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Cysteine oxidation occurs at the active site of deubiquitinases (DUBs) during many biologic signaling cas-
cades. Here we report that hepatocellular carcinoma cells (HCCs) generated higher levels of endogenous
reactive oxygen species (ROS). This elevated ROS production was inhibited by NADPH oxidase inhibitor
diphenylene iodonium (DPI) and mitochondria electron chain inhibitor rotenone in HCC cells. Moreover, we
found that H,0, could activate NF-kB-dependent inflammatory effect through increased induction of matrix
metalloproteinase 2 (MMP2), MMP9, and intercellular adhesion molecule 1 (ICAM1) expression levels. In
addition, we found that H,0, could prolong NF-kB activation by suppressing the negative regulatory functions
of Cezanne in HCC cells. Ubiquitin-derived thiol-reactive probe (HA-UbVME) assay and biotin-tagged 1,3-
cyclohexadione derivative (DCP-Biol) assay showed that H,0, has the capacity to inhibit the catalytic activ-
ity of Cezanne, and the reducing agent, DTT, could reactivate the Cezanne deubiquitinating enzyme activity.
Taken all together, these findings demonstrated an important role for oxidation of Cezanne by ROS in regula-

tion of the inflammatory effect of hepatocellular carcinoma.
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INTRODUCTION

Reactive oxygen species (ROS) are naturally pro-
duced by cells through aerobic metabolism, and high lev-
els of cellular ROS are associated with many diseases,
including cancer*?. High levels of ROS were spontane-
ously produced by ovarian and prostate cancer cells, and
ROS regulated hypoxia inducible factor 1 (HIF-1) and
vascular endothelial growth factor (VEGF) expression in
ovarian cancer cells®. Some growth factors such as epi-
dermal growth factor (EGF), insulin, and angiopoietin-1
could increase ROS production in the cells for regulat-
ing cell migration and proliferation*’, and ROS could
induce the activation of mitogen-activated protein kinase
(MAPK), nuclear factor kB (NF-kB), and activator pro-
tein 1 (AP1), which are known to be associated with can-
cer development®™. In addition, high levels of ROS in
some cancer cells are considered to induce DNA damage

leading to genomic instability and tumor initiation'**.

However, the direct roles of ROS in tumor development
remain elusive.

Reversible oxidation of amino acid residues can
directly regulate the activity of cytosol enzymes in cells.
Some cysteine residues could be reversibly oxidized to
alter the protein activity in response to prevailing con-
ditions, in a manner akin to protein regulation by phos-
phorylation. The most notable examples of enzymes
affected by such oxidation have been the tyrosine phos-
phatases, several of which were directly inhibited by
ROS". Recently, Kulathu et al.** and Lee et al." showed
that cysteine oxidation occurs at the active site of deu-
biquitinases (DUBSs). The reversible oxidation of cysteine
residues in these enzymes was mediated by ROS chemi-
cally reactive molecules that were formed during nor-
mal cellular metabolism and that were involved in many
signaling pathways. ROS-mediated oxidation requires
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deprotonation (loss of a hydrogen ion) of the cysteine
residue, and so those residues with a lower acid dissocia-
tion constant will be especially susceptible. This condi-
tion was usually accompanied by cysteines in their active
site of hydrolytic enzymes.

Cezanne, a member of the A20 family of deubiquit-
inating enzymes®™, has emerged as a negative regulator
that balances the strength and duration of NF-kB signal-
ing through feedback mechanisms'®"’. However, how
these serial feedback loops are simultaneously disrupted
in liver cancer remains unclear. Although numerous stud-
ies have identified a role for ROS in regulating signaling
to NF-kB pathway'®*, their potential effects on nega-
tive regulators of NF-kB have received little attention.
Nevertheless, emerging reports suggest that ROS may
enhance cellular activation by suppressing the activity
of anti-inflammatory enzymes. Here we demonstrate that
H,0, can suppress the negative regulatory functions of
Cezanne by oxidation of its catalytic cysteine residual,
thus prolonging NF-kB pathway activation and proin-
flammatory transcriptional responses in hepatocellular
carcinoma (HCC).

