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Abstract

Background Gasdermin D (GSDMD) mediated pyroptosis plays a significant role in the pathophysiology of
myocardial ischemia/reperfusion (I/R) injury. However, the precise mechanisms regulating pyroptosis remain unclear.
In the study, we aimed to investigate the underlying mechanism of pyroptosis in myocardial I/R injury.

Methods In the present study, we analyzed the effects of USP5 on the RIPK1 kinase activity mediated pyroptosis in
vitro after H/R (hypoxia/reoxygenation) and in vivo in a MI/R mouse model. TTC and Evan’s blue dye, Thioflavin S and
immunohistochemistry staining were performed in wild-type, RIPK119/ox Cdh5-Cre and USP5 deficiency mice. CMEC
cells were transfected with si-USP5. HEK293T cells were transfected with USP5 and RIPK1 overexpression plasmid

or its mutants. The levels of USP5, RIPK1, Caspase-8, FADD and GSDMD were determined by Western blot. Protein
interactions were evaluated by immunoprecipitation. The protein colocalization in cells was monitored using a
confocal microscope.

Results In this study, our data demonstrate that RIPK1 is essential for limiting cardiac endothelial cell (CMEC)
pyroptosis mediated by caspase-8 in response to myocardial I/R. Additionally, we investigate the role of ubiquitin-
specific protease 5 (USP5) as a deubiquitinase for RIPK1. Mechanistically, USP5 interacts with RIPK1, leading to its
deubiquitination and stabilization.

Conclusions These findings offer new insights into the role of USP5 in regulating RIPK1-induced pyroptosis.
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Introduction

Acute myocardial infarction (AMI) remains a signifi-
cant cause of worldwide mortality and morbidity [1].
While restoring blood flow to an ischemic organ pre-
vents irreversible cellular injury, reperfusion alone
often causes more tissue damage than ischemia [2].
Emerging studies have also shown that pyroptosis and
inflammation play crucial roles in the pathophysiology
of myocardial I/R injury [3, 4]. Pyroptosis, an inflam-
matory type of cell death characterized by gasdermins,
is triggered by various stimuli and is closely associ-
ated with inflammasome activation [5]. However, the
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regulatory mechanisms of pyroptosis are not fully
understood.

Receptor-interacting protein kinase 1 (RIPK1), a
serine/threonine kinase, is essential for cellular and
tissue balance through the combination of inflam-
matory responses and signaling pathways for cell
death, including apoptosis and necroptosis, which
are involved in various physiological and pathologi-
cal processes [6, 7]. The kinase activity of RIPK1 has
been demonstrated to be essential in the progression
of various inflammatory conditions such as neurode-
generative, inflammatory diseases, and nonalcoholic
steatohepatitis [6, 8, 9]. Controlling the activation
of RIPK1 kinase has been shown to effectively allevi-
ate organ damage. However, its connection to myo-
cardial I/R injury and microvascular dysfunction has
not been thoroughly explored. In addition, it remains
unclear whether RIPK1 activation mediates pyroptotic
cell death. Based on these views, we hypothesize that
RIPK1-mediated CMECs pyroptosis is involved in the
pathophysiological processes of MI/R.

It is widely recognized that RIPK1’s diverse functions
can be regulated through various post-translational
modifications, including ubiquitination and phosphor-
ylation [10, 11]. Ubiquitination is a critical enzymatic
cascade that maintaining cellular processes involves
ensuring the proteins stability and their interactions.
The regulation of protein homeostasis within cells is
controlled by reversible processes known as ubiquiti-
nation and deubiquitination, which are governed by
E3 ligases and deubiquitinating enzymes (DUBs) [12].
Several studies have reported mechanisms that pro-
mote RIPK1 ubiquitination and protein stability [13,
14]. However, the role of ubiquitin-specific protease 5
(USP5), a member of the USP protein family primarily
responsible for dissociating unanchored polyubiquitin,
in myocardial I/R injury has not been studied.

In this study, we demonstrate that USP5 mitigates
CMEC pyroptosis by impairing RIPK1 kinase activity,
and that USP5 in hematopoietic cells is responsible
for the protective effects against I/R-induced pyropto-
sis. Furthermore, we reveal that USP5 inhibits RIPK1
kinase activity by removing K63-linked polyubiquitin
chains from RIPK1, thereby suppressing caspase-8
activation and cell pyroptosis. The results of this study
indicate that USP5 is crucial for preventing RIPK1-
mediated caspase-8 activation to prevent CMECs
pyroptosis. It suggests that USP5 plays a significant
role in mitigating myocardial I/R injury. This research
underscores the potential of targeting USP5 as a prom-
ising therapeutic approach for treating myocardial I/R
injury.
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Materials and methods

Mice

RIPK1 conditional knockout (cKO) mice were pur-
chased from GemPharmatech Co., Ltd (Nanjing,
China), which were established using CRISPR/Cas9
system. Cas9 mRNA, sgRNA and targeting vector con-
taining LoxP sites were co-injected into fertilized eggs.
Exons 3-6 were chosen as the conditional knockout
region. Potential founders were verified by PCR and
gene sequencing. RIPK119°X mice were then mate to
Cdh5-Cre transgenic mice (purchased from GemPhar-
matech Co., Ltd) to generate endothelial cell-specific
RIPK1 conditional knockout mice (RIPK1"! Cdhs5-
Cre). For animal experiments with 6-8-week-old RIP-
K1cKO mice, littermate control mice (RIPK1fox/flox)
were used. Primers employed for RIPK1 genotyping:
F: 5'-3’GACAGCAACCCTGTAAAAGG; R: 5'-3'CGC
ACTTCTGGGTGACACTA. USPS heterozygous-defi-
cient mice (USP5 KO) were purchased from Cyagen
Biosciences Inc (Suzhou, China), using CRISPR/Cas9
technique. USP5 KO mice and their representative
WT control mice were maintained in specific-patho-
gen-free facility. Primers used for genotyping: F: 5'-3’
CGCAGCATCAAGCAAGACAGGGG; R: 5'-3'TCA
GAGTTAAAACTGGGTAT-GGG. All animal experi-
ments were performed according to the Guideline
for the Ethical Review Laboratory Animals, with the
approval of the Scientific Investigation Board of Yun-
nan Bestai Biotechnology Co., Ltd (Kunming, Yunnan
Province, China), and the protocol for sample collec-
tion was authorized by the Ethics Committee of the of
Yunnan Bestai Biotechnology Co., Ltd (approval date
2023, code BST-MICE-PZ-20230426-01).

