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Alcoholic cardiomyopathy (ACM) is a type of dilated cardiomyopathy unrelated to ischemia, which develops
as a consequence of chronic alcohol consumption. While ethanol-induced irreversible cardiomyocyte death
is implicated in ACM development and progression, the precise molecular mechanisms involved are still
obscure. In the current study, we demonstrate that ethanol exposure promotes receptor-interacting serine/
threonine-protein kinase 1 (RIPK1) autophosphorylation and enhances pRIPK1-associated apoptosis and
necroptosis in ACM models both invivo and invitro. Through co-immunoprecipitation (Co-IP) combined
with liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis, we identified ubiquitin-
specific protease 53 (USP53) as a pivotal deubiquitinase involved in modulating RIPK1 activation following
ethanol stimulation in cardiomyocytes. Mechanistically, we found that ethanol induced up-regulation of
USP53 via transcriptional induction by early growth response 1 (EGR1). Subsequently, USP53 interacted
with the intermediate domain of RIPK1 and removed K63-linked ubiquitination at lysine-377 (K377),
facilitating RIPK1 phosphorylation and triggering downstream apoptotic and necroptotic pathways in
cardiac cells. Further, alcohol-fed cardiomyocyte-specific USP53 knockout (USP53%) mice exhibited
improved survival rates and less cardiomyocyte death in hearts compared with the control group. Our study
identifies USP53 as a novel regulator of RIPK1-dependent cell death and advances our understanding of
the mechanistic pathways of ACM. These results highlight the USP53-RIPK1 signaling axis as a potential
therapeutic target for mitigating ACM progression.
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Introduction

Alcoholic cardiomyopathy (ACM) is defined as chronic and
excessive ethanol (EtOH) intake-induced dilated cardiomyopa-
thy, which is characterized by cardiac chamber enlargement,
increased interstitial fibrosis, and impaired cardiac contractility
[1,2]. Given that targeted treatments are absent, abstinence is
the only therapeutic option for patients with ACM. Both EtOH
and its metabolite, such as acetaldehyde, can induce mitochon-
drial dysfunction and promote oxidative damage in cardiomyo-
cytes (CMs). These pathological processes ultimately lead to
cellular impairment and programmed cell death. Clinical stud-
ies and animal models have shown that alcohol consumption
leads to an elevation of apoptosis in CMs [3-5]. In addition,
recent researches revealed the up-regulation of necroptosis
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[6-8] and ferroptosis [9,10] in EtOH-stimulated CMs. Multiple
forms of cell death can coexist and cross-regulate each other,
collectively driving disease progression. The death of CMs is a
major factor in ventricular remodeling and heart failure [11].
Determining the predominant type of cell death contributing
to ACM development is crucial for understanding the underly-
ing molecular pathways and identifying therapeutic targets.
Receptor-interacting protein kinase 1 (RIPK1) functions as
a crucial mediator in controlling inflammatory responses and
cell death pathways, including apoptosis, necroptosis, and
pyroptosis, under certain conditions [12]. Upon tumor necrosis
factor (TNF) or reactive oxygen species (ROS) stimulation,
RIPK1 is promptly directed to form transient membrane-
bound complex I, where RIPK1 is heavily ubiquitinated by
cIAP1/2 to trigger the nuclear factor kB (NF-kB) pathway and
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cell survival [13,14]. Dysregulation of the posttranslational
modification of RIPK1, such as dissociation of certain ubiqui-
tin, will induce its kinase activation and subsequently auto-
phosphorylation, which is characterized by phosphorylation
at serine-166. These molecular events promote RIPK1 to par-
ticipate in the assembly of cytosolic complex II, where it serves
as a scaffold for caspase-8 binding and activation, ultimately
initiating the apoptotic cascade [15]. On the other hand, cell
death signaling could also skew toward necroptosis, in which
RIPKI binds receptor-interacting protein kinase 3 (RIPK3)
through RHIM domain (RIP homotypic interaction motif),
subsequently leading to mixed lineage kinase domain like
(MLKL) activation [16]. Given the pivotal role in determining
cell fate, RIPK1 is tightly regulated to prevent adverse effects
in cells. Various posttranslational modifications act as death
checkpoints to suppress the cytotoxic effect of RIPK1, such as
ubiquitination, deubiquitination, and phosphorylation [17,18].
In recent years, studies revealed that the dysregulation of ubiq-
uitination and deubiquitination of RIPK1 is closely associated
with the progression of inflammatory disorders, neurodegen-
eration, and oncological diseases. However, the involvement
and underlying mechanism of RIPK1 activation in alcoholic
cardiac toxicity have not been reported.

In this study, we identified ubiquitin-specific protease 53
(USP53) as a crucial modulator that induces the RIPK1 kinase
activation and subsequent programmed cell death in ACM
progression. As a member of the USP family, USP53 is broadly
expressed in cardiac tissue. Notably, it has been considered
catalytically inactive due to the lack of an essential histidine
[19,20]. However, recent studies found that USP53 is a robust
deubiquitinating enzyme (DUB) and preferentially catalyzes
Ké63-linked ubiquitin chain. In addition, the study indicates
that USP53 promotes the development of atherosclerosis by
stabilizing the scavenger receptor-A protein via the removal of
the K48-linked ubiquitin chain. [21]. Furthermore, the over-
expression of USP53 has been reported to induce cell death in
various cancers [22-25], which indicates that USP53 is closely
related to cell death regulation. Here, we found that alcohol led
to the up-regulation of USP53 in CMs. USP53 directly binds
to RIPK1 and triggers its kinase activity by removing the K63-
linked ubiquitin chain at the lysine-377 (K377) site, which in
turn drives apoptosis and necroptosis, and exacerbates ACM.
These findings revealed the critical role of USP53-RIPK1 inter-
action in driving alcoholic CM injury and ACM. In the mean-
time, it highlights USP53 as a promising therapeutic target in
ACM treatment.

Results

EtOH contributes to cardiac dysfunction and
triggers both apoptosis and necroptosis in CMs

After 60 d of EtOH feeding (Fig. 1A), mice exhibited lower
body weights and worse survival compared to the control
(CTRL) group (Fig. 1B and C). Meanwhile, alcohol-fed mice
displayed obvious symptoms of ACM characterized by marked
cardiac dysfunction, including dramatically reduced left ven-
tricular ejection fraction (LVEF) and fractional shortening
(FS), accompanied by the increase of left ventricular internal
diameter at the end of systole (LVIDs). The left ventricular
internal diameter at the end of diastole (LVIDd) was unchanged
(Fig. 1D and E). Hematoxylin and eosin (H&E) staining of
hearts from EtOH-fed mice showed much thinner ventricular
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walls and dilated cardiac chambers (Fig. 1F and Fig. S1A).
Further staining with Masson revealed pronounced myocardial
fibrosis and increased collagen content in the heart of the
EtOH-fed group (Fig. 1G). In addition, immunohistochemistry
(IHC) staining suggested that interleukin-6 (IL-6) and IL-1f
were markedly elevated in the hearts from EtOH-exposed mice
(Fig. S1B). ROS alterations were analyzed through dihydro-
ethidium (DHE) staining, and the result indicated that EtOH
feeding increased DHE staining obviously (Fig. S1C). These
findings indicate that EtOH causes cardiac damage and ACM
development.

CM injury and programmed cell death are the major causes
of cardiac dysfunction and remodeling. Then, we assessed CM
survival rate under EtOH exposure in vitro. Cell Counting Kit-8
(CCKB) assay observed a concentration- and time-dependent
reduction in the viability of EtOH-challenged AC16 cells (Fig.
1H). To identify the predominant form of cell death involved
in alcohol-related cardiac toxicity, we assessed markers for cell
death pathways. Western blotting indicated that EtOH stimula-
tion led to up-regulation of necroptosis (pRIPK3 Ser””’/RIPK3,
PMLKL Ser’**/MLKL) and apoptosis (cleaved caspase-3/
caspase-3) markers in AC16 cells (Fig. 1I), while ferroptosis
and pyroptosis markers were unchanged (Fig. S1D and E).
Consistent with the in vitro findings, heart tissues from EtOH-
fed mice also exhibited elevated expression of necroptosis and
apoptosis markers, as demonstrated by both Western blotting
and immunohistochemical staining (Fig. 1] and Fig. SIF). In
addition, terminal deoxynucleotidyl transferase-mediated deo-
xyuridine triphosphate nick end labeling (TUNEL) assay revealed
significantly elevated apoptosis in EtOH-challenged AC16
cells and heart tissue coming from alcohol-fed mice (Fig. 1K
and L). Transmission electron microscopy (TEM) assay analy-
sis of AC16 cells 24 h after EtOH stimulation clearly showed
increased apoptosis and necroptosis of cells (Fig. 1M). The typi-
cal visual pattern of necroptosis identified in the TEM images
included swollen nuclei and mitochondria, plasma membrane
disruption, and leakage of cellular components, while apoptosis
was characterized as nuclear shrinkage, chromatin condensa-
tion, and apoptotic body formation.

