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Abstract
Omi/HtrA2 is a mitochondrial serine protease that is released
into the cytosol during apoptosis and promotes cytochrome c
(Cyt c)dependent caspase activation by neutralizing inhibitor
of apoptosis proteins (IAPs) via its IAP-binding motif. The
protease activity of Omi/HtrA2 also contributes to the
progression of both apoptosis and caspase-independent cell
death. In this study, we found that wild-type Omi/HtrA2 is
more effective at caspase activation than a catalytically
inactive mutant of Omi/HtrA2 in response to apoptotic stimuli,
such as UV irradiation or tumor necrosis factor. Although
similar levels of Omi/HtrA2 expression, XIAP-binding activity,
and Omi/HtrA2 mitochondrial release were observed among
cells transfected with catalytically inactive and wild-type Omi/
HtrA2 protein, XIAP protein expression after UV irradiation
was significantly reduced in cells transfected with wild-type
Omi/HtrA2. Recombinant Omi/HtrA2 was observed to cataly-
tically cleave IAPs and to inactivate XIAP in vitro, suggesting
that the protease activity of Omi/HtrA2 might be responsible
for its IAP-inhibiting activity. Extramitochondrial expression
of Omi/HtrA2 indirectly induced permeabilization of the outer
mitochondrial membrane and subsequent Cyt c-dependent
caspase activation in HeLa cells. These results indicate that
protease activity of Omi/HtrA2 promotes caspase activation
through multiple pathways.
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Introduction

Apoptosis is a physiological cell suicide program critical to the
development and homeostasis of all animals.1 Abnormal
inhibition of apoptosis is a hallmark of cancer and autoimmune
disease, whereas excessive cell death has been implicated in
a number of neurodegenerative disorders.2 The caspases, a
family of intracellular cysteine proteases, are the central
executioners of apoptosis.3 Effector caspases, such as
caspase-3 and -7, are activated by initiator caspases, such
as caspase-9, through proteolytic cleavage. Once activated,
effector caspases are responsible for the proteolytic cleavage
of a diverse array of structural and regulatory proteins,
resulting in an apoptotic phenotype.3

Inhibitor of apoptosis proteins (IAPs), originally found in
baculoviruses, are conserved in a number of species, ranging
from insects to humans, and play a role in regulating
apoptosis.4,5 Several members of the human IAP family of
proteins, including X chromosome-linked IAP (XIAP), cellular
IAP (c-IAP1) and c-IAP2, are potent direct inhibitors of
caspase-3, -7, and -9.6–9 Among these, XIAP is the most
potent inhibitor of caspases and apoptosis.5,10

Two IAP inhibitors, second mitochondria-derived activator
of caspase (Smac)/direct IAP binding protein with low pI
(DIABLO) andOmi/ high temperature requirement A2 (HtrA2),
have been identified.11–17 Both of these proteins have
mitochondrial localization signals (MLS) at their N-termini
and are transported to the mitochondria where their MLS
sequences are cleaved and the mature proteins are gener-
ated. The mature proteins have IAP-binding motifs (IBMs) at
their N-termini, which enable them to bind IAPs and eliminate
their caspase-inhibitory activity.18 In response to various
apoptotic stimuli, these mature proteins are released from the
mitochondria into the cytosol, where they interact with and
inhibit IAPs. In this regard, Smac/DIABLO and Omi/HtrA2
resemble each other. However, unlike Smac/DIABLO, Omi/
HtrA2 has protease activity. When expressed extramito-
chondrially, Omi/HtrA2 induces caspase-independent cell
death. This is thought to depend on the protease activity of
Omi/HtrA2 alone, independent of IAP inhibition, because an
Omi/HtrA2 mutant lacking the IBM has also shown to induce
caspase-independent cell death.13,14 On the other hand, there
is evidence to suggest that both the serine protease activity
and IAP-binding activity of Omi/HtrA2 contribute to its
proapoptotic function.14,15

Recently, Smac/DIABLO-deficient mice have been engi-
neered.19 Several different Smac/DIABLO-deficient cells
respond normally to various apoptotic stimuli, suggesting
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the existence of a redundant molecule or molecules
compensating for a loss of Smac/DIABLO function.19 In
contrast, although Omi/HtrA2-deficient mice have not
been reported, Omi/HtrA2-knockdown cells, in which
antisense Omi/HtrA2 RNA was expressed, or to which
synthetic double-stranded small interfering RNA (siRNA)
oligonucleotides were introduced, have shown to be less
susceptible to induction of apoptosis.14,16 These data suggest
a nonredundant essential function of Omi/HtrA2 in the
induction of apoptosis.
In this study, we provide evidence that the protease activity

of Omi/HtrA2 contributes to its ability to potentiate caspase
activation and apoptosis via at least two different mechan-
isms. Omi/HtrA2 cleaves and/or degrades IAPs and an
unidentified substrate(s), resulting in inactivation of IAPs
and permeabilization of the outer mitochondrial membrane
followed by Cyt c-dependent caspase activation, respectively.
Our data suggest that the protease activity of Omi/HtrA2 is
important for its ability to potentiate caspase activation and the
induction of apoptosis.