Anesthesia and euthanasia Sodium pentobarbital
(0.3%) was use to induce anesthesia in mice (30 mg/kg).
Euthanasia was accomplished by cervical dislocation.

Myocardial I/R model

Male Wild-type (WT) and USP5*/"C57BL/6] mice
(6 ~ 8 weeks old) suffered myocardial I/R as described
previously [15]. The left anterior descending (LAD)
coronary artery was ligated by knotting a 6—0 silk
suture for 45 min. And then, the slipknot was released
for 6 h to induce I/R injury model. In sham-operated
animals, mice were performed with the same proce-
dures without ligation.

Measurements of infarct size and area at risk

6 h after reperfusion, TTC and Evan’s blue dye was
performed to measure the the infarct size according
to previous described [15]. The infarct size (IS) was
pale, whereas the area at risk (AAR) was brick red.
The myocardial sections were photographed digitally.
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Subsequently, the images were analyzed using Image J,
the AAR was calculated as a percentage of the LV, and
the IS was calculated as a percentage of the AAR.

Measurement of no-reflow area

Thioflavin-S staining used to measure the no-reflow
area according to previous described [15]. Briefly, at
the end of the experiment (at 6 h of reperfusion), the
same occlusion location of the LAD was reoccluded,
followed by administration of 0.1 ml of 4% thioflavin-
S via the inferior vena cava immediately for identifica-
tion of the no-reflow zone. Subsequently, 0.1 ml of 3%
Evan’s blue was administrated via tail vein to dye the
non-ischemic myocardium. The heart was isolated,
froze on -80 °C refrigerator and quickly cut into five
2 mm thick slices. Slices were exposed to UV light
(363 nm) using a UV transilluminator for digital imag-
ing. Light blue indicates the reflow area, whereas areas
with no-reflow was dark blue. And then, the images
were calculated using Image J. Percentage no-reflow
zone was expressed as a percentage of LV.

Echocardiography

Transthoracic echocardiography was conducted on
mice utilizing a high-resolution micro-imaging system
(Visual Sonics Vevo 2100, Fujifilm Visual Sonics, USA)
was utilized to assess the structure and function of the
heart. Standard two-dimensional M-mode evaluations
were conducted 6 h post-I/R surgery on mice that were
anesthetized using 2% isoflurane. The ejection fraction
(EF) and fractional shortening (FS) were measured.

Immunohistochemistry

Briefly, paraformaldehyde-fixed and paraffin-embed-
ded cardiac tissue was cut into 4 pum-thick sections.
Slides were dehydrated with a graded ethanol series.
Subsequently, Sections incubated with 0.3% hydrogen
peroxide in PBS to quench endogenous peroxidase
activity. And then, sections were blocked with 5% goat
serum for 2 h, and incubated with the following pri-
mary antibodies overnight at 4 °C: rabbit anti-F4/80
(1:100, Proteintech), rabbit anti-CD68 antibody (1:100,
Proteintech), rabbit anti-CD11b antibody (1:100,
Abclonal), rabbit anti-CD31 antibody (1:100, Protein-
tech). The next day, after washing three times, sections
were incubated with the anti-rabbit IgG horseradish
peroxide and detected using diaminobenzidine tet-
rahydrochloride (DAB) reaction, and then counter-
stained with Mayer’s hematoxylin. Captured images
were analyzed using Image J Software.

Cell culture
Primary CMECs were isolated from mice as previously
described [16]. Briefly, Hearts were collected from
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the 6-week-old adult male mice and finely minced
after removing the atria and right ventricle tissues.
CMECs were separated by incubation with collage-
nase II (0.2%, Sigma) at 37 °C for 20 min, followed by
incubation with trypsin (0.25%, Sigma) for 8—10 min.
CMECs were collected after centrifuging at 1000 g for
5 min and resuspended in DMEM (Hyclone, Logan,
UT, USA) supplemented with 10% FBS (BI: Israel,
Middle East) and 100 IU/ml penicilin and 100 mg/ml
streptomycin (Hyclone, Logan, UT, USA) and cultured
at 37 °C with 5% CO2 in DMEM. The isolated CMECs
were characterized using immunofluorescence with
specific antibodies against CD31 (1:100, cell signaling
technology) and Factor VIII (1:100, abcam).

Human cardiac microvascular endothelial cells
(HCMECs) were obtained from ScienCell (Santiago,
USA, Cat. No. 6000) and HEK293T cells were obtained
from the Bei Na Chuang-lian Biotechnology (BNCC,
Wuhan, China). The cells were cultivated at 37 °C
under 5% CO2 in DMEM (Hyclone, Logan, UT, USA)
supplemented with 10% FBS (BI: Israel, Middle East)
and 100 U/ml penicilin and 100 mg/ml streptomycin
(Hyclone, Logan, UT, USA).

Cell treatment

1 pg/ml tumor necrosis factor-a (TNFa, Sigma) was
added to CMECs or HEK293T cells for 1 h to stimulate
cell inflammation and cell death. For CMECs, briefly,
oxygen-glucose deprivation injury (OGD/R) was
established by incubating CMECs in a hypoxic cham-
ber (1% O,, 5% CO,, 94% N,) without serum medium
for 2 h. Then the cells exchanged for complete DEME
medium with serum and reoxygenated in the incubator
containing CO, at 37 °C for 2 h.

