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Papillomavirus binding factor (PBF) was first identified as a
transcription factor regulating the promoter activity of human
papillomavirus. We previously demonstrated that PBF is an
osteosarcoma-associated antigen and 92% of osteosarcoma tissues
express PBF in the nucleus. Moreover, PBF-positive osteosarcoma
has a significantly poorer prognosis than that with negative
expression of PBF. In the present study, we assessed the biological
role of PBF in cell survival. Overexpression of PBF induced cell death-
mediated lactate dehydrase (LDH) release from 293EBNA cells.
Cleaved poly(ADP-ribose) polymerase and active caspase-3 were
also detected. However, PBF-induced apoptosis did not affect
caspase-9 activity. Next, to identify the apoptosis regulator of PBF,
we screened a cDNA library constructed from mRNA of the
osteosarcoma cell line OS2000 using a yeast two-hybrid system and
isolated Scythe/BAT3. Scythe/BAT3 mRNA was detected in 56% of
osteosarcoma tissues and ubiquitously in various normal tissues.
Although Scythe/BAT3 was localized to the cytoplasm in normal
tissue, it was localized to the nucleus in osteosarcoma tissue. PBF
and Scythe/BAT3 also colocalized to the cytoplasm in 293T cells and
the nucleus in OS2000. Furthermore, overexpression of Scythe/BAT3
suppressed cell death events that resulted from overexpression of
PBF in OS2000, but not in 293EBNA cells. Thus, our results support
the ideas that: (i) PBF could induce apoptotic cell death via a
caspase-9-independent pathway; (ii) the apoptosis regulator
Scythe/BAT3 is a PBF-associated molecule acting as a nucleus–
cytoplasm shuttling protein; and (iii) colocalization of PBF and
Scythe/BAT3 in the nucleus might be an important factor for survival
of osteosarcoma cells. (Cancer Sci 2009; 100: 47–53)

Papillomavirus binding factor (PBF) was first identified as a
transcription factor regulating promoter activity of the

human papillomavirus type 8 genome.(1) We demonstrated that
PBF is an osteosarcoma-associated antigen recognized by an
autologous cytotoxic T lymphocyte clone.(2) Immunohistochemical
analysis revealed that 92% of biopsy specimens of osteosarcoma
express PBF. Moreover, PBF-positive osteosarcoma has a
significantly poorer prognosis than that with negative expression
of PBF.(3) Generally, conventional osteosarcoma is a malignant
neoplasm of mesenchymal origin and there is no specific cause
such as viral infection.(4) Therefore, it is suggested that PBF has
certain functions not only in transcription of the human
papillomavirus genome, but also in the cell survival and
apoptosis of osteosarcoma.

Apoptosis is tightly controlled programmed cell death.
Generally, it is induced by two major pathways, an extrinsic
pathway and an intrinsic pathway.(5) The initiation of the extrinsic
pathway of apoptosis is triggered by extracellular death signals.
The binding of extracellular ligands to the death receptors of the
tumor necrosis factor receptor superfamily leads to formation

of the death-inducing signaling complex, which is capable of
activating the initiator caspase-8.(6–8) Meanwhile, initiation of the
intrinsic pathway of apoptosis is triggered by cellular stress.
Cellular death signals induce mitochondrial membrane permea-
bilization, mitochondrial cytochrome c release and activation of
the initiator caspase-9.(5,8,9) Apart from these two major pathways,
mitochondrial membrane permeabilization also leads to the
release of apoptosis-inducing factor (AIF), which induces caspase-
independent cell death.(10) Recently, Sichtig et al. reported that
PBF is an inducer of cell death and that 14-3-3 regulates the
localization of PBF and PBF-induced cell death in skin kerati-
nocytes.(11) 14-3-3 is associated with apoptotic cell death, the
cell cycle, and regulation of various oncogenes and tumor-sup-
pressor genes.(12,13) Moreover, 14-3-3 binds to the Bcl-2 family
member Bax and inhibits Bax-induced cytochrome c release
from the mitochondria upon apoptotic stimuli.(14) Although these
findings suggest a certain function of PBF as an apoptosis
regulator, the function of PBF in osteosarcoma cells remains
unknown.

