell death markers after 24 and 48 h of
culture. Figure 2A shows that Saos2-mI«B cells
displayed a characteristic apoptotic phenotype
including rounding and shrinkage of cell bodies
after irradiation. Condensation of nuclei from
irradiated Saos2-mIxB cells was also observed
after staining with Hoechst33342 (Fig. 2B).
These apoptotic features were absent in irra-
diated Saos2-EV cells (data not shown) demon-
strating that inhibition of NF«kB signaling in
Saos2-mlIkB cells correlates with increased
apoptosis following irradiation. We further

Fig. 2. Inhibition of NFkB in Saos2-mlxB cells leads to
increased radiosensitivity. Cells were exposed to 10 Gy of
ionizing radiation and various assays were performed at the
indicated time-points: (A) Light microscopy of non-irradiated
control (Ct) or irradiated (IR) Saos2-mlkB cells after 48 h in
culture; (B) Hoechst333442 staining of control or irradiated
Saos2-mlkB cells after 48 h in culture; (C) The percentage of
apoptotic cells was determined by counting nuclei with
condensed chromatin stained with Hoechst33342; (D) Clono-
genic survival assay of irradiated Saos2-EV or Saos2-ml«kB cells
was performed as described in Materials and Methods. Data in C
and D are Means+SD (n=4). * indicates P<0.05 when
compared to corresponding levels in Saos2-EV cells.

determined the number of apoptotic cells 24
and 48 h after irradiation. Figure 2C shows that
in Saos2-EV cells, very few apoptotic cells were
found at all time points following irradiation.
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However, in Saos2-mIxB cells, irradiation led to
a fivefold increase in apoptotic cell number at 24
h, and 10-fold increase at 48 h in comparison to
non-irradiated cells. Neither irradiated Saos2-
EV nor irradiated Saos2-mIxB cells displayed
any necrosis as measured by Trypan Blue
staining (data not shown). Cell survival was
also determined via a clonogenic survival assay
10 days following irradiation. Figure 2D shows
that inhibition of NFkB in Saos2-mIkB cells
decreased post-irradiation colony forming abil-
ity by 10-fold when compared to Saos2-EV cells.
Our results demonstrate that inhibition of
NFkB signaling in Saos2-mlIkB cells leads to
increased sensitivity of these cells to ionizing
radiation. Furthermore, irradiated Saos2-mIxB
cells display strong characteristics of apoptosis.

Radiation-Induced Apoptosis in Saos2-mikB Cells
Progresses via the “Intrinsic” Pathway

Previous studies defined death receptor
ligand-independent cell death as “intrinsic”
apoptosis. This intrinsic pathway involves
release of cytochrome-c from mitochondria,
activation of caspase-9 and then caspase-3
[Earnshaw et al., 1999]. In order to understand
the mechanism by which radiation induces
apoptosis through NFxB-dependent pathways
in osteosarcoma cells, we assessed the effects of
radiation on cytochrome-c release and caspase-
9 activation in Saos2-mlIkB cells. Additionally
we also evaluated the extrinsic apoptosis mar-
ker caspase-8 [Ashkenazi and Dixit, 1998], and
the common caspase-3 marker for both intrinsic
and extrinsic apoptosis in these irradiated cells.
Figure 3A shows that irradiation led to activa-
tion of caspase-3 and -9 in Saos2-mIkB cells.
Caspase-3 activity increased sixfold over con-
trol 24 h following irradiation and then slightly
decreased to fourfold over control 48 h following
irradiation (top panel). Caspase-9 activity
increased fourfold over control at both time
points (middle panel). We did not observe any

Fig. 3. Radiation-induced apoptosis in Sasos2-mlkB cells
proceeds via the “intrinsic”” pathway. A: Caspase-3 (casp-3),
caspase-9 (casp-9), and caspase-8 (casp-8) activities were
measured in lysates from control or irradiated Saos2-EV or
Saos2-mlkB cells using Ac-DEVD-amc, Ac-LEHD-afc, or Z-
IETD-afc substrates respectively as described in Materials and
Methods. Data are Means+SD (n=5); (B) A representative
(n=3) Western blot for cytochrome-c (CytC) in cytosolic
fractions from control or irradiated Saos2-EV or Saos2-mlikB
cells. The numbers indicate relative intensities of each band.
Each blot was reprobed for B-actin to verify equal loading.

