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A B S T R A C T

Hepatic ischemia/reperfusion (I/R) injury is an important cause of liver function impairment following liver
surgery. The ubiquitin-proteasome system (UPS) plays a crucial role in protein quality control and has substantial
impact on the hepatic I/R process. Although OTU deubiquitinase 1 (OTUD1) is involved in diverse biological
processes, its specific functional implications in hepatic I/R are not yet fully understood. This study demonstrates
that OTUD1 alleviates oxidative stress, apoptosis, and inflammation induced by hepatic I/R injury. Mechanis-
tically, OTUD1 deubiquitinates and activates nuclear factor erythroid 2-related factor 2 (NRF2) through its
catalytic site cysteine 320 residue and ETGE motif, thereby attenuating hepatic I/R injury. Additionally,
administration of a short peptide containing the ETGE motif significantly mitigates hepatic I/R injury in mice.
Overall, our study elucidates the mechanism and role of OTUD1 in ameliorating hepatic I/R injury, providing a
theoretical basis for potential treatment using ETGE-peptide.

1. Introduction

Hepatic ischemia/reperfusion (I/R) injury is an intrinsic phenome-
non observed during liver surgeries such as liver tumor resection and
transplantation [1], serving as the primary underlying cause for early
allograft dysfunction or rejection in the liver [2,3]. Initially, hypoxia
resulting from interrupted blood flow hampers oxygen supply, and
subsequent restoration of blood supply induces profound oxidative
stress and triggers inflammatory responses that activate immune cells
leading to cytokine/chemokine release and apoptosis [4,5]. Hence,
alleviating hepatic I/R injury can be achieved through strategies tar-
geting reduction of oxidative stress, inflammation and apoptosis.

The ubiquitin-proteasome system (UPS) serves as an integrated

protein quality control network in nearly all aspects of eukaryotic life,
including I/R injury [6,7]. Deubiquitinases (DUBs) are essential com-
ponents of UPS and regulate various cellular processes, including pro-
tein homeostasis, signal transduction, cell proliferation by removing
ubiquitin from substrates [8]. Aberrant DUB activity is associated with
numerous pathologies. Thus, DUBs have become important targets for
drug development. Recent researches have revealed distinct roles for
DUBs such as OTUD4 and USP29 played in the hepatic I/R process [9,
10]. Therefore, understanding the role of DUBs in hepatic I/R injury is
crucial for advancing clinical treatments.

In this study, we noticed that OTU deubiquitinase 1 (OTUD1) dis-
played the most significant transcriptional differences among DUBs
during hepatic I/R procedure. Meanwhile, previous studies have
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demonstrated that Otud1 knockout mice were more susceptible to
lipopolysaccharide (LPS)-induced sepsis [11], and loss-of-function mu-
tations of OTUD1 enhanced immune response and were associated with
autoimmunity [12], suggesting a potential role for OTUD1 in hepatic
inflammation caused by I/R. Additionally, our findings indicate that
besides its upregulation, OTUD1 also contributes to improved liver
function in patients undergoing hepatectomy. Therefore, further inves-
tigation is necessary to elucidate the specific function and underlying
mechanism of OTUD1 in hepatic I/R insults.

Nuclear factor E2-related factor 2 (NRF2) is a pivotal transcription
factor involved in counteracting oxidant stress [13]. Treatment with
NRF2 agonists itaconate or sulforaphane has been demonstrated to
alleviate hepatic I/R injury in mice [14,15], while deficiency of NRF2 in
donor liver exacerbates I/R injury in recipients among transplant re-
cipients [16], suggesting that enhancing NRF2 activity may attenuate

hepatic I/R injury. The regulation of NRF2 activity occurs at multiple
levels encompassing proteasomal protein degradation, transcriptional
control, and post-transcriptional modifications [17,18]. Notably, NRF2
activation are tightly governed by its primary negative modulator, the
E3 ligase adaptor Kelch-like ECH-associated protein 1 (KEAP1), which
plays a pivotal role not only in maintaining intracellular redox balance
but also regulating inflammatory responses [19]. Under homeostatic
conditions, NRF2 undergoes ubiquitination by KEAP1/cullin 3 (CUL3)
E3 ligase and followed by subsequent targeting for proteasomal degra-
dation [20]. However, mild oxidative stress and certain deubiquitinase
such as DUB3 and USP11 have been documented to facilitate the escape
of NRF2 proteins from KEAP1/CUL3-mediated ubiquitination, resulting
in initiation of downstream gene cascades harboring antioxidant
response elements (AREs) [21–23]. These collective findings promoted
us to investigate the regulatory mechanism by which deubiquitinase

Fig. 1. OTUD1 is upregulated during hepatic I/R injury. A) Venn diagram showing the number of differentially expressed genes (cutoff fold change >1.5 and p <
0.05) in response to hepatic I/R (I1R6) injury (blue), DUB members (red) and overlapping genes in the datasets. B) Bubble chart of ten of the differentially expressed
DUB genes in response to murine hepatic I/R (I1R6) injury (red, upregulated; blue, downregulated). C-H) WT mice were subjected to sham treatment or ischemia for
1 h followed by reperfusion for 0, 1, 3, 6, 12 or 24 h (I1R0, ischemia for 1 h followed by reperfusion for 0 h). Primary hepatocytes were subjected to normal treatment
or H/R treatments for the indicated times (H2R1, hypoxia for 2 h followed by reperfusion for 1 h). Otud1 protein levels (C–E) and mRNA levels (F-H) in I/R or H/R
models (n = 3/group). I-J) Serum ALT and AST levels of 14 hepatectomy patients (n = 14; pre-op, pre-operation; POD1, the first day postoperatively). K) OTUD1
mRNA levels in liver samples obtained from hepatectomy patients before hepatic portal vein occlusion (pre-ischemia) and after the first time of reperfusion
(reperfusion) (n = 14). L-M) The ratio of OTUD1 mRNA levels in pre-ischemia stage negatively correlated with ALT and AST in serum at POD1 (n = 14). N-O) The
ratio of OTUD1 mRNA levels in reperfusion stage negatively correlated with ALT and AST in serum at POD1 (n = 14). For (F-H), the significance was determined by
one-way ANOVA; for (I-K), the significance was determined by Student’s two-tailed t-test; for (L–O), Spearman correlation analysis was employed. *p < 0.05, **p <
0.01, ***p < 0.001, n.s. non-significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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OTUD1 activates NRF2 in the pathogenesis of hepatic I/R injury.
Here, we have demonstrated that OTUD1 functions as a specific DUB

for NRF2, leading to the stabilization and activation of the NRF2/ARE
pathway, thereby results in the reduction of oxidative stress, apoptosis
and inflammation in I/R-challenged liver. Notably, ETGE peptides
derived from OTUD1 show promise in attenuating hepatic I/R injury
and may hold potential as an effective therapeutic intervention for this
condition.