Results and Discussion

Catalytically inactive Omi/HtrA2 mutant is less
effective than wild-type Omi/HtrA2 at potentiating
caspase activation and apoptosis in HeLa cells

Both IAP-binding and serine protease activity of Omi/HtrA2
contributes to its proapoptotic function. Verhagen et al.15 have
shown that mutation of either the catalytic serine residue, or a
critical alanine residue required for XIAP binding, reduces, but
does not eliminate, the pro-apoptotic activity of Omi/HtrA2,
whereas mutation of both sites negates the ability of Omi/
HtrA2 to potentiate cell death.15 These results suggest that
Omi/HtrA2 protease activity is responsible for potentiation of
caspase-3-like DEVDase activation. To verify this possibility,
we investigated DEVDase activation in HeLa cells transfected
with wild-type Omi/HtrA2, as well as a catalytically inactive
mutant of Omi/HtrA2, in response to apoptotic stimuli, such
as ultraviolet (UV) irradiation or tumor necrosis factor
combined with cycloheximide (TNF/CHX). Following expo-
sure to UV-irradiation, wild-type Omi/HtrA2 (HtrA2 WT)
potentiated DEVDase activity to a similar extent as wild-type
Smac/DIABLO (Smac WT), and to a greater extent than
the catalytically inactive mutant of Omi/HtrA2 (HtrA2 S/A)
(Figure 1a). Similar results were obtained in TNF/CHX-
treated cells (Figure 1a). The immunoblot and glutathione
S-transferase (GST)-pull down assay results revealed that
the protein expression and XIAP-binding activity of the
mature HtrA2 S/A mutant were similar to that of mature
HtrA2 WT (Figure 1b). We also observed that HtrA2 WT
potentiated DEVDase activity and apoptosis in the presence
of exogenously expressed XIAP, indicating that inhibition
of XIAP by HtrA2 WT occurs (Figure 1c and d). Interestingly,
the HtrA2 S/A mutant was less effective at inhibiting
XIAP-mediated suppression of DEVDase activity and
apoptosis (Figure 1c and d). These results are consistent
with those of a previous report in which the protease activity of
Omi/HtrA2 was observed to enhance its ability to potentiate
apoptosis.15

Catalytically inactive HtrA2 mutant is also released
from the mitochondria

We observed Omi/HtrA2 in the intermembrane space of
mitochondria within HeLa cells by immunoelectron micro-
scopy using antibody against Omi/HtrA2 (Figure 2a), leading
us to question whether or not mutant HtrA2 S/A is also
released from the mitochondria. To test this possibility, we
examined the mitochondrial release of mutant HtrA2 S/A in an
in vitro system. The release of both HtrA2 WT and HtrA2 S/A
mutant protein from isolated HeLa mitochondria transfected
with Myc-tagged constructs was induced in a concentration-
dependent manner by recombinant truncated Bid (tBid)
(Figure 2b). The mitochondrial release of WT and S/A mutant
HtrA2 did not significantly differ (Figure 2b). Coimmunostain-
ing with antibodies against Cyt c and Myc-epitope tag, which
detects exogenously expressed C-terminally Myc-tagged
Omi/HtrA2, revealed that both HtrA2 S/A mutant and HtrA2
WT protein were released from mitochondria along with Cyt c
in response to UV irradiation (Figure 2c). These results

Figure 1 The catalytically inactive HtrA2 mutant is less effective than wild-type
HtrA2 at potentiating caspase activation and apoptosis in HeLa cells. (a) HeLa
cells transiently transfected with the indicated C-terminally Myc-tagged
expression constructs were treated with 20 or 100 mJ/cm2 of UV irradiation
(UV 20, UV 100), or 30 ng/ml TNF combined with 1 mg/ml cycloheximide (CHX),
for 4 h to induce apoptosis. Cell lysate samples were prepared from adherent and
floating cells, after which caspase (DEVDase) activity was measured in each
lysate sample, as described in Experimental procedures. The data presented
here are the meanþ s.e. of triplicate samples. (b) Binding between the indicated
proteins and XIAP. Cell lysate samples prepared as outlined in (a) were pulled
down with GST-tagged recombinant XIAP protein as described in the
Experimental procedures. Whole-cell lysate (WCL) and samples precipitated
with XIAP (Pull down) were subjected to immunoblot analysis using antibodies
against Myc (IB: Myc) or GST (IB: GST). (c) HeLa cells transfected with the
indicated expression constructs together with the N-terminally FLAG-tagged
XIAP expression construct were treated with 100 mJ/cm2 of UV irradiation for 4 h
to induce apoptosis, after which DEVDase activity was measured. The DEVDase
activity of each sample was quantified as a percentage of control DEVDase
activity (Ctrl: UV-irradiated mock-transfected cells). (d) HeLa cells transfected
with the indicated expression constructs together with the EGFP expression
construct were treated with 100 mJ/cm2 of UV. At 5 h after incubation, the number
of green apoptotic cells exhibiting membrane blebbing were counted. The results
are reported as the percentage of green cells with membrane blebbing in total
green cells
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indicate that the catalytically inactive HtrA2 mutant is also
released from the mitochondria, suggesting that the catalytic
activity of HtrA2 might enhance caspase activation following
its release from the mitochondria.