Western blot analysis and immunoprecipitation

The process of western blot was described in our pre-
vious study [15]. Total protein was extracted from cells
or cardiac tissues. Protein concentration was mea-
sured by the BSA protein assay (Thermo Fisher, USA).
Proteins were separated by SDS-PAGE and then trans-
ferred onto PVDF membranes. The membranes were
blocked with 5% non-fat milk and incubated overnight
at 4 °C with the following primary antibodies: RIPK1
(1:1000, Proteintech), Caspase-8 (1:1000, abclonal),
FADD (1:1000, Proteintech), GSDMD (1:1000,
Abcam), ¢-GSDMD (1:1000, Abcam), NLRP3 (1:1000,
Adipogen), Caspase-1 (1:1000, Adipogen), Caspase-4
(1:1000, abclonal) and GAPDH (1:5000, Proteintech).
After washing three times with TBST, membranes
were incubated with secondary HRP-conjugated IgG
anti-mouse or anti-rabbit antibody for 2 h at room
temperature. Proteins were visualized by ECL proce-
dure (Bio-Rad, Hercules, CA). The expression levels of
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target proteins were normalized using either -actin or
GAPDH as controls.

For immunoprecipitation (IP), cells were lysed with
Cell Lysis Buffer (Absin, China) supplemented with a
protease inhibitor (MCE, USA) on ice for 15 min. After
centrifugation at 12,000xg for 15 min, the supernatant
was incubated with IP antibodies for 1 h and together
with protein A/G-magnetic beads (Santa cruz Bio-
technology, USA) overnight at 4 °C. After three times
washing with IP buffer, immunoprecipitates were
added to 40 pl 2 x loading buffer for boiling at 100 °C
for 5 min. Then extracts were separated by SDS-PAGE
and analyzed by immunoblot with specific antibodies.

For vitro binding assay, cells were subjected to lysis
using 500 pl of IP buffer, followed by shearing with a
sonication apparatus, and then centrifuged at 12,000 g
for 15 min at a temperature of 4 °C. The superna-
tants were subsequently incubated overnight at 4 °C
with the suitable antibody, either anti-Flag magnetic
beads (MCE, HY-K0207) or anti-Myc magnetic beads
(MCE, HY-K0206). Immunoprecipitants were gathered
through centrifugation at 3,000 g for 3 min at 4 °C,
after which the beads were washed three times using
500 pl of IP buffer. An aliquot of 40 pl of 2 X Laemmli
sample buffer was mixed with the beads, and the sam-
ples were then subjected to SDS-PAGE for resolution.

In vitro ubiquitination assays

For the in vitro ubiquitination assay, Flag-RIPK1 and
HA-Ub, HA- K48 (K48), HA-K63 (K63), together
with WT or C335A mutant Myc-USP5, were trans-
fected into HEK293T cells for 24 h. Then, HEK293T
cells were treated with the proteasome inhibitor
MG132 (Selleck, ) for another 6 h. Cells were lysed
in 150 pl cell lysis buffer (Absin, China) with 5 mM
N-ethylmaleimide (NEM) and complete protease
inhibitor mixture (Selleck, S2619), and centrifuged
at 12,000 g at 4 °C for 15 min. 20% cells were lysed in
loading buffer for input and the remaining superna-
tants were then incubated with anti-Flag magnetic
beads (MCE, HY-K0207), or anti-Myc magnetic beads
(MCE, HY-K0206) overnight at 4 °C, and the beads
were then washed three times with 500 pl of IP buf-
fer. Immunoprecipitants were collected by centrifuga-
tion at 12,000 g at 4 °C for 1 min. An aliquot (40 ul)
of 2xLaemmli sample buffer was added to the beads.
Samples were resolved by SDS-PAGE.

Immunofluorescence staining and confocal analysis

CMECs seeded on confocal dish were immersed in
4% paraformaldehyde solution for 15 min, followed
by permeabilization in 0.1% Triton X-100 for another
15 min. Subsequently, the cells underwent blocking
with normal goat serum for 1 h. Following three times
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washes, the cells were treated with primary antibod-
ies: mouse anti-USP5 (1:200, Proteintech) and rabbit
anti-RIPK1 (1:200, ABclonal) overnight at 4 °C. Cells
were washed with PBS for three times, and then incu-
bated with secondary antibody (Alexa Fluor 488 goat
anti-mouse IgG or Alexa Fluor 594 goat anti-rabbit
IgG) for 1 h at room temperature. Nuclei were stained
with DAPI (Thermo Fisher, USA). Confocal images
were acquired using a Confocal microscopy (Olympus,
Tokyo, Japan) for detection of colocalization.

Plasmids and transfection

Expression vectors for HA-Ub WT, mutant K48 and
mutant K63 plasmids were kindly provided by Dr
Wei Zhao (Shan Dong University, Shandong, China).
The full length of human USP5 were cloned into the
pcDNA3.4/myc-plasmid (Stratagene). Full length and
deletion mutants of human USP5 were constructed
using pFlag-CMV-MCS. The full length of human
RIPK1 were cloned into the pcDNA3.1/Flag-plas-
mid (Stratagene). Full length and deletion mutants of
human RIPK1 were constructed using pFlag-CMV-2.
Transient transfections were carried out using lip3000
according to the manufacturer’s instructions, into
HEK293T cells.

Caspase-1 and Caspase-8 activity

Caspase-1 and caspase-8 activity both in cells and in
mice serum were assessed using caspase-1 and cas-
pase-8 assay kit according to the manufacturer’s
instructions (Beyotime, C1101, C1151). And then the
activation of caspase-1 and caspase-8 was measured
at 405 nm using a microplate reader (ThermoFisher,
USA), and the activity of caspase-1 and caspase-8 was
subsequently calculated.

Lactate dehydrogenase release assay

The Lactate Dehydrogenase Release Assay Kit (Beyo-
time Biotechnology, China) was utilized to measure
the concentration of LDH in serum from mice. The
procedure was conducted following the manufacturer’s
guidelines. The levels of LDH were determined using a
standard curve.

In vitro matrigel tube formation assay

Plates with 96 wells were initially coated with 50 pl
of Matrigel and then incubated for 30 min at 37 °C
with 5% CO2. Subsequently, HUVECs were subjected
to trypsinization and then resuspended in the condi-
tioned medium obtained from various treated CMECs
at a concentration of 4x10* cells/ml. A volume of
100 pl of this cell suspension was placed into the
angiogenesis slide, followed by an incubation period
of 6 h at 37 °C in a 5% CO2 atmosphere. The total
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lengths of tubes per field were quantified using Image]
software.

