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Ubiquitin (Ub) carboxyl-terminal hydrolase L1 (UCH-L1) has dual functions, such as hydrolase activity on
the chemical bonds formed by the C-terminal Gly of Ub and dimerization-dependent ubiquitin ligase
activity. Accumulating evidence suggests that dual activities of UCH-L1 were intimately associated with
Parkinson’s diseases (PD) and cancer. However, the molecular mechanism that regulates UCH-L1 enzy-
matic activity has not yet been fully elucidated. The serine protease high temperature requirement A2
(HtrA2), a PD-associated gene, is important in regulating cell survival as well as apoptosis. Using
in vitro and in vivo cleavage assays, we have demonstrated that UCH-L1 is a natural substrate for the ser-
ine protease HtrA2 in the apoptotic pathway. Notably, we show that released, cytosolic HtrA2 decreases
UCH-L1 protein level and its hydrolase activity through HtrA2-mediated cleavage of UCH-L1 under apop-
totic conditions. These findings suggest that the HtrA2-mediated cleavage of UCH-L1 may play important
roles in regulating the fine balance between cell growth and cell death.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction provides the first in vivo evidence that UCH-L1 has oncogenic
Ubiquitin (Ub) carboxyl-terminal hydrolase L1 (UCH-L1) is a
cysteine protease and belongs to the family of UCHs that catalyze
the hydrolysis of amides, ester, and thioester bonds formed by
the C-terminal Gly of Ub [1]. In terms of its hydrolase activity, sev-
eral previous studies have shown that UCH-L1 plays important
roles in generating and stabilizing the free Ub monomers, allowing
the Ub monomers to be recycled [2–4]. On the other hand, UCH-L1
has an opposing enzymatic activity of its hydrolase activity, which
is a dimerization-dependent Ub ligase activity that can catalyze the
joining of Ub monomers by forming a new chemical bond between
the C-terminus of Ub with K63 of the other Ub [5].

Several recent studies suggest that UCH-L1 plays important
roles in cancer [6–8]. A previous genome-wide expression profiling
and biochemical study has described that the UCH-L1 gene was fre-
quently silenced in all nasopharyngeal carcinoma and suggested
that UCH-L1 may serve as a tumor suppressor by interacting with
and stabilizing a canonical tumor suppressor p53 by deubiquitinat-
ing p53 [9]. As an additional evidence for the tumor suppressor
function of UCH-L1, its overexpression induces apoptosis in breast
cancer cells [10]. On the contrary, a recent transgenic mouse study
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properties in the development of lymphoma through activating
the Akt pathway [11]. Identification of the role of UCH-L1 in
tumorigenesis has been complicated by its opposite functions that
it is capable of acting both as a tumor suppressor as well as an
oncogene, which can act differentially depending upon types and
growth stages of tumors [12,13]. Nevertheless, these studies sug-
gest that UCH-L1 may play a critical role in regulating the optimal
balance between cell death and cell survival; however, the molec-
ular mechanism that regulates UCH-L1 protein level and its enzy-
matic activity has not yet been fully elucidated.

The high temperature requirement A2 (HtrA2) has been known
as a Parkinson’s disease (PD)-associated serine protease, which is
localized in the mitochondria under normal conditions; however,
the processed, mature HtrA2 is released into the cytosol in re-
sponse to various cellular stresses [14]. This released cytosolic
HtrA2 promotes cell death via two different mechanisms: a
caspase-independent manner through its ability to function as a
serine protease as well as a caspase-dependent manner by antago-
nizing XIAP-mediated caspase-3 cascade [15]. To date, several
studies have delineated the substrates of HtrA2, such as XIAP,
HAX-1, APP, WTS and WT1, and characterized their functions in
regulating key cellular processes, such as cell proliferation,
survival, and cell death, through the HtrA2 proteolytic system
[16–20]. In our previous study, we have shown that the serine pro-
tease HtrA2 directly cleaves one of PD-associated proteins, E3
ubiquitin ligase Parkin, and thus inhibits its ligase activity [21].
In this context, the enzyme–substrate relationship between HtrA2
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and UCH-L1, also known as a PD-associated protein [22], was
investigated. Here, we have demonstrated that UCH-L1 is a natural
substrate for the serine protease HtrA2 in the apoptotic pathway
and that HtrA2-mediated cleavage of UCH-L1 impaired its hydro-
lase activity. Our findings suggest that the HtrA2 and UCH-L1 en-
zyme–substrate pair may be critical regulatory factors for
maintaining a balance between cell death and cell survival.

