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Abstract

Protein ubiquitination regulates protein stability, cellular localization, and enzyme activity.
Deubiquitinases catalyze the removal of ubiquitin from target proteins and reverse ubiquitination.
USP13, a deubiquitinase, has been shown to regulate a variety of cellular responses including
inflammation; however, the molecular regulation of USP13 has not been demonstrated. In this
study, we revealed that USP13 is degraded in response to lipopolysaccharide (LPS) in kupffer
cells. USP13 levels are significantly decreased in inflamed organs, including liver tissues from
septic mice. LPS reduces USP13 protein stability, not transcription, in kupffer cells. Furthermore,
LPS increases USP13 polyubiquitination. Inhibition of proteasome, but not lysosome or
immunoproteasome, attenuates LPS-induced USP13 degradation, suggesting USP13 degradation
is mediated by the ubiquitin-proteasome system. A catalytically inactive form of USP13 exhibits
similar degree of degradation compared to USP13 wild type, suggesting that USP13 degradation is
not dependent on its activity. Furthermore, USP13 degradation is dependent on new protein
synthesis. Inhibition of c-Jun N-terminal kinase (JNK) attenuates USP13 degradation, indicating
that a JNK-dependent new protein synthesis is necessary for USP13 degradation. This study
reveals a molecular mechanism of regulation of USP13 degradation in Kupffer cells in response to
bacterial endotoxin.
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Introduction

Protein degradation is an essential process for maintenance of intracellular protein
homeostasis (Balchin, Hayer-Hartl, & Hartl, 2016; Jana, 2012; Thompson & Bruick, 2012).
Ubiquitination is the binding of an ubiquitin protein or ubiquitin chain to target proteins,
resulting in protein degradation in either the proteasome or the lysosome (Berndsen &
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Wolberger, 2014; Lee, Lee, & Rubinsztein, 2013; Zheng & Shabek, 2017). A series of
enzyme reactions catalyze protein ubiquitination, which is reversible. Deubiquitination is the
removal of ubiquitins or ubiquitin chains from target proteins (Hershko & Ciechanover,
1998; Mevissen & Komander, 2017; Varshavsky, 2017). Deubiquitinases catalyze this
process and play critical roles in regulation of cellular responses, such as cell proliferation,
cell death, differentiation, and cytokine release (Cai, Culley, Zhao, & Zhao, 2018; Clague,
Urbe, & Komander, 2019; S. Li, Zhao, Shang, Kass, & Zhao, 2018). It is important to
understand the molecular regulation of deubiquitinase activity, synthesis, and degradation.
Regulation of deubiquitinases by post-translational modifications has been reported (Huang
et al., 2011; Mevissen & Komander, 2017; Mialki, Zhao, Wei, Mallampalli, & Zhao, 2013).
Phosphorylation of USP14 by AKT enhances its deubiquitinase activity (Huang et al., 2011;
Xu et al., 2015). Deubiquitinase abundance is regulated by proteasomal degradation
(Boutell, Canning, Orr, & Everett, 2005; Khoronenkova et al., 2012). Loss of activity may
lead to deubiquitinase degradation. Inactive USP37 is ubiquitinated by E3 ubiquitin ligase
APCCPHI and degraded in the proteasome (Huang et al., 2011).

USP13, a deubiquitinase, is a type of cysteine protease. Multiple substrates have been
identified as targets of USP13. USP13 targets and deubiquinates STING (stimulator of
interferon genes), MCL1, PTEN, Myc, Sigirr, and others (Fang et al., 2017; L. Li et al.,
2019; Liao et al., 2020; Sun et al., 2017; J. Zhang et al., 2013; S. Zhang et al., 2018); thus
USP13 plays critical roles in regulation of various cellular responses including cell death
and inflammation. There is limited information regarding molecular regulation of USP13
expression and activity. Our previous study has showed that USP13 levels are reduced in
mouse lungs from murine models of acute lung injury (L. Li et al., 2019). Furthermore, LPS
reduced USPI3mRNA levels in Raw264.7 cells (L. Li et al., 2019). However, molecular
mechanisms of USP13mRNA reduction have not been well revealed. Inhibition of NF-xB,
JNK, and p38 had no effect on LPS-induced USP13 reduction (L. Li et al., 2019).

