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Cardiomyocyte OTUDI drives diabetic
cardiomyopathy via directly
deubiquitinating AMPK«a2 and inducing
mitochondrial dysfunction
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Deubiquitinating modification of proteins is involved in the pathogenesis of
diseases. Here, we investigated the role and regulating mechanism of a deu-
biquitinating enzyme (DUB), ovarian tumor domain-containing protein 1
(OTUD1), in diabetic cardiomyopathy (DCM). We find a significantly increased
OTUD1 expression in diabetic mouse hearts, and single-cell RNA sequencing
shows OTUDI mainly distributing in cardiomyocytes. Cardiomyocyte-specific
OTUD1 knockout prevents cardiac hypertrophy and dysfunction in both type 2
and type 1 diabetic male mice. OTUD1 deficiency restores cardiac AMPK
activity and mitochondrial function in diabetic hearts and cardiomyocytes.
Mechanistically, OTUD1 binds to AMPKa2 subunit, deubiquitinates AMPKa2 at
K60/K379 sites, and then inhibits AMPK™2 phosphorylation through impeding
the interaction of AMPKa2 and its upstream kinase CAMKK?2. Finally, silencing
AMPKa2 in cardiomyocytes abolishes the cardioprotective effects of OTUDI1
deficiency in diabetic mice. In conclusion, this work identifies a direct reg-
ulatory DUB of AMPK and presents a OTUD1-AMPK axis in cardiomyocytes for
driving DCM.

Diabetic cardiomyopathy (DCM), a diabetes mellitus (DM)-induced
pathological condition of the heart, has an independent role in
boosting the incidence of heart failure (HF) regardless of hypertension,
coronary artery disease, hyperlipidemia, and valvular heart disease'*.
In DCM, long-term hyperglycemia leads to cardiac pathological chan-
ges, including myocardial stiffness, hypertrophy, fibrosis, and the
consequent cardiac systolic and diastolic dysfunction’. Although

conventional cardiovascular drugs are available for the management
of HF in diabetic patients, the clinical efficacy is still a little far from
satisfaction. An in-depth understanding of the underlying mechanisms
of DCM may provide effective interventions to prevent the develop-
ment of this disease.

Hyperglycemia-induced energy metabolism dysfunction in car-
diomyocytes is primarily manifested to contribute to the development
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of DCM*. Especially, the relationship between disturbed mitochondrial
homeostasis and cardiac dysfunction has been well established, since
almost 95% of ATP in cardiomyocytes is derived from oxidative
phosphorylation (OXPHOS) in mitochondria, sustaining cardiac
excitation-contraction coupling>®. Clinical studies have shown that
mitochondria from diabetic hearts occur ATP deficit and poor oxy-
genation, which in turn increases mitochondrial reactive oxygen spe-
cies (ROS) and oxidative stress’®. Restoration of complex I activity
relieves both mitochondrial respiratory dysfunction and DCM in
streptozotocin (STZ)-induced diabetic mice®. AMP-activated protein
kinase (AMPK), as a crucial regulator of energy homeostasis in cardi-
omyocytes, participates in the maintenance of mitochondrial function
in DCM". Studies in diabetic mice have demonstrated that the reduced
AMPK activity in diabetic hearts is associated with increased mito-
chondrial instability and subsequently deterioration in cardiac
function'>™. In addition, AMPK activation by small molecules sig-
nificantly attenuates DCM in mouse models™'. Therefore, positive
regulation of AMPK activity in cardiomyocytes to maintain mito-
chondrial stability may be a promising therapeutic target for DCM.

Ubiquitination/deubiquitination serves as an essential mechanism
for protein modification and plays a crucial role in regulating multiple
biological processes®. The process of deubiquitination is mediated by
deubiquitinating enzymes (DUBs), which reverse ubiquitination by
removing ubiquitin molecules from substrate proteins'®. DUBs are
extensively implicated in various diseases, particularly in cancer and
immune diseases™”. DUBs also participate in the pathogenesis of
cardiovascular diseases, such as hypertensive HF, obesity cardiomyo-
pathy, and atherosclerosis'® . Recently, increasing evidence has sug-
gested that deubiquitinating modification regulation is involved in the
progression of DCM?., USP28 has been reported to be downregulated
in hyperglycemic cardiomyocytes, and restoration of USP28 alleviates
DCM via deubiquitinating PPARa*. Considering the deep involvement
of deubiquitination regulation in DCM, other DUBs in cardiac patho-
physiology warrant in-depth investigation to identify attractive ther-
apeutic targets for this disease.