MATERIALSAND METHODS

The study was performed in accordance with rele-
vant guidelines and regulations, following the approval
of the licensing committee of Tongji Medical College,
Huazhong University of Science and Technology. This
work received approval from the institution ethics com-
mittee and conformed to the tenets of the Declaration of
Helsinki.

Cell Culture and Transfection

Human normal hepatocyte THLE-2 cells, human
hepatocarcinoma HepG2, and SK-HEP-1 cell lines
were provided by the Cell Bank, Shanghai Institute of
Biochemistry and Cell Biology, Shanghai Institutes
of Biological Sciences, Chinese Academy of Science.
HepG2 and SK-HEP-1 cells were cultured in the DMEM
media supplemented with 2 mM L-glutamine and 10%
fetal calf serum (FBS; Life Technologies, Carlsbad,
CA, USA) at 37°C in a humidified atmosphere with
5% CO,. pcDNA 3.1 Cezanne WT and C209S plasmids
were introduced into cells with the Lipofectamine 2000
(Life Technologies). Cell extracts were also collected and
subjected to immunoblot with antibody against Cezanne
(Abcam, San Francisco, CA, USA).

Measurement of Intracellular ROS Production

Cells were treated and harvested between 50% and
80% visible confluency. Cells were treated with hydro-
gen peroxide (H,O,; Sigma-Aldrich, St. Louis, MO,
USA) with the concentrations and for the amount of
time indicated. To measure ROS generation in the cells,
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cells were preincubated with Hoechst 33342 for 30 min
(final concentration 5 mg/ml); cells were then washed,
trypsinzed, and collected. Cells were then incubated
with 5-(and-6)-chloromethyl-2,7-dichlorodihydrofluo-
rescein diacetate, acetyl ester (CM-H2DCF-DA, final
concentration 10 mM; Life Technologies), and Hoechst
33342 (final concentration 5 mg/ml) for 30 min at 37°C
in the dark. Cells were immediately placed on ice and
analyzed by fluorescence-activated cell sorting (FACS).
Flow cytometry analysis was performed using LSRII
and analyzed using FACS DIVA software and FlowJ 8.7.
Diphenylene iodonium (DPI) and rotenone were from
Sigma-Aldrich.

Isolation of Tumorous and Nontumorous Primary Cells

Human primary hepatocellular carcinoma cells were
obtained from HCC patients undergoing surgical treat-
ment, with informed consent. Hepatocellular carcinoma
cells were selectively retrieved from fresh tumor samples
with PALM microlaser technology (PALM) under micro-
scopic control as previously described?®.

Expression Analysis

Total RNAs were extracted from HepG2 cells using
the QlAamp RNA isolation kit (Qiagen, Amtsgericht,
Dusseldorf, Germany). Reverse transcription was per-
formed using the SuperScript Il First-Strand Synthesis
kit (Life Technologies). Quantitative real-time RT-PCR
was performed with specific primers for MMP2 and
MMP9 transcripts applying SYBR Green Supermix
(Applied Biosystems, Foster City, CA, USA) using the
thermocycler. Melting curve analysis was done at the
end of the reaction to assess the quality of the final
PCR products. The threshold cycle C(t) values were
calculated by fixing the basal fluorescence at 0.05 U.
Three replicates were used for each sample, and the
average C(t) value was calculated. The DC(t) values
were calculated as C(t) sample-C(t) tubulin. The
N-fold increase or decrease in expression was calcu-
lated by the DDCt method using the C(t) value as the
reference point.