2. Materials and methods

Details regarding reagents, plasmid construction, cell culture,
lactate dehydrogenase (LDH) release assay, immunoblot analyses,
immunofluorescence assay, GST fusion protein purification are
provided in Supplementary data.

2.1. In vitro cleavage assay

In vitro HtrA2 cleavage assay for UCH-L1 was performed as fol-
lows; GST–UCH-L1 (1 lM) was incubated with GST–HtrA2 (10 lM)
in a final 100 ll of cleavage buffer [50 mM Tris–HCl (pH 7.5), 1 mM
DTT] for 16 h at 37 �C. After reaction, the supernatant was sepa-
rated by centrifugation and resolved by 13% SDS–PAGE, and the
cleaved products were visualized by staining with Coomassie Bril-
liant Blue dye and by IB assay with anti-UCH-L1.

The cleaved UCH-L1 fragments were transferred electrophoret-
ically onto a polyvinylidene difluoride (PVDF) membrane, and the
transferred fragments were stained with Ponceau S solution. A
14-kDa fragment was excised from the membrane, and its N-ter-
minal amino acid residues were identified by using the Procise
491 protein sequencer (Applied Biosystems, Korea Basic Science
Institute).

2.2. Measurement of UCH-L1 hydrolase activity

UCH-L1 hydrolase assay was performed as described in a previ-
ous study [5] with a slight modification. In vitro reaction mixtures
or cell lysates were added to the UCH-L1 substrate solution con-
taining 125 nM of the fluorogenic substrate ubiquitin C-terminal
7-amido-4-methylcoumarin (Ub-AMC) in 100 ll of hydrolysis buf-
fer [50 mM Tris–HCl (pH 7.5), 0.5 mM EDTA, 5 mM DTT], and the
cleavage reaction of AMC from Ub-AMC was carried out using a
96-well black assay plate (Greiner Bio-One) at RT. The hydrolase
activity of UCH-L1 was determined by measuring the rate of con-
version of Ub-AMC to ubiquitin and free AMC for 5 min by fluores-
cence emission at 460 nm (kex = 380 nm) using Synergy Mx
monochromator-based multi-mode microplate reader (BioTek).
Values are means ± SEM of three independent experiments and
are expressed in arbitrary fluorescence unit (AFU).

3. Results and discussion

3.1. Loss of UCH-L1 function induces cell death

A previous study has shown that inhibition of UCH-L1 hydrolase
activity induces the aggregation of ubiquitin-conjugated proteins
and thus enhances cell death in primary neurons [23]. Moreover,
a recent study reported that LDN-57444 (LDN), an inhibitor of
UCH-L1 hydrolase activity, induces cell death through ER stress-
mediated accumulation of ubiquitinated proteins in neuroblas-
toma cells [24]. These findings raise the possibility that UCH-L1
may be involved in regulating cell survival and cell death. To exam-
ine the effects of the UCH-L1 hydrolase activity on cell death, we
selected two distinct human ovarian carcinoma cell lines, UCH-
L1-negative OVCAR-5 and UCH-L1-positive OVCAR-8, as UCH-L1
is expressed exclusively in the ovary as well as in the brain [2]
(Fig. 1A). We measured the amounts of LDH released from cells
treated with LDN, as its release reflects a loss of the integrity of
the cell membrane. In both cell types with or without UCH-L1,
there were no significant increases of LDH release in cells treated
with genipin used as a negative control, comparable to those trea-
ted with DMSO as a vehicle control. Notably, UCH-L1-positive OV-
CAR-8 cells showed a 7-fold increase in LDH release in response to
LDN, but only a 2-fold increase in UCH-L1-negative OVCAR-5 cells,
compared with control. In addition, the LDN-treated OVCAR-8 cells
exhibited dramatic morphological changes. These results demon-
strate that the UCH-L1 hydrolase activity in UCH-L1-positive can-
cer cells plays a key role in induction of cell death and provide
evidence that its activity is required for the regulation of cell
survival.

