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Osteopontin (OPN) is highly expressed in cancer patients and plays
important roles in many stages of tumor progression, such as anti-
apoptosis, proliferation, and metastasis. From functional screening of
human cDNA library, we isolated OPN as a caspase-8 substrate that
regulates cell death during hypoxia/reoxygenation (Hyp/RO). In vitro
cleavage assays demonstrate that OPN is cleaved at Asp-135 and
Asp-157 by caspase-8. Cellular cleavage of OPN is observed in apo-
ptotic cells exposed to Hyp/RO among various apoptotic stimuli and
its cleavage is blocked by zVAD or IETD caspase inhibitor. Further,
over-expression of OPN, the form with secretion signal, inhibits
Hyp/RO-induced cell death. Caspase cleavage-defective OPN mutant
(OPN D135A/D157A) is more efficient to suppress Hyp/RO-induced
cell death than wild-type OPN. OPN D135A/D157A sustains AKT
activity to increase cell viability through inhibition of caspase-9 during
Hyp/RO. In addition, OPN is highly induced in some tumor cells during
Hyp/RO, such as HeLa and Huh-7 cells, which is associated with their
resistance to Hyp/RO by sustaining AKT activity. Notably, OPN C-
terminal cleavage fragment produced by caspase-8 is detected in the
nucleus. Plasmid-encoded expression of OPN C-terminal cleavage
fragment increases p53 protein level and induces apoptosis of wild-
type mouse embryonic fibroblast cells, but not p53�/� mouse em-
bryonic fibroblast cells. These observations suggest that the protec-
tive function of OPN during Hyp/RO is inactivated via the proteolytic
cleavage by caspase-8 and its cleavage product subsequently induces
cell death via p53, postulating caspase-8 as a negative regulator of
tumorigenic activity of OPN.

Osteopontin (OPN) is a secreted glycosylated phosphopro-
tein that is involved in a number of physiological events

including bone formation and remodeling (1), immune responses
(2, 3), and tumor progression, such as cell proliferation, angio-
genesis, metastasis, and anti-apoptosis (4). Especially, OPN is
highly up-regulated in cancer patients’ plasma, thus it is consid-
ered a candidate as a prognostic marker for human cancer
diagnosis (4). Multiple cancer-related functions of OPN are
mediated by its interaction with integrins or CD44 variants as a
cytokine. Generally, secreted OPN acts as an intact protein or
fragments cleaved by thrombin; Arg-Gly-Asp (RGD) motif in
OPN interacts with integrins (�v�3, �v�5) and C-terminal region
of OPN binds to CD44 variants, which subsequently activates a
PI3K-AKT, NIK, or MEKK1 kinase cascade (4, 5). In addition,
alternative isoform of OPN is found in cytosol (6) and OPN is
detected as a CD44-ERM complex in the cytosolic side of CD44
(7). Further, OPN also associates with polo-like kinase-1 in the
nucleus during cell cycle (8). These observations show diverse
roles and subcellular localizations of OPN.

OPN is also highly induced during hypoxia/reoxygenation (Hyp/
RO), which is closely related to pathological conditions including
myocardial ischemia/reperfusion injury, stroke, inflammation, and
solid tumors (9, 10). During Hyp/RO, cell death generally occurs

after massive generation of reactive oxygen species (ROS) and
caspases activation. Several caspases including caspases-8, -9, and -3
were reported to be activated during reoxygenation, which is
required for Hyp/RO-induced cell death (11, 12). Among these
caspases, caspase-8 is a well known receptor-proximal caspase.
However, accumulating evidence suggests atypical roles of
caspase-8 in nonreceptor-mediated cell deaths (13, 14) and NF-�B
activation (15). In addition, caspase-8 deficiency is also detected in
human cancers (16, 17) and facilitates cellular transfomation (18),
showing critical functions of caspase-8 in tumorigenesis and cell
death. In the group of hundreds’ cellular substrates of various
caspases, only a few proteins, such as Bid, p28 Bap31, RIP-1, and
plectin, are reported as caspase-8 substrates (19–22).

In this study, we performed genome-wide screening and isolated
OPN as a caspase-8 substrate. OPN expression is rapidly increased
during Hyp/RO and subsequently cleaved by caspase-8, leading to
both inactivation of AKT survival signal and activation of cell death
signal via its caspase cleavage fragment in tumor cells.