Through a single-cell RNA-sequencing (scRNA-seq) analysis, this
study identified that a cardiomyocyte-derived DUB, ovarian tumor
(OTU) domain-containing protein 1 (OTUD1), might be a crucial factor
in DCM. OTUDI belongs to the OTU family and has been linked with
cancer, immune response, and inflammation®**. However, the role of
OTUDI1 in DCM has not been studied. This study further explored the
effect of cardiomyocyte OTUD1 on DCM. Cardiomyocyte-specific
OTUDI1 deficiency effectively prevented DCM in both type 1 and type 2
diabetic mice. Mechanically, we identified AMPKa2 as the crucial
substrate of OTUD1 by interactomes in cardiomyocytes. OTUD1
removes the K63-linked ubiquitin molecules from AMPKa2 at K60/
K379 sites, which hinders the interaction between AMPK and Ca®/
calmodulin-dependent protein kinase kinase2 (CAMKK2) and then
inactivates AMPK to induce mitochondrial dysfunction and cardio-
myocyte injuries. Our study illustrated a detrimental effect of OTUD1
and identified a cardiomyocyte-specific OTUDI-AMPK axis in mediat-
ing DCM, suggesting that targeting OTUDI represents a potential
therapy strategy for DCM.

Results

Cardiomyocyte-Derived OTUDI is markedly upregulated in
diabetic heart

To analyze the mRNA profile of DUBs in diabetic hearts, we performed
a scRNA-seq of ~16,666 single heart cells from the wild-type (WT) mice
and db/db mice (26-week-old), a typical T2DM model mouse (Fig. 1a).
Among these DUBs, the OtudI gene showed the biggest upregulation
fold (Log2FC [T2DM/Ctrl] =1.14; Fig. 1b and Supplementary Table 1).
This gene also showed the most predominant expression in cardio-
myocytes among all OTU subfamily members (Supplementary
Table 1). We then confirmed that both mRNA and protein levels of

OTUD1 were markedly upregulated in T2DM mouse heart tissues
(Fig. 1c-e), indicating its involvement in DCM pathology. To identify
the cellular source of upregulated OTUD1 in diabetic heart, 7 main cell
types were classified from scRNA-seq data based on the specific gene
marker, including fibroblasts (FBs), cardiomyocytes (CMs), endothelial
cells (ECs), smooth muscle cells (SMCs), macrophages (MPs), T cells,
and B cells (Fig. 1f). Notably, the Otudl mRNA was predominantly
distributed in CMs (Fig. 1g), and the protein level of OTUDI1 was also
highly enriched in primary cardiomyocytes and H9C2 cells, but not
primary fibroblasts and primary macrophages (Supplementary Fig. 1a).
It is worth noting that Otudl mRNA level was also increased in CMs
isolated from db/db mice (Fig. 1h). Similarly, double immuno-
fluorescence staining showed that increased OTUDI1 was mainly noted
in a-actinin positive cardiomyocytes, rather than vimentin positive
fibroblasts (Fig. 1i). Upon high glucose (HG) and palmitic acid (PA)
stimulation, OTUD1 protein expression was increased in a time-
dependent manner in cultured neonatal rat primary cardiomyocytes
(NRPCs; Fig. 1j), accompanied by a comparable increase in OTUDI’s
deubiquitinase activity (Supplementary Fig. 1b). Therefore, these data
show that cardiomyocyte-derived OTUDI is significantly upregulated
in diabetic hearts and may play an important role in the development
of DCM.

Cardiomyocyte-specific OTUD1 knockout ameliorates cardiac
hypertrophy and dysfunction in the T2DM mice