In this study, we found that USP13 levels are reduced in Kupffer cells in response to LPS.
However, in contrast to USP13 mRNA changes in Raw264.7 cells, LPS reduces USP13
stability, but not mRNA levels, in Kupffer cells. Furthermore, we demonstrate that a new
protein synthesis is necessary for USP13 degradation. It is possible that INK plays a role in
regulation of USP13 stability by upregulating synthesis of a new protein. This study is the
first to demonstrate molecular regulation of USP13 stability and it will provide a new
strategy to regulate biological functions of USP13 substrates.

Materials and Methods

Animal surgery procedure.

All procedures were approved by an institutional animal care and use committee (IACUC) at
the Ohio State University Animal Resources Centers. Male C57BL/6 mice aged 8-10 weeks
were housed under specific pathogen-free conditions at the Ohio State University. Cecal
ligation and puncture (CLP) or sham operation was performed to induce sepsis. Briefly,
mice were anesthetized by intraperitoneally injection of a mixture of ketamine and xylazine.
Cecum was exposed, ligated at designated position, punctured with a 21-gauge needle, and
gently squeezed to extrude a small amount of feces into the peritoneal cavity. Then the

J Cell Physiol. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuetal.

Page 3

wound was sutured, followed by liquid resuscitation with saline. Sham operation was
performed with exposure of cecum but no ligation and puncture, and then cecum was placed
back to the peritoneal cavity. At 4 or 24 h after the surgery, liver tissues were harvested.
Murine model of acute lung injury was induced as previously described. Briefly, LPS
(5mg/kg) or the same volume of PBS was injected into the trachea in each mouse. And then
lung tissue samples were harvested after 24 h.

Cell culture and reagents.

HepG2 cells and Raw264.7 cells (mouse macrophage-like cell line) were purchased from
American Type Cell Collection (ATCC, Rockville, MD, USA). The ImKC immortalized
mouse Kupffer cells were purchased from EMD Millipore Corporation. HepG2, Raw264.7,
and mouse Kupffer cells were cultured with complete medium composed of Dulbecco’s
Modified Medium (DMEM, from ATCC, Manassas, VA, USA) supplemented with 10%
fetal bovine serum (FBS, Gemini Bio-Products, Calabasas, CA, USA) and 1% penicillin
streptomycin (pen/strep, Gibco, Paisley, Scotland). MG-132 and leupeptin were from ENZO
Life Sciences (Farmingdale, NY, USA). LPS, actinomycin D, cycloheximide, batimastat,
SB203580, and anti-pB-actin antibody were from Sigma Aldrich (St Louis, MO, USA). INK
inhibitor IT and Y27632 were from Calbiochem (San Diego, CA, USA). 5-azacytidine,
B1X-02194, and ONX0914 were purchased from Cayman Chemical Company (Ann Arbor,
MI, USA). Antibodies against Hsp90 and JNK, immobilized protein A&G beads and control
IgG were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-USP13 antibody
was purchased from Proteintech (Chicago, IL, USA). Antibody against K48-linked ubiquitin
was from Cell Signaling (Danvers, MA, USA). Anti-V5 antibody, mammalian expression
plasmid pcDNA3.1/His-V5-topo and Escherichia coli TOP10 competent cells were from
Life Technologies (Geithersburg, MD, USA). Horseradish perioxide-conjugated goat anti-
rabbit and anti-mouse secondary antibodies were purchased from Bio-Rad (Hercules, CA,
USA). GenJet™ and GenMute™ reagents were from SignaGen (ljamsville, MD, USA).

Real-time reverse transcriptase-polymerase chain reaction.

Total RNA was extracted from cells by using the Total RNA Mini Kit (IBI Scientific, IA,
USA) according to the manufacturer’s instructions. The complementary (cDNA) was
synthesized with 1 pg of total RNA using the iScript cDNA Synthesis Kit (Bio-Rad
Laboratories, Hercules, CA, USA). Real-time RT-PCR was performed using the iQ SYBR
Green Supermix kit (Bio-Rad Laboratories). Reaction mixture included cDNA template,
forward and reverse primers, nuclease-free water, and the 1Q Sybr Green supermix. The
nucleotide sequences of specific primers are described below: mUSP13 forward,
AGTGCTCAGCTCAAAGTCCC, mUspi3reverse, AGTTGCACAAGGTTGTTGGC;
miL-6forward, AGCCAGAGTCCTTCAGAGAT, mlL-6reverse,
GGAAATTGGGGTAGGAAGGACT,; mGapadh forward, ACCCTTAAGAGGGATGCTGC,
mGapdh reverse, TCACACCGACCTTCACCATTT. The mRNA level of each sample was
normalized to that of Gapdh mRNA level.