2. Results

2.1. OTUD1 is upregulated during hepatic I/R injury

It has been reported that proteasome inhibitors could reduce hepatic
I/R injury [7], similarly, DUBs facilitate the evasion of numerous pro-
teins from proteasome-mediated degradation and may exert protective
effects in hepatic I/R injury. To identify essential DUBs involved in he-
patic I/R injury, we conducted transcriptomic analyses of liver samples
from mice subjected to hepatic I/R-challenged (ischemia for 1 h fol-
lowed by reperfusion for 6 h) and sham-operated mice. The RNA-seq
data has been deposited in the National Center for Biotechnology In-
formation (NCBI) Sequence Read Archive (SRA) database
(PRJNA973131). Differentially expressed genes (DEGs) were screened
by comparing the I/R group versus the sham group using a cutoff fold
change >1.5 and p < 0.05. Common genes were further screened from
the aforementioned DEGs and DUB members (Fig. 1A). Of those differ-
entially expressed DUB genes, Otud1 was the most significantly
increased member (Fig. 1B). In order to explore in which type of cells the
upregulation of Otud1 occurred, we isolated primary hepatocytes and
non-parenchymal cells (NPCs) from hepatic I/R-challenged mice and
sham-operated mice to detect the mRNA and protein levels of Otud1.
The results showed that Otud1 was upregulated in hepatocytes rather
than NPCs (Figs. S1A–D), thus, we focused on hepatocytes to explore the
function of OTUD1 in hepatic I/R process. Consistent with the tran-
scriptomic data, Otud1 mRNA and protein levels were both increased
during hepatic I/R and primary hepatocytes hypoxia/oxygenation
(H/R) procedures (Fig. 1C–H). Additionally, Otud1 expression peaked at
6 h of reperfusion after 1 h ischemia, which coincided with the most
severe hepatic injury timepoint in murine hepatic I/R model [24],
suggesting the involvement of OTUD1 in hepatic I/R injury. Subse-
quently, we analyzed the correlation between OTUD1 levels and liver
function using samples from patients who underwent partial hepatic
resection at Wuhan Union Hospital (Table S1). The serum levels of
alanine aminotransferase (ALT) and aspartate transaminase (AST)
peaked on the first postoperative day (POD1), following gradually
decreasing to preoperative levels over the subsequent days (Fig. 1I–J
and S2A-B). Notably, OTUD1 mRNA levels were obviously upregulated
in the liver after reperfusion compared to pre-ischemia conditions
(Fig. 1K). Moreover, higher expression of OTUD1 in the liver, whether
before ischemia or during reperfusion stage, was associated with lower
serum ALT and AST levels on POD1 respectively (Fig. 1L–O). These
findings suggest that OTUD1 is up-regulated in the setting of hepatic I/R
injury and contributes to favorable liver function.

2.2. OTUD1 protects against hepatic I/R injury

To investigate the specific role of OTUD1 in hepatic I/R injury, global
Otud1-knockout (Otud1-KO) mice were generated using CRISPR-Cas9
genome editing system (Fig. S3A). Genotyping result revealed an
8509-base deletion at Otud1 gene in Otud1-KO mice (Fig. S3B), and
qPCR assay further confirmed successful knockout of Otud1 (Fig. S3C).
The earliest research about OTUD1 KO mice that endogenous OTUD1
deficiency promoted SeV-induced IFNβ production [25]. In this study,
we utilized WT and Otud1-KO mice to establish a hepatic I/R model, and
our findings indicated that compared to WT mice, Otud1 deficiency
exacerbated hepatic I/R injury as evidenced by elevated serum ALT and

AST levels, as well as larger necrotic areas (Fig. 2A and B). Hepatocyte
apoptosis is a hallmark of hepatic I/R injury [4]. TUNEL staining was
conducted to assess hepatocyte apoptosis. Our findings demonstrated
that Otud1 deficient mice exhibited an augmented number of
TUNEL-positive apoptotic cells (Fig. 2C), heightened levels of
pro-apoptotic proteins (Bax, cleaved caspase3 and cleaved PARP), and
reduced levels of the anti-apoptotic protein Bcl2 in comparison to WT
mice undergoing hepatic I/R operation (Fig. 2D). Similarly, primary
hepatocytes lacking Otud1 displayed increased expression of
pro-apoptotic proteins but decreased level of the anti-apoptotic protein
Bcl2 when compared to WT hepatocytes under H/R stimulation
(Fig. 2E). Additionally, serum levels of inflammatory cytokines,
including IL-6, MCP-1, IFN-γ, TNF and IL-12p70, were remarkably
upregulated in Otud1-KO mice compared with those in WT mice after
being challenged with hepatic I/R (Fig. 2F). Taken together, these
findings indicate that OTUD1 depletion exacerbates hepatic I/R injury,
apoptosis and inflammation.

Subsequently, we investigate whether overexpression of OTUD1 can
mitigate hepatic I/R injury. Otud1-overexpressing mice and control
mice were generated by injecting recombinant adenovirus Ad-Otud1 or
Ad-GFP into WT mice, followed by hepatic I/R operation. The results
showed that Otud1 overexpression led to a reduction in serum ALT and
AST levels (Fig. 3A), as well as a decrease in liver tissue necrosis and
apoptosis induced by hepatic I/R compared to control mice (Fig. 3B and
C). Consistently, Otud1 overexpression resulted in decreased levels of
pro-apoptotic proteins and increased expression of anti-apoptotic pro-
tein Bcl2 in I/R-challenged liver samples or H/R-treated primary he-
patocytes (Fig. 3D and E). Moreover, Otud1 overexpression markedly
downregulated cytokines induced by hepatic I/R treatment (Fig. 3F).

As mentioned previously, oxidative stress is considered a pivotal
indicator of hepatic I/R injury [4]. We also utilized the dihydroethidium
(DHE) probe to measure the levels of ROS in liver samples subjected to
I/R. The results revealed that Otud1-KO mice exhibited higher ROS
levels compared to WT mice following I/R treatment (Fig. S4A).
Consistently, Otud1 overexpression led to a decrease of ROS in
I/R-challenged liver samples (Fig. S4B). Taken together, these findings
demonstrate that OTUD1 provides protection against oxidative stress
induced by hepatic I/R.

2.3. OTUD1 protects hepatocytes against oxidative stress and apoptosis
induced by H/R

To assess the capacity of OTUD1 in mitigating hepatocyte damage
under H/R conditions, we generated Otud1-knockdown or Otud1
overexpression AML12 cells (murine hepatocytes cell line) by infecting
with pLKO.1-sh-Otud1 or pHAGE-Otud1 respectively. The cells were
subjected to 6 h hypoxia followed by 1 h of reoxygenation to simulate an
in vitro hepatic I/R model [26]. The efficiency of Otud1 knockdown and
overexpression was confirmed through quantification of Otud1 protein
levels (Figs. S5A and D). Our results showed that compared to control
cells, Otud1 knockdown led to an increase in apoptotic cells
(Figs. S5B–C), while Otud1 overexpression resulted in a decrease in
apoptotic cells induced by H/R exposure (Figs. S5E–F). Keeping in line
with these results, Otud1 overexpression suppressed the upregulation of
pro-apoptotic proteins and prevented the reduction of anti-apoptotic
protein Bcl2 caused by H/R treatment (Fig. S5G). Collectively, these
findings strongly support the role of OTUD1 as an inhibitor of hepato-
cyte apoptosis under H/R conditions.