HtrA2 cleaves and inactivates XIAP

The protease activity of Omi/HtrA2 enhances its ability to
potentiate caspase-3 like DEVDase activation. HtrA2WT was
more effective than HtrA2 S/A in this regard.We examined the
protein expression of XIAP in the same lysate samples
discussed in Figure 1a. A significant reduction in endogenous
XIAP protein was observed in cells transfected with HtrA2WT
only after treatment of the cells with UV irradiation (Figure 3a,
upper panel). Immunoblot analysis with anti-Hsc70 antibody
revealed that equivalent amounts of cell lysate were applied to
each lane (Figure 3a, lower panel). It has been reported that
caspases cleave XIAP.20 However, the observed reduction in
XIAP in cells transfected with HtrA2 WT may not have been
solely due to caspase-dependent cleavage of XIAP, since a
slower reduction of XIAP was observed in cells transfected
with Smac WT than with HtrA2 WT (Figure 3a, upper panel),

even though they demonstrated comparable DEVDase
activity (Figure 1a).
We next examined the protein expression of XIAP under

similar conditions to those shown in Figure 1c. Exogenously
expressed XIAP protein was markedly reduced in cells
transfected with HtrA2 WT after the cells were treated with
different inducers of apoptosis (Figure 3b). The observed
reduction in XIAP expression among cells transfected with
HtrA2 WT in the absence of apoptotic stimuli might reflect
leakage of exogenously expressed HtrA2 protein from the
mitochondria (Figure 3b, upper panel). Although a similar
reduction in XIAP protein expression was observed among
SmacWT-transfected andmock-transfected cells treated with
inducers of apoptosis, significantly less reduction of XIAP
expression was observed in HtrA2 S/A-transfected cells
(Figure 3b). This suggests that HtrA2 S/A might compete
with endogenous HtrA2 or other proteases, thereby inhibiting
their ability to reduce XIAP protein expression. These results
indicate that HtrA2 protease activity might reduce XIAP
expression, suggesting that the release of HtrA2 from

Figure 2 Catalytically inactive HtrA2 mutant is also released from the
mitochondria. (a) Ultrastructural localization of endogenous HtrA2 protein in the
mitochondrion of HeLa cells. A magnified image of the area enclosed in the box in
the left panel is shown in the right panel. The arrowheads indicate the
immunogold particles crossreact with anti-HtrA2 antibody, indicating the
presence of HtrA2 protein within the mitochondrial intermembrane space. Scale
bar, 0.2 and 0.1 mm. (b) HtrA2 release from isolated mitochondria. Isolated
mitochondria were prepared from HeLa cells transfected with C-terminally Myc-
tagged wild-type HtrA2 (HtrA2 WT), or its catalytically inactive mutant (HtrA2 S/
A), as described in the Experimental procedures. Isolated mitochondria were
incubated with the indicated concentrations of recombinant tBid at 251C for
30 min, after which the reaction mixtures were centrifuged. The supernatant (sup)
and precipitated pellet (ppt) were subjected to immunoblot analysis with
antibodies against Myc-tag, Cyt c, or Hsp60. (c) Coimmunostaining of wild-type
HtrA2 HtrA2 WT, or its catalytically inactive mutant (HtrA2 S/A), with Cyt c was
done as described in the Experimental procedures. HeLa cells transfected with
C-terminally Myc-tagged HtrA2 expression constructs were treated without or
with 100 mJ/cm2 of UV irradiation. After 2.5 h of incubation, the cells were fixed
and coimmunostained with anti-Myc polyclonal antibody (green) and anti-Cyt c
monoclonal antibody (red). The merged images are shown here

Figure 3 HtrA2 cleaves and inactivates XIAP. (a) HeLa cells transfected with
the indicated expression constructs were treated with or without (Ctrl) 100 mJ/
cm2 of UV for 4 h. The cell lysate samples were then subjected to immunoblot
analysis with antibodies against XIAP or Hsc70. (b) HeLa cells transfected with
the indicated expression constructs together with XIAP expression constructs
were treated without (–) or with 100 mJ/cm2 of UV irradiation, 30 ng/ml TNF
combined with 1 mg/ml CHX, or 0.5 mM of staurosporine (STS), for 4 h. Cell lysate
samples were prepared from adherent and floating cells and then subjected to
immunoblot analysis with antibodies against XIAP. (c) Recombinant HtrA2
cleaves IAP family proteins in vitro. N-terminally FLAG-tagged proteins were
translated in vitro in the presence of 35S-methionine, after which these proteins
were purified by immunoprecipitation with anti-FLAG antibody. The purified
proteins were incubated in the absence (–) or presence (þ ) of recombinant
HtrA2 protein (100 nM) at 371C for 5 h. Samples were subjected to SDS-
polyacrylamide gel electrophoresis (PAGE) and visualized by autoradiography.
(d) Inactivation of XIAP by an HtrA2 mutant that does not bind to XIAP in vitro.
HeLa S100 fraction recombinant proteins were prepared as described in the
Experimental procedures. A recombinant HtrA2 mutant that does not bind to
XIAP (HtrA2DN134, 1mM), and a catalytically inactive form of the mutant
(HtrA2DN134 S/A, 1mM), were pre-incubated with GST-XIAP (100 nM) at 371C
for the indicated time periods. Then the HeLa S100 fraction (70 mg), XIAP
(30 nM), HtrA2 (300 nM) Cyt c (10 mM), and dATP (1 mM) were mixed on ice in a
final volume of 20 ml, followed by incubation at 371C. After 1 h of incubation,
DEVDase activity was measured. The DEVDase activity of each sample was
expressed as a percentage of the control value (Ctrl: without XIAP and HtrA2)
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mitochondria might catalytically cleave and inactivate IAP
family proteins, including XIAP.
To examine whether HtrA2 directly cleaves IAP proteins,