3.2. HtrA2 directly cleaves UCH-L1 and inhibits its hydrolase activity
in vitro

Loss of the UCH-L1 function, specially its hydrolase activity, is
known to impair ubiquitin proteasome system (UPS) [24]. Notably,
we presented that this UCH-L1 inactivation caused toxicity in UCH-
L1-positive cells (Fig. 1A, Supplementary Fig. 1). However, the
molecular mechanism by which the UCH-L1 hydrolase activity is
regulated in the apoptotic pathway still remains largely unknown.
We have previously shown that two PD-associated proteins, serine
protease HtrA2 and E3 ubiquitin ligase Parkin, serve as the physi-
ologically relevant enzyme–substrate pair in the cytosol through
the release of HtrA2 from the mitochondria upon apoptotic stimu-
lus, such as staurosporine (STS), a potent protein kinase inhibitor
[21]. Consistent with our previous study, we also found that
endogenous level of the UCH-L1, which has been originally known
as a PD-associated protein, was markedly decreased in HEK293
cells under STS-induced apoptosis (Fig. 1B). We therefore postulate
that UCH-L1 would be intimately associated with the HtrA2-
dependent proteolytic system. To test this notion, we investigated
whether HtrA2 can cleave UCH-L1 by incubating both HtrA2 and
UCH-L1 in vitro (Fig. 2). The in vitro cleavage reaction was initiated
with both GST-fusion proteins bound to glutathione Sepharose 4B
beads to more easily discriminate the cleaved UCH-L1 fragments
from the reaction sample. After completion of the reaction, the
supernatant (sup) was separated from the protein-bound glutathi-
one beads (ppt) by centrifugation and analyzed by staining with
Coomassie Brilliant Blue dye (Fig. 2A). The level of UCH-L1 protein
was decreased in the presence of proteolytically active HtrA2 ser-
ine protease (lane 4), but not in the protease-inactive mutant
S306A (lane 5) and UCH-L1 alone (lane 1). Notably, we detected
a fragment with apparent molecular mass of about 14 kDa (lane
4). To identify the specificity of the 14-kDa fragment, the reaction
samples shown in Fig. 2A were analyzed by IB assay with the Ab
that specifically recognizes UCH-L1 (Fig. 2B). The 14-kDa fragment
was specifically recognized by anti-UCH-L1 Ab, and additional two
faint bands with molecular masses of 11 and 10 kDa were also de-
tected. However, it was hard to detect any UCH-L1 fragments from
the ppt fraction by using IB assay with UCH-L1 Ab (data not
shown). Because the sup fraction was separated from GST-fusion
proteins bound to glutathione Sepharose 4B beads, these immu-
no-specific fragments is likely to be derived through endoproteo-
lytic cleavage at the C-terminal region of UCH-L1.

Subsequently, to identify the cleavage site in UCH-L1, we ana-
lyzed N-terminal amino acid sequence of the 14 kDa UCH-L1 frag-
ment (Supplementary Fig. 2). Although the N-terminal amino acid
sequencing result was slightly ambiguous, showing XANQX, we
can infer that the valine (V99) at position 99 appears to be a puta-
tive amino acid residue on the N-terminal side of the cleavage site
in UCH-L1 based on both the sequencing result and molecular
mass of the cleaved fragment. Taken together, the results indicate