Given the fact that oxidative stress typically results in mitochondrial
damage in cells [27]. We sought to investigate whether OTUD1 confers
defense against mitochondria damage caused by oxidative stress.
Mitochondrial membrane potential (MMP) and ROS levels serve as
sensitive indicators of mitochondrial damage, thus JC-1 and H2DCFDA
probes were employed to quantify MMP and ROS levels under hepato-
cyte H/R stimulation respectively. As expected, Otud1 knockdown
further reduced MMP (Figs. S6A–B) and elevated ROS levels (Fig. S6C)
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in AML12 cells induced by H/R treatment in comparison with control
cells. Conversely, Otud1 overexpression exhibited the opposite effect
(Figs. S6D–F). These findings indicate that OTUD1 attenuates mito-
chondria damage caused by oxidative stress following H/R treatment in
vitro.

2.4. OTUD1 mitigates hepatocyte H/R injury by activating NRF2/ARE
pathway

Next, we investigated the specific signaling pathway activated by
OTUD1 in hepatocytes under H/R exposure. OTUD1-activated signaling
pathways were screened in HEK293T cells using luciferase reporter
assay employing a vector library containing 44 individual transcription
factor binding elements. Among the nine signaling pathways activated
by OTUD1, NRF2, a well-known antagonist of oxidant stress, exhibited a
six-fold increase in transcription activity (Fig. 4A and Table S2). As a
result, our study focused on the regulation of OTUD1 on NRF2 and its
downstream signaling cascade. As expected, OTUD1 dose-dependently

increased the protein level of NRF2 (Fig. 4B). Given that OTUD1
possess DUB activity, we investigated whether it upregulates NRF2 level
by stabilizing NRF2. We utilized cycloheximide (CHX) to inhibit protein
translation and observed that OTUD1 overexpression dramatically
prolonged the half-life of NRF2 protein in AML12 cells (Fig. 4C), signi-
fying its role in stabilizing NRF2. As a transcription factor, NRF2 is
known to counteract oxidant stress by translocating to nucleus and
facilitating the expression of downstream genes with ARE, such asHO-1,
NQO1 etc [21]. We therefore explored whether OTUD1 promoted nu-
clear translocation of NRF2 and enhanced the expression of downstream
genes with ARE in AML12 cells. Nucleocytoplasmic separation experi-
ments showed that OTUD1 enhanced NRF2 nuclear accumulation
(Fig. 4D). In addition, OTUD1 upregulated protein and mRNA levels of
downstream targets (HO-1 and NQO1) of NRF2 in AML12 cells in a
dose-dependent manner (Fig. 4B, 4E-F). Likewise, in human samples,
there was a positive correlation between expressions of OTUD1 and
NRF2 in liver sections from patients who underwent hepatic I/R injury
for hepatectomy (Fig. 4G and H). These findings indicate that OTUD1

Fig. 2. OTUD1 deficiency aggravates hepatic I/R injury. A) Serum ALT and AST levels of Otud1 WT and Otud1 KO mice subjected to sham or hepatic I/R (I1R6)
operation (n = 5/group). B) Representative histological H&E staining images of liver sections from Otud1 WT and Otud1 KO mice subjected to sham or hepatic I/R
operation (n = 5/group). C) Representative TUNEL staining images of liver sections from Otud1 WT and Otud1 KO mice subjected to hepatic I/R operation (n = 5/
group). D-E) Pro-apoptosis and anti-apoptosis protein levels in liver samples (D) and primary hepatocytes (E) from Otud1 WT and Otud1 KO mice subjected to hepatic
I/R operation or hepatocyte H/R (H6R1) treatment (n = 5/group). F) Serum inflammatory factor levels in Otud1 WT and Otud1 KO mice subjected to sham or hepatic
I/R operation (n = 5/group). For (A, D, E, F), the significance was determined by one-way ANOVA; for (C), the significance was determined by Student’s two-tailed t-
test. *p < 0.05, **p < 0.01, ***p < 0.001, n.s. non-significant.
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stabilizes and activates NRF2/ARE pathway in hepatocytes.
We subsequently investigated whether the protective effect of

OTUD1 against hepatocyte H/R injury depended on NRF2 activation.
Primary hepatocytes were isolated from Nrf2-WT and Nrf2-KO mice,
which were injected with Ad-GFP or Ad-Otud1 via tail vein and sub-
jected to H/R treatment. Our findings revealed that Nrf2 depletion
abrogated the suppressive effect of Otud1 on apoptosis in H/R-treated
primary hepatocytes (Fig. 4I and J). In addition, Nrf2 deletion
impaired Otud1 ability in reducing pro-apoptotic proteins and elevating
anti-apoptotic protein Bcl2 in H/R-stimulated primary hepatocytes
(Fig. S7A). Nrf2 silence also nullified Otud1 activity in upregulating Ho-
1 and Nqo1 proteins (Fig. S7B), as well as in downregulating ROS pro-
duction under H/R treatment (Fig. S7C). These observations indicate
that OTUD1 protects hepatocytes from H/R injury by activating NRF2/
ARE pathway.

2.5. OTUD1 stabilizes NRF2 through its C320 catalytic residue and ETGE
motif

OTUD1 has been validated to stabilize and activate NRF2, func-
tioning as a protective regulator in liver I/R process (Fig. 4). Considering
that OTUD1 possess DUB activity [28] and NRF2 activation is tightly
regulated by deubiquitination [22], it is postulated that OTUD1 may
activate NRF2 by removing ubiquitin chains from NRF2. To test the
hypothesis, we initially investigated their physical interaction and the
specific region(s) responsible for the interaction. We partitioned OTUD1
into four primary regions: Ala-rich domain (amino acid (aa) 1–155
containing ETGE motif), linker region (aa 156–300), OTU region (aa
301–438 containing C320 catalytic residue) and UIM domain (aa
439–481) (Fig. 5A). Co-immunoprecipitation (co-IP) assays showed that
OTU domain, but not other regions of OTUD1, interacted with NRF2 in
HEK293T cells (Fig. 5B). In addition, we delineated the critical region(s)
of NRF2 essential for its interaction with OTUD1. We generated three
NRF2 truncations: NRF2-E (Neh2 domain deletion), NRF2-F (Neh6

Fig. 3. OTUD1 protects against hepatic I/R injury. A) WT mice were infected with control adenovirus (Ad-GFP) or adenovirus expressing Otud1 (Ad-Otud1). Serum
ALT and AST levels of Ad-GFP and Ad-Otud1 mice subjected to sham or hepatic I/R (I1/R6) operation (n = 5/group). B) Representative histological H&E staining
images of liver sections from Ad-GFP and Ad-Otud1 mice subjected to sham or hepatic I/R operation (n = 5/group). C) Representative TUNEL staining images of liver
sections from Ad-GFP and Ad-Otud1 mice subjected to sham or hepatic I/R operation (n = 5/group). D-E) Pro-apoptosis and anti-apoptosis protein levels in liver
samples (D) and primary hepatocytes (E) from Ad-GFP and Ad-Otud1 mice subjected to hepatic I/R operation or hepatocyte H/R (H6R1) treatment (n = 5/group). F)
Serum inflammatory factor levels in Ad-GFP and Ad-Otud1 mice subjected to sham or hepatic I/R operation (n = 5/group). For (A, D, E, F), the significance was
determined by one-way ANOVA; for (C), the significance was determined by Student’s two-tailed t-test. *p < 0.05, **p < 0.01, ***p < 0.001, n.s. non-significant.
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domain deletion) and NRF2-G (Neh1 and 3 domains deletion) (Fig. 5C).
Our findings demonstrated that the interaction between OTUD1 and
NRF2 primarily occurred through its Neh2 domain (aa 1–111), as the
Neh2 deletion truncation (NRF2-E) failed to bind with OTUD1 in
HEK293T cells (Fig. 5D). Collectively, these results suggest a physical
interaction between OTUD1 and NRF2.