we performed an in vitro protease assay using a C-terminally
His6-tagged recombinant mature form of HtrA2 (residues
134–458) in the presence of in vitro translated 35S-labeled IAP
proteins (Figure 3c). Since the IAP proteins used in this
experiment had ubiquitin (Ub) ligase function, they were
autoubiquitylated and/or degraded during the prolonged
incubation time. To remove components of the Ub–protea-
some system from the rabbit reticulocyte lysate, we used N-
terminally FLAG-tagged expression constructs in the in vitro
translation reaction. After the reaction, the translated protein
was immunoprecipitated with anti-FLAG M2 antibody, after
which the precipitate was incubated with or without recombi-
nant HtrA2 protein for 5 h at 371C. The in vitro translated IAPs,
including several human IAPs (XIAP, c-IAP1, and c-IAP2) and
a Drosophila IAP (DIAP1), were cleaved/degraded by the
recombinant HtrA2 protein, whereas in vitro translated Hop
(Hsp70/Hsp90 organizing protein), which was used as a
negative control, was not (Figure 3c). This result demon-
strates that HtrA2 is capable of cleaving/degrading IAP
proteins.
We further examined whether the cleaved fragments or

degradation products of XIAP were able to inhibit caspase-9
and -3. Thus, we made four different recombinant HtrA2
proteins: HtrA2DN133, an enzymatically active protein with an
intact IAP-binding motif (IBM); HtrA2DN133 S/A, an enzyma-
tically inactive protein with an intact IBM; HtrA2DN134, an
enzymatically active protein with a disrupted IBM; and
HtrA2DN134 S/A, an enzymatically inactive protein with a
disrupted IBM. The desired characteristics of these proteins
were confirmed by in vitro protease assays using beta-casein
as the substrate, as well as GST-pull down assays usingGST-
XIAPDRING, which lacks a C-terminal RING finger domain
(data not shown). We tested the ability of these proteins to
potentiate Cyt c-dependent activation of DEVDase in S100
extracts with recombinant XIAP protein (Figure 3d). In the
absence of XIAP, Cyt c-dependent activation of DEVDase
was observed, whereas activation of DEVDase was inhibited
by the addition of XIAP (Figure 3d). XIAP-mediated inhibition
of DEVDase activity was attenuated by the addition of
enzymatically active and inactive HtrA2 proteins with intact
IBM (Figure 3d). Although recombinant HtrA2 proteins lacking
intact IBMs did not attenuate XIAP-mediated inhibition of
DEVDase activity, pre-incubation with XIAP enable only
HtrA2DN134 to potentiate the DEVDase activation inhibited
by XIAP (Figure 3d). These results indicate that Omi/HtrA2
enzymatically cleaves and inactivates XIAP to promote
caspase activation.
The caspase-inhibitory activity of IAPs is subject to multiple

regulatory mechanisms. The mitochondrial IAP inhibitors,
Smac/DIABLO and Omi/HtrA2, can neutralize IAPs using
their IBM. In Drosophila, IAP inhibitors, such as Reaper and
HID, promote Ub-dependent degradation of DIAP1.21–23

Moreover, Reaper and Grim have been shown to decrease
the level of DIAP1 through general suppression of protein
translation.21,23 At least three proteases (caspase, protea-
some, and calpain) have been observed to cleave and
inactivate XIAP.20,24,25 A recent report suggests that Omi/

HtrA2 cleaves c-IAP1.26 Interestingly, our results provide
evidence that Omi/HtrA2 might inactivate XIAP by catalytic
cleavage, as well as by direct binding. During the preparation
of this manuscript, Yang et al.27 and Srinivasula et al.28

published reports indicating that Omi/HtrA2 cleaves and
inactivates IAPs,27,28 which is consistent with the data
presented in this report.

Effect of extramitochondrially expressed Omi/
HtrA2 and Smac/DIABLO mutants on caspase
activation

To investigate the contribution of protease and IAP-binding
activity to Omi/HtrA2-induced caspase activation without any
contribution of the mitochondrial proapoptotic factors, we
made expression constructs with IAP-binding activity that
were expressed extramitochondrially. We previously reported
on an artificial construct containing an initiation codon (ATG)
and the mature Omi/HtrA2 sequence (134–458). This
construct was expressed extramitochondrially but showed
little to no XIAP binding,13 presumably due to post-transla-
tional modification. Two experimental approaches have been
devised to enable extramitochondrial expression of mature
Smac/DIABLO with an intact IBM.29,30 Of these approaches,
we chose the Ub fusion technique (Figure 4a).30,31 When
expressed in HeLa cells, the Ub molecules of these fusion