In the present study, we demonstrated that PBF-induced cell
death results from apoptosis via a caspase-9-independent path-
way. Next, we identified Scythe/BAT3(15,16) as a PBF-associated
molecule using a yeast two-hybrid system. Finally, we showed
that PBF-induced apoptotic cell death is inhibited by Scythe/
BAT3 colocalized to the nuclei of osteosarcoma cells. Taken
together, these findings suggest that both PBF and Scythe/BAT3
might play important roles in apoptosis of osteosarcoma cells.

Materials and Methods

The present study was approved under institutional guidelines
for the use of human subjects in research. The patients and their
families gave informed consent for the use of tissue specimens
in our research.

Cell lines. The osteosarcoma cell lines OS2000, HOS, Saos-2,
and U2OS, as well as the human embryonic kidney cell lines
293EBNA and 293T, were used. 293EBNA and 293T cells did
not express endogenous PBF protein (data not shown). OS2000
was established in our laboratory.(17) The other cell lines were
purchased from American Type Culture Collection (Manassas,
VA, USA).

Antibodies. The mouse monoclonal antibodies used in the
present study were anti-cleaved poly(ADP-ribose) polymerase
(PARP) (D216, 1:1000 dilution; Cell Signaling, Danvers, MA,
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USA), anti-caspase-9 (clone 5B4, :1000 dilution; MBL
International, Woburn, MA, USA), anti-β-actin (clone AC-15,
1:1000 dilution; Sigma-Aldrich, St Louis, MO, USA), anti-myc
(clone 9E10, 1:1000 dilution; American Type Culture Collection),
and anti-human influenza hemagglutinin (HA) (HA-7, 1:10 000
dilution and 1:2000 in western blotting and immunofluorescence
analysis, respectively; Sigma-Aldrich, St Louis, MO, USA).
Rabbit polyclonal antibodies used were anti-Scythe/BAT3,
kindly provided by Dr Peter J. McKinnon (St Jude Children’s
Research Hospital, Minneapolis, TN, USA; #23, used at 1:8000
dilution and 1:200 in western blotting and immunofluorescence
analysis, respectively),(18) and anti-PBF (used at 1:800 dilution
and 1:200 in western blotting and immunofluorescence analysis,
respectively; SigmaGenosys, Sapporo, Japan).(2)

Screening of a cDNA library using the yeast two-hybrid system.
A cDNA library was constructed from OS2000 mRNA using a
FastTrack 2.0 mRNA Isolation Kit (Invitrogen, Carlsbad, CA,
USA) and the Superscript Choice System (Invitrogen). The cDNA
was ligated to EcoRI–XhoI adapters and digested with XhoI.
The resultant cDNA was cloned into the pACT2 vector (Clontech
Laboratories, Mountain View, CA, USA). Recombinant plasmids
were electroporated into Electromax DH10B cells (Invitrogen)
and selected with ampicillin (100 μg/mL). The resultant 30 000
clones were amplified and plasmid DNA was extracted using a
Qiagen Plasmid Maxi Kit (Qiagen, Hilden, Germany). Full-
length PBF subcloned into the pGBKT7 vector (Clontech) was
used as bait to screen the cDNA library. Screening of the cDNA
library was carried out according to the Mammalian Matchmaker
Two-hybrid Assay Kit protocol (Clontech).

