
Omi/HtrA2 is a positive regulator of autophagy that
facilitates the degradation of mutant proteins involved
in neurodegenerative diseases
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Omi, also known as high temperature requirement factor A2 (HtrA2), is a serine protease that was originally identified as a
proapoptotic protein. Like Smac/Diablo, it antagonizes inhibitor of apoptosis proteins when released into the cytosol on
apoptotic stimulation. Loss of its protease activity in mnd2 (motor neuron degeneration 2) mice is associated with
neurodegeneration. However, the detailed mechanisms by which Omi regulates the pathogenesis of neurodegenerative disease
remain largely unknown. We report here that Omi participates in the pivotal cellular degradation process known as autophagy.
It activates autophagy through digestion of Hax-1, a Bcl-2 family-related protein that represses autophagy in a Beclin-1
(mammalian homologue of yeast ATG6)-dependent pathway. Moreover, Omi-induced autophagy facilitates the degradation of
neurodegenerative proteins such as pathogenic A53T a-synuclein and truncated polyglutamine-expanded huntingtin, as well as
the endogenous autophagy substrate p62. Knockdown of Omi decreases the basal level of autophagy and increases the level of
the above target proteins. Furthermore, S276C Omi, the protease-defective mutant found in mnd2 mice, fails to regulate
autophagy. Increased autophagy substrates and the formation of aggregate structures are observed in the brains ofmnd2mice.
These results identify Omi as a novel regulator of autophagy and suggest that Omi might be important in the cellular quality
control of proteins involved in neurodegenerative diseases.
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Omi/HtrA2 belongs to the high-temperature requirement
factor A (HtrA) family. HtrA was originally identified as a
heat-shock-induced serine protease in Escherichia coli that
degrades misfolded proteins.1 HtrA proteases contain one or
two C-terminal PDZ domains that activate the trypsin-like
protease domain once they recognize misfolded or damaged
proteins.2 The mammalian HtrA2 protease, Omi, is much
better known than other HtrA family members for its
proapoptotic activity.3 Most Omi resides in the intermembrane
space of the mitochondria; however, endoplasmic reticulum
(ER) and Golgi localization have also been reported.4 Under
apoptotic stimulation, a mature processed form of Omi is
released into the cytosol where it binds to the cytosolic
inhibitor of apoptosis proteins (IAPs) and inactivates their
caspase-inhibitory activity5 by direct cleavage.3 Mature Omi
that lacks the mitochondrial targeting sequence induces
dramatic apoptosis-like morphological changes and cell death
that is not blocked by caspase inhibitors.6

Recently, increasing evidence has linked Omi to neuro-
degeneration and the cellular protein quality control system.
Motor neuron degeneration 2 (mnd2) homozygous mice, in

which the missense mutation S276C in Omi leads to a
remarkable loss of Omi protease activity, showed severe
neurodegeneration in the striatum and less severe neurode-
generation in the brain stem and spinal cord.7 Missense
mutations in the gene coding for Omi were reported to be
associated with Parkinson’s disease (PD).8 In agreement with
these findings, accumulation of Omi was found in neuronal
and glial inclusions in brains with a-synucleinopathies,9 as well
as in Lewy bodies.8Omi knockout (KO) mice suffered the loss
of a population of neurons in the striatum, which resulted in
a neurodegenerative disorder with a PD phenotype. These
mice died within 30 days after birth, similarly to mnd2 mice.10

Furthermore, many other neurodegenerative disease pro-
teins, such as presenilin-14,11 or amyloid precursor protein,12

were reported to be associated with Omi.
Autophagy (from the Greek ‘auto’ for ‘self’ and ‘phagy’ for

‘eat’) is a protein degradation process that digests intracellular
organelles and proteins in response to nutritional deprivation
or other stimuli such as ER stress. Under certain conditions,
autophagy is activated for avoidance of cell death or suppres-
sion of apoptosis, whereas in other circumstances,
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it constitutes an alternative cell death pathway called auto-
phagic cell death or type II cell death. The dead cells appear
to be round and detached, and they have a convoluted
plasma membrane permeable to vital dyes.13 Notably, these
features share similarities with mature Omi-induced cell
death.6 Moreover, defective autophagy has been frequently
implicated in neurodegenerative disorders because of the
accumulation of aberrant structures and aggregated proteins
in neurons. For instance, conditional KO experiments
revealed that animals lacking ATG5 or ATG7 (two essential
autophagy genes) suffered from neurodegeneration in
the central nervous system, indicating that autophagy is
indispensable for neuronal cells.14,15

Here, we investigated the role Omi-mediated regulation of
autophagic activity in the degradation of proteins involved in
neurodegenerative diseases.

Results

Omi activates autophagy in a dose-dependent
manner. Because extramitochondrially expressed mature
Omi promotes both caspase-dependent and -independent
cell death,6 we investigated whether autophagic cell death,
so-called type II cell death, is involved. HEK293 cells were
transfected with mature Omi containing C-terminal MYC or
HA tags. Overexpression of mature Omi induced significant
cell death, as evidenced by condensed nuclei in HEK293
cells (Supplementary Figure S1a, upper panel). Meanwhile,
mature Omi increased the turnover of LC3-I to LC3-II, a
PE-conjugated form of microtubule-associated protein 1 light
chain 3 (LC3) that is widely used as an autophagy marker
(Figure 1a). Next, we examined whether non-proapoptotic
full-length Omi (referred to hereafter as Omi) enhances
autophagy. In HEK293 cells, Omi increased LC3-II levels,
although no apoptosis was induced (Figure 1b, Supple-
mentary Figure S1a and b). ATG5 is well known as an
autophagy essential gene.16 We examined the effects of Omi
on autophagy activation in ATG5 wild-type (WT) and KO
mouse embryonic fibroblast (MEF) cells. Omi increased
LC3-II levels in ATG5 WT cells, but not in autophagy-
deficient ATG5 KO cells (Figure 1c).
The presence of double-membrane vesicle structures, that