Fig. 1. Inhibition of UCH-L1 hydrolase activity induces cell death. (A) High sensitivity of UCH-L1-positive OVCAR-8 to LDN. Human ovarian cancer cells, OVCAR-5 and -8, were
incubated for 2 h with 20 lM LDN-57444 (LDN), an inhibitor of UCH-L1 hydrolase activity, or 50 lM genipin used as a negative control, which are dissolved in DMSO as a
vehicle control (refer to control). The amount of LDH released into the culture medium was measured using CytoTox-One Homogenous Membrane Integrity assay kit and
expressed as fold increase relative to control (control refers to 1). Data are mean ± SEM of three independent experiments. (B) A decrease of UCH-L1 levels in STS-induced cell
death. HEK293 cells were treated with 1 lM STS for 8 h, and the level of UCH-L1 was analyzed by IB and normalized with b-actin.
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that HtrA2 can directly cleave UCH-L1 in a serine protease activity-
dependent manner and that the 14-kDa HtrA2-mediated UCH-L1
cleavage product corresponds to the C-terminal region encompass-
ing amino acid 99-223 of UCH-L1. Because the catalytic triad of
UCH-L1 comprises cysteine 90 (C90), histidine 161 (H161), and
aspartate 176 (D176) (Supplementary Fig. 2) [25], HtrA2-mediated
UCH-L1 cleavage may accompany irreversible destruction of UCH-
L1 catalytic activity, leading to the loss of its enzymatic activities
for executing physiological functions. To test this notion, we per-
formed a general deubiquitinating assay using Ub-AMC as a fluoro-
genic substrate (Fig. 2C). As we proposed, a 60% decrease in the
hydrolase activity of UCH-L1 was detected in the presence of HtrA2
(wt), whereas no significant decrease was found in the presence of
HtrA2 (S306A). These results indicate that the inhibition of the
hydrolase activity of UCH-L1 results from the HtrA2-mediated
UCH-L1 cleavage in vitro.

3.3. HtrA2-mediated UCH-L1 cleavage elicits the decrease of UCH-L1
protein level and the inhibition of its activity in vivo

UCH-L1 and HtrA2 must encounter in the same subcellular re-
gion as the first step to assess the potential biological relevance
of the UCH-L1 cleavage by HtrA2 observed in vitro. First, we co-
transfected HEK293T cells with the plasmids encoding UCH-L1
and HtrA2 and examined subcellular localizations of both proteins
by IFA (Fig. 3A). UCH-L1 and HtrA2 were primarily localized to two
different subcellular regions, the cytosol and the mitochondria,
respectively, under normal conditions (Fig. 3A, control), as de-
scribed in previous studies that UCH-L1 is predominantly localized
to the cytoplasm of neurons, specially dopaminergic neurons in the
substantia nigra [26]; however, HtrA2 is primarily localized to the
mitochondria [21]. Because HtrA2 is released from the mitochon-
dria into the cytosol in response to apoptotic stimuli, such as
STS, we treated HEK293T cells with 0.5 lM STS and analyzed the
localizations of both HtrA2 and UCH-L1 by IFA (Fig. 3A, STS). STS
induced the release of HtrA2 into the cytosol, where it was colocal-
ized with UCH-L1, allowing the first step of the HtrA2-mediated
cleavage of UCH-L1 reaction in cells.

Next, to determine whether HtrA2 serine protease has any pro-
teolytic activity on UCH-L1 in the cytosol, the HtrA2-deficient
(HtrA2�/�) and wild-type (HtrA2+/+) MEFs were selected, and
endogenous levels of UCH-L1 were assessed under the same condi-
tion shown in Fig. 3A (Fig. 3B, 0.5 lM STS). In many experimental
studies on cell lines, STS, which is widely used as an intracellular
stress inducer of apoptosis [27,28], has been found to induce the
mitochondrial release of pro-apoptotic molecules, such as cyto-
chrome c, the second mitochondria-derived activator of caspases
(SMAC/DIABLO) and HtrA2, the third activator of caspases and to
cause mitochondrial depolarization [29]. The UCH-L1 level was
not altered when HtrA2 still resided in the mitochondria (0,
0.1 lM STS). In contrast, the UCH-L1 level was dramatically de-
creased in proportion to the increase in the concentration of STS,
showing a decrease of 60% at 0.5 lM STS (Supplementary Fig. 3).
Interestingly, this UCH-L1 proteolytic processing appears to occur