Assay of NF-«B Transcriptional Activity

NF-kB transcriptional activity was measured using
an NF-kB reporter (pGL3) as described previously®.
Cells were cotransfected with pNF-kB-Luc and pRL-TK
(encoding Renilla luciferase to normalize transfection
efficiency) using Lipofectamine 2000 and incubated for
16 h. Cells were then treated with TNF-a (10 ng/ml) for
16 h before measurement of NF-kB activity. Firefly and
Renilla luciferase activity was assessed using the Dual-
Luciferase reporter assay kit (Promega, Madison, WI,
USA) and luminescence counter (Topcount microplate
scintillation; Packard, Palo Alto, CA, USA).
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Western blot, Coimmunoprecipitation, Protein Binding,
and Antibodies

Western blots were performed with whole-cell extracts
prepared in SDS sampling buffer [0.1 M Tris, pH 6.8,
2% (w/v) SDS, and 12% (v/v) b-mercaptoethanol]. For
immunoprecipitation (IP) and biotin—streptavidin pull-
down studies, cells were lysed in low IP buffer (25 mM
Tris-HCI, pH 7.5, 150 mM NacCl, 0.2% NP40) prior to
IP or incubated with streptavidin agarose (Millipore,
Billerica, MA, USA). Protein extracts were separated on
Nupage 3%—-8% Tris-acetate or 4%-12% Bis—Tris gels
(Life Technologies). The supernatants were subjected
to SDS-PAGE. The proteins were then transferred onto
a PVDF membrane (Bio-Rad, Hercules, CA, USA), blot-
ted with primary antibodies and horseradish peroxidase-
conjugated secondary antibodies followed by chemilu-
minescent detection. The antibodies (Abcam) used for
Western blot analysis were the following: polyclonal
anti-Cezanne (1:1,000), anti-ICAM1 (1:1,500), anti-Flag
(1:1,500), anti-HA (1:1,000), anti-b-actin (1:5,000), and
anti-ubiquitin (1:2,000).

Cezanne DUB Activity Assay for In Vivo Measurements

The catalytic activity of Cezanne was assessed by
measuring its capacity to bind to a ubiquitin-derived
probe (HA-UbVME; Boston Biochem, Cambridge,
MA, USA), which contained a thiol-reactive vinyl-
methyl ester group at the C terminus. UbVME DUB
activity assay was performed according to Borodovsky
et al.”” with several modifications. The probe is tagged
with HA-epitope to facilitate detection and is ~10 kDa
in size. Cytosolic lysates were made from cells express-
ing Flag-tagged Cezanne using 50 mM Tris (pH 7.6),
0.2% Nonidet P-40, 150 mM NaCl, 0.5 mM EDTA,
and 0.5 mM 4-(2-aminoethyl) benzenesulfonyl fluo-
ride. Supernatant from cell lysates was collected after
10-min spin at 10,000 rpm at 4°C. Cell extracts and
1-1.5 mg of UbVME probe were incubated at 25°C for
60 min in DUB reaction buffer (50 mM Tris, 50 mM
NaCl, 10% glycerol, and 1 mM EDTA). Reactions were
terminated with 250 mM Tris (pH 6.8), 2% SDS, 20%
glycerol, and 200 mM 2-mercaptoethanol, boiled for
10 min. Probe-Cezanne conjugates were detected by
Western blotting.

Deubiquitinase Assays

Cezanne were diluted to 2x final concentration in
150 mM NacCl, 25 mM Tris (pH 7.5), and 10 mM DTT
and used directly, or activated at 23°C for 10 min.
Subsequently, 10 ml of diluted enzyme were mixed with
1-2 mg of di-Ub and 2 ml of 10x DUB buffer [500 mM
NaCl, 500 mM Tris (pH 7.5), and 50 MM DTT] in a 20-ml
reaction. For oxidation studies, Cezanne was preactivated
with 10 mM DTT, and subsequently dialyzed against
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degassed reaction buffer lacking DTT. Protein was incu-
bated with indicated concentrations of H,O, for 15 min,
and either used in a DUB reaction, or again DT T-treated
(10 mM, 15 min) and used in a DUB reaction.