is, autophagosomes and autolysosomes, is a hallmark of
autophagy. We evaluated the formation of these structures in
Omi-transfected cells using transmission electron microscopy
(TEM). Omi and rapamycin, an inducer of autophagy through
the inactivation of mTOR, increased the formation of typical
double-membrane autophagosomes (Figure 1d). There
were few autophagosomes in control cells transfected with
mock vector alone (Figure 1d, upper panel). However, in
the rapamycin-treated cells (Figure 1d, middle panel) or
Omi-overexpressing cells (Figure 1d, lower panel), numerous
typical autophagosomes and autolysosomes were observed.
EGFP-LC3 has been widely used to monitor autophagy,

as measured by an increase in punctate LC3 signal, because
it is incorporated into autophagosomes during autophagy.17

Redistribution of EGFP-LC3 into puncta was observed in
Omi-transfected cells, but not in Omi nontransfected cells
(Figure 1e and f). When autophagy is activated, the fusion

protein EGFP-LC3 is delivered to the lysosome; the LC3
portion of the chimera is sensitive to degradation, whereas the
EGFP protein is relatively resistant to hydrolysis. Therefore,
the appearance and the amount of free EGFP observed on an
immunoblot can be used to monitor the lysis of the inner
autophagosomal membrane and breakdown of the cargo,
thereby permitting evaluation of autophagy flux.17 In a HeLa
cell line stably expressing EGFP-LC3, transfection with
increased amounts of Omi resulted in an increase of free
EGFP release (Figure 1g).
To investigate whether Omi-induced autophagy could be

inhibited by autophagy inhibitors, we treated Omi-transfected
cells with wortmannin (WM).17 WM significantly decreased
the level of LC3-II in Omi-transfected cells (Figure 1h).

Regulation of basal level and stress-induced autophagy
by endogenous Omi. Constitutive basal autophagy is
essential for systematic quality control and cellular homeo-
stasis. Maintenance of autophagy at a basal level in most
cells contributes to the routine turnover of cytoplasmic
components, and autophagy is rapidly upregulated when
cells need to generate intracellular nutrients and energy.
As previously reported, ER stress can activate autophagy18

and increase Omi expression4 (confirmed in Supplementary
Figure S2a), indicating that endogenous Omi might be
involved in regulating constitutive basal autophagy. We
therefore examined whether endogenous Omi levels were
related to stress-induced autophagy activation. Synchronous
increases in autophagy and Omi levels were observed in
WT MEF cells treated with tunicamycin, an ER stress drug
(Figure 2a). However, in ATG5 KO MEF cells, no LC3-II band
was detected, although Omi was upregulated (Figure 2a,
right panel).
We further assessed the effects of endogenous Omi on

autophagy using small-interfering RNA (siRNA)-mediated
silencing to knock down Omi expression. The knockdown
efficiencies of two distinct siRNAs against Omi are shown in
Supplementary Figure S2b. The LC3-II level was decreased
in Omi knockdown cells compared with negative control cells
(Figure 2b). We next generated Omi siRNA-resistant same
sense mutants (SSmutant) of WT Omi and S276C Omi. The
loss of protease function in the S276C Omi was confirmed
using its known substrate b-casein (Supplementary
Figure S2c). Retransfection of a noninterferable cDNA coding
for WT Omi, but not its protease-inactive mutant (S276C),
recovered LC3-II level in Omi knockdown cells (Figure 2b).
We next examined the formation of punctate LC3 in

Omi-silenced HeLa cells stably expressing EGFP-LC3
under nutrient deprivation or ER stress. Knockdown of
Omi decreased the formation of punctate EGFP-LC3 induced
by starvation and ER stress (Figure 2c and d). In addition,
abnormality of the autophagic vesicles (destructive or
unclosed membrane) was observed in Omi knockdown cells
after tunicamycin treatment (Figure 2e, lower panel). These
data collectively support the notion that endogenous Omi is
involved in the regulation of autophagy.

Enhanced clearance of neurodegenerative disease
proteins by Omi-induced autophagy. The clearance
of aggregation-prone proteins like mutant huntingtin (htt)
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fragments, other polyglutamine (polyQ) proteins, mutant
a-synuclein and tau is strongly dependent on
autophagy.19,20 We examined the ability of Omi-induced
autophagy to clear such neurodegenerative disease
proteins. Using autophagy-inducing or -inhibiting drugs, we
confirmed that A53T a-synuclein is an autophagy substrate
(Supplementary Figure S3a). We next transfected HEK293