Afterwards, we conducted further investigation into the critical re-
gion(s) of OTUD1 responsible for NRF2 stability. Upon analyzing the
functional domains of OTUD1, we noticed that in addition to the cata-
lytic active C320 residue in OTU domain, an ETGE motif in Ala-rich
domain of OTUD1 resembled the NRF2 ETGE motif which mediated
the KEAP1-NRF2 interaction [13]. Therefore, we explored whether both
the C320 residue and ETGE motif of OTUD1 were necessary for NRF2
stabilization and activation. Our results showed that overexpression of
OTUD1-WT strongly increased NRF2 protein levels, while over-
expression of either the inactive mutant C320S (M1) or ETGE deletion
mutant (M2) only slightly increased NRF2 protein levels. Furthermore,

our results showed that combined mutant M3 with both inactive C320
and depleted ETGE had no ability to increase NRF2 at all (Fig. 5A,5E).
Keeping in line with the data, luciferase assay revealed that over-
expression of OTUD1-WT markedly enhanced NRF2 luciferase activity.
The M1 and M2 mutants exhibited a much weaker effect, while the
combined mutant M3 showed no ability to promote NRF2 luciferase
activity (Fig. 5F). Together, these findings suggest that both the C320
residue and ETGE motif of OTUD1 are essential for NRF2 stability and
activity.

Given the pivotal role of the ETGE motif in mediating NRF2 binding
with KEAP1, our subsequent inquiry aimed to ascertain whether OTUD1
also interacted with KEAP1 through its ETGE motif. Co-IP results
demonstrated that both OTUD1-WT and M1 mutant interacted with
KEAP1, whereas the M2 and M3 mutants did not exhibit any interaction
(Fig. 5G), demonstrating that the ETGE motif, rather than the C320
residue of OTUD1, which mediated its binding with KEAP1.

Given that both OTUD1 and NRF2 are linked to KEAP1 via ETGE

Fig. 4. OTUD1 mitigates hepatocyte H/R injury by activating NRF2/ARE pathway. A) The transcriptional activities of 44 transcription factors were measured by
luciferase assay in HEK293T cells. The cutoff of 2-fold change was marked by a gray line. B) Protein levels of Otud1, Nrf2, Ho-1 and Nqo1 in Otud1-overexpressing
AML12 cells. C) Nrf2-Myc degradation rate affected by Otud1 in AML12 cells. D) Nrf2-Myc protein levels in the cytoplasm and nucleus affected by Otud1 in AML12
cells. E-F) mRNA levels of Ho-1 and Nqo1 in Otud1-overexpressing AML12 cells. G) NRF2 and OTUD1 protein levels in liver samples obtained from hepatectomy
patients (n = 14; P, pre-ischemia; R, reperfusion). H) The ratio of OTUD1 protein levels positively correlated with NRF2 protein levels in (G). I) Flow cytometry
apoptosis analysis of the indicated primary hepatocytes under normal and H/R (H6R1) conditions (n = 3/group). J) Statistics showing apoptosis rate in (I). For (E, F,
J), the significance was determined by one-way ANOVA; for (H), Pearson correlation analysis was employed. *p < 0.05, **p < 0.01, ***p < 0.001, n.s.
non-significant.
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motif, it is possible that OTUD1 may disrupt the interaction between
KEAP1 and NRF2 by displacing NRF2 from its complex with KEAP1.
Competitive IP assays showed that overexpression of OTUD1-WT and
M1 obviously inhibited the interaction between NRF2 and KEAP1,
whereas overexpression of M2 or M3 failed to elicit a similar effect
(Fig. 5H). These data confirmed that ETGE motif of OTUD1 served as an
inhibitor of KEAP1-NRF2 interaction.

In addition, our results showed that overexpression of OTUD1-WT
and M1 didn’t impact the protein level, subcellular localization, or
total ubiquitination levels of KEAP1 in HEK293T cells (Figs. S8A–B).
Subsequent analysis revealed that OTUD1 deficiency in sh-OTUD1 293T

cells did not alter the total ubiquitination levels of KEAP1 (Fig. S8C),
suggesting that OTUD1 does not influence the degradation of KEAP1.
Moreover, our results showed that only OTUD1, and no other OTU
members such as OTUD2, OTUD4, OTUD5, OTUD6B, and OTUD7B
stabilized NRF2 (Fig. S9A). Taken together, these above observations
indicate that OTUD1 stabilizes and activates NRF2 through its C320
catalytic residue and ETGE motif.

2.6. OTUD1 stabilizes NRF2 by inhibiting ubiquitination of NRF2

Our findings have demonstrated that OTUD1 stabilized NRF2

Fig. 5. OTUD1 stabilizes NRF2 through its C320 catalytic residue and ETGE motif. A) Schematic representation of full-length and truncated OTUD1. B) Co-IP of
OTUD1 truncations (OTUD1-A, Ala-rich domain deletion; OTUD1-B, linker domain deletion; OTUD1-C, OTU domain deletion; and OTUD1-D, UIM domains deletion)
and NRF2-Myc in HEK293T cells. C) Schematic representation of full-length and truncated NRF2. D) Co-IP of NRF2 truncations (NRF2-E, Neh2 domain deletion;
NRF2-F, Neh6 domain deletion; and NRF2-G, Neh1 and 3 domains deletion) and OTUD1-Flag in HEK293T cells. E) NRF2-Myc protein levels were affected by OTUD1
truncations (OTUD1-M1, C320S inactive mutant; OTUD1-M2, ETGE deletion mutant; OTUD1-M3, C320 inactive and ETGE depletion mutant) in HEK293T cells. F)
NRF2 transcriptional activity affected by OTUD1 truncations was measured by luciferase assay in HEK293T cells. G) Co-IP of OTUD1 truncations and KEAP1 in
HEK293T cells. H) Co-IP of NRF2-Myc and KEAP1-Flag affected by OTUD1 truncations in HEK293T cells. For (F), the significance was determined by one-way
ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, n.s. non-significant.

Q. Zhang et al.



Redox Biology 75 (2024) 103287

8

through its catalytic active residue C320 and ETGE motif (Fig. 5). Sub-
sequently, we explored whether OTUD1 stabilized NRF2 by deubiqui-
tinating it. Thus, we examined the effects of OTUD1-WT and OTUD1
mutants (M1, M2 and M3) on the overall ubiquitination of NRF2. In
comparison to the robust deubiquitinating activity of OTUD1-WT on
NRF2, the mutants M1 and M2 exhibited much weaker deubiquitinating
activity, while the combined mutant M3 completely lacked the ability to
remove ubiquitin chains from NRF2 (Fig. 6A). These results indicate that
deubiquitinating activity of OTUD1 towards NRF2 necessitates both its
enzymatic C320 residue and ETGE motif.