Autophosphorylation of RIPK1 mediates alcoholic

apoptosis and necroptosis of CMs invivo and invitro

To identify the major death type involved in EtOH-mediated
CM injury, we investigated the effects of multiple cell death
inhibitors on EtOH-treated AC16 cells, including Z-VAD-FMK
(the pan-caspase apoptosis inhibitor), necrostatin-1 (Nec-1; the
necroptosis inhibitor), and ferrostatin-1 (Fer-1; the ferroptosis
inhibitor). According to the CCK8 assay, Nec-1 treatment exhib-
ited the best rescue effect (Fig. 2A). Considering that Nec-1 tar-
gets RIPK1, which is a critical upstream regulator of apoptotic
and necroptotic signaling, we further studied RIPK1 expression
and its autophosphorylation. We found the activation of RIPK1
(pRIPK1 Ser'®) was dramatically up-regulated in EtOH-
stimulated AC16 cells and heart tissue from alcohol-fed mice,
but the protein level of total RIPK1 was unchanged (Fig. 2B and
C). Further, TUNEL staining and TEM assay suggested that
Nec-1 reduced apoptosis, as well as necroptosis, of AC16 cells
under EtOH stimulation (Fig. 2D and Fig. S2A and B). In the
meantime, we found that Nec-1 effectively inhibited EtOH-
induced RIPK1 autophosphorylation, as well as the activation of
key markers (pRIPK3 Ser?”’/RIPK3, pMLKL Ser’*/MLKL,
cleaved caspase-3/caspase-3) of both apoptosis and necroptosis
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Fig. 1. EtOH contributes to cardiac dysfunction and triggers both apoptosis and necroptosis in CMs. (A) Experimental procedure of the ACM mice model. (B) Body weights
of the mice in the CTRL and EtOH groups (n = 6 each). (C) Survival rate of the mice in the CTRL and EtOH groups. (D and E) Transthoracic echocardiographic results of the
LVEF, FS, LVIDd, and LVIDs for cardiac functional analysis (n = 6 each). (F) Representative images of heart tissues stained with H&E (scale bars, 1,000 um). (G) Representative
images of heart tissues stained with Masson (n = 6 each) (scale bars, 100 um). (H) Cell viability of AC16 cells following EtOH treatment was evaluated at varying concentrations
and differential time points by CCK8 assay (n = 5 each). (1) Western blotting of pRIPK3 Ser??’, RIPK3, pMLKL Ser®%, MLKL, cleaved caspase-3, and caspase-3 in EtOH-treated
AC16 cells and CTRL (n = 3 each). (J) Western blotting of pRIPK3 Ser®? RIPK3, pMLKL Ser®*5, MLKL, cleaved caspase-3, and caspase-3 in heart tissues from EtOH-fed mice
and CTRL (n = 6 each). (K) TUNEL staining of EtOH-treated AC16 cells and CTRL (n = 3 each) (scale bars, 50 pm). (L) TUNEL staining of heart tissue from EtOH-fed mice and
CTRL (scale bars, 50 pm). (M) TEM assay of AC16 cells. Necroptotic cells exhibit nuclear swelling, whereas apoptotic cells are characterized by nuclear shrinkage (arrowheads).
Results are expressed as the mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 2. Autophosphorylation of RIPK1 mediates alcoholic apoptosis and necroptosis of CMs invivo and invitro. (A) Cell viability of AC16 cells treated with EtOH and subsequently
rescued using Fer-1, ZVAD-FMK, or Nec-1 was determined using the CCK8 assay (n = 6 each). (B) Western blotting of pRIPK1 Ser*®® and RIPK1 in AC16 cells treated with EtOH
(n = 3 each). (C) Western blotting of pRIPK1 Ser'®® and RIPK1 in heart tissues from EtOH-fed mice and CTRL (n = 6 each). (D) TUNEL staining of AC16 cells from CTRL, EtOH,
and EtOH + Nec-1 groups (n = 3 each) (scale bars, 50 um). (E) Western blotting of pRIPK1 Ser'®®, RIPK1, pRIPK3 Ser??’, RIPK3, pMLKL Ser®®8, MLKL, cleaved caspase-3, and
caspase-3 in AC16 cells of the CTRL, EtOH, and EtOH + Nec-1 groups (n = 3 each). (F and G) Transthoracic echocardiographic results of the LVEF, FS, LVIDd, and LVIDs for
cardiac functional analysis (n = 8 each). (H) Representative images of heart tissues stained with H&E staining (scale bars, 1,000 pm). (1) Representative images of heart
tissues stained with Masson (n = 8 each) (scale bars, 100 um). (J) TUNEL staining of heart tissues of the mice from CTRL, EtOH, and EtOH + Nec-1 groups (scale bars,
50 pm). (K) Western blotting of pRIPK1 Ser'®®, RIPK1, pRIPK3 Ser?®?, RIPK3, pMLKL Ser®*%, MLKL, cleaved caspase-3, and caspase-3 in heart tissues of the mice in the CTRL,
EtOH, and EtOH + Nec-1 groups (n = 8 each). Results are expressed as the mean + SD. *#P < 0.05, ##P < 0.01, ***P < 0.001.
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pathways in AC16 cells (Fig. 2E). Notably, administration of
Nec-1 in ACM mouse model markedly improved the survival
rate of EtOH-fed mice, but did not affect mouse body weight
(Fig. S2C and D). Echocardiography revealed that Nec-1 treat-
ment reversed EtOH-induced decreases of LVEF and FS, as well
as increases of LVIDd and LVIDs invivo (Fig. 2F and G).
Histopathological analysis using H&E and Masson staining sug-
gested that Nec-1 also effectively inhibited EtOH-induced car-
diac remodeling (Fig. 2H and Fig. S2E) and fibrosis (Fig. 2I).
TUNEL staining suggested that Nec-1 treatment inhibited apop-
tosis in heart tissue of EtOH-fed mice (Fig. 2J). RIPK1 phos-
phorylation, as well as the activation of necroptosis and apoptosis
pathways, was also inhibited in the heart of alcohol-fed mice
(Fig. 2K). These data indicated EtOH-induced apoptosis and
necroptosis of CMs by promoting RIPK1 phosphorylation,
which can be reversed by Nec-1 both in vitro and in vivo.

USP53 is the critical regulator for alcohol-induced
RIPK1 phosphorylation and CM death

Given that the ubiquitylation level is critical in determining
the involvement of RIPK1 in NF-kB signaling, apoptotic, or
necroptotic pathways, we thought to clarify whether EtOH-
induced pRIPK1 up-regulation in CMs is intricately associated to
ubiquitination modification through IP assay first. The result
indicated that alcohol markedly inhibited the ubiquitination of
RIPK1 in AC16 cells (Fig. 3A). Then, we assessed the widely stud-
ied deubiquitinating enzyme and E3 ligases of RIPK1, and found
that EtOH did not affect the expression of CYLD, cIAPI, and
cIAP2 at the RNA level (Fig. 3B). Next, we use Co-IP and liquid
chromatography-mass spectrometry/mass spectrometry (LC-
MS/MS) assay to search for the regulator of RIPK1 ubiquitination
under EtOH stimulation. By analyzing the profile of precipitated
proteins, USP53 was ultimately selected for further evaluation
since the high binding affinity of RIPK1 (Fig. 3C). The silver stain-
ing revealed the bands of RIPK1-bound proteins (Fig. 3D).
Western blotting and IHC staining suggested that USP53 expres-
sion was markedly increased in the heart of EtOH-exposed mice
(Fig. 3E and F). Meanwhile, EtOH significantly promoted the
expression of USP53 in AC16 cells at RNA level (Fig. 3G). Notably,
the up-regulation of USP53 in EtOH-exposed AC16 cells and rat
primary CMs occurred in the time- and concentration-dependent
manner, but was not observed in cardiac fibroblasts (CFs) (Fig.
3H to J and Fig. S3A to C).

Next, we evaluated whether USP53 was incorporated in
RIPK1 phosphorylation and pRIPK1-associated cell death
pathways in EtOH-treated CMs. By knockdown of USP53 by
small interfering RNA (siRNA) (Fig. S3D), we found that
USP53 deficiency markedly rescued EtOH-induced decrease
in AC16 cell survival (Fig. 3K). Meanwhile, TUNEL staining
suggested that USP53-deficient AC16 cells exhibited a lower
level of apoptosis under EtOH challenge (Fig. 3L and Fig.
S3E). Notably, Western blotting showed that USP53 knock-
down dramatically reversed the up-regulation of pRIPK1
Ser'®, pRIPK3 Ser*”’, pMLKL Ser**$, and cleaved caspase-3
levels in EtOH-challenged AC16 cells (Fig. 3M and Fig. S3F).
In contrast, overexpression of USP53 significantly decreased
the survival and proliferation of AC16 cells under EtOH
treatment (Fig. S3G and H). In addition, USP53 overexpres-
sion significantly reversed USP53 loss-mediated suppression
effect on apoptosis and necroptosis pathways (Fig. 3N and
Fig. S3I). Thus, these data indicated that USP53 participated
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in EtOH-induced myocardial injury by modulating RIPK1
autophosphorylation.