To investigate the role of OTUD1 in DCM, we generated
cardiomyocyte-specific OTUDI knockout mice (conditional knockout,
CKO) by crossing Otud™ mice and Myhé6-cre mice (Supplementary
Fig. 2a). The efficiency of OTUD1 knockout in cardiomyocytes was
verified using immunoblotting (Supplementary Fig. 2b). Otudl CKO
mice and littermate Otud?"" mice were induced into T2DM using small-
dose STZ (35 mg/kg) combing high-fat diet (HFD) feeding for 16 weeks
(Fig. 2a). The levels of blood glucose and body weight did not differ in
T2DM mice with or without OtudI knockout (Fig. 2b, c), while Otud1
CKO diabetic mice showed decreased serum insulin levels compared
to Otud?™ T2DM mice (Supplementary Table 2). Cardiac injury mar-
kers, including serum levels of lactate dehydrogenase (LDH) and atrial
natriuretic peptide (ANP), were significantly reduced in Otudl CKO
diabetic mice, compared to those in Otud? diabetic mice (Fig. 2d, e).
Non-invasive echocardiography showed that Otudl CKO alleviated
diabetes-induced cardiac dysfunction, as evidenced by reduction of
ejection fraction (EF%) and fractional shortening (FS%), and increase
of left ventricular internal diameter (LVIDd) and interventricular
septal thickness (IVSD) (Fig. 2f-h and Supplementary Table 2). Con-
sistently, OtudI knockout T2DM mice had small hearts and decreased
heart weight to tibia length ratio compared to Otud?’ T2DM mice
(Fig. 2i and Supplementary Table 2). Hematoxylin and Eosin (H&E)
and wheat germ agglutinin (WGA) staining revealed that the cross-
section area of cardiomyocytes in Otudl CKO diabetic hearts was
smaller than that in Otud?™ diabetic hearts (Fig. 2j and Supplementary
Fig. 3a). The examinations on the mRNA levels of hypertrophic genes
and fibrotic genes, such as Nppa, Nppb, Myh7, Actal, Collal, and Tgfbl
in heart tissues showed Otudl CKO significantly reversed T2DM-
induced heart hypertrophy and fibrosis in mice (Fig. 2k, I). Moreover,
Otudl CKO mitigated collagen deposition in diabetic hearts, as
measured by Masson’s trichome staining- and Sirius red staining-
positive area (Fig. 2m and Supplementary Fig. 3b). Taken together,
cardiomyocyte-derived OTUD1 deficiency alleviates DCM in
T2DM mice.

OTUDI1 CKO alleviates DCM in the TIDM mice

We further evaluated the role of cardiomyocyte-derived OTUD1 in type
1 DCM. The TIDM mouse model was established using high-dose STZ
injection (120 mg/kg; Fig. 3a). As expected, the diabetic mice exhibited
elevated blood glucose and lowered body weight, while OTUD1
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deficiency did not affect these alterations (Fig. 3b, c¢). Serum levels of
LDH and ANP were significantly decreased in Otudl CKO mice with
TIDM than those in OtudI™ TIDM mice (Fig. 3d, e). Moreover,
cardiomyocyte-specific OTUD1 deficiency led to a significant
improvement of TIDM-induced cardiac dysfunction (Fig. 3f~h and
Supplementary Table 3). The enlarged gross heart size and cardio-
myocytes in H&E and WGA staining, and upregulated mRNA levels of
hypertrophic genes were observed in TIDM mice, whereas these

changes were remarkably reversed by cardiomyocyte OTUDI defi-
ciency (Fig. 3i-k and Supplementary Fig. 4a). Consistently, the anti-
fibrosis effects of OTUDI1 deficiency were also confirmed as evidenced
by the downregulated mRNA levels of fibrotic genes and reduced
interstitial fibrosis in OTUDI-deficient diabetic heart tissues (Fig. 31, m
and Supplementary Fig. 4b). These data confirm that cardiomyocyte-
derived OTUD1 deficiency also attenuates T1DM-induced
cardiomyopathy.
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Fig. 1| Cardiomyocyte-derived OTUD1 is markedly upregulated in hypergly-
cemic conditions. The single-cell RNA-sequencing (scRNA-seq) was conducted in
T2DM hearts. a The t-SNE plot showed different cell clusters in control (Ctrl) and
T2DM hearts, colored by experimental groups. b Volcano plot displayed the dif-
ferential expression of deubiquitinating enzymes (DUBs) in heart tissues between
control and T2DM mice. NS no significance. ¢ Dot plot illustrated the expression
levels of Otud] in control and T2DM hearts. d The mRNA levels of OtudI in heart
tissues. e Representative western blot images and quantification of protein levels
of OTUDL in heart tissues. f The t-SNE plot identified seven main cell types,
including fibroblasts (FBs), cardiomyocytes (CMs), endothelial cells (ECs), smooth
muscle cells (SMCs), macrophages (MPs), T cells, and B cells in scRNA-seq analysis.