cells with MYC-tagged Omi along with A53T a-synuclein-
EGFP or tHtt-Q60-EGFP (a truncated form of htt with
60 polyQs).21 The amounts of A53T a-synuclein-EGFP and
tHtt-Q60-EGFP were decreased in cells co-transfected
with Omi, whereas in cells co-transfected with Omi and
EGFP, the amount of EGFP was not changed (Figure 3a
and b).
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Figure 1 Induction of autophagy by Omi. (a) Mature Omi (M-Omi) induces autophagy. HEK293 cells transfected with M-Omi-MYC were collected for immunoblot analysis
using anti-Omi or LC3 antibodies. Endo Omi, endogenous Omi. (b) Full-length Omi triggers autophagy. A similar experiment as in (a) was carried out using Omi-MYC. (c) Omi
fails to trigger autophagy in ATG5 KO MEF cells. (d) For TEM analysis, HeLa cells transfected with mock HA empty vector (upper panel, left) or Omi-HA (two panels on the
right) were processed for TEM analysis. Rapamycin-treated cells were used as a positive control (lower panel, left). Double-membrane autophagic vesicles are indicated with
black arrows, and autolysosome is indicated with white arrow. (e) Representative micrograph showing redistribution of EGFP-LC3 into puncta by Omi-HA. HeLa cells were
transfected with EGFP-LC3 and mock vector or Omi-HA plasmid and subjected to immunofluorescence analysis 48 h after transfection. (f) The percentage of cells showing
45 intense LC3 puncta in (e) was quantified (mean±S.E.M., n¼ 3; *Po0.05 one-way ANOVA). (g) Omi induces autophagy in a concentration-dependent manner.
Increasing amounts of Omi-MYC were transfected into a HeLa cell line stably expressing EGFP-LC3, and the cell lysates were subjected to immunoblotting 48 h after
transfection. The bands of free EGFP were arrowed. (h) Wortmannin inhibits the autophagy triggered by Omi in HeLa cells
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Figure 2 Regulation of basal level and stress-induced autophagy by endogenous Omi. (a) Synchronous upregulation of Omi and LC3-II level on ER stress in ATG5 WT,
but not in ATG5 KO MEF cells. WT MEF or ATG5 KO MEF cells were treated with DMSO or increasing levels of tunicamycin (0.5–1 mg/ml) for 8 h at 371C and subjected to
immunoblot analysis. (b) Knockdown of Omi decreases basal autophagy, which is restored by the same sense mutants of WT Omi-HA (designed to be resistant to small-
interfering RNAs against Omi ), but not the same sense mutants of S276C Omi-HA in HeLa cells. (c, d) Decreased autophagic activation in response to starvation (HBSS, 2 h)
and tunicamycin (0.5mg/ml, 6 h) by knockdown of Omi in a HeLa EGFP-LC3 stable cell line. In (c), representative microphotographs are shown. The percentage of cells with
EGFP-LC3 puncta is quantitated in (d) (mean±S.E.M., n¼ 3, *Po0.05 one-way ANOVA). (e) Formation of abnormal autophagic vesicles in Omi knockdown HeLa cells in
response to ER stress

Figure 3 Facilitation of the clearance of autophagy substrates by Omi. (a) Accelerated clearance of autophagy substrates by Omi. EGFP, tHtt-Q60-EGFP or A53T
a-synuclein-EGFP levels in HEK293 cells transfected with or without Omi were detected using an anti-GFP antibody. (b) Quantitative analysis of the relative density compared
to loading controls (endogenous Omi) for protein levels from (a). Mean±S.E.M., n¼ 3, *Po0.05, one-way ANOVA. (c) Omi facilitates the clearance of A53T a-synuclein-
EGFP in an N2a A53T a-synuclein-EGFP stable cell line. (d) Quantitative analysis of the relative density compared with loading controls (endogenous Omi) from (c). The data
represent mean±S.E.M., n¼ 3, *Po0.05, one-way ANOVA. (e) Omi increases degradation of A53T a-synuclein in ATG5 WT but not in ATG5 KO MEF cells. (f) No influence
of the proteasome inhibitor MG132 (5mM 18 h) on Omi-mediated degradation of A53T a-synuclein-EGFP in HEK293 cells was observed. (g) Omi does not cleave a-synuclein
directly. Bacterially expressed GST-tagged A53T a-synuclein was incubated with HIS-tagged mature Omi in a protease buffer at 371C for 30 min. b-Casein was used as
a positive control to represent the protease activity of Omi. After incubation, samples were subjected to SDS-PAGE and visualized using Coomassie brilliant blue staining.
(h) Increase of A53T a-synuclein-EGFP in a HeLa A53T a-synuclein-EGFP stable cell line by knockdown of Omi. (i) Quantitative data from (h) are shown. The data
represent mean±S.E.M., n¼ 3, *Po0.05, one-way ANOVA. GAPDH served as a loading control. (j) Increased tHtt-Q60-EGFP and tHtt-Q150-EGFP aggregation in
Omi knockdown cells. HeLa cells with aggregates formed by tHtt-Q60-EGFP or tHtt-Q150-EGFP were counted. The data are shown as mean±S.E.M., n¼ 3, *Po0.05,
one-way ANOVA
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To exclude the possibility that clearance of these disease
proteins is due to the impact of co-transfection, we generated
a mouse neuroblastoma (N2a) cell line stably expressing
A53T a-synuclein-EGFP and examined the influence of Omi
on A53T a-synuclein-EGFP clearance. A53T a-synuclein-
EGFP levels were clearly decreased upon overexpression of
Omi (Figure 3c and d). Similar results were obtained using a
HeLa cell line stably expressing A53T a-synuclein-EGFP
(Supplementary Figure S3b). However, in ATG5 KO MEF
cells, Omi failed to induce A53T a-synuclein degradation
(Figure 3e), suggesting that Omi-mediated A53T a-synuclein
degradation depends on an autophagy/lysosome system.
p62/Sequestosome 1, an endogenous autophagy substrate,
is widely used to monitor the activation of autophagy.17 The
amount of endogenous p62 protein was found to be lower in
Omi-expressing cells than in control cells (Supplementary
Figure S3c), indicating that Omi indeed activates the
autophagic degradation pathway. To determine whether the
proteasome system is also involved, we examined the effects
of the proteasome inhibitor MG132 on A53T a-synuclein
degradation induced by Omi. MG132 did not affect Omi-
mediated A53T a-synuclein degradation (Figure 3f).
To exclude the possibility that the decrease in A53T