It has been reported that OTUD1 predominantly cleaved K63-linked
ubiquitin from STAT3 in cardiomyocytes [29], as well as cleaving K33-
and K48-chains from SMAD7 [28], and removing K6-, K11- and
K29-chains from IRF3 [11]. To analyze the specific type(s) of ubiquiti-
nation of NRF2 regulated by OTUD1, we co-transfected NRF2 with each
of seven K-only-ubiquitin constructs containing only the indicated lysine
while the remaining six lysine residues were mutated to arginine [30].
Overexpression of OTUD1-WT significantly reduced the levels of K11-,
K27- and K48-linked ubiquitination on NRF2 (Fig. 6B), indicating a
coordinated impact on NRF2 stability and function. Additionally, our

results also showed that C320 residue of OTUD1 was essential for
cleaving polyubiquitin chains linked to K11-, K27- and K48-, while the
ETGE motif specifically reducing K48-linked ubiquitination on NRF2
(Fig. 6C). Furthermore, we generated a Ub-3KR-HA plasmid (K11, K27
and K48 were mutated to R), and observed no effect of OTUD1 on the
3KR ubiquitination of NRF2 (Fig. 6D). Collectively, this data supports
that OTUD1 stabilizes and activates NRF2 by removing K11-, K27- and
K48- linked ubiquitin chains from NRF2.

To fully confirm the impact of OTUD1 on NRF2 stability and activity
by regulating its ubiquitination state, we conducted further assessments
in sh-OTUD1 293T cells. Our findings revealed that OTUD1 deficiency
led to a downregulation in NRF2 transcriptional activity, a reduction in
NRF2 protein level, an elevation in NRF2 ubiquitination status, and an
enhanced interaction between NRF2 and KEAP1 (Figs. S10A–D).

We also tested the effect of OTUD1 mutants on H/R induced changes
of apoptosis, MMP and ROS in AML12 cells. As expected, OTUD1
reduced apoptosis rate, enhanced MMP and attenuated ROS levels in
AML12 under H/R conditions (Figs. S11A–E). The M1 and M2 mutants
exhibited a much weaker effect, while the combined mutant M3 showed
no ability to reduce apoptosis rate, enhance MMP or decrease ROS levels

Fig. 6. OTUD1 stabilizes NRF2 by inhibiting ubiquitination of NRF2. A) HEK293T cells were transfected with the indicated plasmids, and treated with 5 μM MG132
for 12 h before collection. Denatured IP assay was performed to detect the ubiquitination of NRF2. Total ubiquitination levels of NRF2-Myc were affected by OTUD1
mutants in HEK293T cells. B) K6-, K11-, K27-, K29-, K33-, K48- and K63-linked ubiquitination levels of NRF2-Myc were affected by OTUD1-Flag in HEK293T cells. C)
K11-, K27- and K48-linked ubiquitination levels of NRF2-Myc were affected by OTUD1 mutants in HEK293T cells. D) 3 KR-linked ubiquitination levels of NRF2-Myc
were affected by OTUD1 mutants in HEK293T cells. *p < 0.05, **p < 0.01, ***p < 0.001, n.s. non-significant.
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(Figs. S11A–E). These results are consistent with our previous findings
and provide additional evidence for the antioxidant role of OTUD1 by
stabilizing and activating NRF2.

2.7. The ETGE peptides derived from OTUD1 alleviate hepatic I/R injury

According to the aforementioned findings, the ETGE motif of OTUD1
functioned as an inhibitor of NRF2-KEAP1 interaction and facilitated the
stabilization of NRF2. Subsequently, we sought to determine whether
OTUD1-derived ETGE peptides (FITC-C6-AAPEPETGE) exhibited a
therapeutic effect in hepatic I/R injury.

MicroScale Thermophoresis (MST) experiment revealed that the
ETGE peptides bound to KEAP1 protein with an affinity constant Kd
value of 11.7 μM (Fig. S12A). The flow cytometry assay demonstrated
the internalization of ETGE peptides by primary hepatocytes, as

evidenced by the fluorescence intensity of FITC upon incubation with
the FITC-labeled peptides (Fig. S12B). To assess whether exogenous
OTUD1-derived ETGE peptides can mitigate hepatocyte injury from H/R
injury, primary hepatocytes were exposed to either the ETGE peptides or
scramble peptides (FITC-C6-PEAPATEEG, serving as a control peptide),
followed by H/R treatment. Flow cytometry results showed that the
ETGE peptides attenuated H/R-induced apoptosis (Figs. S12C–D).
Western blot analysis revealed elevated protein levels of Nrf2, Ho-1 and
Nqo1 upon treatment with the ETGE peptides (Fig. S12E).

In order to assess the in vivo efficacy of ETGE peptides, mice were
intravenously injected with varying doses (5, 10, and 15 mg/kg) of
either ETGE peptides or scramble peptides via the tail vein and subjected
to hepatic I/R treatment (Fig. 7A). The results showed that ETGE pep-
tides, dose-dependently reduced serum ALT and AST levels, compared to
scramble peptides. Notably, the highest dose of 15 mg/kg ETGE peptides

Fig. 7. The ETGE peptides derived from OTUD1 alleviate hepatic I/R injury. A) Schematic diagram of treatment of ETGE peptides to C57BL/6J mice. B) Serum ALT
and AST levels were measured in different peptides treatments mice subjected to sham or hepatic I/R (I1R6) operation (n = 8, 6, 6, 6, 6, 10, 8, 13 for scramble +

sham, scramble + I/R, 5 ml/kg + sham, 5 ml/kg + I/R, 10 ml/kg + sham, 10 ml/kg + I/R, 15 ml/kg + sham, 15 ml/kg + I/R groups respectively). C) Representative
histological H&E staining images of liver sections from different peptides treatments mice subjected to sham or hepatic I/R operation (n = 6/group). D) Repre-
sentative TUNEL staining images of liver sections (n = 6/group). E) The protein levels of Nrf2, Ho-1 and Nqo1 in liver samples of different peptides treatments mice
subjected to sham or hepatic I/R operation (n = 3/group). F) Serum inflammatory factor levels in different peptides treatments mice subjected to sham or hepatic I/R
operation (n = 6/group). For (B, E, F), the significance was determined by one-way ANOVA; for (D), the significance was determined by Student’s two-tailed t-test.
*p < 0.05, **p < 0.01, ***p < 0.001, n.s. non-significant.
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exhibited the most potent suppressive effect, while the lowest dose of 5
mg/kg had minimal effect (Fig. 7B). Furthermore, the protective role of
ETGE peptides was evident from their substantial inhibition of hepato-
cyte necrosis and apoptosis in liver tissues subjected to I/R injury
(Fig. 7C–D and S13A-B). The antioxidant properties of ETGE peptides
were also confirmed by DHE staining in I/R-challenged liver tissues
(Fig. S13C). In addition, treatment with 15 mg/kg ETGE peptides led to
a significant increase in NRF2 levels and its downstream cytoprotective
proteins in liver tissues subjected to I/R operation (Fig. 7E). Consis-
tently, elevated levels of serum inflammatory factors induced by hepatic
I/R were attenuated by administration of either 10 or 15 mg/kg ETGE
peptides (Fig. 7F and S13D). Taken together, those above results
demonstrate that OTUD1-derived ETGE peptides effectively mitigate
hepatic I/R injury both in vivo and in vitro.