Figure 4 Effect of extramitochondrially expressed HtrA2 or Smac mutants on
caspase activation. (a) Schematic diagram of the Ub-fusion constructs of HtrA2
and Smac. Cleavage at the end of the Ub molecule generates proteins with intact
(IBM, AVP) or mutated (IBM, MVP) IAP-binding motifs. The mutated IBMs lacked
N-terminal mitochondria localization signals. S306 indicates the presence of a
serine residue in the active site of HtrA2, which is mutated to alanine in the
catalytically inactive mutant. (b) Binding between the indicated proteins and
XIAP. Cell lysate samples prepared from HeLa cells transfected with the
indicated expression constructs were pulled down with GST-tagged recombinant
XIAP protein as described in the Experimental procedures. Whole-cell lysate
(WCL) and XIAP-precipitated samples (PD) were subjected to immunoblot
analysis using antibodies against Myc (IB: Myc) or GST (IB: GST). A and M
indicate expression constructs with, or without, intact IBMs, respectively, as
shown in (a). (c) HeLa cells transfected with the indicated expression constructs
were treated with or without (–) 100 ng/ml TNF for 4 h. Cell lysate samples were
prepared from adherent and floating cells, after which the caspase (DEVDase)
activity of each lysate sample was measured as described in the Experimental
Procedures

Caspase activation by Omi/HtrA2
Y Suzuki et al

211

Cell Death and Differentiation



proteins were almost completely cleaved by endogenous Ub-
specific proteases 24 h after transfection, generating DN
forms with or without intact IBMs (Figure 4b). Binding between
XIAP and each of the mature proteins produced was
confirmed by a GST-pull down assay, the results of which
indicate that XIAP binds only to proteins with intact IBMs
(Figure 4b). Likewise, TNF markedly potentiated caspase
activation in the presence of SmacDN with an intact IBM, but
not in the presence of SmacDN with a disrupted IBM,
compared with mock-transfected cells (Figure 4c). This
indicates that Smac potentiates TNF-induced caspase activa-
tion by neutralizing IAPs using its IBM. On the other hand,
catalytically inactive HtrA2DN (HtrA2DN S/A) did not sig-
nificantly potentiate TNF-induced caspase activation, despite
its ability to bind to IAPs, for at least 4 h after treatment
(Figure 4c). This indicates that HtrA2DN has less potent IAP-
inhibitory activity than SmacDN. Surprisingly, exogenously
expressedHtrA2DN activated caspase, regardless of whether
or not it had IAP-binding activity (Figure 4c), suggesting that
the protease activity of Omi/HtrA2 plays an important role in
caspase activation.

A feedback loop for amplification of mitochondrial
Cyt c release contributes to Omi/HtrA2-induced
caspase activation

We previously reported that the extramitochondrially ex-
pressed HtrA2 mutant induces little to no caspase activation
in HEK293 cells. To elucidate differences between HeLa and
HEK293 cells with respect to caspase activation, we
investigated the effect of various proapoptotic molecules on
caspase activation in these cell lines. The same HtrA2
expression constructs as described by our group in a previous
report13 were used. When expressed extramitochondrially,
HtrA2DN markedly activated caspase in HeLa, but not
HEK293, cells (Figure 5a). The effect of HtrA2DN was
observed to depend on protease activity, since the catalyti-
cally inactive mutant (HtrA2DN S/A) was not capable of
caspase activation and HtrA2DN showed limited XIAP-
binding (Figure 5a and data not shown). These results are
consistent with those published in a previous report by our
group13 and the data shown in Figure 4c. Although we tried to
examine HtrA2DN-induced caspase activation in various cell
lines, such as Neuro2A and SH-SY5Y cells, substantial
activation of caspase was not observed in these cell lines
(data not shown). However, induction of caspase by exogen-
ously expressed HtrA2 has been observed in MCF7 cells.32

Both Bax and caspase-9 caused marked activation of
caspase in HEK293 and HeLa cells (Figure 5a), indicating
that HEK293 cells are capable of responding to caspase-
activating molecules. However, tBid did not activate caspase
in HEK293 cells, although it did in HeLa cells (Figure 5a).
Thus, it appears that the response to tBid differs among these
two cell lines. We further examined the response of isolated
mitochondria from each of these cell lines to recombinant tBid
and found that the mitochondria from HEK293 cells also did
not respond to recombinant tBid (Figure 5b). These results
suggest that tBid might be involved in HtrA2DN-induced
caspase activation. However, recombinant HtrA2DN alone

was not capable of cleaving either a recombinant precursor of
Bid or endogenous Bid in a cytosolic S100 extract from HeLa
cells (data not shown). In mammals, BH3-only proapoptotic
Bcl-2 family proteins, including Bid, activate the multidomain
proapoptotic members, Bax and Bak, to trigger mitochondrial