Reverse transcription–polymerase chain reaction analysis. Expres-
sion of Scythe/BAT3 was determined by reverse transcription–
polymerase chain reaction (PCR). Normal-tissue cDNA was
purchased (Multiple Tissue cDNA Panels; Clontech). Total RNA
was extracted from nine osteosarcoma biopsy specimens and
reverse transcribed. PCR was carried out with KOD dash
DNA polymerase (Toyobo, Tokyo, Japan), using the forward
primer (XhoI-Scythe/BAT3-FW) 5′-GGGGGGCTCG-
AGAAATGGAGCCTAATGATAGTACCAGT-3′ and the reverse
primer (Scythe/BAT3-NotI-Rv) 5′-AAAAAAGCGGCCGCC-
TAAGGATCATCAGCAAAGGCCCGC-3′. The mixture was
denatured at 98°C for 2 min, followed by 30 cycles at 98°C for
15 s, 56°C for 2 s, and 74°C for 3 min. Reaction products were
analyzed by electrophoresis on 1.0% agarose gels with ethidium
bromide. Full-length Scythe/BAT3 cDNA, amplified from
OS2000 cDNA by PCR, was digested with XhoI and NotI and
subcloned into the pCMV-HA tag vector (Clontech).

Transfection. 293EBNA or 293T cells were transfected with
the indicated cDNA or small interfering RNA (siRNA) using
Lipofectamine 2000 (Invitrogen) in Dulbecco’s modified Eagle’s
medium containing 10% fetal calf serum in six-well plates
according to the manufacturer’s protocol. OS2000 or U2OS cells
were transfected with cDNA using Cell Line Nucleofector Kit V
(Amaxa, Cologne, Germany) according to the manufacturer’s
protocol.

Western blotting. Cell lines and biopsy specimens were
homogenized and suspended in ice-cold Nonidet P-40 (NP-40)
buffer for 20 min as described previously.(19) The lysates were
mixed with 2× sample buffer and boiled for 5 min. Then the
lysates were separated by sodium dodecylsulfate–polyacrylamide
gel electrophoresis (SDS-PAGE) on 7 or 13% gels and transferred to
polyvinylidene fluoride membranes (Millipore, Billercia, MA,
USA). The membranes were blocked and probed with the indicated
antibodies for 40 min at room temperature. The membranes
were then stained with peroxidase-labeled secondary antibody
and visualized using an enhanced chemiluminescence detection
system (Amersham Life Science, Arlington Heights, IL, USA).

Silencing of Scythe/BAT3. Three Stealth siRNA targeting Scythe/
BAT3 and a negative control siRNA were purchased from

Invitrogen. Three micrograms of each siRNA was transfected
into 293EBNA cells and OS2000 cells as described above. After
screening of their silencing effect using western blotting (data
not shown), one of the three siRNA (BAT3-HSS111846) was
selected for further analysis.

Immunoprecipitation. The cells were lysed on ice with NP-40
lysis buffer. Lysates were precleared with protein A–sepharose
beads (Phadia, Uppsala, Sweden) before immunoprecipitation.
The anti-HA-7 monoclonal antibody and aliquots of lysates were
mixed and incubated at 4°C for 24 h. Immunoprecipitates were
recovered from the mixture using protein A–sepharose beads,
washed three times with phosphate-buffered saline (PBS) contain-
ing 0.1% NP-40, mixed with SDS-PAGE gel electrophoresis
running buffer, and boiled for 5 min. Supernatants containing
immunoprecipitates were fractionated on 13% SDS-PAGE,
dried, and exposed to X-ray films with an intensifying screen.