Immunoblot analysis.

Proteins from liver tissues or cells were extracted by lysis buffer containing protease and
phosphatase inhibitor (Thermo Fisher Scientific, Waltham, MA, USA). Cell lysates were
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sonicated for 12 sec, followed by centrifugation at 4 °C at 10000 rpm for 5 min. Protein
quantification was performed using the DC Protein Assay kit (Bio-Rad Laboratories,
Hercules, CA, USA). Equal amounts of total protein (20 pg) were subjected to SDS-PAGE
and transferred to nitrocellulose blotting membranes, then incubated with primary antibody;,
followed by the secondary antibody.

Plasmid and transfection.

The cDNA encoding human USP13 and mutants were inserted into pcDNA3.1-V5-His-Topo
vector (Invitrogen, Carlsbad, CA, USA). After the cell density in 6-well plates or 100-mm
dishes reached to 70%, plasmids were transfected into mouse Kupffer cells using GenJet™
reagent according to the manufacture’s instruction.

In vivo ubiquitination assay.

Kupffer cells were treated with MG-132 for 3 h before they were collected. After washing
with cold PBS, cells were harvested with PBS, followed by centrifugation at 1000 rpm for 5
min. Supernatant was removed, followed by addition of 1 pl of ubiquitin aldehyde, 1 ul of
N-ethylmaleimide, and 60-80 pl of 2% SDS lysis buffer. After sonication, cell lysates were
boiled at 100 °C for 10 min. The denatured samples were diluted with 600-800 pl of TBS.
Equal quantities of protein (1 mg) from each sample were incubated with primary USP13
antibody for overnight at 4 °C to pull down USP13, then protein A&G beads were added for
additional 2 h at 4 °C. The beads were precipitated by centrifugation at 2500 rpm for 2 min,
and then rinsed with cold PBS three times. Precipitates were eluted by boiling in SDS
sample buffer. Immunoblot analysis of the sample was performed with ubiquitin antibody.

Immunoblots quantification and Statistical analysis.

Results

USP13 immunoblots were quantified with Image J and normalized to intensities of B-actin
immunoblots. All results were subjected to statistical analysis using two-way ANOVA and,
wherever appropriate, Student t test. Data are expressed as mean + SD of triplicate samples
from at least three independent experiments and p values <0.05 were considered statistically
significant.

USP13 levels are reduced in liver tissues in a cecal ligation and puncture (CLP)-induced
sepsis model.

USP13, a deubiquitinase, regulates inflammatory responses through targeting IL-1R8/Sigirr
(L. Li et al., 2019). We have shown that USP13 is reduced in lung tissues from a
lipopolysaccharide (LPS)-induced acute lung injury model (L. Li et al., 2019). To further
investigate molecular mechanisms of USP13 reduction in an inflammatory condition, we
confirmed our published data and showed that intratracheal LPS challenge diminished
USP13 protein levels in murine lungs (Fig. 1A and B). Further, we investigate the changes of
USP13 in the liver from a CLP-induced sepsis model. As shown in Fig. 1C and D, USP13
levels in the liver were reduced in CLP-challenged mice, compared to that in sham mice.
These results suggest that the anti-inflammatory USP13 is reduced in inflamed organs
including lungs and liver.
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USP13 levels are reduced in a macrophage like cell line (Raw264.7).

To investigate in which cell types that USP13 is reduced, we examined the USP13 levels in
HepG2 and Raw264.7 (a macrophage cell like cell line). To mimic inflammatory condition,
we treated HepG2 with LPS, IL-1p, and TNFa up to 48 h. As shown in Fig. 1E-G, and
supplemental Fig. 1, neither LPS (low or high doses), IL-1p, nor TNFa altered USP13
levels. We found that LPS treatment of Raw264.7 cells diminished USP13 levels in both
dose- and time-dependent manners (Fig. 1 H-K), consistent with our previous study.

LPS diminishes USP13 levels, but not USP13 mRNA, in Kupffer cells.