Fig. 2. The UCH-L1 hydrolase activity is decreased by HtrA2-mediated UCH-L1 cleavage in vitro. UCH-L1 and HtrA2 were expressed as GST-fusion proteins in Escherichia coli
and purified by selective binding to glutathione 4B beads. The purified UCH-L1 protein (1 lM) was incubated with either wt or mutant from (S306A) of the HtrA2 protein
(10 lM) for 16 h at 37 �C. The reaction samples were resolved by 15% SDS–PAGE, visualized by staining with Coomassie Brilliant Blue (A) and analyzed by IB with the anti-
UCH-L1 Ab (B). (C) UCH-L1 hydrolase activity in vitro. UCH-L1 hydrolase activity was measured by fluorometric assay using Ub-AMC, a general deubiquitinating enzyme
substrate. The reaction mixtures similar to those shown in (A) (40 nM UCH-L1 and 400 nM HtrA2) were incubated with 125 nM Ub-AMC. Values are mean ± SEM of three
independent experiments and are expressed in arbitrary fluorescence unit (AFU).
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by the HtrA2 serine protease that is released from the mitochon-
dria into the cytosol, but not by a caspase-dependent manner in
MEFs, because change in the UCH-L1 level was not observed in
the HtrA2�/� MEFs under both normal and apoptotic conditions
(Fig. 3B, right panel). However, we could hardly detect the 14-
kDa UCH-L1 fragment in MEFs found in the in vitro cleavage reac-
tion. The 14-kDa C-terminal fragment may be more susceptible to
degradation in apoptotic conditions and thus rapidly degrade in
the cytosol via UPS [30]. In parallel, to exclude any discrepancy be-
tween HtrA2+/+ and HtrA2�/� MEFs and further investigate the
specificity of HtrA2 on the effect of the decrease in the UCH-L1 le-
vel, production of the active HtrA2 serine protease was prevented
in the HtrA2+/+ MEFs by transfection with the small interfering RNA
(siRNA) specific for HtrA2 mRNA (siHtrA2) (Fig. 3C). The decrease of
UCH-L1 (lane 2) was almost completely abolished when the endog-
enous level of HtrA2 protein was markedly reduced by about 90%
(lane 4).

To validate that HtrA2-mediated UCH-L1 cleavage has effects on
the hydrolase activity of UCH-L1 in living cells, Ub-AMC (125 nM)
was incubated with cell lysates (2 lg) extracted from control and
STS-treated MEFs (Fig. 3D). Consistent with the results of in vitro
deubiquitinating assay shown in Fig. 2C, we observed a significant
level of decrease, about 33% of UCH-L1 hydrolase activity under
apoptotic condition in which HtrA2 is released into the cytosol.
These results indicate that the phenomena observed in Fig. 1,
which reflect cell death induced by inhibition of UCH-L1 hydrolase
activity and decrease of UCH-L1 level under apoptotic condition,
are mediated by HtrA2 through reaction with UCH-L1 in the
cytosol.

3.4. HtrA2 cleaves UCH-L1 in a serine protease-dependent manner

In order to verify that the serine protease activity of HtrA2 is
responsible for the cleavage of UCH-L1 in vivo, we co-transfected
HEK293 cells with the plasmid encoding UCH-L1 and a wild-type
(wt) or S306A, proteolytically inactive HtrA2 mature form (M-
HtrA2) and analyzed the expression pattern of UCH-L1 by IB with
anti-HA (Fig. 4A). In particular, these mature forms of HtrA2 have
no mitochondrial targeting sequence (MTS), such that they can
be localized in the cytosol where the HA-tagged UCH-L1 resides.
Consistent with the above result (Fig. 3B), IB analysis revealed that
overexpression of the M-HtrA2 (wt) resulted in over 90% decrease
in the amount of HA-tagged UCH-L1 (lane 2), whereas this phe-
nomenon was not observed in the presence of the M-HtrA2
(S306A) mutant (lane 3). Finally, to substantiate whether the cleav-
age of UCH-L1 following STS treatment occurs in an HtrA2 serine
protease-dependent manner, we used Ucf-101, a cell-permeable
furfurylidine–thiobarbituric acid, which acts as a potent, specific