Immunofluorescence analysis. OS2000, U2OS and 293T cells
cultured on glass coverslips (Asahi Techno Glass, Tokyo, Japan)
were fixed in 4% paraformaldehyde and permeabilized in 0.1%
Triton X-100. After washing with PBS, cells were incubated
with the polyclonal anti-PBF antibody and monoclonal anti-HA
antibody to detect the subcellular localization of PBF protein
and HA-tagged Scythe/BAT3 protein. The monoclonal anti-myc
antibody and polyclonal anti-Scythe/BAT3 antibody were used
to detect exogenous myc-tagged PBF protein and endogenous
Scythe/BAT3 protein. 4′,6-Diamidine-2′-phenylindole dihy-
drochloride (DAPI) was used for counterstaining nuclei. After
washing with PBS, cells were immunostained with secondary
antibodies (Alexa Fluor 488- or Alexa Fluor 594-conjugated
goat anti-mouse or anti-rabbit antibodies; Invitrogen). After
staining, cells were visualized by confocal laser microscopy
(R2100AG2; Bio-Rad Laboratories, Hercules, CA, USA).
Formalin-fixed paraffin-embedded sections of one osteosarcoma
biopsy specimen and autopsy specimens of liver, pancreas, and
kidney (obtained from a brain infarction patient) were
deparaffinized and incubated with the polyclonal anti-Scythe/
BAT3 antibody overnight at 4°C. After washing with PBS, cells
were immunostained with Alexa Fluor 488-conjugated goat
anti-rabbit IgG, followed by visualization using confocal laser
microscopy. DAPI was used for counterstaining of nuclei.

Lactate dehydrase (LDH) release assay. 293EBNA, 293T or OS2000
cells were transfected with cDNA as described above. After a 24-h
incubation period at 37°C, the supernatant was replaced with
AIM-V. The amount of LDH in the supernatant was measured by
colorimetric assay using an LDH Cytotoxicity Detection Kit
(Takara, Ohtsu, Japan) after an additional 24 h incubation
period. LDH release was calculated using the following equation:
LDH release =([sample release] – [spontaneous release]).

Caspase-3 colorimetric assay. 293EBNA cells were transfected
with cDNA as described above. After a 24-h incubation period
at 37°C, the amount of active caspase-3 in the supernatant was
measured by colorimetric assay using an APOPCYTO Caspase-3
Colorimetric Assay Kit (Medical and Biological Laboratories,
Nagoya, Japan) according to the manufacturer’s protocol.

Statistical analysis. Significant differences among samples in
the LDH release assay and caspase-3 colorimetric assay were
determined by Welch’s t-test using StatMate III for Macintosh
v3.10 (ATMS, Tokyo, Japan). A probability of less than 0.05
was considered statistically significant.

Results

Overexpression of PBF induces apoptotic cell death via a caspase-
independent pathway. To investigate the function of PBF as an
apoptosis regulator, we analyzed the cell death and apoptotic
events that occurred in 293EBNA cells transfected transiently
with PBF. As shown in Figure 1a, overexpression of PBF
induced cell death-mediated LDH release from 293EBNA and
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OS2000 cells. As depicted in Figure 1b, the proportions of
mock-induced and PBF-induced cell death in 293EBNA cells
were 10.6 ± 1.02 and 27.3 ± 8.57%, respectively. Next, we
examined whether PBF overexpression could induce major
intrinsic apoptosis via a caspase-9-dependent pathway.(5)

Overexpressed PBF and cleaved PARP, which is a classical
substrate for caspase-3 during the end stage of the caspase
cascade, were detected from 12 h after transfection, followed by
an increase in cleaved PARP products (Fig. 1d). Moreover,

overexpressed PBF also activated caspase-3 (Fig. 1c). However,
overexpression of PBF in 293EBNA cells did not affect caspase-9
activity (Fig. 1e). These results suggest that overexpression of
PBF could induce apoptotic cell death via a capsase-9-
independent pathway.

Identification of PBF-associated molecules in osteosarcoma cells.
For identification of PBF-associated molecules as apoptotic
regulators in osteosarcoma cells, we screened a cDNA library
constructed from OS2000 mRNA using a yeast two-hybrid
system. After screening of 30 000 cDNA clones, 106 positive
clones were identified. Among them, cDNA clone 93 (Fig. 2a)
was identical to the longest open reading frame of Scythe/BAT3.
Clone 93 contained 852 bp of the 3′ sequence of Scythe/BAT3
with deletion of the 5′ sequence. There were no frameshifts or
point mutations. Subsequently, the association of PBF with
Scythe/BAT3 was confirmed by coimmunoprecipitation experi-
ments in mammalian cells. As depicted in Figure 2b, exogenous
myc-tagged PBF was precipitated specifically with the anti-HA
antibody from the cell lysate of 293T cells cotransfected with
myc-tagged PBF and HA-tagged Scythe/BAT3.