3. Discussion

Hepatic I/R is a significant contributor to liver damage and has a
substantial impact on patients’ outcome following liver transplantation
and resection. Currently, there are no specific clinical drugs available for
hepatic I/R injury due to an incomplete understanding of the underlying
mechanisms. Studies have demonstrated that proteasome inhibitors
exhibit therapeutic effects in murine hepatic I/R models, suggesting
DUBs, which prevent protein degradation by proteasome, may also play
protective roles in hepatic I/R injury [7]. Our study revealed that the
DUB member OTUD1 effectively protects against hepatic I/R injury by
reducing oxidative stress, apoptosis and cytokines production. Mechanic
studies showed that the regulative role of OTUD1 was primarily ach-
ieved by stabilizing and activating NRF2 via its intrinsic deubiquitinase
activity and ETGE motif. Moreover, ETGE peptides derived from OTUD1
alleviated hepatic I/R injury both in vivo and in vitro. Our results un-
equivocally demonstrate that OTUD1 prevents liver from hepatic I/R
injury.

In this study, we observed a significant upregulation of OTUD1
during the reperfusion stage in liver samples from 14 patients who un-
derwent hepatic I/R injury during hepatectomy. OTUD1 levels, whether
at pre-ischemia or reperfusion stage, exhibited a negative correlation
with the peak levels of ALT or AST in individual patients on POD1.
Therefore, we postulated that high OTUD1 expression might help reduce
damage and improve liver function during hepatic I/R injury.

The role of OTUD1 as a tumor suppressor gene has been widely
acknowledged [31,32]. In addition, it has also been shown to mitigate
hepatitis induced by LPS/GalN or sepsis induced by LPS [33]. Otud1
deletion has been found to enhance the production of inflammatory
factors in response to LPS or DSS [34]. Additionally, OTUD1 has been
reported to regulate secretory neutrophil polarization [35]. However,
there have been no studies about the role of OTUD1 in hepatic
I/R-challenged injury till now. Our study demonstrates that OTUD1 not
only inhibits oxidative stress and apoptosis, but also reduces cytokine
production induced by hepatic I/R operation. Keeping in line with its
suppressive effect on septic inflammation caused by pathogens [33,34],
our findings confirm an inhibitory role for OTUD1 in sterile inflamma-
tion caused by hepatic I/R injury.

The NRF2 transcription factor is well recognized as a potent modu-
lator in defense against oxidative stress, a hallmark of pathology of I/R
injury. Some DUBs such as DUB3 and USP29, have been reported to
deubiquitinate NRF2 in non-liver diseases [22,36]. OTUD1 has been
demonstrated to deubiquitinate IRF3, Smurf1 etc [11,37]. However, the
interplay between the antioxidant actions of NRF2 and the regulatory
role of OTUD1 in liver diseases remains poorly understood. Our study
elaborates that OTUD1 serves as a specific deubiquitinase targeting and
stabilizing NRF2 in hepatocytes, subsequently activating its downstream
cytoprotective genes with ARE under hepatic I/R injury. In other words,
NRF2 acts as a direct substrate of OTUD1 to mediate the
anti-inflammatory and antioxidant effect of OTUD1 in hepatic I/R
injury. Our data aligns with a previous report indicating the correlation

between siOTUD1 and NRF2 reduction in PANC-1 cells but without
delineating underlying mechanism [38]. Our study proposes a compel-
ling rationale for such an occurrence.

We further demonstrated that OTUD1 possessed both deubiquitinase
and KEAP1-interacting activity via its C320 residue and ETGE motif
respectively. The C320 residue of OTUD1 was crucial for cleaving K11-,
K27- and K48-linked ubiquitin chains from NRF2, while the ETGE motif
of OTUD1 contributed to reduce K48-linked ubiquitination of NRF2 by
competing with NRF2 for KEAP1-binding. K48-linked chains are the
predominant linkage type in cells, while K11-linked ubiquitination is
considered as an ‘atypical’ ubiquitin modification [39]. Their roles are
to target proteins to the proteasome for degradation, providing a
reasonable explanation for the positive regulation of OTUD1 upon NRF2
in our study. As for the specific significance of OTUD1 in cleaving
K27-linked ubiquitination from NRF2 needs further study under hepatic
I/R conditions. In addition, a recent study showed that OTUD1 regulated
K63-linked ubiquitin chains from KEAP1 and NF-κB activators such as
NEMO and RIP1, subsequently modulated KEAP1-mediated oxeiptosis
and the NF-κB pathway [33]. In contrast to this data, OTUD1 failed to
change the total ubiquitination levels of KEAP1 in our study, suggesting
that specific ubiquitin-linkage cleaved by OTUD1 depend on the context.
In short, OTUD1 prefers abolishing proteosome-mediated NRF2 degra-
dation rather than modulating NRF2 function through removing K63
polyubiquitin scaffold.

Due to its robust cytoprotective role in preventing oxidative stress
and inflammation, NRF2 activation is considered a promising thera-
peutic strategy for numerous diseases characterized by oxidative stress
[40]. NRF2 binds to KEAP1, leading to recruitment of the CUL3 E3
ubiquitin ligase for NRF2 ubiquitination and degradation [13]. There-
fore, NRF2 can be activated by inhibiting the interaction between NRF2
and KEAP1. In our study, we identified OTUD1 as an activator of NRF2
by disrupting the interaction between KEAP1 and NRF2 through its
ETGE motif. A recent study also reported the KEAP1-binding ability of
OTUD1 in HEK293T cells [33]. These findings suggest that ETEG motif
derived from OTUD1 may be beneficial for activating NRF2 and
contributing to hepatic I/R treatment. To this end, we synthesized ETGE
peptides derived from OTUD1 and applied them to treat murine hepatic
I/R injury. Our results demonstrated that OTUD1-derived ETGE pep-
tides could remarkably alleviate hepatic I/R injury in vivo and in vitro.

In conjunction with our previous work on hepatic I/R injury, our new
findings provide insight into the crucial role of OTUD1 in hepatic I/R
injury by stabilizing and activating NRF2. The regulatory function of
OTUD1 upon NRF2 relies on its catalytic site C320 residue and ETGE
motif simultaneously. Moreover, OTUD1-derived ETGE peptides serve
as an activator for NRF2 through disrupting the interaction between
NRF2 and KEAP1, suggesting their potential use as a powerful drug for
treating hepatic I/R injury.