USP53 interacts with the intermediate domain of
RIPK1 via its C-terminal region

Immunofluorescence assay indicated colocalization of RIPK1
and USP53 in the cytoplasm of AC16 cells with EtOH treatment
(Fig. 4A). Co-IP assay suggested direct binding between RIPK1
and USP53 in AC16 cells and primary rat CMs, and the binding
was dramatically enhanced under EtOH treatment, accompa-
nied with increased USP53 expression (Fig. 4B and C). Similar
results were found in human embryonic kidney (HEK)-293T
cells transfected with hemagglutinin (HA)-RIPK1 and Flag-
USP53, which showed colocalization of HA-RIPK1 and Flag-
USP53 in cytoplasm (Fig. 4D). Then, we immunoprecipitated
either Flag or HA tag and probed for both proteins. The results
showed direct interaction between HA-RIPK1 and Flag-USP53
(Fig. 4E and F). Given that RIPK3 is also a central mediator of
necroptosis and is known to undergo ubiquitin modification,
we performed Co-IP assays to investigate whether USP53
directly interacts with RIPK3. The results did not show detect-
able interaction between USP53 and RIPK3 in AC16 cells,
either with or without EtOH treatment. These findings suggest
that USP53 primarily functions through the interaction with
RIPK1, rather than RIPK3 (Fig. S4A).

To identify the essential domain that RIPK1 required to
bind with USP53, we constructed 4 HA-tagged truncation
mutants of RIPK1 based on its well-known structure, including
HA-RIPK1-KD (kinase domain), HA-RIPK1-ID (intermediate
domain), HA-RIPK1-KDID (kinase domain and intermediate
domain), and HA-RIPK1-AID (intermediate domain-depleted
RIPK1) (Fig. 4G). By cotransfection of Flag-tagged USP53 and
each RIPK1 mutant in 293T cells, we found that HA-RIPKI,
KDID domain, and ID domain showed obvious interaction
with USP53, but not KD domain or RIPK1 lacking ID domain
(Fig. 4I). These findings indicate the ID domain of RIPK1 as a
crucial structural element for USP53 interaction. Furthermore,
to identify the critical binding region of USP53 required for its
association with RIPK1, we constructed 2 Flag-tagged trunca-
tion mutants of USP53, including its C-terminal domain (Flag-
USP53-C) and N-terminal domain (Flag-USP53-N) (Fig. 4H).
Cotransfection of USP53 mutants and HA-tagged RIPK1 in
HEK-293T cells showed that both the full length and the C
terminus of USP53 could interact with RIPK1, but not the N
terminus of USP53, which indicated that the C terminus of
USP53 was essential for interacting with RIPK1 (Fig. 4]).

USP53 deubiquitinates K63-linked ubiquitin chain

of RIPK1 at K377 promoting RIPK1 phosphorylation
and CM injury

Given that USP53 only affected RIPK1 phosphorylation (Fig.
3M), but not at the RNA and protein level (Fig. S5A to D), we
thought that USP53 might regulate RIPK1 activity through post-
translational modifications, such as ubiquitination, a crucial
regulator to activate RIPK1 kinase activity [26,27]. To further
evaluate whether USP53 regulates the ubiquitination of RIPKI,
we knocked down USP53 expression in AC16 cells by siRNA.
The result indicated that the level of ubiquitination of RIPK1 was
up-regulated in USP53-deficient cells (Fig. 5A). Next, to assess
whether the hydrolysis of ubiquitin chains on RIPK1 requires
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the catalytic activity of USP53, we generated a catalytically inac-
tive mutant, Flag-USP53-C41S, in which the critical cysteine at
position 41 was substituted with serine, thereby abolishing its
deubiquitinating function. By cotransfection of HA-RIPK1 with
either Flag-USP53 or Flag-USP53-C41S in HEK-293T cells, we

Pan et al. 2025 | https://doi.org/10.34133/research.0823

found that catalytic site-mutated USP53-C41S was unable to
inhibit the ubiquitination of RIPK1 (Fig. 5B). Further, given the
established involvement of M1-, K11-, K48-, and K63-linked
ubiquitin chains in modulating RIPK1 activity [28], to figure out
which Ub chain was preferentially catalyzed by USP53, we
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Fig. 5. USP53 deubiquitinates K63-linked ubiquitin chain of RIPK1 at K377 promoting RIPK1 phosphorylation and CM injury. (A) Ubiquitination of immunoprecipitated RIPKL in
AC16 cells transfected with USP53-siRNA or CTRL. (B) Exogenous ubiquitination assays of HA-RIPK1 in HEK-293T cells cotransfected with Myc-Ub, HA-RIPK1, and Flag-USP53
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3 each). (I) TUNEL staining of EtOH-stimulated AC16 cells cotransfected with Flag-USP53 and RIPK1 or RIPK1-K377R mutant (n = 3 each) (scale bars, 50 um).

generated vectors of these 4 types of ubiquitin. The data dem-
onstrated that USP53 markedly attenuated K63-linked ubiq-
uitination of RIPK1, while no effect was observed on M1, K11,
and K48 ubiquitin. In the meantime, the USP53-C41S mutant
failed to suppress the K63 ubiquitination of RIPK1 (Fig. 5C).
Consistently, we found that USP53 deficiency led to an increase
of K63-linked ubiquitination of RIPK1 in AC16 cells, but not
K48-linked ubiquitination (Fig. 5D and Fig. S5E). In the mean-
time, overexpression of USP53-C41S failed to reverse USP53

Pan et al. 2025 | https://doi.org/10.34133/research.0823

knockdown-induced suppression effects of apoptosis and
necroptosis pathways in EtOH-exposed AC16 cells (Fig. 5E
and Fig. S5F). These results suggest that USP53 displays a
deubiquitination effect preferentially on K63-linked ubiqui-
tination of RIPK1.

To further determine the modification site of K63-linked Ub
on RIPK1, we identified 4 predicted ubiquitination sites (Lys™",
Lys™®, Lys'’, and Lys’”’) within the ID domain of RIPK1 by the

PhosphosSitePlus website (www.phosphosite.org) (Fig. 5F) and
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by analyzing previous studies [17,29]. We mutated lysine (K) to
arginine (R) to generate point mutants of RIPKI, including
HA-RIPK1-K302R, HA-RIPK1-K306R, HA-RIPK1-K316R, and
HA-RIPK1-K377R. By cotransfection of Flag-USP53, Myc-Ub,
and each RIPK1 mutant in HEK-293T cells, we observed that
the K377R mutation effectively inhibited the USP53-induced
RIPK1 deubiquitination, whereas K302R, K306R, and K316R
did not affect this process (Fig. 5G). However, Co-IP assay
revealed that the K377R mutation did not affect the interaction
between RIPK1 and USP53 (Fig. S5G). Then, we assessed
whether the K377R mutation can suppress USP53-mediated
RIPK1 autophosphorylation in EtOH-treated AC16 cells. By
cotransfection of Flag-USP53 and RIPK1 mutants in AC16 cells,
we observed that overexpression of USP53 significantly aug-
mented EtOH-induced RIPK1 autophosphorylation, while
K377R mutation effectively blocked the up-regulation of pRIPK1
Ser'® mediated by USP53 (Fig. 5H and Fig. S5H). Meanwhile,
the K377R mutation markedly inhibited USP53 overexpression-
enhanced apoptosis in AC16 cells (Fig. 5I and Fig. S5I). These
results suggest that USP53 activates RIPK1 by the deubiquitina-
tion of K63-linked Ub at K377 of RIPK1.

EGR1 transcriptionally modulated USP53 expression
in CMs under EtOH treatment

To investigate the upstream molecular mechanisms by which
EtOH elevates USP53 transcription, we employed 4 transcription
factor (TF) prediction platforms—]JASPAR, ChIP Atlas, GTRD,
and ENCODE—to identify candidate TFs potentially binding to
the USP53 promoter. Cross-analysis revealed 22 TFs commonly
predicted by all 4 databases (Fig. 6A). Re-analysis of the 22 TFs
and differential expressed genes (DEGs; 143 up-regulation and
136 down-regulation) from the cardiomyopathy-related Gene
Expression Omnibus (GEO) dataset GSE57338 revealed early
growth response 1 (EGR1) as the only overlapping molecule (Fig.
6B and C). The level of EGR1 in the heart of EEOH-fed mice was
obviously up-regulated compared to that with the CTRL mice
(Fig. 6D). Similarly, Western blotting suggested that EtOH treat-
ment up-regulated EGR1 expression in AC16 cells through a
dose-dependent manner (Fig. 6E). To further validate the influ-
ence of EGR1 on USP53 expression, we found that EGR1 knock-
down significantly suppressed USP53 expression in AC16 cells
with or without EtOH treatment (Fig. 6F to H). Notably, USP53
overexpression effectively reversed the inhibitory effects of EGR1
knockdown on pRIPK1-mediated cell death pathways (Fig. S6A).
These data indicated that EGRI is the key regulator promoting
USP53 expression in CMs under EtOH treatment.

Given that ROS is reported to affect EGR1 expression [30],
we next explored whether ROS was involved in EtOH-induced
EGR1 up-regulation and USP53/RIPK1-mediated CM injury.
2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA) staining
demonstrated that EtOH treatment elevated ROS level in AC16
cells, which can be inhibited by N-acetylcysteine (NAC), an
inhibitor of ROS (Fig. 6I). Furthermore, Western blotting indi-
cated that NAC dramatically suppressed the EGR1 expression
in EtOH-exposed AC16 cells (Fig. 6K). Meanwhile, NAC mark-
edly attenuated USP53 expression and RIPK1 autophosphory-
lation, as well as pRIPK1-dependent apoptosis and necroptosis
(Fig. 6K). Notably, USP53 overexpression effectively reversed
the inhibitory effects of NAC on pRIPK1-mediated cell death
pathways (Fig. 6K). Consistently, CCK8 assay showed that
NAC pretreatment significantly improved the survival rate of
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EtOH-challenged AC16 cells (Fig. 6]). These data indicated that
ROS contributes to the EtOH-induced up-regulation of EGR1
in CMs, which subsequently provokes USP53 expression and
downstream RIPK1 phosphorylation and pRIPK1-dependent
cell death.