g A biaxial scatter plot showing the expression pattern of Otud1 across these cell
clusters. h Dot plot indicated the relative expression of Otud1 in the CMs.

i Representative images of immunofluorescence staining for OTUD1 (green), DAPI
(blue), a-actinin (red), or vimentin(red) in heart sections from control and T2DM
mice. j OTUDI1 protein expression in neonatal rat primary cardiomyocytes (NRPCs)
treated with high glucose (HG; 33 mM) and palmitic acid (PA; 100 pM) for indicated
times (0, 12, 24, and 48 h). For i, scale bar =50 um. Source data are provided as a
Source Data file. Data are presented as mean + SEM (a-c, f-h: n=3; d, e: n=6 for
each group; i, j: n =3 independent experiments); For (d, e), P values were deter-
mined by two-tailed unpaired ¢-test; For (j), P values were determined by one-way
ANOVA followed by Tukey post hoc tests.

Loss of OTUDL1 restored cardiac AMPK phosphorylation and
enhanced mitochondrial OXPHOS in vivo

We next probed the intracellular signaling pathway by which OTUD1
regulates DCM using bulk RNA-sequencing analysis in the hearts of
T2DM-challenged Otud!™ and Otudl CKO mice. We found 477
downregulated and 734 upregulated differentially expressed genes in
diabetic Otud1 CKO mouse heart tissues (defined using Log2FC > 1.5
and P value <0.05; Supplementary Fig. 5a). Kyoto Encyclopedia of
Genes and Genomes (KEGG) and Gene Ontology (GO) analysis showed
significant enrichment of signaling pathways related for diabetes,
cardiac hypertrophy, AMPK, and glucose and lipid metabolism (Sup-
plementary Fig. 5b, ¢). Comparative Gene Set Enrichment Analysis
(GSEA) further found the upregulation of AMPK, and glucose and lipid
transport in OTUDI1-deficient diabetic hearts (NES > 1, P value < 0.05;
Fig. 4a, and Supplementary Fig. 5d). Consistent with GSEA results, the
expressed levels of genes regulating glucose and lipid metabolism in
diabetic hearts were changed by OTUDI knockout (Supplementary
Fig. 5e). We assessed the protein expression of key metabolic reg-
ulators in mouse heart tissues. Acetyl-CoA carboxylase (ACC), a
downstream target of AMPK, is a crucial regulator for fatty acid
oxidation®. Hexokinase-1 (HK-1) plays a pivotal role in maintaining
glucose homeostasis®. As expected, T2DM mice exhibited significant
decreases in the phosphorylation levels of cardiac AMPK and ACC, and
HK-1 expression, while OTUD1 deficiency in cardiomyocytes reversed
these changes, indicating Otudl CKO improves lipid/glucose metabo-
lism and cardiac energy (Fig. 4b). Meanwhile, GSEA and GO analysis
showed that mitochondrion-related OXPHOS participated in OTUD1-
mediated downstream signal pathway (Fig. 4c, and Supplementary
Fig. 5f). Diabetic Otud?” mice had higher mitochondrial ROS level in
heart tissues than the Otudl CKO mice (Fig. 4d). Electron microscopy
analysis showed that mitochondrial swelling, mitochondrial ridge
disappearance, and reduced score in mitochondrial morphology of
heart tissues from diabetic Otud?™* mice, while Otudl CKO mitigated
T2DM-induced these changes (Fig. 4e, f). We further analyzed whether
diabetes alters mitochondrial function in hearts of Otud?"" and Otud1
CKO mice. The results demonstrated that T2DM impaired the content
of ATP in Otud™ mouse heart, but not in Otudl CKO mouse heart
(Fig. 4g). Consistently, diabetes-induced the reduction levels of mito-
chondrial respiratory chain complex II, I, and IV in heart tissues were
significantly reversed in Otudl CKO mice (Fig. 4h), suggesting that
OTUDI regulates the energy supply of cardiac mitochondria during
diabetes. Meanwhile, the levels of mitochondrial complex I and V
remained unaffected (Fig. 4h). These findings support that cardio-
myocyte OTUD1 deficiency reverses AMPK dephosphorylation and
mitochondrial injuries in diabetic mouse heart.