activation of caspase-8 (bottom panel) following
irradiation. In Saos2-EV control cells, there was
no caspase activation 24 and 48 h after exposure
to ionizing radiation. Western blot analysis of
cytosolic fractions from non-irradiated and
irradiated cells showed a significant increase
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in cytosolic cytochrome-c in Saos2-mlIxB cells 24
and 48 h following irradiation in comparison to
control (Fig. 3B). In irradiated Saos2-EV cells,
the cytosolic fraction of cytochrome-c was not
significantly higher than that in non-irradiated
controls. These results indicate that radiation-
induced apoptosis in Saos2-mIxB cells pro-
gresses via the intrinsic pathway that involves
release of cytochrome-c into the cytosol and
activation of caspase-9 and -3 but not caspase-8.

NFkB Regulation of Bcl-2 to Bax Protein Ratio in
Saos2-mlkB Cells

The Bcl-2 family members are established
regulators of apoptosis, particularly via the
intrinsic pathway [Adams and Cory, 1998].
NF«B has been previously shown to have both
direct and indirect effects on Bcl-2 family
members’ expression including Bcl-2 and Bax
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Fig. 4. Inhibition of NFkB in Saos2-mlkB cells leads to
upregulation of Bax and decrease in Bcl-2/Bax ratio. Cells were
exposed to ionizing radiation and analyzed at the indicated time-
points. A: A representative (n = 3) Western blot for Bcl-2 in cell
lysates. Blots were reprobed for Bax and then for $-actin to verify
equal loading. The numbers indicate relative intensities of each
band; (B) Bcl-2 to Bax ratio was calculated from densitometric
analysis of Western blots; (C) A representative (n=3) Western
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[Pahl, 1999]. We compared the protein levels of
the anti-apoptotic protein Bcl-2 to the pro-
apoptotic protein Bax in Saos2-EV and Saos2-
mlkB with and without irradiation. Western
blot analysis (Fig. 4A) shows that Bcl-2 levels
did not significantly change in non-irradiated
and irradiated Saos2-mIkB cells when com-
pared to Saos2-EV cells. However, Bax protein
levels were increased by twofold in both non-
irradiated and irradiated Saos2-mIxB cells in
comparison to Saos2-EV controls. As we have
shown earlier in Figure 3, ionizing radiation
induced the intrinsic pathway of apoptosis,
which involves mitochondria. This pathway
was previously shown to be regulated by the
Bcl-2 to Bax ratio [Reed, 1997]. Figure 4B shows
that Bcl-2 to Bax expression ratio is signifi-
cantly reduced in Saos2-mIkB cells in compar-
ison to Saos2-EV cells.
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(Bcl-2) transfected Saos2-mlkB cells. Blots were reprobed for -
actin to verify equal loading; (D) The number of apoptotic cells
was assayed in neo or bcl-2-transfected non-irradiated or
irradiated Saos2-mlkB cells using Hoecsht33342 staining. Data
in B and D are Means+SD (n=3). * indicates P<0.05 when
compared to corresponding values in Saos2-EV cells (B) or neo
cells (D).
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To assess whether the observed upregulation
of Bax protein and corresponding decrease in
Bcl-2/Bax ratio in Saos2-mIkB cells was respon-
sible for increased sensitivity of these cells to
ionizing radiation, we transfected Saos2-mIxB
cells with a vector carrying bcl-2 or with the
empty vector (neo) as control. The transfection
with bcl-2 resulted in 6.5-fold over-expression of
Bcl-2 protein when compared to neo cells as
evident from a representative Western blot
shown in Figure 4C. We then exposed trans-
fected cells to ionizing radiation and measured
apoptosis using Hoechst33342 staining.
Figure 4D shows that over-expression of Bcl-2
protein inhibited the radiation-induced apopto-
sisin Saos2-mIkB cells. These dataindicate that
the inhibition of NF«kB in Saos2-mIxB cells
results in upregulation of the pro-apoptotic Bax
and corresponding decrease in Bcl-2 to Bax ratio
and that over-expression of Bcl-2 partially
rescues Saos2-mlIkB cells from radiation-
induced apoptosis.