a-synuclein was caused by its direct cleavage by Omi, we
performed in vitro cleavage assays. A53T a-synuclein was
not cleaved by Omi, whereas b-casein, the positive control,
was greatly digested even at a low concentration of Omi
(Figure 3g).
We then examined the effects of silencing Omi on the

degradation of aggregation-prone proteins. Knockdown of
Omi increased the A53T a-synuclein level in a HeLa cell line
stably expressing A53T a-synuclein-EGFP (Figure 3h and i). In
addition, the amount of the endogenous autophagy substrate
p62 was increased in Omi knockdown cells compared with
negative control cells (Supplementary Figure S3d). It was
previously reported that the inhibition of autophagy increases
aggregate formation in cell with mutant polyQ expression.19 In
HeLa cells expressing tHtt-Q60 and tHtt-Q150, we observed
that the percentage of cells with polyQ aggregates increased
significantly when Omi was knocked down (Figure 3j). Taken
together, these data suggest that Omi regulates the degrada-
tion of neurodegenerative disease proteins through autophagy.

Involvement of Beclin-1 and Hax-1 in Omi-induced
autophagy. Wortmannin inhibits autophagy through the
vps34 (class III PI3k)/Beclin-1 pathway, which is negatively

controlled by antiapoptotic Bcl-2 family proteins.22 We
therefore tested whether this pathway is involved in Omi-
induced autophagy. We found that overexpression of Bcl-xL
significantly attenuated Omi-induced autophagy (Figure 4a).
Meanwhile, in Beclin-1-knockdown cells, Omi failed to
enhance autophagy (Figure 4b). In HeLa cells overexpres-
sing Beclin-1, knockdown of Omi also failed to decrease the
basal level of autophagy (Figure 4c). These data suggest that
Omi regulates autophagy in a Beclin-1-mediated pathway
and functions upstream of Beclin-1. However, GST pull-down
assays (Figure 4d) and immunoprecipitation assays (data not
shown) showed that Omi does not bind to Beclin-1. Although
in vitro purified Bcl-xL could bind Omi and its protease mutant
(Supplementary Figure S4a), in vitro cleavage assays
showed that Omi did not digest Bcl-xL (Figure 4e). Immuno-
precipitation assays also showed that Omi did not interact
with Bcl-xL (data not shown). These data suggest that Omi
does not directly affect Bcl-xL to regulate autophagy.
Hax-1 is another Bcl-2 family-related antiapoptotic protein

that was previously reported as a specific substrate of Omi.23

The cleavage of Hax-1 by Omi was confirmed, as shown in
Figure 4e. In transfected HeLa cells, increased expression of
Omi leads to decreased levels of Hax-1 (Figure 4f). Thus, we
wondered whether Hax-1, as a specific substrate of Omi, is
involved in autophagy regulation similarly to other Bcl-2 family
proteins through interaction with and inactivation of Beclin-1.
First, we examined whether Hax-1 could inhibit autophagy. In
HEK293 cells, overexpression of Hax-1 decreased LC3-II
levels (Figure 4g). In addition, Hax-1 reduced EGFP-LC3
puncta formation induced by starvation (Figure 4h and i),
whereas knockdown of Hax-1 increased LC3 puncta
formation (Supplementary Figure S4d and e). Furthermore,
inhibition of autophagy by Hax-1 was partially rescued by
overexpression of Beclin-1 (Figure 4j), whereas overexpres-
sion of Hax-1 attenuated Omi-induced autophagy (Supple-
mentary Figure S4f). Interactions betweenHax-1 and Beclin-1
were observed using immunoprecipitation assays (Figure 4k;
Supplementary Figure S4g), GST pull-down assays (Supple-
mentary Figure S4h) and immunofluorescent staining
(Supplementary Figure S4i). It was previously reported that
a deletion mutant of Omi (DOBS, D-Omi binding sequence,
amino acids 201–213) could not bind to Omi.24 We therefore
tested the effects of this mutant on autophagy. Hax-1-EGFP
DOBS retained its ability to bind to Beclin-1, whereas it failed
to interact with Omi (Figure 4l). Hax-1-EGFP DOBS was not
digested by Omi (Figure 4m) but repressed Omi-induced