Statistical analysis

All numerical data were presented as means*SD. Sta-
tistical analysis was calculated with GraphPad Prism
9. Kolmogorov-Smirnov test was used to test for the
distribution of variables. Statistical analysis was per-
formed using a two-unpaired student’s t-tests for sin-
gle measured variable, one-or two-way ANOVA for
multiple comparisons. P<0.05 was deemed statisti-
cally significant. Animal survival analysis was analyzed
by a log-rank test.

Results

USP5 as a positive regulator for RIPK1 kinase activation
and pyroptosis

To investigate the effect of USP5 during RIPK1 kinase
activation and pyroptosis, the expression of USP5,
RIPK1 signaling pathway associated proteins and
GSDMD were first detected in CMECs subjected to
2 h hypoxia followed 2 h re-oxygenation or stimulated
by TNF-a. The protein levels of USP5, RIPK1, FADD
and GSDMD were increased in CMECs subjected to
2 h hypoxia followed 2 h re-oxygenation and stimu-
lated by TNF-a (Supplementary Fig. 1A-B, P<0.05).

To elucidate the physiological functions of USP5, a
specific and efficient small interfering RNA (siRNA)
targeting USP5 was designed and transfected into
human CMECs. The knockdown efficiency of siRNA
was assessed at the protein level (Supplementary
Fig. 2A-B, P<0.05). And then, we initially detect the
effect of USP5 on RIPK1 at the mRNA level. Our
result showed that regulatory effect on RIPK1 mRNA
expression was not influenced by USP5 knockdown
(Supplementary Fig. 3A-B). However, caspase-8 activ-
ity was significantly reduced in USP5-silenced CMECs
stimulated by TNF-« or subjected to H/R or in USP5
deficiency mouse serum (Fig. 1A-B, P<0.05). Con-
versely, the activity of caspase-1 was unaffected by
USP5 knockdown in mouse CMECs or in mouse
serum (Fig. 1A-B, P<0.05). Furthermore, HEK293T
cells were transfected with Myc-tagged USP5. Simi-
larly, increased expression of RIPK1 and GSDMD was
observed in HEK293T cells upon USP5 overexpression
(Fig. 1C-D, P<0.05).

RIPK1 kinase activity is a critical step for caspase-8
activation to promote cell death. However, whether
RIPK1-mediated cell death involves caspase-8-induced
cleavage of GSDMD was unclear. Therefore, the effects
of USP5 on caspase-8 activation and the expression
of GSDMD were investigated. Interestingly, reduced
the expression of RIPK1, caspase-8, and GSDMD was
observed in both mouse and human CMECs subjected
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to H/R upon USP5 knockdown and deficiency (Fig. 1E-
H, P<0.05). Additionally, the inhibitory of USP5
knockdown on pyroptosis after H/R was reversed by
RIPK1 overexpression (Fig. 1I-J, P<0.05). Altogether,
USP5 exhibits a previously unrecognized destruc-
tive capability in CMECs following MI/R injury, likely
by promoting RIPK1 kinase activation medicated
pyroptosis.

USP5 interacts with RIPK1

To further elucidate how USP5 regulates RIPK1 activa-
tion, we initially investigated whether USP5 interacts
with RIPK1. In vitro binding assays demonstrated a
direct interaction between USP5 and RIPK1 (Fig. 2A).
We then examined whether USP5 interacts with other
components of complex II. Co-immunoprecipitation
(Co-IP) assays in HEK293T cells expressing myc-
tagged USP5 and Flag-tagged Caspase-8 or FADD
showed an interaction between USP5 and RIPKI,
but not with Caspase-8 or FADD (Fig. 2C). Further-
more, endogenous USP5-RIPK1 association was con-
firmed by Co-IP in CMECs under both normoxia and
hypoxia-reoxygenation (H/R) conditions (Fig. 2B).
Confocal microscopy also revealed colocalization of
USP5 with RIPK1 (Fig. 2D).

USP5, a member of the ubiquitin-specific protease
family, contains three critical domains: the zinc fin-
ger ubiquitin-specific protease (ZnF-UBP) domain,
the ubiquitin-specific processing domain (USP), and
the ubiquitin-associated (UBA) domain [14]. To deter-
mine which domain(s) of USP5 are responsible for
the interaction with RIPK1, we generated a series of
Myc-tagged USP5 truncated mutants (Fig. 2G). Co-IP
results showed that RIPK1 could coprecipitate with
USP5 wild type (WT), as well as mutants lacking the
UBA or ZnF-UBP domain, but not with mutants lack-
ing the USP domain or containing the USP53*4 muta-
tion (Fig. 2H). These findings suggested that the USP
domain of USP5 mediates its interaction with RIPKI.
Additionally, we constructed three truncated mutants
of RIPK1 (Fig. 2E). Co-IP experiments with these
mutants indicated that the RIPK1 mutant lacking the
kinase domain failed to bind with USP5, while mutants
lacking the RHIM or death domain retained the ability
to interact with USP5 (Fig. 2F). These results demon-
strate that USP5 interacts with RIPK1 through the USP
domain on USP5 and the kinase domain on RIPK1.