Expression and subcellular localization of Scythe/BAT3 in
osteosarcoma and normal tissues. Expression of Scythe/BAT3
mRNA was analyzed by reverse transcription-PCR. Scythe/
BAT3 mRNA was detected in five of nine primary osteosarcoma
tissues, both osteosarcoma cell lines examined, and ubiquitously
in various normal tissues (Fig. 3a,b). Comparing the expression
levels in osteosarcoma cell lines, mRNA expression in primary
osteosarcoma tissue seemed to be lower. Next, expression of
Scythe/BAT3 protein was assessed by western blotting and
immunofluorescence analysis. Although Scythe/BAT3 protein
was similarly detected in all four osteosarcoma cell lines and
293EBNA cells (Fig. 4a), the subcellular localization of Scythe/
BAT3 was clearly different between osteosarcoma and normal
tissues (Fig. 4b). In normal liver, pancreas, and kidney, Scythe/
BAT3 was localized to the cytoplasm, not the nucleus. In
contrast, Scythe/BAT3 was localized to both the cytoplasm and
nucleus in one osteosarcoma tissue.

Colocalization of PBF and Scythe/BAT3 in the nucleus suppresses
PBF-induced cell death in osteosarcoma cells. PBF has been reported
as a nuclear-shuttling transcription factor, and the subcellular
localization of PBF might be important to regulate apoptotic

Fig. 1. Apoptotic cell death induced by overexpressed papillomavirus
binding factor (PBF). (a) LDH release from 293EBNA cells and OS2000
cells transiently transfected with PBF-myc/pcDNA3.1+ or pcDNA3.1+ as
mock transfection. (b) The proportion of cell death in 293EBNA cells
transiently transfected with PBF-myc/pcDNA3.1+ or mock transfection.
(c) Expression of PBF and cleaved poly(ADP-ribose) polymerase (cPARP)
in 293EBNA cells was assessed from 0 to 27 h after transient
transfection with PBF-myc/pcDNA3.1+ or mock transfection. (d) Caspase-3
activity in 293EBNA cells transiently transfected with PBF-myc/pCMV or
pCMV as mock transfection. (e) Expression of PBF, caspase-9, and cPARP
in 293EBNA cells was assessed after transient transfection with the
indicated plasmids. IB, immunoblotting.

Fig. 2. Association of papillomavirus binding factor (PBF) and Scythe/BAT3
in mammalian cells. Lysates of 293T cells transiently transfected with
the indicated plasmids (PBF-myc/pCMV, Scythe/BAT3-HA/pCMV, and mock
plasmid) were immunprecipitated with an anti-HA monoclonal antibody and
immunoblotted with an anti-myc monoclonal antibody. Expression of each
transfected cDNA in the input lysate was assessed by western blotting
with anti-HA or anti-myc monoclonal antibodies. IP, immunoprecipitation.
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function.(11) Therefore, we analyzed the colocalization of PBF
and Scythe/BAT3 in 293T, OS2000, and U2OS cells. As shown
in Figure 5a, immunofluorescence analysis revealed that exogenous
PBF and exogenous Scythe/BAT3 were colocalized to the
cytoplasm in 293T cells. However, the majority of both of these
proteins was colocalized to the nucleus in OS2000 and U2OS
cells. We also observed that exogenous PBF and Scythe/BAT3
were similarly colocalized to the nucleus in OS2000 and U2OS
cells (Fig. 5b).