Figure 4 Induction of autophagy by Omi in a Hax-1/Beclin-1-associated pathway. (a) Suppression of Omi-induced autophagy by Bcl-xL in HeLa cells. (b) Overexpression
of Omi in Beclin-1-knockdown HeLa cells fails to activate autophagy. (c) Knockdown of Omi in Beclin-1-EGFP-overexpressing HeLa cells did not decrease the basal level of
autophagy. (d) Omi does not preferentially bind to Beclin-1. In vitro purified His-Beclin-1 was incubated with GST-tagged Bcl-xL or mature Omi S276C or GST alone. After
extensive washing with PBS, the His-Beclin-1 bound to GST-tagged proteins was observed by immunoblot using Beclin-1 antibodies. (e) Specific cleavage of Hax-1, but not
Bcl-xL, by Omi. In vitro purified GST-tagged proteins were incubated with WT or protease-inactive S276C Omi for 60 min in a protease buffer at 371C and were visualized by
immunoblot using a GST antibody. (f) Reduction of Hax-1 by Omi. Increasing amounts of Omi-HA plasmids were transfected into HeLa cells along with Hax-1-EGFP plasmids.
Cells were collected 48 h after transfection. (g) Decreased LC3-II levels in Hax-1-overexpressing HEK293 cells. (h) Inhibition of starvation-induced EGFP-LC3 puncta
formation by Hax-1. HeLa cells were transfected with EGFP-LC3 alone with mock p3x-Flag-CMV vector or Flag-Hax-1 and were subjected to starvation (HBSS, 2 h) 48 h after
transfection. (i) Quantitative analysis of (h). The data represent means±S.E.M., n¼ 3, *Po0.05, one-way ANOVA. (j) Restoration of autophagy in Hax-1-overexpressing
HeLa cells by Flag-Beclin-1. (k) Co-immunoprecipitation of Flag-Beclin-1 and endogenous Omi with Hax-1-EGFP in HEK293 cells. (l) Interaction of both WT Hax-1 and
D-OBS-Hax-1 (D-Omi binding sequence Hax-1) with Beclin-1; the latter lost the ability to bind to Omi. (m) Decrease of WT, but not D-OBS-Hax-1, by Omi. (n) D-OBS-Hax-1
has a stronger ability to antagonize Omi-induced autophagy compared with WT Hax-1 in N2a cells. (o) Quantitative analysis of (n). The data represent means±S.E.M., n¼ 3,
*Po0.05, one-way ANOVA
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autophagy more strongly than WT Hax-1 (Figure 4n and o);
likely because it bypassed Omi to inhibit Beclin-1 function
directly. These data collectively suggest that Omi may induce
autophagy, at least in part, through digestion of the Beclin-1
inhibitory protein, Hax-1.

Decrease of constitutive autophagy inmnd2mice. Motor
neuron degeneration 2 (mnd2) mice harboring the Omi
S276C mutant experienced severe neurodegeneration.7 We
therefore examined whether the S276C mutation affects
the ability of Omi to regulate autophagy in mnd2 mice.
Embryonic fibroblast cells were collected from E14.5 mnd2
mouse embryos and age-matched WT mice, and the auto-
phagic phenotype of these cells was examined. First, less
activation of autophagy in response to tunicamycin and
starvation was observed in MEF cells from mnd2 mice
(Figure 5a), suggesting that the S276C mutation in
Omi results in decreased autophagic response to various
stresses. Meanwhile, more condensed nuclei were observed
in mnd2 MEF cells treated with a higher dose of tunicamycin
(Figure 5b and c), suggesting that the increased cell death
induced by tunicamycin in mnd2 MEFs may result from
insufficient autophagic induction (Supplementary Figure S5).
Next, we examined the capability of MEF cells of mnd2 mice

to degrade exogenous A53T a-synuclein. When equal
amounts of plasmids were transfected into MEF cells from
WT and mnd2 mice, we observed that the level of A53T
a-synuclein-EGFP was significantly higher in MEF cells from
mnd2 mice than in those from WT mice (Figure 5d), whereas
the protein level of EGFP alone showed no difference. Last,
we examined the protein levels in the brains of 35-day-old
mnd2 mice. The LC3-II level was lower in mnd2 mice,
although the protein levels of WT Omi in WT mice and
S276C Omi inmnd2mice were similar (Figure 5e and f). Both
a-synuclein and p62 were dramatically increased, but DJ-1,
another PD-associated protein, was not changed (Figure 5e
and g). Furthermore, in the neurons of mnd2 mice, abnormal
aggregates (dense spherical objects without a membrane)
were frequently observed (Figure 5h). These data provide
evidence that mnd2 mice, in which Omi is enzymatically
inactivated, show decreased basal levels of autophagy and
are also less capable of activating autophagy in response to
stresses.

Discussion

To the best of our knowledge, this is the first report to link Omi
to autophagy. Bacterial HtrA proteins have key roles in the
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protein quality control system of prokaryotes, digesting
accumulated proteins in the periplasmic space at higher
temperatures.2 The eukaryote homologue of HtrA, Omi, is
also activated under various stresses. Omi is reported to be
upregulated by severalfold after heat shock or tunicamycin
treatment.4 In our report, both mRNA and protein levels
increased under tunicamycin treatment (Figure 2a; Supple-
mentary Figure S2b). In a mouse model of kidney ischemia/
reperfusion, protease activity of Omi obviously increased.25

These studies strongly suggest that Omi serves as a
modulator of stress responses. Notably, the above stimuli
that upregulate Omi also activate autophagy18,26 (also shown
in Figure 2a in our study), suggesting that Omi could be
associated with autophagy. In this study, we provide further
evidence that Omi directly regulates autophagy. Treatment of
cells with ER stress inducers like tunicamycin leads to
an activation of the unfolded protein response (UPR) and
autophagy,18 as well as an increase in Omi levels27 (also
shown in Figure 2). The autophagy system has a pivotal role in
protecting cells against the death induced by various
stressors.28 Recently, an important finding revealed that the
loss of Omi activates the PERK branch of the UPR, with
transcriptional upregulation of CHOP and modulation of a
number of other genes leading to neuronal cell death.29 It is
therefore possible that the upregulation of Omi and resulting
activation of autophagy in response to stress are protective
reactions, and the loss of this protective effect could result in
sustained activation of the UPR. The upregulation of Omi by
ER stress is similar to that observed for other prosurvival
stress response proteins such as Grp78, which is also
upregulated in response to ER stress; its knockdown also
spontaneously activates UPR and upregulates CHOP.30

Omi is a key component needed to maintain mitochondrial
integrity and the function of the respiratory chain, and loss of
Omi produces a large number of damaged mitochondria.10,29

We report here that Omi is responsible for the maintenance of
constitutive autophagy (Figure 2). The autophagy system is a
conserved pathway that eliminates damaged mitochondria.31