CM-specific USP53 knockout mice develop less

alcoholic myocardial injury

To further investigate the effects of cardiac USP53 in ACM patho-
genesis, we generated CM-specific USP53 knockout mice
(USP53“%°) (Fig. 7A and Fig. S7A). The specificity of USP53
depletion was verified in the heart and other major organs, includ-
ing lung, liver, kidney, and spleen (Fig. S7B). After feeding with
FtOH for 60 d, both USP53€KO and USP53"" mice showed lower
body weights than control diet groups (Fig. 7B). Notably, the sur-
vival rate of EtOH-fed USP53°K° mice was significantly improved
compared with USP53"" mice (Fig. 7C). Meanwhile, echocardio-
gram indicated that cardiac USP53 deficiency significantly inhib-
ited EtOH-induced cardio-dysfunction in USP53“%° mice,
showing as enhanced LVEF and FS, as well as decreased LVIDd
and LVIDs (Fig. 7D and E). Consistently, H&E and Masson stain-
ing of heart tissue showed significantly improved ventricular
chamber dilation and cardiac fibrosis in USP53“*° mice fed with
EtOH (Fig. 7F and G and Fig. S7C). Additionally, IHC staining
and TUNEL staining demonstrated obviously reduced expression
of IL-6 and IL-1p, along with decreased apoptosis level in heart
tissue of EtOH-fed USP53“*° mice compared to control mice (Fig.
7H and Fig. S7D). By analyzing the marker of cell death pathways
in heart tissue, Western blotting and THC staining revealed that
cardiac USP53 knockout dramatically reversed EtOH-induced
up-regulation of pRIPK1/RIPK1, pMLKL/MLKL, and pRIPK3/
RIPK3, as well as cleaved caspase-3/caspase-3 (Fig. 71 and Fig.
S7E). Together, these findings suggest that CM-specific USP53
deficiency enhances cardiac function and suppresses RIPK1-
mediated apoptosis and necroptosis in EtOH-exposed mice.

Discussion

Our study demonstrated the critical role of USP53 in modulat-
ing RIPK1 activity and subsequent cell death pathways in ACM.
Our major findings revealed that EtOH significantly induced
RIPK1-associated apoptosis and necroptosis, which contrib-
uted to CM injury and ACM pathogenesis. USP53 served as a
crucial regulator of RIPK1 activity by disrupting K63-linked
ubiquitination at the K377 site of RIPK1 and facilitating RIPK1
autophosphorylation (Fig. 8). More importantly, our data indi-
cated that CM-specific USP53 knockout rescued against CM
apoptosis and necroptosis, as well as cardiac dysfunction of
mice fed with EtOH.

CM death plays a pivotal role in the development of ACM.
Studies have indicated that alcohol exposure led to multiple types
of cell death during ACM development, such as apoptosis, necrop-
tosis, and ferroptosis, in both experimental and clinical models
[4,6,9,10]. In order to elucidate the primary form of CM death
provoked by EtOH, we assessed key markers of cell death pathways
in the chronic EtOH plus interval binge feeding mouse ACM
model, which is based on the National Institute on Alcohol Abuse
and Alcoholism (NIAAA) models [31]. The chronic EtOH plus
binge feeding pattern effectively recapitulates human drinking
behaviors, particularly for occasional heavy alcohol intake in mod-
ern lifestyles [32]. Our findings indicated that EtOH exposure sig-
nificantly elevated apoptosis and necroptosis of cardiac cells both
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in vivo and in vitro. These findings are consistent with previous
studies showing that increased apoptosis and necroptosis contrib-
ute to CM loss in various EtOH-induced injury models. However,
the markers of ferroptosis and pyroptosis were not altered remark-
ably in the current study. While previous studies reported
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ferroptosis in the hearts of EtOH-fed mice [9,33], differences in
experimental models, such as the age of mice, duration of EtOH
exposure, and the pattern of ethanol administration, may account
for the discrepancy. These variations suggest that distinct drink-
ing behaviors may activate specific cell death pathways in CMs.
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Fig. 7. CM-specific USP53 knockout mice develop less alcoholic myocardial injury. (A) Schematic diagram of the generation of USP53%® mice. (B) Body weights of the mice in
the CTRL (USP53™" and USP53%%) and EtOH (USP53™" and USP53%©) groups (n = 8 each). (C) Survival curves of the mice in CTRLand EtOH groups. (D and E) Transthoracic
echocardiographic results of the LVEF, FS, LVIDd, and LVIDs for cardiac functional analysis (n = 8 each). (F) Representative images of heart tissues stained with H&E staining
(scale bars, 1,000 um). (G) Representative images of heart tissues stained with Masson (n = 8 each) (scale bars, 100 pm). (H) TUNEL staining of heart tissue of mice from
CTRL and EtOH groups (scale bars, 50 um). (1) Western blotting of pRIPK1 Ser'®®, RIPK1, pRIPK3 Ser®®? RIPK3, pMLKL Ser®*, MLKL, cleaved caspase-3, and caspase-3 in heart
tissues of the mice in the CTRL and EtOH groups (n = 8 each). Results are expressed as the mean + SD. #P < 0.05, **P < 0.01, ***P < 0.001.

Elucidating the intricate network of molecular pathways As a pivotal modulator of cellular survival, inflammatory sig-
underlying EtOH abuse and myocardial cell death is essential ~ naling, and programmed cell death, RIPK1 contains an N-terminal
for unraveling the mechanism of alcoholic cardiac toxicity,as  kinase domain, an intermediate region, and a C-terminal death
well as offering a potential therapeutic and diagnostic target ~ domain [34]. Aberrant RIPK1 kinase activation contributes sig-
for ACM. nificantly to myocardial injury. Research has proven that RIPK1
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Fig. 8. Schematic illustration of USP53-RIPK1 axis in EtOH-exposed CM.

activation exacerbated diabetic cardiac injury and dilated cardio-
myopathy [18,35]. Recent findings also indicated that RIPK1-
dependent necroptosis can exacerbate alcohol-induced myocardial
injury [7,36]. Our study revealed that alcohol treatment triggered
the concurrent activation of necroptosis and apoptosis pathways
in vivo and in vitro, which is accompanied by the elevation of
RIPK1 autophosphorylation at S166. This observation indicates
that EtOH may induce dual cell death pathways via RIPK1 kinase
activation and pRIPK1-dependent signaling. This hypothesis was
further supported by the attenuation of apoptosis and necroptosis
upon Nec-1 treatment, a selective RIPK1 kinase inhibitor [37].
Given that both necroptosis and apoptosis share upstream path-
ways and are regulated by RIPK1 kinase activity, the simultaneous
induction of RIPK1-dependent apoptosis and necroptosis is plau-
sible. This concept is further supported by studies demonstrating
that Nec-1 effectively suppresses both forms of cell death in
various pathological contexts, including brain ischemia, lung
ischemia-reperfusion injury, and osteoarthritis [38-40]. Thus,
our findings highlight RIPK1 as a promising therapeutic target
for ACM. Deciphering the mechanisms of alcohol-induced RIPK1
activation will provide critical insights into ACM pathogenesis.
As areversible posttranslational modification, protein ubiqui-
tination is catalyzed by E3 ubiquitin ligases and counteracted by
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deubiquitinating enzymes, playing key roles in controlling protein
function or stability [41]. Ubiquitination is a critical and highly
regulated posttranslational modification of RIPK1 [42]. While we
observed decreased RIPK1 ubiquitination in EtOH-treated CMs,
the expression of known RIPK1 ubiquitination regulators (CYLD,
cIAP1, and cIAP2) remained unchanged. To unveil the molecular
mechanisms underlying the regulation of RIPKI in ACM, we
identified USP53 as a binding partner of RIPK1 through Co-IP
coupled with an LC-MS/MS assay. USP53 has been demonstrated
to play critical roles in diverse cellular processes, such as in ner-
vous system injury [43], osteogenic differentiation [44-46], DNA
damage repair [47], and tumorigenesis [22-25]. Although USP53
was initially thought to be catalytically inactive due to a missing
histidine residue in its catalytic pocket [48], emerging evidence
indicates that it functions as a deubiquitinase with preferential
selectivity for K63-linked polyubiquitin chains [49]. However,
whether USP53 influences RIPK1 activity, particularly pRIPK1-
driven apoptosis and necroptosis, in ACM has yet to be investi-
gated. In the current study, we demonstrate for the first time that
USP53 expression is up-regulated in CMs following alcohol expo-
sure. Specific knockout of USP53 in CMs inhibited RIPK1-
dependent apoptosis and necroptosis. Mechanistically, USP53
directly interacts with RIPK1 and activates RIPK1 kinase activity
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by disrupting K63-linked ubiquitination at K377, the major K63
ubiquitination site in human RIPK1 [50]. Notably, K63-linked
ubiquitination at K377 of RIPK1 is closely associated with RIPK1
kinase activation. Previous studies indicate that mice expressing
RIPK1 K376R (corresponding to the human RIPK1 K377R),
which is defective in RIPK1 ubiquitination, die during embryo-
genesis. Mechanistically, cells expressing RIPK1 K376R are more
susceptible to TNF-a-induced apoptosis and necroptosis with
increased RIPK1 activation, while the deletion of caspase-8
and RIPK3 prevents embryonic lethality in mice [17,50]. It is
noteworthy that our study also observed similar phenomena. The
K377R mutation can lead to increased RIPK1 autophosphoryla-
tion under alcohol stimulation, accompanied by aggravated cell
apoptosis. Meanwhile, we found that overexpression of USP53
did not abolish ubiquitination of RIPK1 K377R mutation, nor
could it significantly increase apoptosis. These results provide
robust evidence for the functional significance of deubiquitination
at K377 in RIPK1-dependent cell death pathway. Additionally, after
knocking down USP53, overexpression of USP53 can once again
promote the RIPK1-dependent death phenotype, but overexpres-
sion of USP53-C41S fails to re-activate RIPK1-dependent necrop-
tosis and apoptosis. These findings collectively support the model
in which USP53-mediated deubiquitination at K377 promotes
RIPK1 activation and contributes to EtOH-induced CM injury.
Targeting the USP53-RIPK1 axis could be a potential strategy for
the treatment of alcohol-associated myocardial damage.