OTUDI promotes mitochondrial injuries and hypertrophy in
cardiomyocytes through negatively regulating AMPK

We then validated the OTUD1-AMPK axis in cultured cardiomyocytes
under HG, combining PA stimulation (HG +PA). OTUDI was silenced
using siRNA (siOTUD1) or overexpressed by transfection of the Flag-
OTUD1 plasmid (OTUD1) in NRPCs (Supplementary Fig. 6a, b). We

found that HG +PA-challenged cardiomyocytes had lower phos-
phorylated levels of AMPK™” and ACC, and HK-1 expression, while
gene silencing of OTUDI1 abrogated these alterations (Fig. 5a and
Supplementary Fig. 6¢). Not surprisingly, OTUD1 overexpression fur-
ther decreased the levels of p™7-AMPK, p-ACC, and HK-1 in NRPCs
challenged with HG + PA (Fig. 5a and Supplementary Fig. 6c). Flow
cytometry using MitoSOX probe displayed that HG+PA evoked
mitochondrial ROS production in primary cardiomyocytes, while
OTUD1 knockdown inhibited ROS formation (Fig. 5b). Silencing OTUD1
also significantly inhibited HG + PA-induced reductions of ATP content
and mitochondrial respiratory chain complex II, Ill, and IV in NRPCs
(Fig. 5¢, d and Supplementary Fig. 6d). No influences on the expression
of complex I and V (Fig. 5d and Supplementary Fig. 6d). By contrast,
OTUDI1 overexpression promoted mitochondrial ROS production, and
further decreased ATP content in HG + PA-challenged cardiomyocytes
(Supplementary Fig. 6e, f), but not worsened the levels of complex II,
IlI, and IV (Supplementary Fig. 6g, h). We assessed mitochondrial
respiratory capacity using extracellular flux analysis and found that
OTUDI knockdown resulted in increased basal ATP production, as well
as maximal respiration in NRPCs challenged with HG + PA (Fig. 5e, f).
Conversely, OTUD1 overexpression worsened mitochondrial respira-
tory capacity after HG + PA treatment (Supplementary Fig. 6i, j).

We further examined the effects of OTUD1 on hypertrophic phe-
notypes of cardiomyocytes. Knockdown of OTUDI markedly reduced
the cell area of primary cardiomyocytes, while OTUDI overexpression
further increased the cardiomyocyte hypertrophy (Fig. 5g, h). Simi-
larly, we uncovered that the mRNA levels of hypertrophic genes,
including Nppa, Nppb, Myh7, and Actal, were significantly inhibited by
OTUD1 knockdown, but exacerbated by OTUDI overexpression in
HG + PA-challenged NRPCs (Fig. 5i, j). To further determine whether
OTUDI1 affected cardiomyocyte hypertrophy via negatively regulating
AMPK activity, we constructed AMPKa2 knockout H9C2 cells using
CRISPR/Cas9 technology. As expected, silencing OTUDI did not affect
the mRNA levels of hypertrophic genes in AMPKa2 knockout cells
under HG+PA treatment (Fig. 5k), indicating that the pro-
hypertrophic action of OTUDI1 is AMPK-dependent in cardiomyo-
cytes. These findings suggest that OTUD1 deficiency prevents cardio-
myocyte hypertrophy by withstanding AMPK inactivity and
mitochondrial defects in cardiomyocytes.