Loss of Omi function may concurrently suppress autophagy
and yield damagedmitochondria. The inefficient elimination of
malfunctioned mitochondria caused by suppression of auto-
phagy may, in turn, increase the injury of cells. This finding is
in agreement with previous findings that cells from mnd2
orOmi KOmice showed enhanced sensitivity to inducers that
target the mitochondria.7,10

In this report, we show that regulation of autophagy by Omi
is tightly associated with Beclin-1 (Figure 4a–c). The Bcl-2
family protein Bcl-xL can block Omi-induced autophagy
(Figure 4a). Interestingly, Hax-1, a Bcl-2 family-related protein
and a specific substrate of Omi,23 binds to Beclin-1 and
represses autophagy (Figure 4e–k). The effects of Hax-1 on
autophagic inhibition can be partially rescued by overexpres-
sion of Beclin-1 (Figure 4l), and a deletion mutant of Hax that
lacks the Omi binding sequence shows enhanced inhibition of
Omi-induced autophagy (Figure 4l–o). It is therefore possible
that Omi activates autophagy through interactions with or
cleavage of Bcl-2 family proteins, such as Hax-1, that
abolished their Beclin-1-antagonizing properties (Figure 6).
Hax-1 is predominantly located in mitochondria.23 It has also
been reported that Hax-1 can localize to the ER.32 Beclin-1 is

located in both the mitochondria and the ER.22 In this study,
Hax-1 co-localized with Beclin-1 (Supplementary Figure S4i).
Because other Bcl-2 family proteins, such as Bcl-xl and Bcl-2,
mainly reside in the mitochondria and ER and also bind tightly
to Beclin-1,22,33 we believe that the interaction between Hax-1
and Beclin-1 may occur in both the mitochondria and the ER.
Hax-1 was first identified as a cleavage target of Omi in a
yeast two-hybrid screen of Omi-interacting proteins. Degra-
dation of Hax-1 by Omi was observed when cells were treated
with various apoptotic inducers, such as cisplatin and H2O2.

23

We report here that Hax-1, just like other Bcl-2 family-related
proteins, is involved in autophagy through its interaction
with and inhibition of Beclin-1. It is worth noting that Hax-1
functions not only as a substrate of Omi, but also as a
regulator of the mitochondrial import of Omi through pre-
sentation of Omi to another mitochondrial protease, Parl.24

The loss of lymphocytes in response to certain stresses such
as cytokine withdrawal was observed in both Hax-1-null mice
and mnd2 mice.24 Cell death induced by ER (Figure 5) and
mitochondrial stress7 was also enhanced in mnd2 cells.
Collectively, these findings suggest that the interaction or
balance between Hax-1 and Omi is crucial for various aspects
of the cellular response. On the one hand, as an upstream
regulator of Omi, Hax-1 ensures the proper localization of
functional Omi to protect cells from stresses, on the other
hand, as a specific substrate of Omi, Hax-1 can be digested by
Omi to elicit autophagy in response to autophagic stimuli or to
stimulate apoptosis23 when cells are ultimately sentenced to
die. It will be interesting to explore how cells can maintain the
equilibrium between Hax-1 and Omi under different circum-
stances.
Omi was recently reported to be associated with various

types of neurodegeneration.34 Currently, increasing evidence
has extensively associated autophagy with neurodegenera-
tive diseases. Autophagy was first implicated in human
neurodegenerative disease on the basis of the presence of
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Figure 6 A schematic model illustrating the role of Omi in the regulation of
autophagy through the Beclin-1 pathway
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autophagic vacuoles containing disease-related proteins in
the brains of Alzheimer’s disease (AD) patients.35 This finding
was subsequently reported in Huntington’s disease (HD) and
other polyQ diseases, as well as in certain lysosomal storage
disorders.36,37 More persuasive evidence comes from autop-
hagy-deficient animals, in which the conditional KO ofATG5 in
the central nervous system results in neurodegeneration.15 A
broad array of age-related neurodegenerative diseases is
characterized by the accumulation and deposition of mis-
folded proteins in affected brains, including AD, PD and the
polyQ diseases. Under these circumstances, autophagy-
mediated degradation serves as a protein quality control
system to safeguard cells from the activity of aberrant proteins
and is therefore a protective response. In this report, we
provide evidence that Omi enhances the degradation of the
neurodegenerative disease proteins A53T a-synuclein and
polyQ-expanded tHtt in an autophagy-dependent manner
(Figure 3a–f). The knockdown of Omi decreases basal
autophagy and increases A53T a-synuclein levels and the
aggregate formation of tHtt-polyQs (Figure 3h–j). Constitutive
and stress-induced autophagy, as well as degradation of the
autophagy substrate A53T a-synuclein, was decreased in
mnd2 MEF cells (Figure 5). Aggregate formation was
observed inmnd2 neurons (Figure 5h). Increased a-synuclein
and decreased autophagic activity were found in mnd2 brain
lysates both before (data not shown) and after (Figure 5e) the
onset of the disease. These data suggest that Omi-induced
autophagy activity contribute in the degradation of proteins
involved in neurodegenerative diseases. Correspondingly, it
was reported that Omi protein levels were selectively
decreased in striatal neurons in the brains of patients with
HD, and overexpression of Omi protected cells against polyQ
toxicity.38 Interestingly, a reduced Beclin-1 level was also
observed in early AD.39 We therefore propose that Omi might
be involved in the pathogenesis of neurodegenerative
diseases through the modulation of the autophagy-mediated
protein degradation pathway.