Kupffer cells, resident macrophages in livers, play a critical role in liver inflammation,
injury, and repair (Boltjes, Movita, Boonstra, & Woltman, 2014; Kolios, Valatas, &
Kouroumalis, 2006). To investigate the molecular mechanisms by which LPS reduces
USP13 levels in macrophages in the liver, we examined the effect of LPS on USP13 levels in
Kupffer cells. The results were similar to the findings using Raw264.7 cells. LPS treatment
starting from 10 ng/ml decreased USP13 levels after 24 h (Fig. 2A-D). Furthermore,
changes of FBS concentration in culture media had no effect on LPS-reduction of USP13 in
Kupffer cells. These data suggest that USP13 levels are reduced in Kupffer cells, but not
hepatocytes. It is possible that hepatocytes and Kupffer cells express different levels of
TLR4 and cytokine receptors. We have shown that LPS reduced USP13 mRNA expression
in Raw264.7 cells. Next, we investigated whether USPZ3 mRNA changes in response to
LPS in Kupffer cells. As shown in Fig. 3A, LPS treatment of Kupffer cells did not alter
USP13 mRNA expression. The western blotting further confirmed that LPS reduces USP13
protein levels without altering its transcription (Fig. 3B), suggesting that LPS may affect
USP13 protein stability.

LPS induces USP13 degradation by the ubiquitin-proteasome system in Kupffer cells.

K48-linked polyubiquitination triggers protein degradation. To investigate whether LPS
regulates USP13 degradation through ubiquitination, we examined the effect of LPS on
USP13 ubiquitination. As shown in Fig. 4A, LPS increased USP13 lysine (K)48-linked
polyubiquitination. Protein degradation is mediated in either the proteasome or the
lysosome. To determine which pathway regulates USP13 degradation, we treated cells with
proteasome inhibitors (MG-132 and bortezomib) or lysosome inhibitor (leupeptin) prior to
LPS challenge. MG-132, but not leupeptin, attenuated LPS-induced USP13 degradation
(Fig. 4B-D). Bortezomib treatment increased accumulation of USP13 (Fig. 4E), indicating
that USP13 degradation is mediated by the ubiquitin-proteasome system.
Immunoproteasome, a subgroup of proteasome, has been detected in inflammatory cells.
Inhibition of the immunoproteasome by its specific inhibitor, ONX0914, did not alter
USP13 degradation (Fig. 4E), suggesting that USP13 is degraded in the constitutive
proteasome.

Catalytic activity of USP13 is not necessary for LPS-reduced USP13.

Inactivation of deubiquitinase has been shown to regulate its stability (Huang et al., 2011).
To investigate whether catalytic activity of USP13 influences its stability, we generated a
plasmid which expresses a catalytically inactive form of VV5-tagged USP13 (USP13C345S-
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V/5). Cycloheximide is an inhibitor of protein synthesis and often used for examining protein
half-life. As shown in Fig. 5A and B, USP13C345S delayed degradation, compared to
USP13 wild type, while the differences did not reach statistical significance. Further, we
investigated whether an inactive form of USP13 exhibits slightly longer half-life, compare to
wild type, in the presence of LPS. Similar to endogenous USP13, ectopically expressed
USP13-V5 was degraded in response to LPS, while USP13C345S-V5 exhibited an identical
degradation pattern, compared to wild type (Fig. 5C, D). Thus, catalytic activity of USP13 is
a minor factor for regulating its half-life, while it is not necessary for LPS-induced USP13
degradation.

LPS-induced synthesis of a new protein is required for USP13 reduction.

As shown above, LPS induced USP13 degradation in 24 h, but not in a shorter time exposure
(4 and 8 h). Thus, we hypothesized that a new protein synthesis induced by LPS may target
or promote USP13 for its ubiquitination. Actinomycin D is an inhibitor of mMRNA synthesis.
LPS-induced USP13 degradation was attenuated by actinomycin D (Fig. 6), suggesting a
new protein induced by LPS regulates USP13 ubiquitination.

JNK activity is essential for USP13 degradation.

To investigate the molecular regulation of the unknown protein, which regulates USP13
ubiquitination and degradation, we examined several factors related to transcriptional
regulation. Inhibitors of DNA methylation (5-azacytidine) and histone methylation
(B1X-01294) had no effect on LPS-induced USP13 reduction (Fig. 7A-C). Furthermore,
among the inhibitors of matrix metalloproteinases (MMPs), ROCK, p38 MAPK, and JNK,
only JNK inhibitor Il attenuated USP13 degradation (Fig. 7D). The effect of INK inhibitor II
on LPS-induced USP13 degradation was confirmed by an experiment using increasing doses
of the inhibitor (Fig. 7E). JNKs have been well known as downstream signal molecules and
to regulate LPS-induced gene expression and protein synthesis. This data suggests that LPS
induces synthesis of a USP13 degrading protein through activation of JINK in Kupffer cells.