Results
OPN Is Cleaved by Caspase-8 in Vitro and in Apoptotic Cells During
Hyp/RO. To unearth caspase substrates, we undertook caspase
substrate screening using human cDNA library. Small cDNA pools
were transcribed and translated in vitro in the presence of [35S]me-
thionine and then incubated with recombinant caspases (23). From
this analysis, we isolated OPN as a putative substrate of caspase-8.
To characterize the cleavage, in vitro translated OPN was incubated
with various recombinant active caspases (caspase-1, -2, -3, -4, -6, -7,
-8, or -9) (Fig. 1A). Among these caspases, caspases-3 and -8 were
able to cleave OPN, yielding two cleavage products with distinct
molecular weights, which are also different from the previously
known thrombin cleavage products (Fig. 1B and Fig. S1A).

To determine the cleavage sites of OPN, we generated series of
OPN-deletion mutants that mimic the fragments cleaved after Asp
residue by caspases. We found that all OPN mutants except OPN 1–130
(127DESD130), including OPN 1–139 (136FPTD139), OPN 1–157
(154DTYD157), and OPN 1–161 (158GRGD161), were cleaved by
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caspase-8 in vitro (Fig. 1C). The OPN cleavage products migrated with
same sizes as OPN 1–135 (132LVTD135) and OPN 136–314 (Fig. S1B).
Further analysis of OPN mutants replacing Asp-135 (OPN D135A) or
Asp-157 (OPN D157A) with Ala showed that these mutants were still
partially cleaved by caspase-8 to generate cleavage products of�32 kDa
and 34 kDa (Fig. 1D). On the contrary, OPN D135A/D157A mutant
(OPN DM) was completely resistant to caspase-8. Unlike caspase-8,
caspase-3 failed to cleave OPN D157A (Fig. 1E). These results suggest
that caspase-8 cleaves OPN after both Asp-135 and Asp-157, and
caspase-3 cleaves OPN after Asp-157 (Fig. 1F).

Next, cellular cleavage of OPN was first examined in HeLa cells
stably expressing HA-tagged OPN (HeLa/OPN) (Fig. S2A). Ex-
posure to various cell death stimuli induced significant amounts of
cell death (Fig. 2A). Although OPN-HA was not significantly
degraded in cells exposed to most of apoptotic signals, such as
receptor signals (TNF-� and TRAIL) or nonreceptor signals
(etoposide and doxorubicin), it was completely disappeared in
dying cells after exposure to Hyp/RO (Fig. 2A).

We then addressed the cleavage of genome-encoded OPN in HeLa
cells during Hyp/RO. Genome-encoded OPN was not easily detected
under normoxia condition but was highly accumulated in HeLa cells
exposed to Hyp/RO (Fig. 2B and Fig. S2B). This accumulation was
contributed at least by the increase of OPN mRNA (Fig. S2C, addi-
tional details in SI Text). We found that OPN was cleaved to generate
multiple cleavage products in the presence of MG132, a proteasome
inhibitor. The cleavage products with molecular mass ranging from 28
kDa to 36 kDa were first detected at 6 h (Fig. 2B). The degradation
patterns of plasmid-encoded (OPN-HA) and genome-encoded OPN
in HeLa/OPN cells were then compared. Whereas the level of
OPN-HAgraduallydecreasedduringHyp/RO,genome-encodedOPN
first increased up to 24 h and then decreased at 36 h (Fig. 2C).
Consistently, we observed the proteolytic cleavage of PARP and
activation of caspase-8 during Hyp/RO (Fig. 2 A and B) (11). PARP was
used as a marker of apoptosis after caspase-3 activation. Proform of
caspase-8 began to be processed for activation as early as at 6 h after
reoxygenation (Fig. 2B). The cleavages of OPN and processing of
caspase-8 were all inhibited by zVAD-fmk, a pan-caspase inhibitor, or
IETD-fmk, a caspase-8 inhibitor (Fig. 2D). These results indicate that
caspase-8 cleaves OPN during Hyp/RO.