Materials and Methods
Animals and MEF cell isolation. Live heterozygotic mnd2 mice
(HtrA2mnd2, C57BL/6J, stock number: 004608, 6 April 2007) were purchased
from JAX (The Jackson Laboratory, Bar Harbor, ME, USA). Paired heterozygotic
mice were used to breed homozygotic mnd2 mice. Mice were maintained in a
specific pathogen-free environment. All animal experiments were approved by the
animal welfare advisory committee of the University of Science and Technology of
China. Adequate measures were taken to minimize pain and discomfort in
compliance with national regulations. The offspring were born at a normal
Mendelian ratio. Genotypes of offspring mice were identified through the
protocol provided by JAX (http://jaxmice.jax.org/pub-cgi/protocols/protocols.sh?
objtype¼ protocol&protocol_id¼ 875). Primary MEF were established from E14.5
embryos as previously described10.

Cell culture, transfections and drug treatments. HeLa, HEK293, N2a
and MEF cells were grown in Dulbecco’s modified Eagle’s medium (Gibco,
Grand Island, NY, USA) containing 10% fetal calf serum with 100mg/ml penicillin
and 100mg/ml streptomycin. ATG5 WT and KO MEF cells were kindly gifted by
Dr. Noboru Mizushima. Transfections were performed using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions.
Stable cell lines were established using limiting dilutions with 400mg/ml G418
(Gibco) and screened using immunoblotting or fluorescent microscopy. Rapamycin,
40,6-diamidino-2-phenylindole (DAPI), Hoechst 33342, WM, tunicamycin and
chloroquine were purchased from Sigma (St. Louis, MO, USA). MG132 was
obtained from Calbiochem (San Diego, CA, USA).

Electronmicroscopy. Cells were fixed in suspension with 4% glutaraldehyde
in 0.1 M cacodylate buffer (pH 7.3), overnight at 41C, and then post-fixed for 1 h at
room temperature in 0.1 M Na-phosphate buffer (pH 7.4) containing 2%
glutaraldehyde. After dehydration with graded ethanol and propylene oxide, we
embedded cells in Epon. Thin sections were stained with uranyl acetate and lead
citrate and then observed using a transmission electron microscope (JEOL-1230,
Tokyo, Japan).

Plasmids. The EGFP-LC3 expression vector was kindly provided by
Dr. Mizushima. The mammalian expression plasmid pcDNA3-Omi-Flag (encodes
human Omi) was a kind gift from Dr. Hyangshuk Rhim. Full-length C-terminal MYC-
tagged Omi was created by subcloning the PCR product amplified with primers
50-AATGGTACCCCACCATGGCTGCGCCGAGGGCGG-30 and 50-CGCTCGAGT
TCTGTGACCTCAGGGGTC-30 into the pcDNA3.1 (þ )/myc-HisA vector at KpnI
and XhoI sites. Full-length C-terminal HA-tagged Omi was generated by excising
full-length Omi cDNA from Omi-MYC and inserting it into the pKH3-HA vector at
HindIII/XbaI sites. The mature form of Omi with a C-terminal MYC tag was created
by subcloning the PCR product amplified with primers 50-TAAAGATCTGATGGCCG
TCCCTAGCCCGCCGCC-30 and 50-CGCTCGAGTTCTGTGACCTCAGGGGTC-30

into the pcDNA3.1 (þ )/myc-HisA vector at BglII and XhoI sites. The pET21a(þ )
vector expressing 6xHis-tagged mature Omi was created by subcloning the PCR
product amplified with primers 50-ATGTCGACAAGCCGTCCCTAGCCCGCCGCC-30

and 50-ATGCGGCCGCTTCTGTGACCTCAGGGGTCA-30 into the pET21a(þ )
vector at SalI and NotI sites. The S276C mutant Omi-HA and HIS-Omi were created
using the following primers: 50-ATTGTTTGCTCTGCTCAGCGTCCA-30 and
50-GCCGGATGTGATCGTGTTCTGCAG-30. The same sense mutations of WT
and S276C Omi that were resistant to Omi siRNA 1 were created using a site-
directed mutagenesis kit (Takara, Dalian, China) with primers 50-GTAGTCG
CAATGGGAAGTCCCTTTGCAC-30 and 50-GAATTCTCCTTGCCGGACATCAGCT
GAG-30. The same sense mutations of WT and S276C Omi that were resistant
to Omi siRNA 2 were created using primers 50-GGCTTCGTGGTGGCTGCC-30 and
50-CGAGCCGTTCGAGATAGG-30. Full-length Hax-1 cDNA was amplified from
a human fetal brain library (Invitrogen) using the primers 50-GCGAATTCACCATG
AGCCTCTTTGATCTCTTC-30 and 50-ATGTCGACATCCGGGACCGGAACCAAC
GTCCC-30, and inserted into pEGFP-N1 (Clontech, Palo Alto, CA, USA), pGEX-5X-1
(Amersham Pharmacia Biotech, Arlington Heights, IL, USA) or p3x-Flag-CMV
(Sigma) vectors at EcoRI and SalI sites. Full-length Beclin-1 cDNA was obtained
using the primers 50-GCTAAGCTTACCATGGAAGGGTCTAAGACGTC-30 and
50-GCCGTCGACTTTGTTATAAAATTGTGAGGACACC-30, and was inserted into
pEGFP-N3 (Clontech), pcDNA3.1-Flag (Invitrogen) or pCMV-myc (Sigma) vectors at
HindIII and SalI (or XhoI) sites. Constructs expressing tHtt-60Q-EGFP, tHtt-150Q-
EGFP and A53T-a-synuclein-EGFP were described previously.21,40 The GST-A53T
a-synuclein was generated by excising A53T a-synuclein cDNA from pEGFP-A53T
a-synuclein at BglII/SalI sites and inserting it into pGEX-5X-1 at BamHI/XhoI sites. All
constructs were sequenced to confirm their fidelity.