The molecular mechanisms driving EtOH-mediated USP53
up-regulation remain unclear. ROS are considered a phenotype
significantly associated with EtOH [51]. We verified that ROS
production was indeed increased by EtOH treatment in CMs,
both in vivo and in vitro, under our experimental conditions.
Songet al. [52] discovered that EtOH can enhance the expression
of NOX4 by activating the AnglI-AT1R signaling pathway, lead-
ing to increased production of ROS and subsequent CM apop-
tosis. In addition, Qian et al. [6] found that AdipoRon ameliorated
chronic EtOH-induced cardiac necroptosis by reducing ceramide
de novo synthesis and ROS. These findings suggest that ROS is
a major mediator that can directly damage CMs and indirectly
activate intracellular signaling pathways, exacerbating cellular
injury. In addition, our study identified EGRI as a transcriptional
regulator of USP53 through TF prediction and further in vitro
validation. We found that alcohol exposure increased EGR1
expression, and knockdown of EGR1 markedly reduced USP53
level. These results align with prior reports demonstrating that
EtOH enhances EGR1 expression and nuclear translocation,
which have been implicated in inhibiting osteogenic differentia-
tion of bone marrow mesenchymal stem cells and promoting
chronic EtOH-induced hepatic steatosis [53,54]. Given that
EGRI1 has been reported to be up-regulated by ROS [55,56], we
found that pretreatment with the ROS inhibitor NAC attenuated
EtOH-induced up-regulation of both EGR1 and USP53, thereby
suppressing RIPK1-dependent apoptosis and necroptosis. Notably,
the protective effects of NAC and EGR1 knockdown were abol-
ished by USP53 overexpression. These results indicated that ROS
induced by EtOH promoted EGR1-USP53-RIPK1 axis and
RIPK1-dependent apoptosis and necroptosis in CMs.

In summary, our study reveals that alcohol exacerbates car-
diac injury by promoting RIPKI-dependent apoptosis and
necroptosis, while USP53 is a critical regulator of RIPK1 activa-
tion by preferentially deubiquitinating the K63-linked ubiquitin
chain. We showed that targeted deletion of USP53 in CMs pro-
tects against EtOH-induced cardiac dysfunction by blocking

Pan et al. 2025 | https://doi.org/10.34133/research.0823

RIPK1-dependent apoptotic and necroptotic pathways. Our
work elucidates the pathogenic role of the USP53-RIPK1 signal-
ing axis in EtOH-induced cardiomyopathy, providing a novel
molecular target for therapeutic intervention.

Methods

Animals

Adult C57BL/6] mice (8 weeks old; male) were purchased
from Shanghai Model Organisms Center Inc. The mice were
maintained at 23 & 3 °C and 30% to 70% humidity, with 12-h
light/12-h dark circulation. The study was approved by the Ethical
Committee of School of Basic Medical Science of Shandong
University (ECSBMSSDU2024-2-21) and the Experimental
Animal Ethics Committee of Qilu Hospital of Shandong
University (DWLL-2024-419). We constructed the ACM mouse
model using the Lieber—DeCarli liquid diet and intragastric alco-
hol administration method recommended by the NIAAA [31].
In brief, mice in the EtOH group were provided with the Lieber-
DeCarli liquid diet (5% v/v EtOH) for 60 d, along with intragas-
tric EtOH administration (5 g/kg) every 10 d. Meanwhile, mice
in the CTRL group were provided with the control Lieber-
DeCarli liquid diet for 60 d, along with intragastric maltose dex-
trin administration (9 g/kg) every 10 d. To examine the effect of
Nec-1 on ACM, we grouped the mice according to the following
strategy: (a) CTRL + an equivalent dose of dimethyl sulfoxide
(DMSO); (b) EtOH + an equivalent dose of DMSO; (c) EtOH +
Nec-1 (1.8 mg/kg/d).

To further investigate the effects of cardiac USP53 in ACM
pathogenesis, we generated CM-specific USP53 knockout mice.
Subsequently, we grouped the mice according to the following
strategy: (a) CTRL (USP53"™); (b) CTRL (USP53°%°); (¢) EtOH
(UspP53"M); (d) EtOH (USP53“X0).

Echocardiography

A Vevo 2100 system (VisualSonics, Toronto, ON, Canada) was
used to acquire transthoracic echocardiograms, with mice anes-
thetized using isoflurane and positioned on a heating pad.
M-mode recording was performed from the parasternal long-
axis view. Data on the average LVIDs and LVIDd, as well as the
LVEF and FS, were collected from 3 consecutive heart cycles.

Histopathology

Heart tissues were fixed, paraffin-embedded, and sectioned at
a thickness of 5 pm. Sections were dewaxed, rehydrated, and
processed according to standard histological protocols. H&E
staining was used to assess cardiac morphology, while collagen
deposition was evaluated by Masson staining using a commer-
cial kit (Solarbio, catalog no. G1346).

DHE staining

The heart tissues were fixed with formalin and cut into 5-pm-thick
parafhin sections. The sections were then dewaxed and stained
with a DHE assay kit (Beyotime, catalog no. S0063). The slices
were subsequently viewed under a microscope to evaluate oxida-
tive stress levels in the heart tissues of mice.

Immunohistochemistry
Heart tissues were fixed, paraffin-embedded, and sectioned at a
thickness of 5 pm. Antigen retrieval was carried out using a

13


https://doi.org/10.34133/research.0823

Research

sodium citrate buffer after deparaffinization and rehydration,
and 0.3% hydrogen peroxide was used to block endogenous per-
oxidase activity. After blocking for an hour to avoid nonspecific
binding, they were incubated overnight at 4 °C with the primary
antibody. Primary antibodies used included USP53 (Immunoway,
Y'T4845), cleaved caspase-3 [Cell Signaling Technology (CST),
9661T], p-MLKL (Ser’*®, Abcam, ab196436), IL-6 (Abcam,
ab290735), and IL-1p (Abcam, ab315084). Immunostaining was
carried out using a commercial detection kit (Zhongshan Golden
Bridge Biotechnology, catalog no. PV-9000).

Isolation of CMs and CFs

Primary CMs and CFs were isolated from 3-d-old neonatal
Sprague-Dawley rats. The specific operational procedures are as
previously described [57]. In summary, excised hearts were
minced and enzymatically dissociated using type II collagenase.
The resulting cell suspension was filtered and subjected to dif-
ferential adhesion in an incubator. After 1.5 h, the adherent cells,
identified as CFs, were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) for 24 h. The nonadherent CMs were collected from the
supernatant, and viable cells were counted. CMs were then
seeded and maintained in DMEM containing 10% calf serum
and 0.1 mM 5-bromo-2'-deoxyuridine for 48 h prior to medium
replacement and subsequent experimental treatments.

Cell culture and drug treatment

The primary CMs and CFs were extracted and cultured using the
aforementioned method. AC16 cells were cultured in DMEM/
F12 (enriched with 10% FBS). Subsequently, the cells were
exposed to 200 mM EtOH or phosphate-buffered saline (PBS)
for 24 h. HEK-293T cells were cultured in DMEM (enriched
with 10% FBS). The siRNA and plasmids were synthesized
from the GenePharma Company (Shanghai GenePharma,
China). USP53-siRNA: GUGCGGUACAUUUCUACAATT;
UUGUAGAAAUGUACCGCACTT. EGR1-siRNA: ACCCUA-
AGCUGGAGGAGAUTT; AUCUCCUCCAGCUUAGGGUTT.
Cell transfection was performed using Lipofectamine 2000
(Thermo Fisher Scientific, catalog no. 11668019).

For additional administration, Z-VAD-FMK (30 pM, Glpbio,
catalog no. GC12861), Fer-1 (10 pM, Glpbio, catalog no.
GC10380), Nec-1 (30 pM, Glpbio, catalog no. GC11008), and
NAC (5 pM, MedChemExpress, catalog no. HY-B0215) were
applied to the medium 1 h before EtOH.

Cell viability assay

Cell viability was assessed using a CCK8 assay kit (Glpbio, cata-
log no. GK10001). Briefly, AC16 cells were seeded into 96-well
plates and allowed to adhere for 24 h. Following treatment,
10 pl of CCK8 solution was added to 90 pl of culture medium
in each well. After a 2-h incubation at 37 °C, absorbance was
measured at 450 nm using a microplate reader to evaluate cell
viability.