JNK Signaling is NFkB-Dependent and Regulates
Radiation-Induced Apoptosis

NF«xB has been reported to repress Bax
expression [Chen et al.,, 1999]; however, the
mechanism underlying this regulation is not
fully understood. One possibility is that NF«xB
inhibits a transcriptional regulator of the Bax
gene such as AP1 [Lei et al., 2002]. Further-
more, AP1 is a downstream component of the
JNK/c-Jun/AP1 cascade, a stress response
system that can be activated by ionizing radia-
tion and also can be regulated by NF«kB [De
Smaele et al., 2001; Kuwabara et al., 2003].

To determine whether NF«B has an effect on
the JNK cascade in our model system, we
compared JNK/c-Jun/AP1 signaling in Saos2-
EV and Saos2-mIkB cells. We first performed
Western blot analysis of the phosphorylated
form of c-Jun (p-cJun). Figure 5A shows a
significant increase in p-cJun levels in both
non-irradiated and irradiated Saos2-mIkB cells
when compared to Saos2-EV cells. Phosphor-
ylation of cJun was reversed in the presence of a
specific JNK inhibitor, SP600125. Additionally,
using the AP1-luciferase reporter assay we
observed an eightfold increase in JNK/cJun/
AP1 basal activity in control Saos2-mIkB cells
when compared to Saos2-EV cells (Fig. 5B). The
AP1-luciferase reporter activity slightly
decreased in Saos2-mIkB cells after irradiation
due likely to increasing rate of cell death but
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Fig. 5. INK/cJun/AP1 pathway is activated in Saos2-mlkB cells.
A: A representative (n=3) Western blot for activated, phos-
phorylated cJun (p-cJun) in cell lysates. Some Saos2-ml«B cells
were incubated in the presence of a specific JNK inhibitor
SP600125 (mlkB + SP). Blots were reprobed for B-actin to verify
equal loading; (B) AP1 luciferase reporter assay in cells irradiated
in the absence or presence of SP600125 was performed as
described in Materials and Methods; (C) Hoechst33342 apopto-
sis assay of cells irradiated in the absence or presence of
SP600125 was performed as described in Materials and
Methods; Data in B and C are Means=£SD (n=3). * indicates
P < 0.05 when compared to control level in Saos2-EV cells in (B)
or to corresponding values in the absence of SP600125 in (C).

remained significantly higher than that in
Saos2-EV cells. The JNK specific inhibitor
SP600125 did not alter AP1-luciferase reporter
activity in Saos2-EV cells but had a significant
inhibitory effect on AP1-luciferase reporter
activity in Saos2-mIxB cells. To determine a
possible JNK signaling-mediated effect on
radiation-induced apoptosis in our model
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system, we irradiated cells in the presence of
SP600125 and measured apoptosis 24 and 48 h
following irradiation using Hoechst33342 stain-
ing. Figure 5C shows that in Saos2-mI«B cells,
inhibition of JNK with SP600125 induced a
twofold inhibition of apoptotic cell number 24 h
following irradiation and threefold decrease in
the number of apoptotic cells 48 h following
irradiation. Thus, inhibition of NF«xB results in
activation of JNK signaling in Saos2-mIxB
cells. JNK/eJun/AP1 cascade regulates cellular
apoptotic response to ionizing radiation in our
model system.