Satistical Analysis

Statistical differences were determined using Student’s
t-test. Values of p<0.05 was considered statistically sig-
nificant. Statistical analyses were performed using SPSS
version 10.0 (SPSS Inc. Chicago, IL, USA).

RESULTS

Hepatocellular Carcinoma Cells Generated High Levels
of Endogenous ROS

We first used intracellular CM2-DCFHDA staining
method to measure the endogenous ROS levels in the
cells and found that the ROS levels in both HepG2 cells
and SK-HEP-1 cells were fivefold and sixfold higher,
respectively, than those in normal liver cells (Fig. 1A and
B). The fluorescent signal was completely inhibited by
the addition of catalase to indicate the specificity of ROS
staining. To further test the ROS levels in other hepatocel-
lular carcinoma cells, hepatocellular primary tumor cells
were used. As shown in Figure 1A and B, the ROS levels
in the hepatocellular tumor primary cells were signifi-
cantly higher (3.5-fold) than that in HCC nontumor cells,
indicating that ROS were also spontaneously overpro-
duced in hepatocellular carcinoma. The endogenous ROS
production was inhibited by DPIl, NADPH-dependent
oxidase inhibitor, and rotenone, the mitochondria com-
plex I inhibitor (Fig. 1A and B). These results suggested
that NADPH oxidase and the mitochondria respiratory
chain were required for inducing ROS production in
HCC cells.

H,O, Enhanced Induction of MMP2, MMP9, and
ICAM1 Expression in Response to TNF-«

It was reported that MMP2, MMP9, and ICAML1 lev-
els were regulated by Cezanne2 through modulation of
NF-kB signaling cascade®. To investigate the ROS effect
on NF-kB-dependent inflammatory activation, we exam-
ined whether reactive oxygen species such as H,O, could
regulate proinflammatory activation in HepG2 cells,
either alone or in combination with TNF-a. We observed
by comparative real-time RT-PCR that the application of
H,0, alone (6-100 mM) had little or no effect on MMP2
and MMP9 mRNA expression levels in HepG2 cells (Fig.
2Aand B). However, H,0, significantly enhanced the pro-
duction of MMP2 and MMP9 expression levels in a con-
centration-dependent manner in cells that were cotreated
with TNF-a (Fig. 2A and B) without affecting cell pro-
liferation or survival (data not shown). Furthermore, we
observed upregulation of ICAML1 protein level response
to TNF-a stimulation with H,O, treatment at varying
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Figure 1. Hepatocellular cancer cells generated higher levels of endogenous reactive oxygen species (ROS). (A) Normal liver cells
THLE-2 cells, hepatocellular carcinoma cells (HCC) nontumor cells, HCC primary tumor cells, and HCC carcinoma cell lines, HepG2
and SK-HEP-1 cells were seeded onto a glass coverslip in a six-well plate at 1 x 10° cells per well for 24 h. CM2-DCFHDA (5 mmol/L)
was added into the cell culture medium and incubated for 30 min. For the catalase treatment, catalase (750 U/ml) was added to
SK-HEP-1 cells 30 min before the addition of CM2-DCFHDA. The cells were washed three times with 1x PBS and fixed with 10%
buffered formalin. The representative images were captured with a confocal fluorescence microscope (at excitation wavelength, 485
nm; emission wavelength, 530 nm). (B) The mean value of DCF fluorescence intensity was obtained from 1 x 10° cells at 485 nm exci-
tation and 540 nm emission settings using a flow cytometer (Becton Dickinson FACSort). SK-HEP-1 cells were treated with solvent,
5 mmol/L DPI, 5 mmol/L rotenone for 30 min, and then stained with 5 mmol/L CM2-DCFHDA for 15 min. The relative fluorescence
intensity was analyzed by flow cytometry and normalized to that of normal liver cells. Significant difference was presented when the
value of treatment was compared with that of the control.

concentrations (Fig. 2C). These data indicated that H,O, Oxidation of Cezanne |s Dependent on its Catalytic
could activate inflammatory effect through increased Competency
induction of MMP2, MMP9, and ICAM1 expression.