Western blotting analysis

Cells and heart tissues were lysed using radioimmunoprecipitation
assay (RIPA) buffer (Solarbio, catalog no. R0010) supplemented
with 1% phenylmethanesulfonyl fluoride (PMSF; Solarbio, catalog
no. FJP0100) and 1% phosphatase inhibitor cocktail (BOSTER,
catalog no. AR1183). Protein concentrations were quantified using
a bicinchoninic acid (BCA) protein assay kit (Thermo Fisher
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Scientific, catalog no. 23225). Equal amounts of protein were
resolved by 10% or 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto polyvinyli-
dene difluoride (PVDF) membranes. Membranes were blocked
in blocking solution (BOSTER, catalog no. AR0041) for 1 h at
room temperature, followed by overnight incubation at 4 °C with
the appropriate primary antibodies.

After washing, membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies for 1 h at room
temperature. Protein bands were visualized using enhanced
chemiluminescence (Millipore, catalog no. WBKLS0500) and
imaged using the Amersham ImageQuant 680 system (GE
Healthcare, Boston, USA). Band intensities were quantified
with Image] software, and protein expression levels were nor-
malized to GAPDH and expressed as a percentage relative to
the control group. All experiments were independently repeated
at least 3 times.

Primary antibodies used included USP53 (Immunoway,
YT4845), p-RIPK1 (Ser'®; Proteintech, 28252-1-AP), RIPK1
(CST, 3493T), p-RIPK3 (Ser’”, Abcam, ab209384; Ser***, Abcam,
ab195117), RIPK3 (CST, 10188T), p-MLKL (Ser’*, Abcam,
ab187091; Ser’*’, Abcam, ab196436), MLKL (Immunoway,
YM8455), cleaved caspase-3 (CST, 9661T), caspase-3 (CST,
9662T), EGR1 (CST, 4153T), ubiquitin (CST, 20326T), K63-
linked ubiquitin (CST, 5621T), K48-linked ubiquitin (CST, 8081T),
HA (CST, 3724T), Flag (CST, 14793T), MYC (CST, 2276T),
cleaved GSDMD (Abcam, ab215203), GSDMD (Proteintech,
20770-1-AP), ACSL4 (Proteintech, 22401-1-AP), GPX4 (CST,
59735T), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Proteintech, 60004-1-AP).

Immunofluorescence staining

Cells were seeded onto glass slides and fixed with 4% parafor-
maldehyde. After fixation, the cells were incubated overnight at
4 °C with the indicated primary antibodies. The following day,
fluorescently labeled secondary antibodies were applied for 2 h
at room temperature. Nuclei were counterstained, and the slides
were mounted using an anti-fade mounting medium containing
4',6-diamidino-2-phenylindole (DAPI). Fluorescence signals
were visualized and captured using a fluorescence microscope.

TUNEL staining

In this study, TUNEL assays were performed using a TUNEL
BrightGreen Apoptosis Detection Kit (Vazyme, catalog no.
A112). At the conclusion of staining, the nuclei were labeled
with DAPI, and TUNEL-positive cells were observed under a
microscope to evaluate the extent of cell apoptosis. The percent-
age of TUNEL-positive cells was determined by the ratio of
TUNEL-positive cells to DAPI-positive nuclei.

Transmission electron microscopy
Cultured AC16 cells, with or without stimulation, were collected
and fixed in a solution containing 2.5% glutaraldehyde and 2%
paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) at
4°C for at least 2 h. After fixation, the samples were rinsed with
0.1 M sodium cacodylate buffer and postfixed with 1% osmium
tetroxide (OsO,) and 1.5% potassium ferrocyanide [K Fe(CN);]
for 1 h. The cells were then washed with distilled water and stained
with 1% aqueous uranyl acetate for 1 h, followed by additional water
washes and a graded EtOH dehydration series.

Subsequently, samples were treated with propylene oxide
for 1 h and infiltrated overnight in a 1:1 mixture of propylene
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oxide and TAAB Epon resin (Marivac Canada Inc., St. Laurent,
Canada). After infiltration, the specimens were embedded in
pure TAAB Epon and polymerized at 60 °C for 48 h. Ultrathin
sections (~60 nm) were obtained using a Reichert Ultracut-S
ultramicrotome, mounted on copper grids, counterstained with
lead citrate, and examined using a JEOL 1400 or Tecnai G2
Spirit BloTWIN TEM.

Co-IP assay

The cells were collected in NP-40 lysis buffer (BOSTER, catalog
no. AR0107) containing 1% PMSF and 1% phosphatase inhibitors.
The 10% of the cell lysate was used as an input control. The rest
of the cell lysate was incubated with control immunoglobulin G
(IgG) or specified IP primary antibodies (1:50 dilution) and
Protein A/G Magnetic Beads (Selleck, catalog no. B23202) on the
rotary agitation overnight at 4 °C. After incubation, the beads were
washed 3 times. The antigen—antibody complexes were eluted
from the beads, aloading buffer was added, and the samples were
boiled in a metal bath at 95 °C for 5 min. Then, silver staining
(Beyotime, catalog no. P0017S), LC-MS/MS, and Western blotting
analyses were performed.

Ubiquitination assay
The ubiquitination assay was conducted as previously described
[58]. Briefly, cells were lysed in NP-40 lysis buffer containing 1%
PMSF and 1% phosphatase inhibitors. The protein concentration
was determined to ensure equal protein loading. Ten percent of
the cells were lysed in loading buffer for the input, and the remain-
ing supernatants were incubated with IP primary antibodies
(diluted 1:50) and Protein A/G Magnetic Beads on a rotary agita-
tor overnight at 4 °C. Following extensive washing the next day,
loading buffer was added, and the samples were boiled in a metal
bath at 95 °C for 5 min, followed by Western blotting analysis.
For the endogenous study, AC16 cells were transfected with
either small interfering negative control RNA or USP53-siRNA
for 48 h, and cell lysate was subjected to subsequential study.
For exogenous study, HEK-293T cells were transfected with
relevant plasmids for 48 h and the cells were treated with 10 pM
MG132 (Glpbio, catalog no. GC10383) for an additional 6 h
before harvesting.

Reverse transcription quantitative polymerase

chain reaction assay

The RNA-easy Isolation Reagent (Vazyme, catalog no. R711)
was utilized to extract total RNA, which was subsequently con-
verted into cDNA using the HiScript III RT SuperMix for quan-
titative polymerase chain reaction (QPCR) (Vazyme, catalog no.
R323-01). Finally, qPCR was performed using ChamQ SYBR
qPCR Master Mix (Vazyme, catalog no. Q711-02) on a CFX96
Touch Real-Time PCR System (Bio-Rad, Hercules, CA, USA).
The PCR primers were designed as follows: human USP53-F:
CTCAGGAATTTGGAAGCAGGC, human USP53-R: TCTTGCAT-
TATGGTCCTTGGGT; human RIPK1-F: TAAGAAGAATGG-
CGGCACCC, human RIPK1-R: TTCTCTGTGGGCTTTGCGTT;
human EGR1-F: CCCCGACTACCTGTTTCCAC, human EGRI-
R: TGGGTTTGATGAGCTGGGAC; human GAPDH-
F: GCACCGTCAAGGCTGAGAAC, human GAPDH-R:
TGGTGAAGACGCCAGTGGA.

Detection of intracellular ROS generation
ROS generation was investigated by DCFH-DA assay (Beyotime,
catalog no. S0033S). Briefly, AC16 cells were randomly seeded in
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a 24-well plate at a density of 1 X 10 cells/well for 12 h before
further manipulation. The groups were divided as follows: (a)
control; (b) control + NAC (5 pM); (c) EtOH; and (d) EtOH +
NAC (5 pM). Then, the cells were cultured with DCFH-DA
(10 pM, diluted with DMEM/F12 medium) for 20 min ina 37 °C
incubator. After rinsing with PBS for 3 times, DCFH-DA fluores-
cence images of AC16 cells were obtained by fluorescence
microscope.

Statistical analysis

All data were analyzed using Prism 8.0 (GraphPad). Unpaired
2-tailed Student’s ¢ tests were used to compare the 2 groups.
One-way analysis of variance (ANOVA) and Tukey’s honestly
significant difference (HSD) tests were used to compare mul-
tiple samples. Survival curves were compared using log-rank
tests. All experiments were repeated no fewer than 3 times, and
the data are expressed as means + standard deviation (SD).
P < 0.05 was considered to indicate statistical significance.

Acknowledgments

Funding: This work was supported by the Natural Science
Foundation of China (82200660, 82271757, and 82400525),
the Natural Science Foundation of Shandong Province (2023-
HWYQ-048,2022HWYQ-053, ZR2022QH005, ZR2024MH154,
and ZR2022QH262), the Taishan Scholarship (tsqn202306035),
Fundamental Research Funds for the Central Universities
(2023QNTD003), and Non-profit Central Research Institute Fund
of Chinese Academy of Medical Sciences (2023-PT320-06).
Author contributions: S.D., Mei Zhang, and EL. designed
the research, oversaw the conduct of the study, and revised
the manuscript. J.P. and X. Liu performed most of the experi-
ments, analyzed the results, and wrote the paper. X. Li partici-
pated in data analysis. S.W. and Y.Z. participated in animal
experiments. C.Y. and D.L. performed some of the Western
blot experiments. L.W. performed TEM experiments. Meng
Zhang provided scientific feedback. All authors reviewed the
results and approved the manuscript.