Discussion

USP13 plays roles in various cellular responses by targeting multiple substrate proteins
(Fang et al., 2017; L. Li et al., 2019; Liao et al., 2020; Sun et al., 2017; J. Zhang et al., 2013;
S. Zhang et al., 2018). We have focused on investigating role of USP13 in inflammatory
responses. Our previous study suggests that USP13 exhibits an anti-inflammatory property
by stabilizing an anti-inflammatory receptor, IL-1R8/Sigirr (L. Li et al., 2019). Inhibition of
overexpression of USP13 regulates LPS-induced inflammatory responses (L. Li et al., 2019).
In the study, we also revealed that USP13 expression is reduced in inflamed lungs and LPS-
challenged Raw264.7 cells. In the current study, we confirmed the findings and further
discovered that in addition to lung tissues, USP13 is diminished in liver tissue from mouse
under septic shock. Notably, Kupffer cells, but not hepatocytes, exhibit a reduction of
USP13 in response to LPS challenge. Both Kupffer cells and Raw264.7 cells express Toll-
like receptor 4 (TLR4) and are sensitive to LPS (El Kasmi et al., 2012; Fisher et al., 2013;
Schmitz, Mages, Heit, Lang, & Wagner, 2004). We revealed that LPS reduces USP13
protein levels in both cell types, while USP13mRNA is reduced in Raw264.7 cells, but not
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in Kupffer cells. In Raw264.7 cells, LPS-reduced USP13 protein levels is by diminishing its
transcription, while in Kupffer cells, USP13 reduction is due to increased ubiquitination and
proteasomal degradation. The different phenotypes in these two cell types are possibly due
to the fact that Kupffer cells are liver tissue specific macrophages. Kupffer cells have been
shown to express unique gene expression patterns compared to peripheral macropaghes,
such as relatively low expression of tmed1, tollip, and IRAK-M in Kupffer cells (Movita et
al., 2012). It is possible that these different gene profiles affect regulation of USP13
degradation in Kupffer cells and Raw264.7 cells.

Deubiquitinase stability has not been well demonstrated. Here, we report that USP13
degradation is mediated by the ubiquitin-proteasome system. LPS-induced K48-linked
polyubiquitination of USP13 is responsible for its proteasomal degradation. Changes in
catalytic activity of deubiquitinases may determine their protein stability (Huang et al.,
2011; Mevissen & Komander, 2017). Loss of deubiquitinase activity may increase its
degradation. It is possible that deubiquitinases exhibit self-catalytic activity and prevent
themselves from ubiquitination and degradation. We generated a catalytically inactive form
of USP13 and revealed that enzyme activity in wild type USP13 slightly increases its half-
life, compared to inactive form. However, the differences were not observed in response to
LPS challenge, suggesting that an E3 ubiquitin ligase targets USP13 independently of
USP13 activity.

We found that short time exposure of LPS did not trigger USP13 degradation, suggesting
that an immediate LPS signaling through TLR4 does not contribute to USP13 ubiquitination
and degradation. Furthermore, we showed that INK-mediated synthesis of a new protein is
necessary for USP13 degradation. The unidentified protein may be an ubiquitin E3 ligase or
other mediator that promotes USP13 proteasomal degradation. We have not determined
whether this newly synthesized protein is an E3 ubiquitin ligase or not. We have found that
LPS increased Smurfl and WWP1 expression in Kupffer cells (data not shown). None of
these E3 ubiquitin ligases are responsible for USP13 degradation (data not shown).
Inhibition of INK had no effect on LPS reduction of USP13 in Raw264.7 cells, while INK
inhibitor attenuates USP13 degradation in Kupffer cells. This suggests that molecular
regulation of USP13 is different in these two cell types. From the time points of LPS’ effect,
we hypothesized that activation of INK by LPS does not directly affect USP13
ubiquitination. JINK was not associated with USP13 in both 4 and 16 h after LPS treatment
(supplemental Fig. 2). Which JNK isoform is involved in USP13 degradation has not been
revealed. The upstream signal pathways of JNK, such as TRAF and MEKK1, may also
regulate USP13 degradation. C-Jun is a substrate JNK. We will further identify the JNK/c-
Jun-regulated newly synthesized proteins under LPS challenge in future studies.