Next, we tested whether Cezanne could be a direct target

Oxidation Could Promote NF-xB Sgnaling Cascade by of oxidative stress and whether this could affect its catalytic
Inhibiting Cezanne DUB Activity activity. Cys oxidation by H,0, results in the formation of

Given the exquisite sensitivity of cysteine proteases sulfenic (-SOH), sulfinic (-SO,H), or sulfonic (-SO,H)
to oxidative stress, we reasoned that H,O, may prolong acid, which represents the addition of one, two, or three
NF-kB signaling activation by inhibiting the catalytic oxygen molecules, respectively®. To assess the catalytic
activity of Cezanne. First, we observed by reporter gene activity of the modified Cezanne by measuring total active
assay that H,O, significantly reduced the capacity of over- site thiol content, we assessed the effects of H,O, on the
expressed Cezanne to suppress NF-kB transcriptional feature of Cezanne using an assay employing a ubiquitin-
activity in response to TNF-a (Fig. 3A). TRAF6 was a tar- derived thiol-reactive probe (HA-UbVME), which is known
get candidate of Cezanne2 substrates and further regulated to bind specifically to the catalytic cysteine of deubiquit-
the NF-kB signaling pathway?®. Western blotting revealed inating enzymes®. Incubation of probe with lysates from
that overexpression of Cezanne significantly reduced HepG?2 cells transfected with flag-tagged Cezanne revealed

the buildup of polyubiquitinated TRAF6 in HepG2 cells a prominent band corresponding to ubiquitin-modified
treated with TNF-a (Fig. 3B) but had little or no effect in Cezanne (Fig. 4A and B). We confirmed that probe bind-
HepG2 cells that were cotreated with TNF-a and H,0O,. ing observed in these experiments was due to Cezanne
These data indicated that H,O, could suppress the capac- sequences by demonstrating that it was not observed
ity of Cezanne to inhibit TRAF6 signaling in HCC cells. using lysates from untransfected cells (data not shown).
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Figure 2. H,0, enhanced induction of metalloproteinase
2 (MMP2), MMP9, and intercellular adhesion molecule 1
(ICAM1) expression in response to TNF-a. HepG2 cells were
stimulated with TNF-a (10 ng/ml) for 4 h either in the absence
or in the presence of varying concentrations of H,0,. (A, B)
MMP2 and MMP9 mRNA transcript levels were quantified by
comparative real-time PCR and were normalized by measuring
b-actin. (C) Expression of ICAM1 was compared by Western
blot between HepG2 cells treated with TNF-a stimulation
and varying concentrations of H,0O,.

We observed that probe binding to Cezanne was not influ-
enced by treatment of cells with TNF-a alone but was
reduced by cotreatment of HepG2 cells with TNF-a and
H,O,. In addition, probe binding to Cezanne was sup-
pressed by the addition of H,O, to reaction mixtures in vitro
in a concentration-dependent manner (Fig. 4A and B). To
determine whether the labeling, and therefore oxidation,
of Cezanne was dependent on its catalytic competency, we
tested labeling of Cezanne mutated in the active site Cys
domain. This mutant (C209S) compromises the nucleo-
philic ability of the catalytic Cys residue because of loss
of the active site thiol”®, and, when expressed, it was not
labeled by the HA-UbVME probe in an oxidative stress-
dependent manner (Fig. 4C). These findings indicated that the
catalytic activity of Cezanne could be inhibited by H,O.,.
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Furthermore, we used a biotin-tagged 1,3-cyclohexadi-
one derivative, DCP-Biol, to investigate the oxidation
status of Cezanne in response to oxidative stress. Because
the analysis of the endogenous Cezanne oxidation state
was difficult to assess due to the low abundance of active
Cezanne pool in cells, exogenous Cezanne was forced
expressed in HepG2 cells to ensure higher levels of active
DUB. Upon H,0O, treatment, we found that exogenously
expressed C-terminally epitope-tagged human Cezanne
(Cezanne-Flag) was labeled by DCP-Biol in cell lysates
(Fig. 4D), suggesting that Cezanne was oxidized to the
sulfenic acid intermediate in response to oxidative stress.
Taken all together, we conclude that H,0, has capacity to
inhibit the catalytic activity of Cezanne.