Figure 5 A feedback loop for amplification of mitochondrial Cyt c release
contributes to HtrA2DN-induced caspase activation. (a) Extramitochondrially
expressed HtrA2 mutant induces caspase activation in HeLa cells, but not
HEK293, cells. HeLa cells and HEK293 cells were transfected with the indicated
expression constructs. At 16–18 h after transfection, cell lysate samples were
prepared, after which the caspase (DEVDase) activity of each lysate sample was
measured as described in the Experimental procedures. HtrA2DN lacked the N-
terminal mitochondria localization signal and was expressed outside of the
mitochondria. (b) Recombinant tBid induces Cyt c release from mitochondria
isolated from HeLa, but not HEK293, cells. The mitochondria were prepared from
HeLa or HEK293 cells as described in the Experimental procedures. The isolated
mitochondria were then incubated with 1 mM of recombinant tBid at 251C for
30 min, after which the reaction mixtures were centrifuged. The supernatant (sup)
and precipitated pellet (ppt) were subjected to immunoblot analysis with
antibodies against c (Cyt c), or cytochrome oxidase subunit IV (COX). (c)
HtrA2DN-induced caspase activation is blocked by Bcl-xL. HeLa cells were
transfected with the indicated expression constructs. At 16–18 h after
transfection, cell lysate samples were prepared, after which the caspase
(DEVDase) activity of each lysate sample was measured as described in the
Experimental procedures. The DEVDase activity of each sample was compared
to the amount of DEVDase activity of the control (Ctrl: mock-transfected cells
without Bcl-xL). (d) HtrA2DN-induced mitochondrial Cyt c release is blocked by
Bcl-xL. HeLa cells were transfected in combination with HtrA2DN and/or Bcl-xL
expression constructs as indicated. During transfection and following incubation,
50 mM of a broad-range caspase inhibitor (BAF) was added to one of the samples
as indicated. At 12 h after transfection, cytosolic extracts were prepared, and then
subjected to immunoblot analysis using antibodies against Cyt c or Actin as a
control for cytosolic protein. (e) Recombinant HtrA2 did not directly induce Cyt c
release from the isolated mitochondria. The mitochondria were prepared from
HeLa cells as described in the Experimental procedures. The isolated
mitochondria were incubated with 1 mM of the indicated recombinant proteins
at 251C for 30 min, after which the reaction mixtures were centrifuged. The
supernatant (sup) and precipitated pellet (ppt) were subjected to immunoblot
analysis with antibodies against Cyt c
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release of Cyt c release.33 However, the relative insensitivity
of HEK293 mitochondria to tBid cannot be attributed to an
absence of Bax and/or Bak, since expression of these two
proteins was detected in HEK293 cells (data not shown).
It has been reported that exogenously expressed HID, a

Drosophila proapoptotic protein, induces apoptosis in HeLa,
but not HEK293, cells, and that HID-induced apoptosis is
inhibited by Bcl-xL.34 In light of the fact that Bcl-xL neutralizes
some BH3-only proteins, including tBid, and since it inhibits
Cyt c release from mitochondria and subsequent caspase
activation,33 it is possible that Bcl-xL inhibits HtrA2DN-
induced caspase activation. As expected, Bcl-xL suppressed
HtrA2DN-, as well as tBid-, but not caspase-9- induced
caspase activation (Figure 5c). Interestingly, Bcl-xL did not
significantly suppress HtrA2DN-induced morphological
changes, including cell rounding and shrinkage (data not
shown), suggesting that these might result from induction of
caspase-independent cell death by HtrA2 in HeLa cells.
HtrA2DN also induced Cyt c release from the mitochondria,
which was inhibited in the presence of Bcl-xL (Figure 5d). A
broad-spectrum caspase inhibitor, Boc-Asp fluoromethyl
ketone (BAF), could not suppress HtrA2DN-induced Cyt c
release (Figure 5d), suggesting that caspases inhibitable by
BAF might not be responsible for the release of Cyt c. We
further examined whether HtrA2DN-induced Cyt c release
resulted from direct cleavage of a mitochondrial protein
(Figure 5e). When isolated HeLa mitochondria were incu-
bated with recombinant tBid or caspase-3, Cyt c release was
observed (Figure 5e). The observed release of Cyt c following
exposure to recombinant caspase-3 was inconsistent with the
results of a previous report,35 perhaps due to the large amount
of caspase-3 added to the mitochondria, which might have
induced a non-specific effect. However, despite using high
concentrations, HtrA2, Smac, and caspase-8 did not induce
Cyt c release (Figure 5e), indicating that Omi/HtrA2 does not
directly induce Cyt c release in HeLa cells. Omi/HtrA2 might
cleave one or more proteins from compartments other than
the mitochondria, somehow resulting in mitochondrial Cyt c
release.
The Bcl-2 family proteins play a pivotal role in induction of

Cyt c release from mitochondria and they are regulated by
transcription and post-translational modification, including
phosphorylation and proteolytic processing. Bid is cleaved
by caspase-3, as well as caspase-8, which mediates feed-
back amplification of mitochondrial Cyt c release.35 As
described previously, HtrA2 was not observed to cleave Bid.
Caspase-3 was observed to cleave Bcl-2 and Bcl-xL and
convert them into Bax-like proapoptotic molecules.36–38

However, HtrA2 did not induce Cyt c release from isolated
mitochondria (Figure 5e). Bax protein resides in the cytoplasm
of living cells and translocates to themitochondria in response
to apoptotic stimuli,39 where it directly induces Cyt c release
from mitochondria.40 HtrA2 may indirectly regulate the
translocation of Bax by cleaving one or more Bax inhibitor
proteins. Under normal conditions, the BH3-only protein, Bmf,
is sequestered within the actin cytoskelton-based myosin V
motor complex; however, Bmf may be released from the
complex in response to stressful stimuli, such as detachment
of adherent cells from their substratum (anoikis).41 HtrA2DN
induced morphological changes resembling anoikis,13 which

was not suppressed by cotransfection of Bcl-xL (described
previously), implying involvement of Bmf in this process.
In this study, we provide evidence that the protease activity

of Omi/HtrA2 enhances caspase activation and subsequent
apoptosis by at least two different mechanisms, including
direct cleavage and/or degradation of IAPs leading to
inactivation of IAPs, as well as cleavage of an unidentified
substrate(s) leading to permeabilization of the mitochondrial
outer membrane and release of Cyt c (Figure 6). In light of the
finding that Smac/DIABLO-deficient cells respond normally to
various apoptotic stimuli, while Omi/HtrA2-knockdown cells
are resistant to induction of apoptosis, the essential role of
Omi/HtrA2 in apoptosis may dependent on its protease
activity.