OTUDI directly binds to AMPK«2

To identify the specifically targeted substrate of OTUDLI in cardio-
myocytes, we performed immunoprecipitation and mass spectro-
metry analysis, obtaining 608 proteins potentially binding to OTUD1
(Fig. 6a). Since OTUDI regulates diabetic cardiomyocyte hypertrophy
through the AMPK pathway and mitochondrial energy metabolism, we
checked the 608 potential OTUDI1-binding proteins. We found that,
among these 608 ones, only 4 proteins have been reported to be
related with DCM, AMPK pathway, and mitochondrial energy meta-
bolism, including AMPKa2°'°, NRF1¥, mTOR?, and VDAC1? (Fig. 6b).
We then confirmed the interactions between these 4 potential sub-
strates and OTUD1 in NRPCs, respectively. We found that only AMPKa2
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and mTOR bound to OTUD], but NRF1 or VDAC1 showed no obvious
interaction with OTUD1 in NRPCs (Supplementary Fig. 7a, b). Notably,
the interaction of AMPKo2-OTUD1 but not mTOR-OTUDI1 was
enhanced by HG + PA stimulation in NRPCs (Supplementary Fig. 7a),
suggesting that AMPKa2-OTUDI interaction in cardiomyocytes may be
more related to DCM progress. Using a co-immunoprecipitation assay,
we then validated the OTUDI interaction with AMPKa2 in diabetic
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heart tissues and in HG + PA-treated NRPCs (Fig. 6¢, d). The immuno-
fluorescent double-staining assay further demonstrated endogenous
colocalization of OTUD1 and AMPKa2 in NRPCs after HG + PA stimu-
lation (Fig. 6e). The exogenous interaction between OTUD1 and
AMPKa2 was verified in Hek293T cells expressing Flag-OTUD1 and HA-
AMPKa2 (Fig. 6f). At the cell-free molecular level, we further confirmed
that rhOTUDI protein directly bound to rhAMPK protein using bio-
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Fig. 2 | Cardiomyocyte-specific 0TUD1 knockout ameliorates cardiac hyper-
trophy and dysfunction in T2DM mice. a Schematic representation of the
experimental design. Otud™ and OtudI cardiomyocyte-specific knockout mice
were induced to T2DM by low-dose streptozotocin (STZ, 35 mg/kg) administration
for 3 days combining high-fat diet (HFD) feeding for 16 weeks. After 16 weeks, the
cardiac function of the mice was evaluated, and blood samples along with heart
tissues were harvested. b, ¢ Blood glucose levels and body weight of sham and
T2DM mice in both Otud?™ and OtudI conditional knockout (CKO) groups.

d, e Serum levels of lactate dehydrogenase (LDH) and atrial natriuretic peptide
(ANP) in different groups of mice. f, g Echocardiography was performed to assess

ejection fraction (EF%) and fractional shortening (FS%). h, i Representative echo-
cardiographic images and gross heart morphology from each group. j Wheat germ
agglutinin (WGA) staining and quantitative analysis of cardiomyocyte area in heart
tissues. k, I The mRNA levels of hypertrophic genes (Nppa, Nppb, Myh7, and Actal)
and fibrotic genes (Collal and Tgfbl) were quantified by RT-qPCR in heart tissues.
m Masson’s trichrome staining and quantification in heart tissues. For (j, m), scale
bar =50 um. Source data are provided as a Source Data file. Data are presented as
mean + SEM (n = 6 for each group); For (d, f, g, j-1), P values were determined by
one-way ANOVA followed by Tukey post hoc tests; For (e, k) (Bnp), and (m), P
values were determined by Kruskal-Wallis test with Dunn post hoc tests.

layer interferometry (BLI) assay, with a high association constant (KD)
of 5.56 x107®M (Fig. 6g).

As we know, AMPK is an obligate heterotrimer, and composes of a
catalytic subunit & (ol or «2) and two noncatalytic subunits 3 (31 or 32)
and y (y1, y2, or y3) subunits. In the mammal heart, AMPKa2, 31, B2, y1,
and y2 subunits are expressed abundantly®®. Thus, in addition to
AMPKa2, we wondered whether OTUD1 binds to other AMPK subunits.
Results showed that OTUD1 only bound to AMPKa2 (Fig. 6h). To fur-
ther identify the protein domains responsible for AMPKa2 and OTUD1
interaction, truncated mutants for AMPKa2 and OTUD1 were con-
structed, respectively. OTUD1 could interact with full-length HA-
AMPKa2, domain lacking HA-autoinhibitory sequence (AAID;
291-376 aa), and domain lacking HA-C-terminal domain (ACTD;
477-521aa), but not domain lacking HA-kinase domain (AKD;
16-268 aa) in Hek293T cells, indicating that OTUDI binds to the KD
fragment of AMPKa2 protein (Fig. 6i, j). As shown in Fig. 6k, OTUD1
protein contains an OTU domain and a ubiquitin-interacting motif
(UIM). The immunoprecipitation assay showed that AMPKa2 inter-
acted with the OTU domain of OTUDI (Fig. 6l). These results confirm
that the OTU domain of OTUDI directly binds to the KD fragment of
AMPKa2.