OPN D135A/D157A Suppresses Hyp/RO-Induced Cell Death. We then
extensively investigated theeffectsofOPNcleavageoncelldeathduring
Hyp/RO. From FACS analysis, we found that compared with HeLa/
pcDNA3 cells (SubG1 population: 40%), Hyp/RO-induced cell death
was weakly inhibited in HeLa/OPN WT stable cells (23%) and strongly
inhibited in HeLa/OPN DM stable cells (13%) (Fig. 3A). Similar results
were obtained with the transient expression analysis of OPN WT and

OPN DM. Plasmid-encoded expression of OPN WT in HeLa cells in-
hibited Hyp/RO-induced cell death at early time points (12 h and 18 h)
but such inhibitory effect was reduced at late time point (24 h). On the
contrary, OPN DM was very potent to inhibit Hyp/RO-induced cell
death up to 24 h (Fig. 3B). Consistently, Western blot analysis showed
that compared with HeLa/OPN WT cells, the cleavage products of
OPN were less or not detected at 24 h in HeLa/OPN DM cells during
Hyp/RO (Fig. 3C). In SK Hep-1 cells, OPN DM was also resistant to
degradation during Hyp/RO (Fig. S3A). These results suggest that the

Fig. 1. OPN is cleaved at Asp-135 and Asp-157 by
caspase-8 in vitro. (A and B) In vitro cleavage assay using
caspases. OPN translated in the presence of [35S]methi-
onine was incubated for 60 min with 10 ng of each purified
caspase (Casp-1, -2, -3, -4, -6, -7, -8, or -9) (A) or with
caspase-3, -8, or thrombin (B). The reaction mixtures were
analyzed with autoradiography after SDS/PAGE. (C–E)
Mapping of OPN cleavage sites. OPN deletion mutants
containingN-terminal region (OPN1–130,OPN1–139,OPN
1–157, and OPN 1–161) (C) and OPN mutants replacing Asp
with Ala at the indicated position (OPN D135A, OPN
D157A, and OPN D135A/D157A) (D and E) were incubated
with caspase-8 (C and D) or caspase-3 (E) for in vitro cleav-
ageassay. (F)Respectivecleavagesites for caspases-8and-3
are indicated.

Fig. 2. OPN is cleaved by caspase-8 in apoptotic cells during Hyp/RO. (A) Cellular
cleavage of plasmid-encoded OPN-HA during Hyp/RO. HeLa/OPN stable cells
were left untreated (Con) or exposed to 100 ng/mL TRAIL for 6 h, 20 ng/mL TNF-�
with0.5�g/mLcycloheximide(TNF/CHX)for12h,100�Metoposide(Eto) for24h,
2 �g/mL doxorubicin (Doxo) for 24 h, hypoxia (5% O2) for 12 h (Hyp), or hypoxia
for 12 h/reoxygenation for 36 h (Hyp/RO). After determining percentages of cell
death as described in Materials and Methods, cell extracts were prepared and
subjected to Western blotting analysis using anti-HA, anti-PARP, and anti-�-actin
antibodies. (B) Cellular cleavage of genome-encoded OPN during Hyp/RO. HeLa
cells were preincubated with 1 �M MG132 and then exposed to Hyp (12 h)/RO for
the indicated times in the presence or absence of 25 �M zVAD-fmk. Cell extracts
were then analyzed with Western blotting using anti-OPN (LF123), anti-
caspase-8, and anti-�-actin antibodies. (C) Quantitative comparison of OPN cleav-
age during Hyp/RO. HeLa/OPN cells were exposed to Hyp (12 h)/RO for the
indicated times and Western blot analysis was performed using anti-OPN anti-
body (Upper). The signals of genome-encoded OPN and HA-tagged OPN on the
Western blot analysis were quantitated by densitometric analysis (Lower). (D)
Effectsof caspase inhibitorsonOPNcleavage.HeLa/OPNcellswerepretreatedfor
3 h with DMSO, zVAD-fmk, IETD-fmk, AEVD-fmk, DEVD-fmk, or YVAD-fmk (25
�M) and then exposed to hypoxia for 12 h. After reoxygenation for another 24 h,
cells were analyzed by Western blotting using the indicated antibodies.
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cleavages of OPN at Asp-135 and Asp-157 are associated for efficient
incidence of Hyp/RO-induced cell death and the amount of OPN is
critical to regulate cell death during Hyp/RO.