USP5 inhibits autophagic degradation of RIPK1

Considering USP5’s role as a positive regulator of
RIPK1 and its interaction with RIPK1, we hypoth-
esized that USP5 promotes RIPK1 activation by
impeding RIPK1 protein degradation. Indeed, USP5
knockdown significantly reduced RIPK1 expression in
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Fig. 1 USP5 as a positive regulator for RIPK1 kinase activation and pyroptosis. (A) Caspase-1 and Caspase-8 activity was determined by an enzyme activity
assay kit in CMECs. Data are expressed as mean + SEM (n=5), and were analyzed using two-tailed Student t test. P <0.05 vs. Control group. (B) Caspase-1
and Caspase-8 activity was determined by an enzyme activity assay kit in mouse serum. Data are expressed as mean+SEM (n=5), were analyzed using
two-tailed Student t test. "P<0.05 vs. Sham group. (C-D) Immunoblot analysis and quantification by densitometry of RIPK1 and c-GSDMD protein in
HEK293T cells transfected with Myc-USP5. Data are expressed as mean £ SD (n=3), and were analyzed using Mann-Whitney U test or two-tailed Student
ttest. P <0.05 vs. Myc-USP5 group. (E-F) Immunoblot analysis and quantification by densitometry of USP5, RIPK1, FADD and c-GSDMD protein in CMECs
silenced of USP5. Data are expressed as mean+SD (n=3), and were analyzed using Mann-Whitney U test or two-tailed Student t test. "P<0.05 vs. H/R
group. (G-H) Immunoblot analysis and quantification by densitometry of RIPK1, Caspase-8, GSDMD and c-GSDMD in mouse CMECs from USP5** or
USP5* mice under normoxia or 2 h hypoxia/2 h reoxygenation. Data are expressed as mean=SD (n=3), and were analyzed using Mann-Whitney U test

or two-tailed Student t test. "P<0.05 vs. H/R group, " P<0.05 vs. USP5*+H/R group

mouse CMECs (Fig. 3A-B, P<0.05). However, USP5
knockdown had no effect on RIPK1 mRNA expression
in mouse CMECs (Fig. 3A). Similarly, USP5 knock-
down notably decreased RIPK1 expression in human
CMECs subjected to H/R or stimulated with TNF-a
(Fig. 3C-D, P<0.05), while it did not affect RIPK1
mRNA expression in human CMECs under H/R or
stimulated with TNF-a (Fig. 3C). Importantly, simi-
lar results were observed in USP5-deficient mouse
CMECs. USP5 deficiency significantly reduced RIPK1
expression in CMECs under both normoxia and H/R
(Fig. 3E-F, P<0.05). However, USP5 deficiency did not

affect NLRP3 and Caspase-1 expression (Fig. 3E-F,
P>0.05).

To investigate whether USP5 regulates RIPK1 deg-
radation, CMEC cells were treated with the protein
synthesis inhibitor cycloheximide (CHX) for vary-
ing durations. The results showed that RIPK1 protein
degradation was accelerated in USP5 siRNA-trans-
fected CMECs compared to control siRNA-transfected
CMECs (Fig. 3G-H, P<0.05). However, no differences
in caspase-8, FADD, and NLRP3 protein degrada-
tion were observed between control siRNA and USP5
siRNA-transfected CMECs (Fig. 3G-H, P>0.05). Sub-
sequently, we investigated the degradation pathway of
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Fig. 2 USP5 interact with RIPK1. (A) Myc-tagged USP5 and Flag-tagged RIPK1were obtained by in vitro transcription and translation. Interaction between
USP5 and RIPK1 was assayed by mixing USP5 and RIPK1 together followed by IP with Myc antibody and immunoblot analysis with Flag antibody. (B) Co-
immunoprecipitation of endogenous USP5 with endogenous RIPK1 from CMECs under normoxia or hypoxia/reoxygenation for indicated time periods.
(C) HEK293T cells expressing Myc-USP5 and Flag-RIPK1, Flag-caspase-8 or Flag-FADD were lysed. Co-immunoprecipitation of Myc-USP5 with Flag-RIPK1,
Flag-caspase-8 or Flag-FADD from HEK293T cells. (D) Representative images of immunofluorescence staining of USP5 (green) and RIPK1 (red) were fixed
in CMECs and incubated with a secondary antibody conjugated to Alexa Fluor 594 and Alexa Fluor 488. Colocalization between USP5 and RIPK1was
examined by Confocal microscopy, Scale bar =25 um. (E) Schematic diagram of RIPK1and its truncation mutants. (F) Flag-tagged RIPK1or its mutants and
Myc-USP5 were individually transfected into HEK293T cells. The cell lysates were immunoprecipitated with an anti-Flag antibody and then immunoblot-
ted with the indicated antibodies. (G) Schematic diagram of USP5 and its truncation mutants. (H) Myc-tagged USP5 or its mutants and Flag-RIPK1 were
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Fig. 3 USP5 deficiency promotes lysosomal degradation of RIPK1. (A-B) Immunoblot analysis and quantification by densitometry of RIPK1, Caspase-8,
FADD and c-GSDMD protein or RT-PCR analysis of mouse CMECs silenced of USP5. Data are expressed as mean+SD (n=3), and were analyzed using
Mann-Whitney U test or two-tailed Student ¢ test. "P<0.05 vs. USP5**group. (C-D) Immunoblot analysis and quantification by densitometry of RIPKT,
protein or RT-PCR analysis of HCMECs silenced of USP5, then under normoxia or 2 h hypoxia/2 h reoxygenation and stimulated for TNF-a for 1 h. Data are
expressed as mean +SD (n=3), and were analyzed using Mann-Whitney U test or two-tailed Student t test. "P<0.05 vs. si-Control group. (E-F) Immunoblot
analysis of and quantification by densitometry of RIPK1, NLRP3, Caspase-1, and caspase-4 protein from USP5™* or USP5™ mouse CMECs under normoxia
or 2 h hypoxia/2 h reoxygenation. Data are expressed as mean+SD (n=3), and were analyzed using Mann-Whitney U test or two-tailed Student t test.
"P<0.05 vs. USP5**+normoxia group, P <0.05 vs. USP5™*+H/R group. (G-H) Immunoblot analysis of extracts from HCMECs, and then treated for vari-
ous times with cycloheximide (CHX). RIPK1, Caspase-8 FADD and NLRP3 expression levels were quantitated by measuring band intensities using ‘lmage)’
software. (I) Immunoblot analysis of extracts from HEK293T cells transfected with Myc-USP5 and Flag-RIPK1 expression plasmid then treated with MG132
(10 mM) or chlorogquine (10 mM) for 2 h. (J) Immunoblot analysis of extracts from HEK293T cells transfected with Myc-USP5 and Flag-RIPK1 expression
plasmid then treated with 3-MA as indicated for 2 h

RIPK1 mediated by USP5. The suppression of RIPK1
degradation by USP5 could be reversed by the autoph-
agy inhibitors 3-MA or chloroquine, but not by the
proteasome inhibitor MG-132 (Fig. 3I) or the autoph-
agy inhibitor 3-MA alone (Fig. 3]), indicating that
USP5 inhibits RIPK1 degradation in the autophagy-
lysosomal pathway.