OTUDI1 deubiquitinates AMPKa?2 at residue K60 and K379 via its
active site C320 to prevent CAMKK2-AMPK interaction and then
AMPK phosphorylation

We hypothesized that OTUD1 negatively regulates AMPK activation via
deubiquitinating AMPKa2. As shown in Fig. 7a, OTUD1 remarkably
reduced the polyubiquitination of AMPKa2 in Hek293T cells. In vivo,
OTUD1 CKO reversed AMPKa2 deubiquitination in diabetic mouse
hearts (Supplementary Fig. 8a). To explore whether OTUDI] affects the
stability of AMPKa2, we evaluated the protein level of total-AMPK (T-
AMPK) and AMPKa2. As expected, OTUDI overexpression did not
affect the protein levels of T-AMPK and AMPKa2 in Hek293T cells or
NRPCs (Fig. 7b). Consistently, we uncovered that OTUD1 markedly
blocked the K63-linked ubiquitination of AMPKa2 but not K48-linked
ubiquitination (Fig. 7c).

We further mapped the OTUDI-mediated deubiquitination sites
of AMPKa2. Through analyzing an online ubiquitination site prediction
for AMPKa2*, we identified 4 potential sites, including K60, K379,
K391, and K470, in AMPKa2 protein (Supplementary Fig. 8b, Table 4).
We generated various mutants of AMPKa2 for these four sites, and
found that single-site mutants of K60 and K379 slightly reduced the
total ubiquitination, and the mutants including both K60 and K379
almost abolished the ubiquitination of AMPKa2 (Supplementary
Fig. 8c). We further confirmed that both 2KR (including K60R and
K379R) and 4KR (including all 4 site mutations) significantly abolished
AMPKa2 ubiquitination levels (Fig. 7d), suggesting that these two
lysine residues (K60 and K379) are responsible for AMPKo2 ubiquiti-
nation. Further, OTUD1 overexpression reduced the ubiquitination
level of WT AMPKa2, but failed to affect the ubiquitination of the
AMPKa2-K60R or -K379R (Fig. 7e), indicating these two lysine residues
are deubiquitination sites regulated by OTUDI. We also studied the
functional significance of AMPKa2 deubiquitination at K60 and K379.

As shown in Fig. 7f, WT AMPK overexpression increased AMPK™”
phosphorylation in HG + PA-challenged cardiomyocytes, but K60R
and K379R mutants failed. Consistently, K60OR and K379R of AMPKa2
did not ameliorate HG +PA-induced increases in mRNA levels of
hypertrophic genes in cardiomyocytes (Supplementary Fig. 8d, e).
These data indicate that OTUDI1 negatively regulates AMPK phos-
phorylation via deubiquitinating K60 and K379 on AMPKa2.

Since OTUDI has been reported to remove ubiquitination from
substrates via its catalytic motif of cysteine at the 320 site (C320)*?, we
constructed a mutant OTUD1 plasmid with C320A (mutation of
cysteine to alanine at C320) and evaluated the deubiquitinating ability
on AMPKa2. The enzyme-dead mutant of OTUDI could not remove the
ubiquitin molecules from AMPKa2 (Fig. 7g), and the phosphorylation
level of AMPK™ was restored in cells transfected with OTUD1 C320A
(Fig. 7h). Moreover, the C320A mutant totally abolished the OTUDI-
induced upregulation of hypertrophic genes in cardiomyocytes chal-
lenged with HG + PA (Fig. 7i). These results suggest that OTUDI1 reg-
ulates AMPKa2 via its C320 site.

We next tested how OTUDI-mediated deubiquitination induces
the dephosphorylation of AMPKa2. CAMKK2 and liver kinase B1 (LKB1)
are the upstream kinases responsible for the phosphorylation of
AMPK™2, We examined whether OTUD1-mediated AMPKa2 deubi-
quitination hinders the interaction between CAMKK2 or LKB1 and
AMPKa2. As shown in Fig. 7j, OTUDI overexpression weakened the
binding of AMPKa2 and CAMKK2, accompanied by the decreased level
of AMPK™”2 phosphorylation, while the binding between AMPKa2 and
LKB1 was not affected. Interestingly, the OTUD1 C320A mutation
induced a stronger AMPKo2-CAMKK2 interaction and a higher
AMPK™” phosphorylation than the WT-OTUDI (Fig. 7k). Since Hela
cells have been reported to lack LKB1 expression*, we further con-
firmed that OTUDI expression reduced AMPKa2-CAMKK?2 interaction
in Hela cells, without the potential interference of LKB1 (Supplemen-
tary Fig. 8f). These results indicate that OTUDI1-mediated deubiquiti-
nation of AMPKa2 prevents AMPKa2-CAMKK2 interaction and then
reduces AMPKa2 phosphorylation in cardiomyocytes.