Materials and Methods

Plasmids, antibodies, and reagents

The plasmids encoding C-terminally Myc-tagged full-length human HtrA2
(pcDNA3-HtrA2-Myc), and the N-terminal 133 residue-deleted form of
HtrA2 (pcDNA3-HtrA2DN-Myc), as well as C-terminally Myc-tagged full-
length human Smac (pcDNA3-Smac-Myc), and N-terminally FLAG-tagged
human IAPs (pcDNA3-FLAG-XIAP, -cIAP1, -cIAP2), pcDNA3-Bax,
pGEX4T1-XIAP, -XIAPDRING, pET28a-HtrA2DN133 (mature HtrA2
AVPS), along with -HtrA2DN134 (mature HtrA2 MVPS), have all been
described previously.13,42 The cDNAs encoding human Bid and truncated
Bid (tBid, residues 61–195) were generated from HeLa mRNA by reverse
transcription-PCR (RT-PCR). The EcoRI–XhoI and NdeI–XhoI fragments
of Bid and tBid were cloned in pcDNA3-HA-N2 (pcDNA3-HA-Bid and -tBid)
and in pET28a (pET28-Bid and -tBid). pcDNA3-FLAG-Hop (Hsp70/Hsp90-
organizing protein) was made by ligating the EcoRI–XhoI fragment of the
RT-PCR product into pcDNA3-FLAG-N. pcDNA3-FLAG-DIAP1 was made
by ligating the EcoRI–XhoI fragment of pUAS-DIAP1 (a generous gift from
Dr. Masayuki Miura) into pcDNA3. The Ub-fusion constructs illustrated in
Figure 4a were made by overlapping PCR, after which BamHI–XhoI
fragments of Ub-Smac, and KpnI–XhoI fragments of Ub-HtrA2, were
ligated into pcDNA3-Myc-C. pcDNA3-mouse Bcl-xL was a generous gift
from Dr Yuzuru Imai. pcDNA3-Myc-caspase-9 was made by ligating the
EcoRI–SalI fragment of the PCR product into the EcoRI–XhoI site of
pcDNA3-Myc-N. pET15b-His6-caspase-8 (214–496) and pET23b-Cas-
pase-3-His6 were generously provided by Dr Guy Salvesen.43 pET28a-
SmacDN55-His6 was made by ligating the NcoI-XhoI fragment of the PCR
product into pET28a. The point mutants were generated using the
QuikChange mutagenesis kit (Stratagene). Proper construction of all the
plasmids was confirmed by DNA sequencing. The antisera against HtrA2
and XIAP have been described previously.13 The antibodies against Myc-

Figure 6 Caspase activation by Omi/HtrA2
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tag (A-14), GST (B-14), and Hsc70 (K-19) were purchased from Santa
Cruz Biotechnology. The antibodies against Cyt c (7H8.2C12 and
6H2.B4), Hsp60 (LK1), COX IV (20E8-C12), and Actin (C4) were
purchased from BD PharMingen, SIGMA, Molecular Probes, and
CHEMICON, respectively. TNF-alpha (TNF), CHX, Staurosporine, and
BOC-Asp-FMK (BAF) were purchased from CHEMICON, Aldrich,
Alomone labs, and Enzyme System Products, respectively.

Cell culture, transfection, binding assay, DEVDase
activity, and immunoblot analysis

Human cervical carcinoma HeLa cells and human embryonic kidney
(HEK) 293 cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS). HEK293 and
HeLa cells were transiently transfected using LipofectAMINE 2000 or
LipofectAMINE Plus Reagents (Invitrogen), according to the manufac-
turer’s instructions. The total amount of plasmid DNA used for transfection
was kept constant by adding an appropriate amount of empty vector. In
order to measure DEVDase activity and perform the apoptosis assay,
700 ng of plasmid DNA were transfected into each well (six- well plate). At
3–4 h after transfection, the medium containing the DNA/reagent mixture
was replaced with fresh complete medium. At 16–18 h after transfection,
the cells were treated with or without the indicated apoptosis-inducers. For
UV treatment, the culture medium was replaced with 1 ml PBS and the
cells were irradiated with a UV crosslinker (Stratalinker; Stratagene). The
treated cells were then further cultured in fresh complete medium for
several hours as indicated, after which cell lysate samples were prepared
from adherent and floating cells. A GST-pull down assay was performed
using GST-XIAPDRING (20 pmol) with HeLa cell lysate (30 mg), as
described previously.44 Assessment of DEVDase activity and the
immunoblot analysis were performed as described previously.13,42