Reducing Agents Activate the Cezanne DUB

The effect of reducing agents on Cezanne activity
suggested that the enzyme is susceptible to regulation
by ROS. Dithiothreitol (DTT) is a reducing agent. To
test this hypothesis, we first treated 5 mM Cezanne with
increasing amounts of H,0, in vitro for 15 min. Catalase
was added to rapidly deplete H,O, and stop oxidation.
Samples were then split and to one half 10 mM DTT was
added and incubated for 15 min at room temperature.
The proteins were used in DUB assays against Lys48-
linked diUb (Fig. 5). This experiment revealed that H,O,
concentrations exceeding 10 mM significantly reduced
Cezanne DUB activity. Importantly, this inhibition was
completely reversed by DTT up to a H,0O, concentra-
tion of 100 mM, suggesting fully reversible inhibition of
Cezanne DUB activity in the physiologically important
range of 10-100 mM H,0O,. Incubation with higher con-
centrations of H,0, (1 mM) led to irreversible inhibition
that could not be reversed by subsequent DTT treatment.
Overall, these results indicated that ROS-mediated oxi-
dation of Cezanne could be reversed by DTT treatment,
allowing for reversible regulation of enzyme activity.

DISCUSSION

There are growing interests of ROS signaling in
carcinogenesis. However, the direct roles and mecha-
nism of ROS in tumor pathophysiology remain to be
elucidated. In this study, we found that reactive oxygen
species (ROS) such as H,0, may enhance NF-kB activa-
tion via suppressing deubiquitinase Cezanne in liver can-
cer cell lines. Generation of ROS in cells constitutes an
important signaling event. However, its transient nature,
high reactivity, and high diffusion rate pose challenges
for detecting the roles and targets of ROS. To date, pro-
tein tyrosine phosphatases are the best studied enzyme
class regulated by ROS, and the impact of ROS produc-
tion in phosphorylation cascades is unquestioned”?’.
Phosphatases were also instrumental to illuminate the
different mechanisms of reversible inhibition of enzyme
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Figure 3. Oxidation inhibits NF-kB signaling cascade by inhibiting Cezanne. (A) Reporter gene assays were performed to assess the effects
of H,0, on NF-kB suppression by Cezanne. HepG2 cells were cotransfected with pcDNA3.1-Cezanne (or empty vector), pGL3 basic vector
(NF-kB reporter), and pRL-TK (Renilla luciferase control). After 16 h, cells were stimulated with TNF-a (10 ng/ml) for 16 h either in the
presence or absence of 100 mM H,O,. Cell lysates were analyzed, and the ratio of firefly/Renilla luciferase activity was calculated, which
is a measure of NF-kB activity normalized for transfection efficiencies. Mean values of NF-kB activity calculated from triplicate wells
were pooled from three experiments and are shown with standard deviations. (B) TRAF6 polyubiquitination was measured from HepG2
cells transfected with an expression vector encoding Cezanne (pcDNA3.1-Cez) or remained untransfected when treatment with TNF-a.
Streptavidin-coated beads were then used to precipitate TRAF6 complexes, which were tested by Western blot using anti-TRAF6 antibody.
Cytosolic lysates were tested by Western blot using anti-TRAF6 or anti-Cezanne antibodies. Levels of polyubiquitinated TRAF6 (polyUb-
TRAF6) were quantified by densitometry. Mean values calculated from triplicate measurements are shown with standard deviations.