USP5 reverses K63-linked ubiquitination of RIPK1

The ubiquitin system plays a pivotal role in controlling
RIPK1 kinase activation. USP5 regulates multiple cellu-
lar processes dependent on its deubiquitinase activity.
Given its identification as a RIPK1-associated pro-
tein, we investigated whether USP5 maintains RIPK1
stability through its enzymatic activity. Co-trans-
fection of RIPK1 with HA-ubiquitin and WT-USP5
into HEK293T cells resulted in a significant decrease
in RIPK1 ubiquitination in the presence of the USP5
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expression plasmid (Fig. 4A). Importantly, the USP5
point mutation (C335A), which substitutes the cyste-
ine residue with alanine at position 335 within the USP
domain, lost the ability to suppress polyubiquitina-
tion of RIPK1 (Fig. 4A), indicating that USP5 inhibits
RIPK1 ubiquitination through the USP domain. RIPK1
can be ubiquitinated with both K48 and K63 link-
ages in cells. To investigate which forms of ubiquitin
chains on RIPK1 are affected by USP5, HEK293T cells
were transfected with the ubiquitin mutant K48 and
K63, which contain arginine substitutions of all lysine
residues, except for the one at positions 48 and 63
respectively. USP5 significantly enhanced RIPK1 poly-
ubiquitination in cells transfected with K48 ubiquitin,
while no effect was observed in cells transfected with
K63 ubiquitin (Fig. 4B), indicating that USP5 mediates
K63-linked deubiquitination of RIPK1.

A B
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Under normal physiological circumstances, endog-
enous RIPK1 exhibited significant ubiquitination
with both K48 and K63 connections following TNF-«
induction (Fig. 4C). Nevertheless, in USP5-deficient
CMECs, the K48-linked polyubiquitination of RIPK1
was nearly entirely eliminated, whereas the K63-linked
ubiquitination remained unaffected. To further iden-
tify the ubiquitination sites in RIPK1 regulated by
USP5, a series of RIPK1 mutants were constructed.
However, USP5 mutants lacking the USP domain and
C335A, which removes the deubiquitination activity,
lost the ability to suppress the degradation of RIPK1
(Fig. 4D-E). These data suggest that USP5 specifically
removes K63-linked polyubiquitin chains from RIPK1.
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Fig. 4 USP5 reverses K63-linked ubiquitination of RIPK1. (A) Immunoblot analysis of lysates from HEK293T cells transfected with HA-tagged ubiquitin
(HA-Ub), Flag-RIPKTand USP5 WT or C335A, followed by IP with anti-flag, probed with anti-HA or K63-Ub. (B) Immunoblot analysis of lysates from HEK293T
cells transfected with HA-tagged K48-linked ubiquitin (K48-Ub) or HA-tagged K63-linked ubiquitin (K63-Ub), Flag-RIPKT and Myc-USP5, followed by IP
with anti-Myc, probed with anti-HA. (C) Immunoblot analysis of lysates from USP5™*/USP5" mouse CMECs, followed by IP with anti-RIPK1, probed with
anti-Ub, K48-Ub or K63-Ub. (D) Immunoblot analysis of extracts from HEK293T cells transfected with Flag-RIPK1and Myc-tagged USP5 or its mutants. (E)
Immunoblot analysis of extracts from HCMECs transfected with USP5 wild type (WT), USP5 C335A or mutants of USP5. Similar results were obtained in

three independent experiments
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RIPK1 deficiency alleviates myocardial reperfusion injury
in mice

To further explore the role of RIPK1 in myocardial
microvascular reperfusion injury in mice, we gener-
ated RIPKV** mice with mice expressing the lyso-
zyme promoter-driven Cre recombinase (Cdh5-Cre),
resulting in conditional RIPK1 deletions (Cdh5-
Cre*|RIPK1**/°*) mice. Subsequently, we induced a
myocardial I/R injury model in mice (45 min of isch-
emia followed by 6 h of reperfusion). Figure 5A depicts
the effect of RIPKI®*/* on myocardial infarct size
6 h after reperfusion. In the RIPKI*/1°* [/R group,
the ratio of infarct size to area at risk (AAR) was found
to be smaller compared to the WT-I/R group (Fig. 5B,
P<0.05). Additionally, the AAR as a percentage of the
left ventricle (AAR/LV) was significantly reduced in
the RIPK1**f°* 1/R group (Fig. 5B, P<0.05). Micro-
vascular injury was assessed by microvascular perme-
ability and the no-reflow phenomenon (Fig. 5C). In the
RIPK1M0*flox 1/R group, the no-reflow area caused by
I/R was found to be significantly reduced when com-
pared to the WT-I/R group (Fig. 5D, P<0.05). More-
over, RIPK1**/°* mjce exhibited increased animal
survival and attenuated infiltration of F4/80% and
CD68" macrophages, as well as CD11b" neutrophils
in the heart compared to the WT group (Fig. 5E-G,
P<0.05).

Furthermore, to confirm the role of RIPK1 in myo-
cardial pyroptosis by regulating caspase-8 activity
in vivo, the expression of related proteins was deter-
mined by western blot. The results demonstrated that
RIPK1M0*flox could downregulate the expression of
Caspase-8, FADD, and cleaved-GSDMD in the heart
(Fig. 5H-I, P<0.05). Together, our findings suggest that
RIPK1 deficiency inhibits pyroptosis and inflamma-
tory cell accumulation in the heart following myocar-
dial reperfusion in vivo. Additionally, LDH activity in
mice serum from RIPKP*/1°* + /R group was signifi-
cantly decreased compared with USP5/* + I/R group
(Fig. 5), P<0.05). We also found that RIPK11ox/flox
versus WT showed higher CD31 density (Fig. 5K-L,
P<0.05). Meanwhile, tube formation of HUVECs was
induced in si-RIPK1 versus controls under H/R condi-
tions (Supplementary Fig. 4).