Recombinant proteins

GST-XIAP (1–497), GST-XIAPDRING (1–437), HtrA2DN133-His6,
HtrA2DN134-His6, and caspase-3-His6 have been described pre-
viously.13,42,44,45 The catalytically inactive HtrA2DN S306A mutant was
made in the same way as previously described.13,45 HtrA2DN proteins
were purified by nickel affinity chromatography and underwent HiTrap
Desalting (Amersham Bioscience) in order to replace the buffer with Tris
buffer (20 mM Tris-HCl (pH 8.0)) containing 50 mM NaCl. Then the eluate
was loaded onto an HiTrap Q column (Amersham Bioscience) equilibrated
with Tris buffer containing 50 mM NaCl. After washing the column with 10-
column volumes of Tris buffer containing 50 mM NaCl, the bound protein
was eluted with Tris buffer containing 150 mM NaCl. His6-caspase-8 (214–
496), His6-Bid, and SmacDN55-His6 were produced in the BL21 (DE3)
pLysS Escherichia coli strain (Novagen) by incubating with 1 mM
Isopropyl-1-thio-B-D-galactopyranoside (IPTG) for 3 h at 181C, followed
by purification with Ni-NTA agarose (Qiagen). His6-Bid was cleaved by
recombinant caspase-8 to generate tBid, and the mixture of tBid/caspase-
8 was treated with a broad-range caspase inhibitor (BAF), after which any
free BAF was removed by ultrafiltration.

Immunoelectron microscopy

HeLa cells were washed and harvested with PBS. The cell pellets were
suspended and fixed in a mixture of 4% paraformaldehyde and 0.1%
glutaraldehyde in 0.1 M phosphate buffer (PB) for 4 h at 41C. After
washing in PB, the cell pellets were cut into ca. 0.5 mm3 blocks, and

infiltrated with a mixture of 20% polyvinylpyrolidone and 1.8 M sucrose in
PB overnight at 41C. Ultrathin frozen sections were cut by Reichert
Ultracut FCS cryoattachment at –1101C and collected on formvar film-
coated EM grids with a drop of 2.3 M sucrose. For immunostaining,
ultrathin sections were incubated with 5% normal goat serum in TBS
(0.1 M Tris-buffered saline, pH 7.4, containing 1% bovine serum albumin
and 0.1% gelatin) for 20 min, and then with primary antibody against HtrA2
(1 : 500) overnight at 41C. The sections were incubated with 5 nm colloidal
gold-conjugated secondary antibody for 2 h. The sections were then
negatively stained with 2% polyvinylalcohol and 0.2% uranyl acetate and
examined electron microscopically (LEO 912AB, LEO, Germany).

Immunostaining

For immunocytochemical analysis, HeLa cells were plated on eight-well
chamber slides and cultivated for 18 h, followed by transfected with the
indicated HtrA2 expression constructs. At 24 h after transfection, the cells
were treated with or without UV irradiation as described above. At 2.5 h
after treatment, the cells were washed with PBS, fixed with 4%
paraformaldehyde, permeabilized with 0.2% Triton X-100, and then
incubated with rabbit anti-Myc antibody (A-14, 1 : 200 dilution) and mouse
anti-Cyt c antibody (6H2.B4, 1 : 500 dilution). The primary antibodies were
detected by secondary antibodies conjugated to Alexa 488 or 546
(Molecular Probes). Stained cells were mounted in SlowFade (Molecular
Probes), and then analyzed with a confocal laser scanning microscope
system (TCS SP2, Leica).

Preparation of the S100 fraction and mitochondria

HeLa cells cultured in monolayer at 70% confluence were washed once
with PBS and harvested by centrifugation at 800 g for 3 min at 41C. The
cell pellets were re-suspended in three volumes of buffer A (20 mM
HEPES-KOH (pH 7.5), 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM
EGTA, and 1 mM dithiotheitol (DTT)) containing 250 mM sucrose and 1�
Complete Protease inhibitor (Roche Diagnostics). After being kept on ice
for 15 min, the cells were disrupted using a Teflon homogenizer on ice.
The nuclei and mitochondria were pelleted at 8000 g for 10 min at 41C.
The supernatant was further centrifuged at 100 000 g for 10 min at 41C.
The resulting supernatant (S100 fraction, 6 mg protein/ml) was stored at –
801C and used for in vitro assay.

Mitochondria were isolated from HeLa or HEK293 cells as described
previously46 with some modification. HeLa or HEK293 cells cultured in
monolayer at 70% confluence were washed once with PBS and harvested
by centrifugation at 800 g for 3 min at 41C. The cell pellets were
resuspended in 5 volumes of mitochondrial isolation buffer (MIB) (20 mM
HEPES-KOH (pH 7.5), 10 mM KCl, 10 mM sodium succinate, 0.2 mM
EGTA, 60 mM sucrose, 210 mM mannitol, 1 mM ADP, and 0.5 mM DTT)
containing 1� Complete Protease inhibitor. After being kept on ice for
10 min, the cells were disrupted by 100 strokes of a Teflon homogenizer.
The unbroken cells and nuclei were pelleted at 600 g for 5 min, and the
supernatant was centrifuged for 10 min at 5500� g in order to pellet the
mitochondria. The pellets were then resuspended in MIB containing
80 mM KCl and aliquots were used for the in vitro assays.
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