4. Experimental section

4.1. Human liver samples

14 human liver samples and clinical information in this study were
acquired from patients with hepatectomy atWuhan Union Hospital from
May 2021 to July 2021. Pre-hepatectomy hepatic biopsies were har-
vested after laparotomy before hepatic portal vein occlusion (the pre-
ischemia samples in Fig. 1K–M), and post-hepatectomy hepatic bi-
opsies were obtained after the first time of reperfusion (the reperfusion
samples in Fig. 1K–N and O). The ischemic time was 15± 5 min, and the
reperfusion time was 5 min. Informed consent forms were signed before
operations. Liver samples were frozen in liquid nitrogen immediately
and then transferred to − 80 ◦C for long-term storage. Human studies
were approved by Ethics Committee of Wuhan Union Hospital (UHCT-
IEC-SOP-016-03-01) and followed the principles of both the Declara-
tions of Helsinki and Istanbul. All patients were evaluated for baseline
characteristics including age, gender, and diagnosis.
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4.2. Animals

8–10 weeks old male C57BL/6JWT mice were purchased from Vital
River (Beijing, China), and Otud1-knockout mice (T036968, on a
C57BL/6J background) were purchased from Gem Pharmatech Com-
pany (Nanjing, China). The details of genotyping of Otud1-knockout
mice were shown in Fig. S3. The Nrf2-knockout mice (S-KO-03360,
Cyagen Biosciences, Suzhou, China) (on a C57BL/6J background) was a
gift from Dr. Ke Hu (Wuhan union hospital, Wuhan, China). The re-
combinant adenovirus (Ad-Otud1) and the control adenovirus (Ad-GFP)
were purchased from GeneChem (Shanghai, China). Ad-GFP (5 × 109

pfu) or Ad-Otud1 (5 × 109 pfu) were injected into C57BL/6J WT mice
via the tail vein at a volume of 125 μL 36 h before hepatic I/R operation
[41]. The scramble (FITC-C6-PEAPATEEG) or ETGE (FITC-C6-AAPE-
PETGE) peptides (Bioyears, Wuhan, China) were injected into C57BL/6J
WT mice via the tail vein at a volume of 100 μL four times before
reperfusion (respectively at 12, 8, 4, 0 h before reperfusion) [42]. All
animal experiments were approved by the Animal Care and Use Com-
mittee of Wuhan Union Hospital (IACUC Number: 2660).

4.3. Murine hepatic I/R model

Partial (70 %) hepatic ischemia was performed as previously
described [43]. In brief, sodium pentobarbital (60 mg/kg; Cat: 11715;
Sigma-Aldrich) was intraperitoneal injected into mice for anesthesia,
and after the complete anesthesia, laparotomy was performed along the
midline of the abdomen to expose the liver. Then, the portal vein, he-
patic artery and bile duct were clamped to block blood supply to the
partial liver for ischemia. After 1 h of ischemia, the clamp was released
for reperfusion. After 6 h of reperfusion, the mice were sacrificed for the
subsequent experiments. The same operation was performed on sham
mice without vasculature occlusion. Mice were subjected to I1R6 model
(ischemia for 1 h followed by reperfusion for 6 h).

4.4. Cell culture

HEK293T and AML12 cells were purchased from the American Type
Culture Collection (ATCC). Primary hepatocytes were isolated from the
livers of mice. Cells were cultured in high-glucose DMEM medium (Cat:
11965092; Gibco) supplemented with 10 % fetal bovine serum (FBS;
Cat: 16140071; Gibco) and 1 % penicillin-streptomycin (PS; Cat:
10378016; Gibco) at 37 ◦C in 5 % CO2.

4.5. Liver cells H/R model

H/R model was treated as previously described [26]. AML12 cells or
primary hepatocytes were cultured in high-glucose DMEMmedium with
10 % FBS and 1 % PS. The medium was replaced with FBS-free and
glucose-free DMEM medium (Cat: 11966025; Gibco) before hypoxia,
and cells were transferred to a hypoxia condition (1 % O2, 5 % CO2 and
94 % N2) by ProOX C21 (Biosherix, Lacona, NY) for 6 h. After hypoxia,
the medium was replaced with 10%-FBS and high-glucose DMEM me-
dium, and cells were transferred to a normoxia condition (95 % air and
5 % CO2) for 1 h. AML12 cells or primary hepatocytes were subjected to
H6R1 treatments (hypoxia for 6 h followed by reperfusion for 1 h).

4.6. Liver damage assessment

ALT and AST levels were measured using the DRI-CHEM 4000
Chemistry Analyzer System (Heska Loveland CO) according to the
manufacturer’s instructions.

4.7. Hematoxylin and eosin (H&E) staining

Liver samples were fixed in 10 % formalin, dehydrated, embedded in
paraffin and sliced into 5-μm-thick continuous paraffin sections. For

H&E staining, the samples were stained with hematoxylin (Cat: G1004;
Servicebio) for 5 min, followed by eosin (Cat: G1001; Servicebio) for 30
s. Images were captured by a light microscope (Aperio versa8, Leica
Germany). Necrotic areas were calculated by Image Pro Plus software
(version 6.0, Media Cybernetics, Rockville, MD, USA).

4.8. TdT-mediated dUTP nick-end labeling (TUNEL) staining

The TUNEL assay was performed to detect cell apoptosis in liver
paraffin sections according to the manufacturer’s protocol (Cat: G1501;
Servicebio).

4.9. Isolation of primary hepatocytes and non-parenchymal cells (NPCs)

For hepatocytes isolation, the mice were anesthetized by sodium
pentobarbital. After intubation in the portal vein, the liver was perfused
with Hanks buffer (Cat: H6648; Merck) for 10 min a rate of 240 mL/h,
followed by low-glucose DMEM medium (Cat: 11885084; Gibco) con-
taining 15 mM HEPES, 1 % PS and 100 CDU/mL of collagenase IV (Cat:
17018029; Gibco) for 10 min. Then, the liver was excised, minced, and
strained through a mesh. Hepatocytes were precipitated by centrifuging
for 2 min at 50×g at 4 ◦C. Finally, hepatocytes were cultured in DMEM
with 10 % FBS and 1 % PS.

For NPCs isolation, the mice were anesthetized by sodium pento-
barbital. After intubation in the portal vein, the liver was perfused with
100 CDU/mL collagenase IV for 10 min a rate of 100 mL/h. Then, the
liver was excised, minced, and immersion in 100 CDU/mL collagenase
IV for 20 min at 37 ◦C. Next, the liver was strained through a mesh. The
cell suspension was centrifuged 2 min at 50×g at 4 ◦C to remove the
hepatocytes recovered in the pellet. The NPCs in suspension were
centrifuged, resuspended in cold Histodenz (20 % in Hanks buffer; Cat:
D2158; Sigma-Aldrich), overlaid with cold Hanks and centrifuged at
1500×g at 4 ◦C for 20 min. The NPCs banding at the Histodenz-Hanks
interface were collected and washed in PBS buffer.

4.10. Flow cytometry

AML12 and primary hepatocyte apoptosis was tested using FITC
Annexin V Apoptosis Detection Kit I (Cat: 556547; BD Biosciences) or PE
Annexin V Apoptosis Detection Kit I (Cat: 559763; BD Biosciences).
Mitochondrial membrane potential was tested by Enhanced mitochon-
drial membrane potential assay kit with 5,5′,6,6′tetrachloro-1,1′,3,3′-
tetraethylbenzimidazole-carbocyanine (JC-1; Cat: C2003S; Beyotime).
ROS was tested by and 5-(and-6)-chloromethyl-2′,7′-dichlorodihydro-
fluorescein diacetate (H2DCFDA; Cat: D399; Invitrogen) according to
the manufacturer’s instructions. The data were collected using a flow
cytometry (Beckman Coulter, Fullerton, CA, USA) and analyzed using
FlowJo software (TreeStar, Ashland, OR, USA). Serum samples were
collected from mice subjected to I/R operation. A CBA mouse inflam-
mation kit (Cat: 552364; BD Biosciences) was used to quantitatively
measure interleukin-6 (IL-6), monocyte chemoattractant protein-1
(MCP-1), interferon-γ (IFN-γ), tumor necrosis factor (TNF) and
interleukin-12p70 (IL-12p70) protein levels in a single serum sample.
The data were collected using a flow cytometry and analyzed using
FCAP Array software (version 3.0, BD Bioscience).