Competing interests: The authors declare that they have no
competing interests.

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Supplementary Materials
Figs. §1 to §7

References

1. Dominguez E, Adler E, Garcia-Pavia P. Alcoholic cardiomyopathy:
An update. Eur Heart J. 2024;45(26):2294-2305.

2. WulL, Zhang Y, Ren J. Epigenetic modification in alcohol
use disorder and alcoholic cardiomyopathy: From
pathophysiology to therapeutic opportunities. Metabolism.
2021;125:Article 154909.

3. Liu W, Zhao M, Zhang X, Chi J, Yin X, Liu Y. Alcohol intake
provoked cardiomyocyte apoptosis via activating calcium-sensing
receptor and increasing endoplasmic reticulum stress and
cytosolic [Ca2+]i. Cell Biochem Biophys. 2023;81(4):707-716.

15


https://doi.org/10.34133/research.0823

Research

10.

11.

12.

13.

14.

15.

16.

17.

Deng H, Yu B, Yu Y, Tian G, Yang L. NO66 overexpression
rescues ethanol-induced cell apoptosis in human AC16
cardiomyocytes by suppressing PTEN and activating the PI3K/
Akt signaling. Acta Biochim Biophys Sin. 2020;52(10):1093-1101.
Shi X, Li'Y, Hu J, Yu B. Tert-butylhydroquinone attenuates
the ethanol-induced apoptosis of and activates the Nrf2
antioxidant defense pathway in H9¢2 cardiomyocytes. Int ] Mol
Med. 2016;38(1):123-130.

Qian Y, Qi Y, Lin J, Zhang T, Mo L, Xue Q, Zheng N, Niu Y,
Dong X, Shi Y, et al. AdipoRon ameliorates chronic ethanol
induced cardiac necroptosis by reducing ceramide mediated
mtROS. Free Radic Biol Med. 2025;229:237-250.

Liu X, Zhang D, Dong X, Zhu R, Ye Y, Li L, Jiang Y.
Pharmacological activation of CB2 receptor protects against
ethanol-induced myocardial injury related to RIP1/RIP3/
MLKL-mediated necroptosis. Mol Cell Biochem.
2020;474(1-2):1-14.

Shen C, Wang C, Han S, Wang Z, Dong Z, Zhao X, Wang P,
Zhu H, Sun X, Ma X, et al. Aldehyde dehydrogenase

2 deficiency negates chronic low-to-moderate alcohol
consumption-induced cardioprotecion possibly via ROS-
dependent apoptosis and RIP1/RIP3/MLKL-mediated
necroptosis. Biochim Biophys Acta Mol Basis Dis.
2017;1863(8):1912-1918.

Song C, Li D, Huang L, Zhang ], Zhao X. Role of ferroptosis
regulation by Nrf2/NQO1 pathway in alcohol-induced
cardiotoxicity in vitro and in vivo. Chem Res Toxicol.
2024;37(6):1044-1052.

Lu Q, Qin X, Chen C, Yu W, Lin J, Liu X, Guo R, Reiter RJ,
Ashrafizadeh M, Yuan M, et al. Elevated levels of alcohol
dehydrogenase aggravate ethanol-evoked cardiac
remodeling and contractile anomalies through FKBP5-yap-
mediated regulation of ferroptosis and ER stress. Life Sci.
2024;343:Article 122508.

Bei Y, Wang H, Liu Y, Su Z, Li X, Zhu Y, Zhang Z, Yin M,
Chen C, Li L, et al. Exercise-induced miR-210 promotes
cardiomyocyte proliferation and survival and mediates
exercise-induced cardiac protection against ischemia/
reperfusion injury. Research. 2024;7:0327.

Paik S, Kim JK, Silwal P, Sasakawa C, Jo EK. An update on the
regulatory mechanisms of NLRP3 inflammasome activation.
Cell Mol Immunol. 2021;18(5):1141-1160.

Eng VV, Wemyss MA, Pearson JS. The diverse roles of RIP
kinases in host-pathogen interactions. Semin Cell Dev Biol.
2021;109:125-143.

Wu YH, Chou TF, Young L, Hsieh FY, Pan HY, Mo ST,
Brown SB, Chen RH, Kimchi A, Lai MZ. Tumor suppressor
death-associated protein kinase 1 inhibits necroptosis by p38
MAPK activation. Cell Death Dis. 2020;11(5):Article 305.
Shimada T, Kudoh Y, Noguchi T, Kagi T, Suzuki M,
Tsuchida M, Komatsu H, Takahashi M, Hirata Y,
Matsuzawa A. The E3 ubiquitin-protein ligase RNF4
promotes TNF-a-induced cell death triggered by RIPK1. Int |
Mol Sci. 2021;22(11):Article 5796.

Zhang L, Liu ], Dai Z, Wang ], Wu M, Su R, Zhang D. Crosstalk
between regulated necrosis and micronutrition, bridged by
reactive oxygen species. Front Nutr. 2022;9:Article 1003340.
Kist M, Kémtves LG, Goncharov T, Dugger DL, Yu C,
Roose-Girma M, Newton K, Webster JD, Vucic D.

Impaired RIPK1 ubiquitination sensitizes mice to TNF
toxicity and inflammatory cell death. Cell Death Differ.
2021;28(3):985-1000.

Pan et al. 2025 | https://doi.org/10.34133/research.0823

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Yin H, Guo X, Chen Y, Zeng Y, Mo X, Hong S, He H, Li]J,
Steinmetz R, Liu Q. TAB2 deficiency induces dilated
cardiomyopathy by promoting RIPK1-dependent apoptosis
and necroptosis. ] Clin Invest. 2022;132(4):Article e152297.
Xia G, Guo Y, Zhang J, Han M, Meng X, Lv J. An overview of
the deubiquitinase USP53: A promising diagnostic marker and
therapeutic target. Curr Protein Pept Sci. 2024;25(9):708-718.
Clague MJ, Urbé S, Komander D. Breaking the chains:
Deubiquitylating enzyme specificity begets function. Nat Rev
Mol Cell Biol. 2019;20(6):338-352.

Liu X, Zheng T, Zhang Y, Zhao Y, Liu E, Dai S, Zhang M,
Zhang W, Zhang C, Zhang M, et al. Endothelial Dickkopf-1
promotes smooth muscle cell-derived foam cell formation

via USP53-mediated deubiquitination of SR-A during
atherosclerosis. Int ] Biol Sci. 2024;20(8):2943-2964.

Yao Y, Ma W, Guo Y, Liu Y, Xia P, Wu X, Chen Y, Wang K,

Mei C, Wang G, et al. USP53 plays an antitumor role in
hepatocellular carcinoma through deubiquitination of
cytochrome c. Oncogenesis. 2022;11(1):Article 31.

Cheng W, Tang Y, Tong X, Zhou Q, Xie ], Wang J, Han Y, Ta N,
Ye Z. USP53 activated by H3K27 acetylation regulates

cell viability, apoptosis and metabolism in esophageal
carcinoma via the AMPK signaling pathway. Carcinogenesis.
2022;43(4):349-359.

Gui D, Dong Z, Peng W, Jiang W, Huang G, Liu G, Ye Z,

Wang Y, Xu Z, Fu J, et al. Ubiquitin-specific peptidase 53
inhibits the occurrence and development of clear cell renal cell
carcinoma through NF-kB pathway inactivation. Cancer Med.
2021;10(11):3674-3688.

Zhao X, Wu X, Wang H, Yu H, Wang J. USP53 promotes apoptosis
and inhibits glycolysis in lung adenocarcinoma through FKBP51-
AKT1 signaling. Mol Carcinog. 2020;59(8):1000-1011.

Hongquan L, Nina C, Xia Y, Lujiang Z, Qiuyue R, Fan Y, Fei W,
Hongping S, Ting Y, Qiuyan C, et al. BECN1 regulates
FADD/RIPK1/Caspase-8 complex formation via RIPK1
ubiquitination by downregulating OTUD1 in MI/R induced
myocyte apoptosis. Int ] Cardiol. 2024;408:Article 132158.
Zhou C, Zhang X, Yang C, He Y, Zhang L. PLEKHO2 inhibits
TNFa-induced cell death by suppressing RIPK1 activation.
Cell Death Dis. 2021;12(8):Article 714.

Simpson DS, Gabrielyan A, Feltham R. RIPK1 ubiquitination:
Evidence, correlations and the undefined. Semin Cell Dev Biol.
2021;109:76-85.

Wang Q, Park KH, Geng B, Chen P, Yang C, Jiang Q, Yi F, Tan T,
Zhou X, Bian Z, et al. MG53 inhibits necroptosis through
ubiquitination-dependent RIPK1 degradation for cardiac
protection following ischemia/reperfusion injury. Front
Cardiovasc Med. 2022;9: Article 868632.

Chen Z, Wu FE, Li ], Dong JB, He HY, Li XF, Lu Q, Zhang WX,
Shao CM, Yao ZN, et al. Investigating the synergy of Shikonin
and Valproic acid in inducing apoptosis of osteosarcoma

cells via ROS-mediated EGR1 expression. Phytomedicine.
2024;126:Article 155459.