As it exhibits survival activity (4, 24), plasmid-encoded expres-
sion of OPN was effective to inhibit cell death induced by Hyp/RO
(50% to 30%) but little effective to reduce cell death by TRAIL or
TNF-� (Fig. S3B). Conversely, down-regulation of OPN expression
using shRNAs sensitized HeLa cells to Hyp/RO-induced cell death
(Fig. 4A). Furthermore, reduced expression of caspase-8, but not
caspase-10, suppressed Hyp/RO-induced cell death (Fig. 4B) and
abolished the generation of OPN cleavage products (Fig. 4C). In
addition, the level of OPN was elevated at 12 h and 18 h of Hyp/RO
in caspase-8 knockdown cells compared with HeLa control cells.
These results further support our proposal that OPN is cleaved by
caspase-8 to regulate cell death during Hyp/RO.

Cleavage-Defective OPN Mutant Sustains AKT Activation During Hyp/
RO. To define the downstream signaling of OPN, we investigated roles
of stress kinases during Hyp/RO. Compared with HeLa control cells,

we observed the increased levels of phosphorylation of AKT at Ser-473
(pAKT); in contrast, there was no detectable increase in phosphory-
lation of ERK, JNK, or p38, in HeLa/OPN WT cells (Fig. 5A),
consistent with the previous reports (25, 26). We then examined and
compared the activation profiles of AKT in HeLa/OPN WT and
HeLa/OPN DM cells. During Hyp/RO, the level of pAKT increased up
to 12 h and then declined in HeLa/OPN WT cells. However, the level
of pAKT remained still high at late time points (18 h and 24 h) in
HeLa/OPN DM cells (Fig. 5B). These results indicate that AKT
activation may be regulated along with the cleavage of OPN by
caspase-8 during Hyp/RO.

Next, we examined whether OPN-dependent activation of AKT
regulates Hyp/RO-induced cell death. Although pretreatment with
LY294002, an inhibitor of PI3K-AKT, induced certain amounts of
cell death in all cell lines tested during normoxia, it abolished
anti-apoptotic function of OPN and effectively sensitized HeLa/
OPN DM cells to Hyp/RO-induced cell death (Fig. 5C). Thus,
HeLa/OPN DM and HeLa/OPN WT cells became as sensitive to
Hyp/RO as HeLa control cells after LY294002 treatment. How-
ever, PD98059, an inhibitor of MEK1/2 and ERK1/2, did not show

Fig. 3. Cleavage-resistant OPN mutant, OPN D135A/D157A, suppresses Hyp/
RO-induced cell death. (A) Suppression of Hyp/RO-induced cell death by OPN WT
and OPN DM. HeLa/pcDNA3, HeLa/OPN WT, and HeLa/OPN DM stable cells were
exposed to Hyp (12 h)/RO (18 h). Cells were then analyzed by FACS and the
population of SubG1 cells (line) is indicated. (B) Cleavage-defective OPN DM
suppresses Hyp/RO-induced cell death. HeLa cells were transfected with pcDNA3,
pOPN WT, or pOPN DM expression vector and then left untreated or exposed to
Hyp (12 h)/RO for the indicated times. Cell death was determined as in Materials
and Methods (Left). Values indicate mean values � SD; (n � 3). **, P � 0.001.
Expression level of plasmid-encoded OPN-HA was examined with Western blot
analysis using anti-HA antibody (Right). (C) OPN DM is more tolerant to degra-
dation than OPN during Hyp/RO. HeLa/OPN WT and HeLa/OPN DM cells were
exposed to Hyp (12 h)/RO for the indicated times in the presence of 1 �M MG132
and cell extracts were analyzed with Western blotting using anti-OPN antibody.