The role of USP13 in macrophages including Kupffer cells have not been demonstrated. We
have shown that USP13 regulates Sigirr stability, thus we hypothesize that USP13 may play
an anti-inflammatory role in Kupffer cells. This study indicates that understanding of USP13
degradation may reveal new molecular mechanisms in inflammatory responses. The effect of
USP13 on anti-inflammatory receptor Sigirr’s or other anti-inflammatory mediators’
stability in Kupffer cells needs to be determined in future studies. The roles of USP13 and
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the newly synthesized protein in liver inflammation, injury, and repair will be the future
focuses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. USP13levelsarereduced in liver tissue from a CL P-induced murine model of sepsis
and in Raw264.7 cellsin responseto L PS.

A. Immunoblotting analysis of lung tissue lysates from intratracheal PBS and LPS-
challenged mice with antibodies against USP13 and B-actin. B. USP13 immunoblots from A
were quantified with Image J and normalized to intensities of p-actin immunoblots. *p<0.05,
n=3-4. C. Immunoblotting analysis of liver tissue lysates from sham and CLP-challenged
mice with antibodies against USP13 and B-actin. D. USP13 immunoblots from C were
quantified with Image J and normalized to intensities of B-actin immunoblots. *p<0.05,
n=4-5. E. Immunoblotting analysis of cell lysates from HepG2 treated with lower
concentration of LPS (100 ng/ml, 0-24 h) with antibodies against USP13 and p-actin. F.
Immunoblotting analysis of cell lysates from HepG2 treated with higher concentration of
LPS (5 pg/ml, 24 h) with antibodies against USP13 and p-actin. G. Immunoblotting analysis
of cell lysates from HepG2 treated with IL- 1B (10 ng/ml, 0-48 h) with antibodies against
USP13 and p-actin. H. Immunoblotting analysis of cell lysates from Raw264.7 treated with
LPS (100 ng/ml, 0-24 h) with antibodies against USP13, Hsp90, and p-actin. |. USP13
immunoblots from H were quantified with Image J and normalized to intensities of B-actin
immunoblots. *p<0.05, **p<0.01, n=3. J. Immunoblotting analysis of cell lysates from
Raw264.7 treated with LPS (0-200 ng/ml, 24 h) with antibodies against USP13, Hsp90, and
B-actin. K. USP13 immunoblots from H were quantified with Image J and normalized to
intensities of B-actin immunoblots. *p<0.05, **p<0.01, n=3. All the images (E-J) are
representative from three independent experiments.

J Cell Physiol. Author manuscript; available in PMC 2022 June 01.



1duosnuey Joyiny

1duosnuely Joyiny

Yuetal. Page 12

A —— C
USP13 - USP13 [ e e e |
HSPQO‘ DD . —l T e d—
B-actin ‘..—.d B-actin \—-\
LPS (100 ng/ml), h 0 24 cont-24 LPS 24h, ng/ml 0 10 50 100 200
B 1.5 D 154 "
2 1.0 . l I’L‘
E 0.5-] ig 0'5- ’l‘ ﬁ % I
0.0- 0.0~ mm
cont 24 0 100
LPS 100 ng/ml, h LPS 24h, nglml
E Blank medium 0.1% FBS 0.5% FBS 1% FBS
USP13 | —_ |

HSpPO0 [ S s S S S S S—

e ————— ]

LPS (100 ng/ml) - + - + - + - +

Figure 2. LPSreduces USP13 levelsin Kupffer cells.
A. Immunoblotting analysis of cell lysates from Kupffer cells treated with LPS (100 ng/ml,

0-24 h) with antibodies against USP13, Hsp90, and p-actin. B. USP13 immunoblots from A
were quantified with Image J and normalized to intensities of B-actin immunoblots.
**p<0.01, n=3. C. Immunoblotting analysis of cell lysates from Kupffer cells treated with
LPS (0-200 ng/ml) for 24 h with antibodies against USP13, Hsp90, and p-actin. D. USP13
immunoblots from C were quantified with Image J and normalized to intensities of B-actin
immunoblots. **p<0.01, n=3. E. Immunoblotting analysis of cell lysates from Kupffer cells
in different concentration of FBS culture media treated with LPS (100 ng/ml, 24 h) with
antibodies against USP13, Hsp90, and B-actin. All the images are representative from three
independent experiments.
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Figure 3. USP13 mRNA levelsremains unchanged in responseto L PS exposure.
Kupffer cells were treated with LPS (100 ng/ml, 24 h), and then total RNA was extracted for