Fig. 3. HtrA2-mediated cleavage of UCH-L1 in the STS-induced cell death condition. (A) Co-localization of UCH-L1 and HtrA2 in the cytosol. The pF-HtrA2 (S306A) and pUCH-
L1-EGFP plasmids were co-transfected into HEK293T cells. At 18 h post-transfection, cells were treated with 0.5 lM STS dissolved in DMSO (as a vehicle control) for 8 h,
followed by immunostaining with anti-UCH-L1 and anti-HtrA2 Abs. Subcellular localization of UCH-L1 (green) and HtrA2 (red) was detected by confocal microscopy. (B)
Cleavage of UCH-L1 in wild-type (HtrA2+/+) MEFs. HtrA2+/+ and HtrA2�/� MEFs were treated with the indicated concentrations of STS for 8 h. Cell lysates were analyzed by IB
with the specific Abs against the indicated proteins. (C) The specificity of HtrA2-mediated cleavage of UCH-L1. MEFs were transfected with 20 nM of the indicated siRNAs. At
72 h post-transfection, cells were treated with 0.5 lM STS for 8 h and cell lysates were analyzed by IB. (D) UCH-L1 hydrolase activity in MEFs. Wild-type (HtrA2+/+) MEFs were
treated with DMSO as a vehicle control or 0.5 lM STS for 8 h, and total cellular proteins (2 lg) were incubated with 125 nM Ub-AMC. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this paper.)

Fig. 4. The HtrA2 proteolytic activity is essential for cleavage of UCH-L1 in cells. (A) Cleavage of UCH-L1 by proteolytically active HtrA2. HEK293 cells were co-transfected
with plasmid encoding the indicated proteins. At 18 h post-transfection, cell lysates were analyzed by IB. (B) Abrogation of HtrA2-mediated cleavage of UCH-L1 by inhibition
of HtrA2 protease activity. Wild-type (HtrA2+/+) MEFs were pretreated with Ucf-101, an HtrA2-specific protease inhibitor, for 30 min, followed by treatment with STS for 8 h.
Cell lysates were prepared and analyzed by IB.
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inhibitor of the serine protease HtrA2 [31]. HtrA2+/+ MEFs were
treated with Ucf-101 for 30 min to inhibit the serine protease
activity of endogenous HtrA2, followed by treatment with STS to
release HtrA2 into its action site (Fig. 4B). In the absence of HtrA2,
the protein level of UCH-L1 was not affected by the inhibition of
HtrA2 activity and/or mitochondrial release of pro-apoptotic mol-
ecules (Supplementary Fig. 4). On the contrary, in the present of
HtrA2, HtrA2 cleaved endogenous UCH-L1 when released from
the mitochondria into the cytosol in response to STS (Fig. 4B, lane
3). Notably, the STS-induced decrease of UCH-L1 level was abol-
ished by blocking the HtrA2 serine protease activity (lane 4). Col-
lectively, the serine protease HtrA2 serves as a specific and key
player for controlling the level and hydrolase activity of UCH-L1
during the apoptotic pathway.

In conclusion, we have demonstrated that UCH-L1 serves as a
natural substrate for the serine protease HtrA2 in apoptotic
pathway and that its hydrolase activity is regulated through di-
rect cleavage of UCH-L1 by HtrA2 released from the mitochon-
dria under apoptotic condition. Our study provides evidence
that the HtrA2 and UCH-L1 enzyme–substrate reaction is one
of key factors in regulating cell death induced by loss-of-UCH-
L1 function and suggest that the UCH-L1 and HtrA2 pair may
play important roles in regulating the balance between cell
death and cell survival.
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