NFkB Controls the Expression of the JNK
Inhibitor, Gadd45p in Saos2 Cells

One mechanism by which NF«kB suppresses
JNK signaling was previously reported and
involved the DNA damage protein GADD4508
[De Smaele et al., 2001]. GADD45p was recently
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Fig. 6. GADDA458 is NFkB dependent and regulates JNK
signaling and radiation-induced apoptosis in Saos2 cells. A: A
real-time RT-PCR assay of mRNA for GADD458 normalized to
mRNA for GAPDH; (B) A representative (n = 3) Western blot for
GADD458 in lysates from Saos2-EV or Saos2-mlkB cells. Blots
were reprobed for actin to verify equal loading; (C) AP1 luciferase
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identified as an inhibitor of MKK7/JNKK2
activator of JNK [Davis, 2000; Tournier et al.,
2001]. To determine whether NF«xB has an
effect on the expression of GADD45f3 in the
osteosacroma cell line Saos2, we compared the
mRNA and protein levels of GADD458 in Saos2-
EV and Saos2-mIkB cells. Real-time RT-PCR
analysis of GADD45B8 mRNA shows that in
Saos2-mlIkB cells, GADD45f transcripts are
decreased by fivefold when compared to Saos2-
EV controls (Fig. 6A). Western blot analysis of
GADD45p protein showed a total repression of
GADD45p levels in lysates from Saos2-mIxB
cells in comparison to an equal amount of
proteins isolated from Saos2-EV controls
(Fig. 6B). Our results demonstrate that mIxB
over-expression dramatically inhibits the JNK
signaling regulator, GADD45p. In order to
confirm that GADD45p is a mediator of NF«xB-
driven suppression of JNK signaling in Saos2
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reporter assay in Saos2-EV cells exposed to sense or anti-sense
GADDA458 oligonucleotides; (D) Hoechst33342 apoptosis assay
of Saos2-EV cells exposed to sense or anti-sense GADD45f
oligonucleotides and then irradiated. Data in A, C, and D are
Means+SD (n=3). * indicates P<0.05 when compared to
control.
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cells, we knocked down GADDA45p protein in
Saos2-EV cells using specific antisense oligo-
nucleotides. Seventy percent inhibition of
GADD458 in Saos2-EV cells was confirmed by
Western blotting (data not shown) and led to a
fivefold activation of JNK signaling as shown by
AP1-luciferase reporter assay (Fig. 6C). Anti-
sense inhibition of GADD45f also significantly
increased the number of Saos2-EV undergoing
apoptosis following irradiation (Fig. 6D). Our
results suggest that in Saos2 osteosarcoma
cells, NFxB suppresses JNK signaling by
upregulating the JNK inhibitor GADD458;
and inhibition of NF«xB in Saos2-mIxB cells
may lead to downregulation of GADD45p and
subsequent activation of JNK signaling.

DISCUSSION

Radiosensitization achieved by inhibition of
NF«B may be a general phenomenon as shown
in previous studies with similar effects in
different types of cancer. For instance, molecu-
lar or pharmacological inhibition of NF«B led to
significant enhancement of radiation-induced
apoptosis in colon cancer cells [Mukogawa et al.,
2003] and fibrosarcoma cells [Wang et al., 1996].
Currently, treatment of osteosarcomas is lim-
ited to chemotherapy involving adriamycin or
metothrexate followed by surgery; however,
current chemotherapeutic pre-treatment proto-
cols do not significantly increase the post-
surgical 5-year survival rate of 50—60% [Goorin
and Schwartzentruber, 2003]. Therefore, the
inadequacy of current chemotherapeutic proto-
cols requires new approaches. One of the most
promising approaches is the sensitization of
osteosarcomas to ionizing radiation followed by
radiotherapy.

The inability of ionizing radiation to induce
efficient cell death during the treatment of
osteosarcoma by radiotherapy may arise from
a mutation of a major anti-oncogene and DNA
damage sensor protein, p53 [Vogelstein et al.,
2000]. However, independently from the p53
pathway, additional stress response systems
such as the JNK signaling were shown to
respond to ionizing radiation-induced DNA
damage and set forward the apoptotic machin-
ery [Dent et al., 2003; Kuwabara et al., 2003].
We propose that osteosarcoma cells may possess
a mechanism of supression of JNK signaling
leading to their escape from radiation-induced
apoptosis. We hypothesized that NF«xB is