Fig. 4. Reduced expression of caspase-8 increases OPN level and suppresses cell
deathduringHyp/RO. (A)KnockdownofOPNlevel sensitizescells todeathduring
Hyp/RO. HeLa cells were transfected with pSuper (Con), pOPN shRNA #1, or #2 for
36 h and then exposed to Hyp (12 h)/RO for the indicated times. Cell death was
assessed as in Materials and Methods (Left). Cell extracts were prepared at 18 h
of Hyp/RO and analyzed by Western blotting using anti-OPN antibody (Right). (B)
Knockdown of caspase-8 expression desensitizes cells to Hyp/RO. HeLa cells were
transfected with pSuper, pcasp-8 shRNA or pcasp-10 shRNA for 36 h and then
exposed to Hyp (12 h)/RO for the indicated times. Cell death was analyzed as
describedinMaterialsandMethodswithmeanvalues�SD. (AandB,n�3) (Left).
Expression of caspase-8 or -10 was examined by Western blotting (Right). (C)
Knockdown of caspase-8 expression inhibits OPN cleavage during Hyp/RO. HeLa
cells were transfected with pSuper (Con) or pcasp-8 shRNA for 36 h, exposed to
Hyp (12 h)/RO for the indicated times, and analyzed with Western blotting.
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any significant effects on Hyp/RO-induced cell death (Fig. 5C). The
inhibitory effects of LY294002 and PD98059 on AKT and ERK,
respectively, were confirmed by Western blot analysis (Fig. S4).
These results indicate that caspase-mediated degradation of OPN
and its induction is critical to balance OPN level and to regulate
AKT activity for the protection of cells against Hyp/RO.

OPN Induction in Tumor Cells Confers Resistance to Hyp/RO-Induced
Cell Death. Given that OPN is critical to regulate cell death, we
addressed pathophysiological relevance of OPN level in tumorigenesis.

We examined sensitivities of various tumor cells to Hyp/RO, such as
C33A, Huh-7, Chang liver, SK Hep-1, and HeLa cells. Among these
cells, HeLa and Huh-7 cells were more resistant to Hyp/RO-induced
cell death than other cells (Fig. 6A). Interestingly, although basal levels
of OPN in HeLa and Huh-7 cells were lower than or equivalent to other
cells, OPN was highly induced by 3- to 5-fold in HeLa and Huh-7 cells
during Hyp/RO (Fig. 6B). Expression and activation of caspase-8 were
not that much different in these cells. On the contrary, proteolytic
activation of caspase-3 was lower in HeLa and Huh-7 cells than other
cells during Hyp/RO (Fig. 6B) and pAKT level was higher in HeLa and
Huh-7 cells (Fig. 6C). Consistently, knockdown of OPN expression in
HeLa and Huh-7 cells abolished AKT activation during Hyp/RO and
sensitized cells to the cell death (Fig. S5 A–C and Fig. 4A). These data
suggest that OPN induction in these tumor cells is associated with their
resistance toHyp/ROviaAKTactivity.WithanotionthatAKTinhibits
the activation of caspase-9 through direct phosphorylation at Ser-196
(27), we also observed reduced activation of caspase-9 in HeLa and
Huh-7 cells (Fig. 6C), implying that OPN may regulate caspase-9 via
AKT during Hyp/RO.

In addition, when we examined and compared AKT activities in
HeLa/OPN WT and HeLa/OPN DM cells under Hyp/RO, the level of
pAKT was higher in HeLa/OPN WT cells than HeLa/pcDNA3 cells
and was much higher in HeLa/OPN DM cells than HeLa/OPN WT
cells (Fig. 6D). On the contrary, proteolytic activation of caspase-9 was
lower in HeLa/OPN WT and much suppressed in HeLa/OPN DM cells
than HeLa/pcDNA3 cells. These results suggest that the cleavage of
OPN by caspase-8 decreases AKT activity, which may in turn activate
caspase-9 for cell death during Hyp/RO.

C-Terminal Caspase Cleavage Fragment of OPN Localizes to the
Nucleus and Induces Cell Death via p53. Further, we investigated roles
of OPN cleavage products in cell death by using the caspase-8
cleavage products, OPN N-terminal cleavage fragment [OPN NTR
(1–135)] and C-terminal cleavage fragment [OPN CTR (136–314)].
OPN CTR fragment, over-expressed in HeLa cells using
pcDNA3-HA vector, led to death of the cells after Hyp/RO; OPN
NTR was without effect (Fig. 7A). Notably, immunocytochemical
analysis showed that OPN CTR is detected in the nucleus (Fig. 7B
Bottom) whereas OPN NTR is preferentially found in the plasma
membrane (Fig. 7B Middle). The nuclear detection of OPN immu-
noreactivity was evident in HeLa/OPN WT cells during Hyp/RO
(Fig. S6 Upper) but not in HeLa/OPN DM cells (Fig. S6 Lower).
These results suggest that OPN CTR may translocate into the
nucleus during Hyp/RO.