activity by oxidation®. Given the sensitivity of cysteine its ability to suppress TRAF6 polyubiquitination and
proteases to oxidative stress, we reasoned that H,O, NF-kB transcriptional activity were inhibited by H,O,.
may prolong signaling to NF-kB by inhibiting the We concluded that the ability of H,O, to prolong NF-kB
activity of Cezanne. Consistent with this hypothesis, signaling could potentially be explained by its inhibi-
we observed that the catalytic activity of Cezanne and tory effects on Cezanne activity. A previous study by

A B H,0;(min) 0

o 10 10 30 30
1 7 3 4 5 UbVME probe = + - + - +
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oTIT + - - - -
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Figure 4. Oxidation of Cezanne catalytic Cys to the sulfenic acid intermediates. A thiol-reactive probe (HA-UbVME) was used to
assess the effects of H,0, on the catalytic activity of Cezanne. Since this is an irreversible reagent it measures total active site thiol
content, not activity. To measure its activity, excess reagent was used and that labeling was measured over the first several percent of
the reaction. (A) Cytosolic lysates made from cells expressing Flag-tagged Cezanne were incubated with HA-UbVME probe in the
presence of varying concentrations of H,0,. Alternatively, lysates were incubated with probe in the presence of a reducing agent, DTT.
Cezanne linked covalently to probe was detected by Western blotting using anti-HA epitope antibodies. Results are representative of
two independent experiments. (B, C) HepG2 cells expressing Flag-tagged Cezanne were treated with TNF-a (10 ng/ml) either in the
presence or absence of 100 mM H,O, or remained untreated as a control. Cytosolic lysates were incubated with HA-UbVME probe
or were incubated in the absence of probe as a control. Cezanne linked covalently to probe was detected by Western blotting using
anti-HA epitope antibodies. Levels of Cezanne in cytosolic lysates were normalized by Western blot using anti-Cezanne antibodies.
(D) Oxidation of Cezanne catalytic Cys to the sulfenic acid intermediate can be captured by DCP-Biol probe. HepG2 cells were trans-
fected for 48 h with Cezanne-Flag WT or C209S mutant. Cells were then treated with H,0, (final concentration 0.3 mM) for 30 min.
Extracts were made and divided for two separate reactions: labeling with DCP-Biol probe or with the UbVME DUB activity probe.
Input represents 30% of extracts used for the DCP-Biol reaction.
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Figure 5. Reversible Cezanne oxidation in vitro. Cezanne was
first incubated with indicated concentrations of H,0, for 15 min
at 23°C, and 100 U of catalase was added to quench the H,0,.
To one-half of the sample, DTT was added to a final concentra-
tion of 10 mM and incubated at room temperature for 15 min.
The activity of the treated Cezanne was tested in a DUB assay
using Lys48-linked diUb as substrate.

Xu et al. demonstrated that Snail1-mediated suppression
of Cezanne2 may play a key role in hepatocellular carci-
noma malignancy®. However, Cezanne, which has 46%
homology to Cezanne2, maintained comparatively stable
expression in HCC cells and tumorous tissues. Because
both of them may share similar biologic function in the
downstream signaling cascades, there may be a possibil-
ity that some inhibitory effect would exist in Cezanne
protein via posttranslational level but not on transcrip-
tional level. Therefore, results from the current study
for the first time confirmed the hypothesis that endog-
enous Cezanne in hepatocellular carcinoma was oxidated
by ROS in its catalytic cysteine residual to inactivate
tumor suppressor function in HCC.