siRNAs. Typically, 35 pmol of each siRNA was transfected using Oligofectamine,
according to the manufacturer’s instructions (Invitrogen). Oligonucleotides were
purchased from GenePharma (Shanghai, China) and had the following sequences:

Si Omi 1 sense, 50-GGGGAGUUUGUUGUUGCCAdTdT-30,
Si Omi 1 antisense, 50-UGGCAACAACAAACUCCCCdTdT-30;
Si Omi 2 sense, 50-AACGGCUCAGGAUUCGUGGdTdT-30,
Si Omi 2 antisense, 50-CCACGAAUCCUGAGCCGUUdTdT-30;
Si Beclin-1 sense, 50-TGAGGATGACAGTGAACAGdTdT-30,
Si Beclin-1 antisense,50-CTGTTCACTGTCATCCTCAdTdT-30;
Si Hax-1 sense, 50-AACCAGAGAGGACAAUGAUCUdTdT-30,
Si Hax-1 antisense, 50-AGAUCAUUGUCCUCUCUGGUUdTdT-30;
Si control sense, 50-UUCUCCGAACGUGUCACGUdTdT-30,
Si control antisense, 50-ACGUGACACGUUCGGAGAAdTdT-30.

RT-PCR. Total RNA was extracted from cells using TRIzol reagent (Invitrogen)
and then subjected to reverse transcription (RT)-PCR with the following primers:
50-GACCTGACTGACTACCTC-30 and 50-GACAGCGAGGCCAGGATG-30 for Actin
and 50-TAGGACCCCGGATCTCTGG-30 and 50-GACCCCAACCCCACAACAG-30

for Omi.
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Western blot analysis and antibodies. Cell extracts were lysed in
1�RIPA lysis buffer (25 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate) in the presence of protease inhibitor cocktail (Roche,
Indianapolis, IN, USA). Approximately 20 mg of cell lysates was separated on SDS-
PAGE and transferred onto a PVDF membrane (Millipore, Bedford, MA, USA).
Immunoblot analysis was carried out with the following primary antibodies:
anti-a-synuclein (Cell Signaling Technology, Beverly, MA, USA), anti-Beclin-1
(Abcam, Cambridge, MA, USA), anti-DJ-1 (Chemicon, Temecula, CA, USA),
anti-GAPDH (Chemicon), anti-ERK 1/2 (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), anti-GFP (Santa Cruz Biotechnology), anti-HA (Santa Cruz Biotechnology),
anti-HtrA2 (R&D Systems, Minneapolis, MN, USA), anti-LC3 (Novas, Littleton, CO,
USA), anti-MYC (Santa Cruz Biotechnology), anti-p62/SQSTM1 (Biomol, Exeter,
UK) and anti-ubiquitin (Santa Cruz Biotechnology). The secondary antibodies, that
is, sheep anti-mouse IgG-HRP antibodies or anti-rabbit IgG-HRP antibodies,
were from Amersham Pharmacia Biotech. The proteins were visualized using an
ECL detection kit (Amersham Pharmacia Biotech, Arlington Heights, IL, USA).

Statistical analysis. Western blot densitometry analysis of immunoblots from
three independent experiments was performed using Photoshop 7.0 (Adobe). For
EGFP-LC3 and immunofluorescence analysis, cells presenting a mostly diffuse
distribution of EGFP-LC3 in the cytoplasm and nucleus were considered
nonautophagic, whereas cells with 45 obvious intense punctate EGFP-LC3
aggregates with little or no nuclear localization were defined as autophagic.
The data were analyzed using Origin 6.0 (Originlab, Northampton, MA, USA).

Immunoprecipitation. Cells transfected with the indicated plasmids were
collected 48 h after transfection and lysed in TSPI buffer containing 50 mM Tris-HCl
(pH 7.5), 150 mM sodium chloride, 1 mM EDTA and 1% NP-40 supplemented with
complete mini protease inhibitor cocktail (Roche). Cellular debris was removed by
centrifugation at 12 000� g for 30 min at 41C. The supernatants were incubated
with anti-GFP antibodies overnight at 41C. After incubation, protein G Sepharose
(Roche) was used for precipitation. The beads were washed with TSPI buffer four
times and then eluted with SDS sample buffer for immunoblot analysis.

In vitro proteolytic cleavage assay. GST recombinant proteins or b-casein
(Sigma) was incubated in the presence of 1–3mg of 6�HIS-tagged mature Omi in
protease cleavage buffer (50 mM Tris-Hcl (pH 7.6), 1 mM dithiothreitol) for 45 min at
371C. The reactions were stopped by the addition of 2� SDS loading buffer and
samples were boiled for 10 min at 951C. Samples were then resolved by 12%
SDS-PAGE and visualized by Coomassie brilliant blue staining.

Immunofluorescence. Cells were fixed with 4% paraformaldehyde in PBS for
10 min at room temperature and then permeabilized in 0.5% Triton X-100 PBS for another
10 min. After preblocking with 5% fetal bovine serum for 1 h, cells were incubated with anti-
HA or anti-MYC (Santa Cruz Biotechnology) antibody and then with rhodamine (red)- or
FITC (green)-conjugated secondary antibody (Santa Cruz Biotechnology) for 2 h followed
by incubation with DAPI (Sigma) for 5 min. Finally, the cells were observed using an
inverted IX71 microscope system (Olympus, Tokyo, Japan).

Starvation. Cells were washed three times with PBS and incubated with 1 ml
Hank’s buffered salt solution (HBSS) without serum at 371C.
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