Fig. 5. OPN D135A/D157A sustains AKT activation for cell survival during
Hyp/RO. (A) Increase of p-AKT level by OPN. HeLa/pcDNA3 and HeLa/OPN cell
extracts were analyzed with Western blotting using the indicated antibodies. (B)
Sustained level of pAKT in HeLa/OPN DM cells during Hyp/RO. HeLa/OPN WT and
HeLa/OPN DM cells were left untreated or exposed to Hyp/RO for the indicated
times. Cell extracts were examined with Western blot analyses. (C) LY294002
potently sensitizes HeLa/OPN DM cells to Hyp/RO. HeLa/pcDNA3, HeLa/OPN WT,
and HeLa/OPN DM cells were left untreated (Nor) or exposed to Hyp (12 h)/RO (20
h) in the presence of LY294002 (40 �M) or PD98059 (40 �M). Cell death assay was
performed as in Materials and Methods. Bars, mean values � SD; (n � 3).

Fig. 6. Differential inductionofOPNintumorcellsaffects
viability through regulation of AKT and caspase-9. (A) Dif-
ferent sensitivity of tumor cells to Hyp/RO-induced cell
death. Cells were incubated under Hyp (12 h)/RO (18 h) and
cell death was examined using EthD staining. Bars, mean
values�SD; (n�3). (B) InductionofOPNinHeLaandHuh-7
cells during Hyp/RO. Cell extracts prepared from cells ex-
posed to Hyp/RO as in A were analyzed with Western
blotting using the indicated antibodies. (C) Sustained level
of pAKT in HeLa and Huh-7 cells during Hyp/RO. Cells were
left untreated or exposed to Hyp (12 h)/RO (18 h) and
Western blot analysis was performed. (D) Expression of
OPN DM in HeLa cells increases pAKT level and inhibits
caspase-9 activation. HeLa cells were transfected with
pcDNA3, OPN WT, or OPN DM expression vector for 24 h
andthenexposedtoHyp(12h)/RO(18h).Cellextractswere
analyzedforWesternblottingusingthe indicatedantibod-
ies.
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Then, we addressed the contribution of OPN CTR to cell death.
Interestingly, Western blot analysis showed that plasmid-encoded ex-
pression of OPN CTR increases the levels of p53 and p21 protein (Fig.
7C).LuciferasereporterassayalsoshowedthatOPNCTRincreases the
transcriptional activity of p53 (Fig. 7D). Further, cell death assay
illustrated that as in HeLa cells, plasmid-encoded expression of OPN
CTR induces significant amount of cell death (28%) in wild-type mouse
embryonic fibroblast (MEF) cells. However, this proapoptotic activity
was not observed in p53�/� MEF cells (Fig. 7E). However, OPN NTR
did not show any effects on cell death. Thus, we propose that OPN CTR
generated by caspase-8 may gain proapoptotic activity by modulating
p53 level in the nucleus.

Discussion
OPN is a multifunctional protein playing roles in cell proliferation,
metastasis, and apoptosis. In this study, we found that OPN and its
caspase cleavage product exhibit opposite activities to regulate cell
death during Hyp/RO. Especially, OPN level is critical to regulate cell
death triggered by Hyp/RO among various death signals. Then, there
should be a tight balance between cell survival activity generated by

OPN and cell death activity triggered by OPN CTR during Hyp/RO. As
it is known that AKT activation inhibits p53 (28, 29), we also observed
that AKT activation is responsible for the suppression of p53 accumu-
lation during Hyp/RO. Thus, we propose that OPN-induced activation
of AKT suppresses p53 accumulation for cell survival. Consequently,
OPN cleavage by caspase-8 attenuates AKT-mediated survival signal
and at the same time OPN CTR induces the accumulation of p53 in the
nucleus to mediate cell death during Hyp/RO.