In Figure 1 we already showed that overexpressed PBF
induced apoptotic cell death. Therefore, we assessed the apoptosis
regulatory function of Scythe/BAT3 in non-cancerous and
osteosarcoma cells. As shown in Figure 6a, overexpression of
Scythe/BAT3 did not affect cell death events that resulted from
overexpression of PBF in 293EBNA cells. However, Scythe/
BAT3 significantly suppressed PBF-induced cell death events in
OS2000 cells (Fig. 6b). Next, we assessed the effects of the
downregulation of Scythe/BAT3 on PBF-induced cell death using
siRNA. In 293EBNA cells, the downregulation of Scythe/BAT3
did not change cell death events, the same as with overexpression
of Scythe/BAT3 (Fig. 6c). In contrast, downregulation of Scythe/
BAT3 significantly increased LDH release in OS2000 with
the mock control but did not change it in OS2000 with PBF
(Fig. 6d). The expression status of transfected PBF-myc, Scythe/
BAT3-HA, and endogenous Scythe/BAT3 was confirmed by
western blotting, as shown in Figure 6e,f. Considering these
observations, we can briefly summarize the relationship between
PBF and Scythe/BAT3 in 293EBNA and OS2000 cells as follows:

Fig. 5. Cellular localization of papillomavirus binding factor (PBF) and
Scythe/BAT3. (a) Immunofluorescence analysis using anti-PBF antibody
and anti-HA antibody. Upper column: 293T cells were transiently transfected
with PBF-myc/pCMV and Scythe/BAT3-HA/pCMV. 4′,6-Diamidine-2′-
phenylindole dihydrochloride (DAPI) was used for counterstaining of
nuclei. Middle and lower columns: OS2000 (middle) or U2OS (lower)
cells were transiently transfected with Scythe/BAT3-HA. (b) Immunofluore-
scence analysis using anti-myc antibody and anti-Scythe/BAT3 antibody.
OS2000 (upper) or U2OS (lower) cells were transiently transfected with
PBF-myc. DAPI was used for counterstaining of nuclei.

Fig. 3. Expression of Scythe/BAT3 mRNA by reverse transcription–
polymerase chain reaction analysis. The expression of Scythe/BAT3
was determined in (a) nine osteosarcoma primary tissues and two
osteosarcoma cell lines and (b) 16 adult normal tissues. The
glyceraldehyde-3-phosphate dehydrogenase (G3PDH) housekeeping
gene was used as a positive control.

Fig. 4. Expression of Scythe/BAT3 protein. (a) Lysates of 293EBNA
cells transiently transfected with the indicated plasmids and four
osteosarcoma cell lines were immunoblotted with an anti-Scythe/BAT3
antibody. (b) Immunofluorescence analysis. Formalin-fixed paraffin-
embedded sections of liver, pancreas, kidney, and an osteosaroma
primary tissue were stained with an anti-Scythe/BAT3 antibody and
assessed by confocal laser microscopy. DAPI, 4′,6-diamidine-2′-
phenylindole dihydrochloride; IB, immunoblotting; NT, no treatment.
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(i) PBF expression in the nuclei of OS2000 cells could induce
apoptosis, like PBF in the cytoplasm of 293EBNA cells; (ii)
nuclear PBF-induced apoptosis in OS2000 cells could be sup-
pressed by colocalization of Scythe/BAT3; and (iii) in contrast,
cytoplasmic PBF-induced apoptosis in 293EBNA cells could
not be suppressed by colocalization of Scythe/BAT3. Taken
together, these results suggest that colocalization of PBF and
Scythe/BAT3 in the nucleus, which was observed in OS2000
cells, could regulate PBF-induced cell death and might be an
important factor in the survival of osteosarcoma cells.