Ablation of USP5 largely inhibits RIPK1 induced myocardial
reperfusion injury in mice

To further elucidate the role of USP5 in regulating
myocardial reperfusion injury, USP5 knockdown mice
were generated. Figure 6A illustrates the effect of
USP5™"" on myocardial infarct size at 6 h after reper-
fusion. The infarct size/area at risk (IS/AAR) ratio of
USP5-deficient mice was smaller following 45 min of
ischemia and 6 h of reperfusion compared to WT mice
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(Fig. 6B, P<0.05). Moreover, the AAR as a percentage
of the left ventricle (AAR/LV) in USP5-deficient mice
was significantly decreased compared with WT mice
(Fig. 6B, P<0.05). To evaluate the effect of USP5 on
microvascular injury, the no-reflow phenomenon was
assessed (Fig. 6C). The no-reflow area induced by I/R
was significantly reduced in USP5-deficient mice com-
pared to WT mice (Fig. 6D, P<0.05). Compared with
WT mice, USP5 knockdown resulted in increased
animal survival following 45 min of ischemia and 6 h
of reperfusion (Fig. 6E, P<0.05). Echocardiographic
findings indicated a significant reduction in EF% and
ES% following MI/R; however, this was restored with
the knockdown of USP5 (Fig. 6F-G, P<0.05). Our
data also revealed that USP5 knockdown downregu-
lated the expression of RIPK1, caspase-8, and cleaved-
GSDMD in the heart (Fig. 6H-I, P<0.05). Additionally,
LDH activity in mice serum from USP5™" + I/R group
was significantly decreased compared with USP5%/* +
I/R group (Fig. 6], P<0.05). Our study also found that
USP5 knockdown promoted capillary formation, as
evidenced by an increased capillary density assessed
through immunohistochemistry analysis of the endo-
thelial marker CD31 (Fig. 6K-L, P<0.05). Furthermore,
in the context of USP5 knockdown, we observed that
si-USP5, compared to the control, induced tube forma-
tion under hypoxia/reoxygenation (H/R) conditions.
(Supplementary Fig. 5). More importantly, Collec-
tively, these findings suggest that USP5 plays crucial
roles in inhibiting RIPK1 kinase activity and pyropto-
sis, thereby USP5 knockdown can alleviate myocar-
dial or microvascular injury induced by MI/R. Taken
together, these findings suggested that USP5 regulates
cell pyroptosis by specifically deubiquitinating RIPK1
(Fig. 7).

Discussion

Cell death is a key mechanism contributing to the
pathophysiology of MI/R injury. Recently, pyroptosis, a
regulated form of programmed cell death, has emerged
as a crucial player in MI/R injury [17]. In the present
study, we demonstrate a significant role of USP5 in
positively regulating pyroptosis by inhibiting RIPK1
kinase activation, rather than the inflammasome-
dependent activation of caspase-1, which promotes
pyroptosis. Importantly, we show that deficiency in
both USP5 and RIPK1 leads to increased animal sur-
vival, attenuation of microvascular injury, and reduc-
tion in myocardial infarct size following myocardial
ischemia-reperfusion.

RIPK1 is a protein with multiple domains, includ-
ing a kinase domain, an intermediate domain, and a
death domain (DD) [6]. Numerous reports suggest
that RIPK1 kinase activity mediates the activation
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Fig. 5 RIPK1 alleviates myocardial reperfusion injury in mice. (A) Representative TTC-Evan’s Blue stained sections of heart from each group. Brick red-
stained area represents the area at risk (AAR), whereas the white area indicates the infarcted size (IS). (B) Ratio of AAR/LV, IS/ARR. Data are expressed as
mean =SD (n=10 for each), and were analyzed using Mann-Whitney U test. ‘P<0.05 vs. WT+I/R group. (C) Representative cross-sectional images of
the left ventricular (LV) showing no-reflow regions indicated by the absence of thioflavin-S fluorescence within the ischemic area that consists of both
no-reflow (yellow arrows) and reflow zones (green arrows) following IR. (D) Ratio of no reflow area/LV. Data are expressed as mean+SD (n=10 for each),
and were analyzed using Mann-Whitney U test. "P<0.05 vs. WT+1/R group. (E) Survival analysis for mice subjected to 45 min ischemia and following 6 h
perfusion. (P<0.05vs. WT+I/R group, Kruskal Wallis test with Dunn post-hoc test for survival analysis). (F) Heart sections were obtained from WT and RIP-
K179 mice under sham or 45 min ischemia and following 6 h reperfusion. The sections were immunohistologically analyzed by staining with antibody
against F4/80, CD68 and CD11b. (G) Quantitative analysis of inflammatory cells was performed. Data are expressed as mean +SD (n=>5 for each), were
analyzed using Mann-Whitney U test or two-tailed Student t test. P < 0.05 vs. WT+1/R group, Scale bar = 20 um and 25 pm. (H-1) Immunoblot analysis and
quantification by densitometry of Caspase-8, FADD and c-GSDMD in the heart from RIPK1 19X miice post-myocardial reperfusion. Data are expressed as
mean+SD (n=3), were analyzed using Mann-Whitney U test or two-tailed Student t test. "P<0.05 vs. WT+I/R group. (J) LDH activity in serum from WT,
RIPK11/Mox W 4 1/R, RIPK110044 /R groups, 'P<0.05 vs. WT+I/R group. (K-L) Percent CD31-positive area per field was obtained by image processing
using ImageJ. Data are expressed as mean +SD (n= 3), were analyzed using Mann-Whitney U test or two-tailed Student ttest. P < 0.05 vs. WT +1/R group.
Scale bar =50 um
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Fig. 6 USP5 deficiency mitigates myocardial reperfusion injury in mice. (A) Representative TTC-Evan’s Blue stained sections of heart from each group.
Brick red-stained area represents the area at risk (AAR), whereas the white area indicates the infarcted size (IS). (B) Ratio of AAR/LV, IS/ARR. Data are ex-
pressed as mean +SD (n =10 for each), and were analyzed using Mann-Whitney U test. "P< 0.05 vs. USP5** +I/R group. (C) Representative cross-sectional
images of the left ventricular (LV) showing no-reflow regions indicated by the absence of thioflavin-S fluorescence within the ischemic area that consists
of both no-reflow (yellow arrows) and reflow zones (green arrows) following IR. (D) Ratio of no reflow area/LV. Data are expressed as mean +SD (n=10 for
each), and were analyzed using Mann-Whitney U test. "P< 0.05 vs. USP5*/* +I/R group. (E) Survival analysis for mice subjected to 45 min ischemia and fol-
lowing 6 h perfusion ('P<0.05 vs. USP5** +I/R group, Kruskal Wallis test with Dunn post-hoc test for survival analysis). (F-G) Images of echocardiography
of mice and quantitative analysis of EF% and FS%. (H-I) Immunoblot analysis and quantification by densitometry of RIPK1, Caspase-8 and c-GSDMD in the
heart from USP5*/~ mice post-myocardial reperfusion. Data are expressed as mean=SD (n=3), were analyzed using Mann-Whitney U test or two-tailed
Student t test. "P<0.05 vs. USP5** +I/R group. (J) LDH activity in serum from USP5*/*, USP5*", USP5**+I/R, USP5* +I/R, "P< 0.05 vs. USP5*/* +I/R group.
(K) Heart sections were obtained from USP5** and USP5** mice under sham or 45 min ischemia and following 6 h reperfusion. The sections were im-
munohistologically analyzed by staining with antibody against CD31. (L) Quantitative analysis of inflammatory cells was performed. Data are expressed
as mean=SD (n=5 for each), were analyzed using Mann-Whitney U test or two-tailed Student t test. "P< 0.05 vs. USP5™* +I/R group, Scale bar =20 um
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Fig. 7 Schematic model in which the USP5 deficiency inhibits MI/R-induced pyroptosis by suppressing RIPK1-mediated activation of caspase-8. Upon
I/R, USP5 expression is upregulated, which subsequently inhibits K63-linked polyubiquitination of RIPK1 and promotes caspase-8 cleavage of gasdermin
D to elicit pyroptosis. When USP5 is downregulated or mutated, RIPK1 reverse K63-linked deubiquitination, which leads to RIPK1 autophgic degradation