Upon stimulation of cell surface death receptors, an initiator
caspase-8 is activated in death-inducing signaling complex (DISC).
However, increasing studies have shown receptor-independent activa-
tion of caspase-8 during oxidative stress, UV radiation, or by chemo-
therapeutic drugs, which may represent either an initiating or a sec-
ondary amplifying event in apoptosis (14, 30, 31). We also observed
efficient activation of caspase-8 and subsequent OPN cleavage during
Hyp/RO. However, we failed to detect OPN cleavage during apoptosis
induced by TRAIL or TNF-�. In addition, whereas the reduced
expression of caspase-8 attenuates cell death induced by Hyp/RO,
TRAIL, or TNF-�, overexpression of OPN or interference with OPN
expression using OPN shRNAs exclusively affected cell death induced
by Hyp/RO. These data suggest that OPN cleavage by caspase-8 during
Hyp/RO is differently regulated from substrate cleavage by caspase-8
activated by DISC formation. Recent studies showed distinct apoptotic
complexes containing caspase-8 or caspase-10, and diverse roles of
those proximal caspases (32, 33).

We expect that anti-apoptotic OPN functions as a secreted cytokine
to activate AKT during Hyp/RO, because we observed that signal
sequence-deleted form of OPN (�sig OPN) (6) failed to both activate
AKT or inhibit Hyp/RO-induced cell death (Fig. S7 A–C). OPN
substrate of the caspase-8 appears to be exclusively the form with
secretion signal, but which may or may not have been secreted. Because
OPN has been shown to mainly localize in ER/Golgi of cells along with
the secretory pathway, cellular sites for OPN cleavage by caspase-8
during Hyp/RO is not clear at this moment. It might occur at cytosol
after cytosolic release of OPN after perturbation of the secretory
pathway during cell damage or at some other intracellular sites. Actu-
ally, caspase-8wasreportedtobe localized in thenucleus,mitochondria,
and ER as well as in cytosol (13, 34, 35).

OPN is a diagnosis marker as a final product in cancer and a
mediator in developing cancer, such as hepatocellular carcinoma,
cervical carcinoma, and head and neck carcinoma (4). Consistently,
OPN was recently reported to be a systemic tumor instigator via
bone marrow activation (36). We also found that several cancer cell
lines showing dramatic induction of OPN during Hyp/RO are quite
resistant to Hyp/RO-induced cell death. In addition, caspase-8 is
also suggested to be closely associated with tumorigenesis:
caspase-8 is deleted in lung carcinoma, neuroblastoma, and hepa-
tocellular carcinoma (16, 17) and its deficiency facilitates cellular
transformation (18). Thus, we envision that a role of caspase-8
deficiency in tumorigenesis may be in part contributed by its failure
to cleave and inactivate OPN to modulate Hyp/RO-induced cell
death. It could be important for host organisms to improve survival
that caspase-8 inactivates OPN-mediated survival signals to prevent
the accumulation of unwanted cancerous cells during Hyp/RO.

In summary, our observations provide evidence that quantitative
regulation of OPN through its induction via gene expression and its
destruction by caspase-8 during Hyp/RO is an essential check point
for determining cell death in some cancer models, shedding insight
into OPN as a therapeutic for anti-cancer treatment.

Materials and Methods
Cell Culture and Transfection. HeLa, Huh-7, C33A, Chang Liver, SK Hep-1, and
HEK293 cells were cultured in DMEM (HyClone) supplemented with 10% FBS
(HyClone). Transfection was carried out using LipofectAMINE (Invitrogen) or
Polyfect reagent (Qiagen) according to the manufacturers’ instructions.

Cell Death Assay and Flow Cytometric Analysis. Cells were exposed to various
stimuli and double-stained with Hoechst 33258 (1 �g/mL) and ethidium ho-