Discussion

In the present study, we demonstrated that: (i) overexpressed
PBF could induce apoptotic cell death via a caspase-9-

independent pathway; (ii) Scythe/BAT3 was identified as a
molecule associated with PBF after screening of a cDNA library
of OS2000 using a yeast two-hybrid system; (iii) Scythe/BAT3
mRNA was detected in 56% of osteosarcoma primary tissues
and ubiquitously in various normal organs; (iv) Scythe/BAT3
protein was localized to the nuclei of osteosarcoma tissue but
the cytoplasm of normal tissues; and (v) PBF-induced apoptotic
cell death was suppressed by colocalization of Scythe/BAT3
with PBF in the nuclei of OS2000 but not in the cytoplasm of
293 cells. These findings suggest that Scythe/BAT3 might play
a role in regulating PBF-mediated apoptosis and that the
proliferation of osteosarcoma cells is also regulated by PBF and
Scythe/BAT3 that colocalize to the nucleus.

Papillomavirus binding factor has been identified as a tran-
scription factor of a promotor in the human papillomavirus type

Fig. 6. Effects of papillomavirus binding factor
(PBF) and Scythe/BAT3 on apoptotic cell death. (a)
293EBNA or (b) OS2000 cells were transfected
with PBF-myc/pCMV, Scythe/BAT3-HA/pCMV, or both
plasmids. pCMV was used for mock transfection.
LDH release into the supernatant from transfected
cells (resulting from cell death) was assessed. (c)
293EBNA or (d) OS2000 cells were transfected
with PBF-myc/pCMV, small interfering RNA (siRNA)
silencing Scythe/BAT3 or PBF-myc/pCMV and
Scythe/BAT3-HA/pCMV PCMV and control siRNA
were used for mock transfection. (e) Transfected
PBF-myc and Scythe/BAT3-HA and (f) endogenous
Scythe/BAT3 that was downregulated by siRNA in
293EBNA and OS2000 cells were detected. NS,
not significant
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8 genome,(1) a Huntington’s disease-associated protein,(20) and a
tumor-associated antigen overexpressed in various sarcomas and
carcinomas.(2,21) Thereafter, Sichtig et al. reported that overex-
pression of PBF in the cytoplasm induces cell death and the
subcellular localization of PBF is regulated by 14-3-3, which is
a cytoplasmic protein, and could promote cell survival in a skin
keratinocyte cell line.(11,22) We also confirmed that overexpres-
sion of PDF was localized in cytoplasm of 293 cells and induces
cell death, as shown in our current study.

Generally, endogenous cell stress, which is evoked by subcel-
lular expression of apoptotic molecules, induces the intrinsic
mitochondrial pathway for apoptosis induction, including the
mitochondrial release of cytochrome c, which binds to apoptosis
protease-activating factor-1. This complex, which is called the
apoptosome, activates caspase-9, triggering downstream caspase-
3.(5,8) However, as shown in our current study, the overexpression
of PBF induces apoptosis, indicated by caspase-3 activity and
cleavage of PARP, and resulted in cell death, but did not activate
caspase-9. This suggests that overexpression of PBF induces
apoptosis via a caspase-9-independent pathway. Therefore, we
screened PBF-binding molecules using a yeast two-hybrid system
to identify apoptotic regulators of PBF, and isolated Scythe/BAT3.

Scythe has been identified as a nuclear protein regulating
apoptosis, associated with Reaper in Drosophila melanogaster,(15)

and BAT3 has been identified as a human homolog of Scythe.(16)

Scythe/BAT3 is required for acetylation of p53 in response to
DNA damage(23) and drug-induced apoptosis.(18) However, Scythe/
BAT3 was reported to be an anti-apoptotic protein.(24,25) Scythe/
BAT3 is essential for cell proliferation,(18) can suppress apoptotic
activity of the Xenopus laevis elongation factor 1α oocyte
form (XEF1AO), and might control development in Xenopus
embryos.(26) In addition, Scythe/BAT3 contains a Bcl-2-associated
athanogene (BAG) domain at the C-terminus and inhibits heat
shock protein 70-mediated protein refolding.(27) In fact, Scythe/
BAT3 and heat shock protein 70 are cochaperones of human small
glutamine-rich tetratricopeptide repeat (TRP)-containing protein,
which is an essential molecule for cell division.(28) However,
the functions of Scythe/BAT3 in tumor cells remain unknown.