and inhibits cell pyroptosis

of caspase-8 or RIPK3, promoting cell apoptosis or
necrosis upon appropriate signals [18, 19]. Interest-
ingly, recent studies indicate that apoptotic caspase-8
can directly cleave GSDMD to induce pyroptosis [20,
21]. Therefore, we hypothesize that RIPK1 may influ-
ence pyroptosis in cardiac microvascular endothe-
lial cells (CMECs) by modulating caspase-8 cleavage
of gasdermin D during I/R. Our results support this
hypothesis, as downregulation of RIPK1 expression
in endothelial cells in mice subjected to MI/R inhib-
ited caspase-8 activity and pyroptosis. Furthermore,
Cdh5-Cre*/RIPK*f0* mice exhibited alleviated
microvascular damage, reduced infarct size, myocar-
dial or endothelial cell pyroptosis, and improved sur-
vival rate following MI/R. Additionally, these mice
showed reduced inflammatory cell infiltration into the
heart. These findings collectively indicate that RIPK1
deletion alleviates myocardial I/R injury by inhibiting
pyroptotic cell death.

However, the precise molecular mechanism underly-
ing RIPK1-mediated inhibition of pyroptosis remains
poorly defined. Studies have reported that RIPKI,
a key protein involved in cell death and inflamma-
tion, is highly regulated through various posttransla-
tional modifications. One of the major mechanisms
controlling RIPK1 is ubiquitination. As negative reg-
ulators, the E3 ligase TRAF2 facilitates RIPK1 polyu-
biquitination and prevents dendritic cell apoptosis

[22]. Similarly, PPDPF facilitates RIPK1 ubiquitination
by recruiting the E3 ligase TRIM21, thereby inhibit-
ing cell apoptosis and suppressing the development
of hepatocellular carcinoma [23]. However, the physi-
ological deubiquitinase that regulates RIPK1 stability
remains elusive.

USP5 has been found to play vital roles in mul-
tiple cellular signaling pathways, such as in immune
response [24], stress reactions [25], DNA repair [26],
and cancer progression [27]. However, the role of
USP5 in regulating pyroptosis has not been thoroughly
investigated. In the present study, our results sug-
gest that downregulated USP5 expression in the heart
not only increases animal survival but also attenu-
ates microvascular injury and myocardial infarct size
post-MI/R. Moreover, USP5+/- mice exhibit increased
susceptibility to promote capillary formation. Addi-
tionally, we observed lower levels of RIPK1 and
GSDMD in heterozygous USP5+/- mice subjected to
myocardial reperfusion-induced microvascular injury.
Mechanistically, USP5 interacts with RIPK1, leading
to deubiquitination and stabilization of RIPK1. Knock-
down of USP5 greatly inhibits the interaction between
USP5 and RIPK1, leading to increased degradation of
RIPK1 by autophagy lysosomes. Based on the experi-
mental data, we demonstrate that USP5 deficiency
reverses K63-linked deubiquitination of RIPK1 and
inhibits RIPK1-mediated pyroptosis. Thus, targeting
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the USP5-RIPK1 axis could be a potential strategy for
the treatment of microvascular injury subjected to
MI/R.

Conclusion

In summary, our study reveals that downregulated
USP5 expression in the heart exhibits an inhibitory
effect on RIPK1-mediated pyroptosis by specifically
reversing K63-linked deubiquitination of RIPK1 and
suppressing CMECs pyroptosis. Our data uncover a
crucial role of USP5 in protecting against microvas-
cular damage by inhibiting RIPK1-mediated pyrop-
tosis, suggesting that targeting USP5 might be a
potential therapeutic approach for microvascular dam-
age post-MI/R.
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