responsible for this escape and that inhibition
of NF«B signaling enhances responsiveness of
osteosarcomas to ionizing radiation. We found
that the molecular inhibition of NF«xB with
mlkB increased sensitivity of Saos2 cells to
radiation-induced apoptosis proving that NFxB
regulates apoptotic mechanisms activated by
ionizing radiation. Radiation induced the
intrinsic apoptotic pathways, which involve
the release of cytochrome-c from the mitochon-
dria and the activation of caspase-9 and -3.
These events are regulated by a decreased Bcl-2
to Bax ratio in osteosarcoma cells in which
NFkB signaling is inhibited. We found that
radiation-induced apoptosis was sensitive to a
specific JNK inhibitor, SP600125, in Saos2-
mlkB cells. Inhibition of NF«xB in Saos2-mIxB
cells increased activity of JNK cascade via the
JNK signaling inhibitor protein, GADD450.
Our study demonstrates for the first time that
the radioresistance of Saos2 osteosarcoma cells
is subsequent to NF«xB-mediated inhibition of
JNK signaling.

To verify our hypothesis, we first established
that inhibition of NFxB signaling by over-
expressing a constitutive non-degradable inhi-
bitor mIkB in the human osteosarcoma cell line
Saos2, which is p53 deficient, is a valid model to
study irradiation-mediated apoptosis. Our
results clearly show that over-expression of
mlkB in Saos2 cells not only decreased basal
NF«B activity but further prevented the radia-
tion-induced activation of NF«xB signaling
observed in control cells. These results are in
agreement with previously reported studies
showing that specific over-expression of mIxB
in various tumor-derived cells constitutes an
effective model system for inhibiting NF«xB
signaling [Van Antwerp et al., 1996; Schwarz
et al., 1998; Andela et al., 2002].

In our model system we observed cell shrink-
age, chromatin and nuclear condensation, and
activation of caspases, while the plasma mem-
brane remained intact after irradiation. We,
therefore, show that y irradiation at a dose of 10
Gy induces effective programmed cell death
without leading to cell necrosis. A moderate
dose of y irradiation ionizes water molecules
surrounding DNA causing DNA damage. It has
previously been reported that such DNA
damage does not immediately kill the cell but
activates the intrinsic pathway of apoptosis
[Dent et al., 2003; Kuwabara et al., 2003]. We
found that in Saos2-mIkB cells radiation-
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induced apoptosis progressed via the intrinsic
pathway as evidenced by elevation of cyto-
chrome-c in cytosolic fractions and activation
of caspase-9 and -3 but not caspase-8 in the
Saos2-mlIkB cells. Furthermore, the Bel-2 to
Bax ratio was decreased in Saos2-mIkB cells
when compared to Saos2-EV controls subse-
quent to the significant elevation of Bax levels.
The observed upregulation of Bax after inhibi-
tion of NF«xB signaling is in agreement with
earlier reports that showed Bax supression by
NF«B [Pahl, 1999], although the mechanism of
such supression was not fully elucidated. When
we over-expressed Bcel-2 in our Saos2-mIxB cell
model we effectively inhibited this radiation-
induced apoptosis. The intrinsic pathway is
known to be controlled by Bcl-2 to Bax ratio
[Reed, 1997] and, therefore, the factor(s) that
regulate the Bcl-2 to Bax ratio is likely to
regulate the whole cell response to ionizing
radiation. It is relatively accepted that Bax
expression is controlled by the JNK signaling
and JNK-activated AP1 factor [Lei et al., 2002]
and previous studies reported that JNK signal-
ing is a stress activated system that regulates
cellular response to ionizing radiation [Dent
et al., 2003; Kuwabara et al., 2003]. Our data
demonstrate that inhibition of NF«B signaling
in Saos2-mlkB cells results in activation of the
JNK cascade and that radiation-induced apop-
tosis in these cells can be inhibited with a
specific JNK inhibitor SP60025. Here we pre-
sent strong evidence for the JNK/cJun/AP1
pathway as a major NFkB-dependent regulator
of radiation-induced apoptosis in Saos2 osteo-
sarcoma cells. One possible mechanism by
which NF«xB-mediates the downregulation of
the JNK system includes the binding of the
DNA damage protein GADD45p to the MKK7/
JNKK2 activator of JNK. We found that inhibi-
tion of NFkB results in significant downregula-
tion of GADD458 in Saos2 osteosarcoma cells
and that antisense inhibition of GADD45 leads
to activation of the JNK signaling and increased
sensitivity to radiation-induced apoptosis.
Overall, our results demonstrate that the radio-
resistance of Saos2 osteosarcoma cells is due to
NF«kB-mediated inhibition of JNK signaling via
GADD458; and that the molecular inhibition of
NF«B causes downregulation of GADDA458
followed by activation of JNK signaling and as
a result, increased sensitivity of Saos2 cell to
radiation-induced apoptosis. Therefore, the
radiosensitization achieved by inhibition of