realtime PCR. A. USP13 mRNA levels were examined by realtime PCR. **p<0.01, n=3. B.
Cell lysates were analyzed by immunoblotting with antibodies against USP13 and p-actin.
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Figure 4. USP13 degradation by L PSis mediated by the ubiquitin-proteasome system.
A. Denatured cell lysates from LPS (100 ng/ml, 16 h)-treated Kupffer cells were subjected

to immunoprecipitation with a USP13 antibody, followed by immunoblotting with K48-
linked ubiquitin antibodies. Input lysates were analyzed by immunoblotting with USP13 and
B-actin antibodies. B. Immunoblotting analysis of cell lysates from Kupffer cells treated
with LPS (100 ng/ml, 24 h) with or without leupeptin with antibodies against USP13,
Hsp90, and B-actin. C. Immunoblotting analysis of cell lysates from Kupffer cells treated
with LPS (100 ng/ml, 24 h) with or without MG-132 with antibodies against USP13, Hsp90,
and B-actin. D. USP13 immunoblots from C were quantified with Image J and normalized to
intensities of B-actin immunoblots. **p<0.01, n=3. E. Immunoblotting analysis of cell
lysates from Kupffer cells treated with bortezomib for 24 h. F. Immunoblotting analysis of
cell lysates from Kupffer cells treated with LPS (100 ng/ml, 24 h) with or without ONX0914
with antibodies against USP13, Hsp90, and B-actin. All the images are representative from
three independent experiments.
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Figure 5. Catalytic activity of USP13 isnot involved in L PS-induced USP13 degradation.
A. Kupffer cells were transfected with VV5-tagged USP13 wild type (Wt) or USP13C345S

plasmid for 48 h, and then cells were treated with CHX for 0-8 h. Immunoblotting analysis
of cell lysates with antibodies against V5, Hsp90, and B-actin. B. USP13 immunoblots from
A were quantified with Image J and normalized to intensities of B-actin immunoblots. C.
Kupffer cells were transfected with VV5-tagged USP13 wild type (Wt) or USP13C345S
plasmid for 48 h, and then cells were treated with LPS (100 ng/ml) for 0-18 h.
Immunoblotting analysis of cell lysates with antibodies against V5 and p-actin. D. USP13
immunoblots from C were quantified with Image J and normalized to intensities of B-actin
immunoblots. All the images are representative from three independent experiments.
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Figure 6. Actinomycin D attenuates L PS-induced USP13 degradation.
A. Immunoblotting analysis of cell lysates from Kupffer cells treated with LPS (100 ng/ml,

24 h) with or without actinomycin D (ActD) with antibodies against USP13 and p-actin. B.
USP13 immunoblots from A were quantified with Image J and normalized to intensities of
B-actin immunoblots. **p<0.01, n=3. All the images are representative from three
independent experiments.
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Figure 7. INK inhibitor attenuates L PS-induced USP13 degradation.
A. Immunoblotting analysis of cell lysates from Kupffer cells treated with LPS (100 ng/ml,

24 h) with or without 5-azacytidine (Aza, pretreatment 1 h) with antibodies against USP13,
Hsp90, and B-actin. B. Immunoblotting analysis of cell lysates from Kupffer cells treated
with LPS (100 ng/ml, 24 h) with or without 5-azacytidine (Aza, pretreatment 24 h) with
antibodies against USP13, Hsp90, and p-actin. C. Immunoblotting analysis of cell lysates
from Kupffer cells treated with LPS (100 ng/ml, 24 h) with or without BI1X-01294 (BIX)
with antibodies against USP13, Hsp90, and B-actin. D. Immunoblotting analysis of cell
lysates from Kupffer cells treated with LPS (100 ng/ml, 24 h) with or without indicated
inhibitors with antibodies against USP13, Hsp90, and p-actin. E. Immunoblotting analysis
of cell lysates from Kupffer cells treated with LPS (100 ng/ml, 24 h) with or without INK
inhibitor Il (0-30 pM) with antibodies against USP13, Hsp90, and B-actin. F. USP13
immunoblots from E were quantified with Image J and normalized to intensities of p-actin
immunoblots. **p<0.01, n=3. All the images are representative from three independent
experiments.
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