In the present study, PBF-induced cell death was suppressed
by overexpressed Scythe/BAT3 in nuclei of osteosarcoma cells.
However, overexpressed Scythe/BAT3 localized to the cytoplasm
did not suppress PBF-induced cell death in spite of colocalization
of PBF and Scythe/BAT3. These findings suggest that overex-
pression of Scythe/BAT3 functions as an anti-apoptotic factor in
tumor cells. Expression of Scythe/BAT3 at the endogenous normal
level is required for signaling apoptosis but its overexpression
induces an anti-apoptotic effect via upregulation of Bcl-2.(24)

Recently, Scythe/BAT3 was shown to stabilize and interact with
AIF,(29) which can lead to chromatin condensation and DNA
fragmentation by its relocation from the mitochondria to the
nucleus.(10) In severe DNA damage, PARP-1 activation triggers
AIF translocation from mitochondria to the nucleus, followed
by mitochondrial depolarization, release of cytochrome c, and
activation of caspase-3, which cleaves PARP.(30,31) Moreover,
overexpression of Bcl-2, which is upregulated by overexpression
of Scythe/BAT3,(24) also suppresses AIF release from mitochon-
dria.(30) Thus, it appears that overexpression of PBF might
induce apoptotic cell death via PARP-1 and an AIF-dependent
pathway, followed by mitochondrial release of caspase-3

cleaving PARP-1. Then Scythe/BAT3-mediated suppression of
PBF-induced cell death might result from inhibition of AIF
translocation to the nucleus by Bcl-2 upregulated via Scythe/
BAT3 overexpression.

Regarding whether the normal level of Scythe/BAT3 could act
as an anti-apoptotic factor, we observed that silencing of Scythe/
BAT3 significantly increased LDH release in OS2000 with the
mock control but did not change it in OS2000 with PBF.
Although we predicted that silencing of Scythe/BAT3 would
increase cell death events induced by PBF, we thought that
natural PBF expression might be the reason why there was no
difference between OS2000 with the mock control and OS2000
with PBF in the condition of silencing of Scythe/BAT3. However,
we also observed that silencing of Scythe/BAT3 did not change
LDH release in the case of 293EBNA cells. These results sug-
gest that natural cytoplasmic Scythe/BAT3 could not suppress
PBF-induced apoptosis in 293EBNA cells, as was also the case
with the overexpressed cytoplasmic Scythe/BAT3.

Our results support the idea that Scythe/BAT3, as well as PBF,
could act as a nucleus–cytoplasm shuttling protein regulating
apoptosis. Tumor suppressors, such as p53, Forkhead BOX, and
phosphatase and tensin homolog, have been reported to shuttle
molecules between the nucleus and cytoplasm regulated by
mono-ubiquitylation.(32) The localization of these proteins plays
a key role in tumor suppression. Nucleus–cytoplasm shuttling of
proteins is generally considered an important mechanism for
apoptotic regulation.(33,34)

We previously reported that PBF is expressed in the nucleus
of primary osteosarcoma tissues and that PBF-positive osteosar-
coma and Ewing’s sarcoma have significantly poor prognoses.(3,35)

Although these findings suggest strongly that PBF regulates the
proliferation of osteosaroma cells in humans, it is still unknown
how PBF regulates cell death and proliferation in vivo. Scythe/
BAT3 is a possible factor modulating the function of PBF
in vitro. Thus, further studies including PBF-depletion in vitro
and in vivo should be considered.

In conclusion, we identified Scythe/BAT3 as a molecule asso-
ciated with PBF. We have also demonstrated that overexpression
of Scythe/BAT3 regulates PBF-induced apoptotic cell death in
osteosarcoma cells. Moreover, colocalization of PBF and
Scythe/BAT3 in the nucleus might be an important factor for
survival of osteosarcoma cells.
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