NF«B followed by radiotherapy may represent
a potential alternative to current protocols in
treatment of osteosarcomas.

ACKNOWLEDGMENTS

The authors thank Dr. Thomas Gunter and
Dr. Tzong-jen Sheu for valuable advice.

REFERENCES

Adams JM, Cory S. 1998. The bcl-2 protein family: Arbiters
of cell survival. Science 281:1322—-1326.

Andela VB, Sheu TdJ, Puzas EJ, Schwarz EM, O’Keefe RdJ,
Rosier RN. 2002. Malignant reversion of a human
osteosarcoma cell line, Saos-2, by inhibition of NF«B.
Bioch Biophys Res Comm 297:237—-241.

Angel P, Karin M. 1991. The role of Jun, Fos and the AP-1
complex in cell proliferation and transformation. Bio-
chem Biophys Acta 1072:129-157.

Ashkenazi A, Dixit VM. 1998. Death receptors. Science
281:1305—-1308.

Barnes PJ. 1997. Nuclear factor-kB. Int J Biochem Cell Biol
29:867-870.

Chen F, Demers LM, Vallyathan V, Lu Y, Castranova V,
Shi X. 1999. Involvement of 5'-flanking kappaB-like sites
within bcl-x gene in silica-induced Bcl-x expression. J
Biol Chem 274:35591-35595.

Chendil D, Ranga RS, Meigooni D, Sathishkumar S, Ahmed
MM. 2004. Curcumin confers radiosensitizing effect in
prostate cancer cell line PC-3. Oncogene 23:1599-1607.

Davis RJ. 2000. Signal transduction by the JNK group of
MAP kinases. Cell 103:239—-252.

De Smaele E, Zazzeroni F, Papa S, Nguyen DU, Jin R,
Jones J, Cong R, Franzoso G. 2001. Induction of gadd45p3
by NF-kB downregulates pro-apoptotic JNK signaling.
Nature 414:308—313.

Dent P, Yacoub A, Fisher PB, Hagan MP, Grant S. 2003.
MAPK pathways in radiation responses. Oncogene
22:5885—-5896.

Dorfman HD, Czerniak B. 1998. Osteosarcoma. In: Dorf-
man HD, Czerniak B, editors. Bone tumors. St. Louis,
MO: Mosby. pp 128—252.

Earnshaw WC, Martins LM, Kaufmann SH. 1999. Mamma-
lian caspases: Structure, activation, substrates, and
functions during apoptosis. Ann Rev Biochem 68:383—424.

Egan LJ, Eckmann L, Greten FR, Chae S, Li ZW, Myhre
GM, Robine S, Karin M, Kagnoff MF. 2004. IkappaB-
kinase beta-dependent NF-kappaB activation provides
radioprotection to the intestinal epithelium. Proc Nat
Acad Sci USA 101:2452—-2457.

Eliseev RA, Salter JD, Gunter KK, Gunter TE. 2003. Bcl-2
and tBid proteins counter-regulate mitochondrial potas-
sium transport. Biochem Biophys Acta 1604:1-5.

Fuchs B, Pritchard DdJ. 2002. Etiology of osteosarcoma. Clin
Orthop Rel Res 397:40-52.