Fig. 7. Translocation of OPN C-terminal cleavage fragment (CTR) into the
nucleus and induction of p53. (A) Proapoptotic activity of OPN CTR. HeLa cells
were transfected with pcDNA3-HA, pOPN-HA, pOPN NTR-HA, or pOPN CTR-HA
for 24 h. Cells were then exposed to Hyp (12 h)/RO for the indicated times and cell
death rates were determined as in Materials and Methods. Bars, mean values �
SD; (n � 3). (B) OPN CTR is localized in the nucleus. HeLa cells were transfected
with pOPN-HA, pOPN NTR-HA, or pOPN CTR-HA for 24 h and then immuno-
stained with anti-HA antibody (red). Nuclei were stained with Hoechst 33258
(blue) and observed under a confocal microscope. (C) OPN CTR increases the level
of p53 and p21. HEK293 cells were transiently transfected with pcDNA3-HA,
pOPN NTR-HA, or pOPN CTR-HA for 24 h and cell extracts were then immuno-
blotted with the indicated antibodies. (D) Plasmid-encoded expression of OPN
CTR increases the transcriptional activity of p53. HEK293 cells were transiently
transfected with pRGC-luc reporter containing synthetic p53-binding sequences,
pCMV-�-gal, and the indicated plasmid for 24 h. Luciferase activity was measured
and normalized by that of �-galactosidase. Bars, mean values � SD; (n � 4). (E)
OPN CTR-induced cell death is abolished by p53 deficiency. Wild-type MEF and
p53�/� MEF were transfected with pcDNA3-HA, pOPN NTR-HA, or pOPN CTR-HA
for 24 h and examined for cell death as in Materials and Methods.
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modimer (EthD) (Molecular Probes). After which apoptotic cell death was as-
sessed by counting the number of GFP-positive cells showing condensed and
fragmented nuclei after under a fluorescence microscope (Olympus). For flow
cytometric analysis, cells were collected, fixed with ethanol, and treated with
RNase and propidium iodide. Cell death was measured by using a flow cytometer
(FACS Calibur; BD Biosciences).

Expression Plasmids and shRNAs. PCR products of OPN WT and deletion mutants
were subcloned into the KpnI site of pcDNA3-HA. OPN D135A and OPN D157A
mutants were generated by site-directed mutagenesis. pOPN shRNAs were con-
structed using forward and reverse 64-nucleotides (#1, 679-ACGAGTCAGCTG-
GATGACC-697, #2, 805-GTCAGCCGTGAATTCCACA-823) were synthesized, an-
nealed, and cloned into the BglII and HindIII sites of pSuper mammalian
expression vector (Oligoengine). pCasp-8 shRNA and pCasp-10 shRNA were gen-
erated as described (15, 33).

Stable Cell Lines. HeLa cells were transfected with pcDNA3-HA, pOPN-HA, or
pOPN DM-HA for 24 h and then grown in selection medium containing 1 mg/mL
G418 (Invitrogen) for 2 weeks. After further selection, cells were analyzed by
Western blotting.

In Vitro Screening for Caspase Substrates and Caspase Cleavage Assays. Bac-
terial plasmids expressing caspases were transformed into BL21 (DE3) cells and cell
extracts were prepared as described in ref. 23. For in vitro assay, [35S]methionine-
labeled OPN was subjected to cleavage reactions with purified caspases as described
in ref. 37.

Hypoxia/Reoxygenation. Hypoxia was achieved by culturing the cells in MEM
(Invitrogen) in an air-tight Plexiglass chamber with GasPak Plus (BD Biosciences)

(38) or cells were exposed to hypoxia (0.1% O2) by incubating cells at 37 °C in 5%
CO2/10% H2/85% N2 anaerobic incubator (Forma Scientific). Cells were then
placed under normoxic conditions.

Antibodies. Anti-PARP (F-2), anti-p53 (Pab 240), anti-p21 (C-19), �-actin (C4)
(Santa Cruz Biotechnology), anti-cleaved caspase-3 (#9661), anti-cleaved
caspase-9 (#9501), anti-pAKT (#9271), anti-AKT (#9272), anti-pERK (#9101), anti-
ERK (#9102), anti-pp38 (#9211), and anti-pJNK (#9251) (Cell Signaling) antibodies
were used for Western blot analyses. For genome-encoded OPN detection,
polyclonal antibody generated against human recombinant OPN (LF123) was
kindly provided by Dr. L.W. Fisher (39).

Immunostaining. Cells grown on coverslips in 24-well plates were fixed in 4%
paraformaldehyde for 5 min, permeablized in 0.1% Triton X-100 for 5 min and
blocked with 1% BSA for 2 h. After stained with anti-HA antibody and Hoechst
33258,cellswerevisualizedunderaLSMconfocalfluorescencemicroscope(Zeiss).

Luciferase and �-Galactosidase Assays. Cells were cotransfected with RGC-luc
reporter plasmid containing synthetic p53-binding sequences (40) and CMV �-gal
plasmids for 24 h. Then luciferase activities were determined using a Luciferase
Assay System (Promega) as described in ref. 41.
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