Bertola A, Mathews S, Ki SH, Wang H, Gao B. Mouse model
of chronic and binge ethanol feeding (the NIAAA model). Nat
Protoc. 2013;8(3):627-637.

Li S, Wang N, Tan HY, Chueng F, Zhang ZJ, Yuen MF, Feng Y.
Modulation of gut microbiota mediates berberine-induced
expansion of immuno-suppressive cells to against alcoholic
liver disease. Clin Transl Med. 2020;10(4):Article e112.

Liu Y, You E, Song G, Ceylan AE, Deng Q, Jin W, Min J, Burd L,
Ren J, Pei Z. Deficiency in Beclinl attenuates alcohol-induced

16


https://doi.org/10.34133/research.0823

Research

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

cardiac dysfunction via inhibition of ferroptosis. Biochim
Biophys Acta Gen Subj. 2022;1866(12):Article 130245.

Liu J, Wu XL, Zhang J, Li B, Wang HY, Wang J, Lu JX. The
structure of mouse RIPK1 RHIM-containing domain as a
homo-amyloid and in RIPK1/RIPK3 complex. Nat Commun.
2024;15(1):Article 6975.

Gao P, Cao M, Jiang X, Wang X, Zhang G, Tang X, Yang C,
Komuro I, Ge ], Li L, et al. Cannabinoid receptor 2-centric
molecular feedback loop drives necroptosis in diabetic heart
injuries. Circulation. 2023;147(2):158-174.

Xue Q, Zhang T, Zhu R, Qian Y, Dong X, Mo L, Jiang Y.
Inhibition of ceramide synthesis attenuates chronic ethanol
induced cardiotoxicity by restoring lysosomal function and
reducing necroptosis. Alcohol Alcohol. 2023;58(2):164-174.
Bai Y, Qiao Y, Li M, Yang W, Chen H, Wu Y, Zhang H. RIPK1
inhibitors: A key to unlocking the potential of necroptosis in
drug development. Eur ] Med Chem. 2024;265:Article 116123.
Dong L, Liang F, Lou Z, Li Y, Li ], Chen Y, Ding J, Jiang B,
Wu C, Yu H, et al. Necrostatin-1 alleviates lung ischemia-
reperfusion injury via inhibiting necroptosis and apoptosis of
lung epithelial cells. Cells. 2022;11(19):Article 3139.

Liang S, Lv ZT, Zhang JM, Wang YT, Dong YH, Wang ZG,
Chen K, Cheng P, Yang Q, Guo FJ, et al. Necrostatin-1
attenuates trauma-induced mouse osteoarthritis and IL-1f
induced apoptosis via HMGB1/TLR4/SDF-1 in primary mouse
chondrocytes. Front Pharmacol. 2018;9:Article 1378.

Wang YQ, Wang L, Zhang MY, Wang T, Bao HJ, Liu WL,

Dai DK, Zhang L, Chang P, Dong WW, et al. Necrostatin-1
suppresses autophagy and apoptosis in mice traumatic brain
injury model. Neurochem Res. 2012;37(9):1849-1858.

Wang L, Li M, Lian G, Yang S, Wu Y, Cui J. USP18 antagonizes
pyroptosis by facilitating selective autophagic degradation of
gasdermin D. Research. 2024;7:0380.

Meng Y, Sandow JJ, Czabotar PE, Murphy JM. The regulation
of necroptosis by post-translational modifications. Cell Death
Differ. 2021;28:861-883.

LiQ LiR,ChuX, AnX, Chen M, Yu Y, Zhang L, Chen L,

Zhu X. Ubiquitin-specific peptidase 53 promotes chronic
constriction injury-induced neuropathic pain through the RhoA/
ROCK pathway. Acta Neurobiol Exp. 2022;82(4):468-476.
Hariri H, Kose O, Bezdjian A, Daniel SJ, St-Arnaud R. USP53
regulates bone homeostasis by controlling Rankl expression
in osteoblasts and bone marrow adipocytes. ] Bone Miner Res.
2023;38(4):578-596.

Baek D, Park KH, Lee KM, Jung S, Joung S, Kim ], Lee JW.
Ubiquitin-specific protease 53 promotes osteogenic
differentiation of human bone marrow-derived mesenchymal
stem cells. Cell Death Dis. 2021;12(3):Article 238.

Hariri H, Addison WN, St-Arnaud R. Ubiquitin specific
peptidase Usp53 regulates osteoblast versus adipocyte lineage
commitment. Sci Rep. 2021;11(1):Article 8418.

Pan et al. 2025 | https://doi.org/10.34133/research.0823

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Zhou Q, Yao X, Wu C, Chen S, Fan D. Knockdown of
ubiquitin-specific protease 53 enhances the radiosensitivity
of human cervical squamous cell carcinoma by regulating
DNA damage-binding protein 2. Technol Cancer Res Treat.
2020;19:1533033820929792.

Komander D, Clague MJ, Urbé S. Breaking the chains:
Structure and function of the deubiquitinases. Nat Rev Mol
Cell Biol. 2009;10(8):550-563.

Wendrich K, Gallant K, Recknagel S, Petroulia S, Kazi NH,
Hane JA, Fiihrer S, Bezstarosti K, O’'Dea R, Demmers J,

et al. Discovery and mechanism of K63-linkage-directed
deubiquitinase activity in USP53. Nat Chem Biol.
2025;21(5):746-757.

Tang Y, Tu H, Zhang J, Zhao X, Wang Y, Qin J, Lin X. K63-
linked ubiquitination regulates RIPK1 kinase activity to
prevent cell death during embryogenesis and inflammation.
Nat Commun. 2019;10(1):Article 4157.

Zhu Z, Huang Y, Lv L, Tao Y, Shao M, Zhao C, Xue M,

Sun J, Niu C, Wang Y, et al. Acute ethanol exposure-
induced autophagy-mediated cardiac injury via activation
of the ROS-JNK-Bcl-2 pathway. J Cell Physiol. 2018;233(2):
924-935.

Song Y, LiH, Ma §, Zhu M, Lu WJ, Lan E, Cui M. Losartan
protects human stem cell-derived cardiomyocytes from
angiotensin II-induced alcoholic cardiotoxicity. Cell Death
Discov. 2022;8(1):Article 134.

Su QQ, Tian YY, Liu ZN, Ci LL, Lv XW. Purinergic P2X7
receptor blockade mitigates alcohol-induced steatohepatitis
and intestinal injury by regulating MEK1/2-ERK1/2 signaling
and egr-1 activity. Int Immunopharmacol. 2019;66:52-61.

Wu Z, Pan Z, Wen Y, Xiao H, Shangguan Y, Wang H, Chen L.
Egr1/p300/ACE signal mediates postnatal osteopenia in female
rat offspring induced by prenatal ethanol exposure. Food Chem
Toxicol. 2020;136:Article 111083.

Jung SN, Oh C, Chang JW, Liu L, Lim MA, Jin YL, Piao Y,
Kim HJ, Won HR, Lee SE, et al. EGR1/GADD45«x activation
by ROS of non-thermal plasma mediates cell death in thyroid
carcinoma. Cancers. 2021;13(2):Article 351.

Ye H, Yan J, Wang Q, Tian H, Zhou L. The protective effects
of cabozantinib against high glucose-induced damages

in in vitro renal glomerular endothelial cells model via
inhibition of early growth response-1 (Egr-1). Bioengineered.
2022;13(4):10605-10616.

Liu DD, Liu XL, Zheng TE, Li X, Zhao YC, Pan JC, Yuan C,
Wang QQ, Zhang M. Dapagliflozin alleviates right heart failure
by promoting collagen degradation by reducing ROS levels.
Eur ] Pharmacol. 2024;981:Article 176875.

Tu H, Tang Y, Zhang J, Cheng L, Joo D, Zhao X, Lin X.

Linear ubiquitination of RIPK1 on Lys612 regulates

systemic inflammation via preventing cell death. J Immunol.
2021;207(2):602-612.

17


https://doi.org/10.34133/research.0823

	USP53 Drives Ethanol-Induced Myocardial Injury by Promoting K63 Deubiquitination-Dependent RIPK1 Activation at K377
	Introduction
	Results
	EtOH contributes to cardiac dysfunction and triggers both apoptosis and necroptosis in CMs
	Autophosphorylation of RIPK1 mediates alcoholic apoptosis and necroptosis of CMs in vivo and in vitro
	USP53 is the critical regulator for alcohol-induced RIPK1 phosphorylation and CM death
	USP53 interacts with the intermediate domain of RIPK1 via its C-terminal region
	USP53 deubiquitinates K63-linked ubiquitin chain of RIPK1 at K377 promoting RIPK1 phosphorylation and CM injury
	EGR1 transcriptionally modulated USP53 expression in CMs under EtOH treatment
	CM-specific USP53 knockout mice develop less alcoholic myocardial injury

	Discussion
	Methods
	Animals
	Echocardiography
	Histopathology
	DHE staining
	Immunohistochemistry
	Isolation of CMs and CFs
	Cell culture and drug treatment
	Cell viability assay
	Western blotting analysis
	Immunofluorescence staining
	TUNEL staining
	Transmission electron microscopy
	Co-IP assay
	Ubiquitination assay
	Reverse transcription quantitative polymerase chain reaction assay
	Detection of intracellular ROS generation
	Statistical analysis

	Acknowledgments
	Data Availability
	Supplementary Materials
	References