Goorin AM, Schwartzentruber DdJ. 2003. Presurgical
chemotherapy compared with immediate surgery and
adjuvant chemotherapy for nonmetastatic osteosarcoma.
J Clin Oncol 21:1574—1580.

Guo G, Wang T, Gao Q, Tamae D, Wong P, Chen T, Chen W,
Shively JE, Wong JY, Li JJ. 2004. Expression of ErbB2
enhances radiation-induced NF-kappaB activation.
Oncogene 23:535—-545.



NFkB Inhibits Radiation-Induced Apoptosis via JNK 1273

Kuwabara M, Takahashi K, Inanami O. 2003. Induction of
apoptosis through the activation of SAPK/JNK followed
by the expression of death receptor Fas in X-irradiated
cells. J Rad Res 44:203—209.

Lei K, Nimnual A, Zong W, Kennedy NdJ, Flavell RA,
Thompson CB, Bar-Sagi D, Davis RJ. 2002. The Bax
subfamily of Bcl2-related proteins is essential for
apoptotic signal transduction by c-Jun NHjy-terminal
kinase. Mol Cell Biol 22:4929-4942.

Liu B, Shuai K. 2001. Induction of apoptosis by protein
inhibitor of activated Statl through c-Jun NH2-
terminal kinase activation. J Biol Chem 276:36624—
36631.

Mukogawa T, Koyama F, Tachibana M, Takayanagi A,
Shimizu N, Fujii H, Ueno M, Matsumoto H, Takeuchi T,
Nakajima Y. 2003. Adenovirus-mediated gene transduc-
tion of truncated I kappa B alpha enhances radio-
sensitivity in human colon cancer cells. Cancer Science
94:745-750.

Nicholson DW. 1999. Caspase structure, proteolytic sub-
strates, and function during apoptotic cell death. Cell
Death Differ 6:1028—-1042.

Oren M. 2003. Decision making by p53: Life, death and
cancer. Cell Death Differ 10:431-442.

Pahl HL. 1999. Activators and target genes of Rel/NF«kB
transcription factors. Oncogene 18:6853—6866.

Papa S, Zazzeroni F, Bubici C, Jayawardena S, Alvarez K,
Matsuda S, Nguyen DU, Pham CG, Nelsbach AH, Melis
T, De Smaele E, Tang WJ, D’Adamio L, Franzoso G. 2004.

Gadd45B mediates the NF-xB suppression of JNK
signalling by targeting MKK7/JNKK2. Nature Cell Biol
6:146-153.

Rayet B, Gelinas C. 1999. Aberrant rel/nfkb genes and
activity in human cancer. Oncogene 18:6938—-6947.

Reed JC. 1997. Double identity for proteins of the Bcl-2
family. Nature 387:773—-776.

Schwarz EM, Badorff C, Hiura TS, Wessely R, Badorff A,
Verma IM, Knoulton KU. 1998. NFkB mediated inhibi-
tion of apoptosis required for encephalomyocarditis virus
virulence: A mechanism of resistance in p50 knockout
mice. J Virol 72:5654-5660.

Stein GS, Lian JB., Stein JL, Van Wijnen AJ, Montecino M.
1996. Transcriptional control of osteoblast growth and
differentiation. Physiol Rev 76:593—629.

Tournier C, Dong C, Turner TK, Jones SN, Flavell RA,
Davis RJ. 2001. MKKY is an essential component of the
JNK signal transduction pathway activated by proin-
flammatory cytokines. Genes Dev 15:1419-1426.

Unni KK. 1998. Osteosarcoma of bone. J Orthop Sci 3:287—
294.

Van Antwerp DJ, Martin SJ, Kafri T, Green DR, Verma IM.
1996. Supression of TNFa-induced apoptosis by NF-«B,
Science 274:787-789.

Vogelstein B, Lane D, Levine AJ. 2000. Surfing the p53
network. Nature 408:307-310.

Wang CY, Mayo MW, Baldwin AS, Jr. 1996. TNF- and
cancer therapy-induced apoptosis: Potentiation by inhi-
bition of NF-kappaB. Science 274:784-787.