The regulation of ubiquitin-dependent signaling path-
ways by ROS was established” in a study which showed
that treating cells with H,O, enhances an inflam-
matory response involving the NF-kB signaling path-
way. Recently, three distinct works have shown that
Cys oxidation can modulate DUB activity. Cotto-Rios
et al.* reported the transient sulfenylation of catalytic
Cys for several members of the Ub-specific protease
(USP) family. In particular, the authors established
that USP1, a DUB involved in DNA damage response
pathways, is reversibly inactivated following the induc-
tion of oxidative stress in cells. Additionally, studies
from Kulathu et al."* demonstrate that many members
of the ovarian tumor DUBs also undergo Cys oxida-
tion upon H,O, treatment, including the tumor sup-
pressor A20. Crystal structure analysis of oxidized
A20 showed that transient RSOH can be stabilized by
the formation of hydrogen bonds with the highly con-
served residues located in the loop preceding catalytic
Cys. Both works noted that each DUB family mem-
ber exhibits a distinct level of sensitivity to oxidation.
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Differences in behavior can reflect various ranges of
catalytic activation in which the conformational inac-
tive enzyme could be less susceptible to oxidation. Lee
et al.”® confirmed this hypothesis by showing that pre-
incubation of USP7 with Ub, which behaves as an
allosteric activator, increases USP7 sensitivity to ROS.
Collectively, these articles™>* highlight the ubiquity of
ROS sensitivity across the main cysteine—protease fami-
lies of the DUBs. These discoveries coincided with ROS-
dependent inhibition of the DUB enzyme Cezanne in
our current study.

Elevated levels of ROS have been found in many
disease states, notably cancer, diabetes, and conditions
of chronic inflammation®. Given the role of deregula-
tion of ubiquitination in disease pathogenesis®, it is
possible that oxidative stress exerts its pathological
functions, at least in part, also via deregulation of DUBS.
The realization that DUBs are a target of ROS may lead
to reevaluation of cell signaling processes in oxidative
stress-induced conditions. Studies of cultured cells have
revealed that ROS have profound effects on numerous
physiological activities including proinflammatory acti-
vation, which can be altered by ROS through poorly
defined mechanisms. Numerous reports have indicated
that NF-kB-dependent transcription is a redox-sensitive
process. However, the effects of oxidative stress on cel-
lular activation are complex and vary between particu-
lar types of cells, ROS, and coactivating stimuli. For
example, H,0, has been shown to be a direct inducer
of NF-kB transcriptional activity and proinflammatory
activation in some cell types (e.g., T cells and MCF-7
cells). In addition, H,O, can enhance or prolong cellular
activation in response to proinflammatory cytokines in
several cell types. NF-kB induces other negative regu-
lators of proinflammatory signaling including A20 and
its sister molecule Cezanne, which belong to the OTU
family of deubiquitinating cysteine proteases that can
cleave ubiquitin monomers from modified proteins.
The next challenge will be to define cellular situations
in which OTU oxidation occurs. Interestingly, com-
bined treatment of cells with TNF-a and H,O, leads to
prolonged changes in the kinetics of NF-kB activation,
and sustained polyubiquitination of TRAF6 substrates,
suggesting that Cezanne may be affected. Our further
study demonstrated that oxidative stress could inactivate
its DUB activity by oxidation of the catalytic Cysteine
residual in Cezanne. While our studies implicated that
Cezanne is involved in this process, it could also be
other OTU family member that mediates the reported
effects.

In summary, we described a novel mechanism for the
proinflammatory effects of reactive oxygen species, which
caused oxidation of Cezanne cysteine in HCC. Further,
oxidation of Cezanne results in a prolonged, or increased,
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response to TNF and that hepatocellular carcinoma is par-
ticularly sensitive to this regulation. Therefore, our find-
ings provide strong evidence that endogenous ROS may
play an important role for pathophysiology in HCC, and
these results may be useful to develop new therapeutic
strategy by targeting ROS signaling in human hepatocel-
lular carcinoma in the future.
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