4.11. Plasmid construction and lentivirus packaging

The entire human OTUD1 or murine Otud1 cDNA was cloned into
the modified pHAGE-Flag-puro (pHAGE-puro, #118692, Addgene, with
a 3 × Flag tag after the multiple cloning site) to express the Flag-tagged
OTUD1 or Flag-tagged Otud1 recombinant protein. The entire human
KEAP1 cDNA was cloned into the modified pcDNA5-HA (pcDNA5/FRT/
TO V5, #19445, Addgene, with a HA tag in place of V5 tag). Various
truncated forms of OTUD1 (M1, M2, M3, A, B, C, D) were amplified
using overlap PCR and cloned into pHAGE-Flag-puro and pcDNA5-HA.
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Various truncated forms of NRF2 (WT, E, F, G) were amplified using
overlap PCR and cloned into pcDNA5-Myc. Various ubiquitin vectors
were kindly provided by Xiao-Dong Zhang (Hengyang Medical School,
Hengyang, China). Double-stranded oligonucleotides corresponding to
the target sequences were cloned into pLKO.1 (#8453; Addgene).
Overexpression or knockdown cells were obtained via lentiviral pHAGE-
Flag-puro or pLKO.1 vector. In brief, the recombinant plasmids with
psPAX2 (#12260; Addgene) and pMD2.G (#12259; Addgene) were co-
transfected into 293T cells. Viral supernatants were harvested 48 h later
and used for infecting the target cells with 8 μg/ml polybrene. The
infected cells were selected with puromycin and used for gene or protein
detection. All PCR primers used in this study are listed in Supplementary
Table 2.

4.12. Quantitative real-time PCR

Total RNA was extracted from cells and tissues using TRIzol reagent
(Cat: 15596026; Invitrogen). RNA concentrations and purity were
detected using a Nano-300 (Wuhan Avist Technology, Wuhan, China),
and RNA integrity was detected using agarose gel electrophoresis. cDNA
was synthesized with 2 μg RNA using RevertAid First Strand cDNA
Synthesis Kit (Cat: K1622; Thermo). qPCR analyses were performed
using ChamQ SYBR qPCR Master Mix (Cat: Q311-02; Vazyme, Nanjing,
China) to quantify mRNA expressions. All qPCR primers used in this
study are listed in Supplementary Table 3.

4.13. Western blot

In this study, cells and tissues were lysed in RIPA lysis buffer (Cat:
P0013B; Beyotime) at 4 ◦C for 15 min and centrifuged at 12,000 rpm for
15 min at 4 ◦C, and then the supernatants were added with loading
buffer and boiled at 95 ◦C for 15 min. Protein concentrations were
measured using a BCA protein assay kit (Cat: P0012S; Beyotime) and the
absorbance was detected in 562 nm. Protein samples were separated by
10 % sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred onto polyvinylidene fluoride (PVDF)
membranes (Cat: IPVH00010; Millipore). The membranes were blocked
by 5 % BSA at room temperature for 30 min and incubated with primary
antibodies at 4 ◦C overnight, followed by incubation with corresponding
secondary antibodies. A ChemiScope 6000 Series (Clinx Science In-
struments Co., Ltd., Shanghai, China) was used to detect protein signals.
Chemiscope Image Analysis Software was used to quantify protein
levels. Primary antibodies for OTUD1 (abcam, ab122481), Bcl2
(ABclonal, A0208), Bax (CST, 2772), C-caspase3 (CST, 9664), Caspase3
(CST, 9662), C-PARP (CST, 5625), PARP (CST, 9532), NRF2 (CST,
12721), HO-1 (ABclonal, A1346), NQO1 (ABclonal, A0047), KEAP1
(ABclonal, A1820), β-actin (CST, 4970), GAPDH (ABclonal, AC002),
Histone H3 (CST, 4499), Flag (MBL, M185-3), Myc (MBL, M192-3) and
HA (MBL, M180-3) were used for western blot analysis.

4.14. Co-immunoprecipitation (co-IP)

A co-IP assay was performed to identify the binding capacity be-
tween proteins. For the co-IP assay, HEK293T cells were co-transfected
with the indicated plasmids, and PEI MAX (Cat: 24765-1; Polysciences)
was used as the transfection reagent according to the manufacturer’s
instructions. The medium was replaced at 6 h after transfection, and
cells were lysed in cold IP buffer (20 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 1 mM EDTA, 1 % Triton X-100 and protease inhibitor cocktail
(Cat: 04693132001; Roche)) for 15 min at 4 ◦C at 48 h after transfection.
The lysate was centrifuged at 12,000 rpm for 15min at 4 ◦C. One tenth of
the lysate was used as input, and the rest lysate was incubated with
rProtein A/G Beads 4FF (Cat: SA032025; Smart-Lifesciences) and 1 μg of
the corresponding antibody overnight at 4 ◦C. The beads were washed
three times with cold IP buffer and the immunoprecipitated proteins
were analyzed by western blot analysis.

4.15. Luciferase reporter assay

The binding elements of 44 transcription factors were cloned into the
pGL3-basic vector. For the luciferase assay, HEK293T cells were co-
transfected with the indicated plasmids, and PEI MAX was used as the
transfection reagent. The medium was replaced at 6 h after transfection,
and cells were lysed by a Dual-Luciferase Reporter Assay System kit (Cat:
E1910; Promega) at room temperature for 30 min. The activity of each
pathway was detected by a fluorescence detector (Promega GloMax 20/
20, USA) as the manufacturer’s protocol described.

4.16. Denatured immunoprecipitation assay

To detect the ubiquitination of NRF2, denatured immunoprecipita-
tion assay was performed. HEK293T cells were transfected with the
indicated plasmids, and treated with 5 μM MG132 (Cat: HY-13259;
MCE) for 12 h before collection. Cells were lysed with 300 μL of SDS
lysis buffer (10 % SDS in PBS) and denatured at 95 ◦C. Next, 600 μL of
modified RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM
EDTA, and protease inhibitor cocktail) was added to the lysates. Then,
the lysates were cooled on ice for 1 h and centrifuged at 18,000 g for 30
min at 4 ◦C. At last, the supernatant was detected by immunoprecipi-
tation and western blot assays.

4.17. Statistical analysis

Statistical analysis was performed by SPSS software, and the data are
expressed as the mean ± standard deviation (SD). Shapiro-Wilk test was
performed to assess for data normality. Student’s two-tailed t-test was
performed to compare the differences between two groups. Statistical
differences among more than two groups were compared using a one-
way Analysis of Variance (ANOVA), followed by Bonferroni’s post hoc
test (for data of homogeneity of variance) or Tamhane’s T2 post hoc test
(for data of heteroscedasticity of variance). Kruskal-Wallis nonpara-
metric analysis was performed for nonnormal distribution data among
multiple groups. n.s.p not significant, *p < 0.05, **p < 0.01 and ***p <
0.001. p < 0.05 was considered significant. Spearman correlation
analysis was employed for analyzing the strength and direction of the
linear relationship between two variables and represented as R2 value
(square of the Spearman correlation coefficient R).
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