Cardiac-AMPKa2 knockdown abolishes the cardioprotective
effects of OTUDI deficiency in diabetic mice

To verify whether OTUDI1 deficiency improves cardiac hypertrophy
through regulating AMPKo2 in mice, we constructed Adeno-
Associated Virus 9 (AAV9) vector carrying Otudl shRNA (AAV9-shO-
tudl) and Ampka2 shRNA (AAV9-shAmpka2) with cardiomyocyte-
specific promoter ¢TNT, and administered these AAVs to db/db mice
via tail vein injection (Fig. 8a). We confirmed that OTUD1 and AMPKa2
expressions were successfully lowered in mouse heart tissues (Fig. 8b
Supplementary Fig. 9a). As anticipated, neither OTUD1 nor AMPKa2
knockdown affected the hyperglycemia and gain-body-weight profiles
in db/db mice (Supplementary Fig. 9b, c). The serum levels of insulin,
total cholesterol, triglyceride, and ANP indicate that AAV9-mediated
OTUDI1 knockdown in hearts significantly blunted diabetes-induced
metabolic disorder and myocardial injury in db/db mice (Fig. 8c and
Supplementary Table 5). However, knockdown of OTUDI failed to
reduce these parameters in AAV9-shAmpka2-treated diabetic mice
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(Fig. 8¢ and Supplementary Table 5). OTUD1 knockdown also sig-
nificantly alleviated established heart dysfunction in db/db mice, while
AMPKa2 knockdown abolished the protective effects of OTUD1 defi-
ciency (Fig. 8d-f and Supplementary Table 5). Analysis of hypertrophic
markers and interstitial fibrosis indicators further confirmed that
OTUD1 knockdown failed to prevent cardiac remodeling in AMPKa2-
deficient diabetic mice (Fig. 8g-i, Supplementary Fig. 9d-g, and

Otud 1™

Otud1 CKO

5.63E-09 7.47E-06
-]

Connective tissue
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Table 5). Examination of the mitochondrial morphology showed that
AAV9-shOtud1 injection attenuated mitochondrial injury in db/db
mice, but failed in AAV9-shAmpka2-treated mice (Fig. 8j, k). Subse-
quently, AAV9-shOtud1 treatment decreased mitochondrial ROS and
ATP levels, and complex II, 111, and IV expressions in db/db mice but not
in AAV9-shAmpka2-treated mice (Fig. 81 and Supplementary
Fig. 10a-c). We also noted that OTUD1 knockdown upregulated the
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Fig. 3 | Cardiomyocyte-specific OTUD1 knockout improves DCM in TIDM mice.
a Schematic of the experimental design. Otud?"" and Otud]l conditional knockout
(CKO) mice were induced to TIDM by a high dose of streptozotocin (STZ, 120 mg/
kg) injection. Sixteen weeks later, cardiac function was assessed, and blood and
heart tissue samples were collected. b, ¢ Blood glucose levels and body weight were
measured in sham and TIDM mice in both Otud™” and Otud]I conditional knockout
(CKO) groups for 16 weeks. d, e Serum lactate dehydrogenase (LDH) and atrial
natriuretic peptide (ANP) levels in different groups of mice. f, g Statistical graphs of
ejection fraction (EF%) and fractional shortening (FS%) in mice. h, i Representative

images of echocardiographic and gross heart. j Wheat germ agglutinin (WGA)
staining and quantitative analysis of heart sections. k,  The mRNA expression levels
of hypertrophic genes (Nppa, Nppb, Myh7, Actal) and fibrotic genes (Collal, Tgfbl)
in heart tissues. m Masson’s trichrome staining and quantification in heart tissues
from different groups. For (j, m), scale bar =50 um. Source data are provided as a
Source Data file. Data are presented as mean + SEM (n = 6 for each group); For

(d, f, g, j-m), P values were determined by one-way ANOVA followed by Tukey post
hoc tests; For (e), P values were determined by Kruskal-Wallis test with Dunn post
hoc tests.

ubiquitination level of AMPKa2 in diabetic mouse hearts (Supple-
mentary Fig. 10d). Collectively, these results suggest that OTUDI1
deficiency protects mitochondrial function and attenuates DCM via
regulating AMPKa2.

Discussion

In the present study, our results delineated OTUDI as a detrimental
DUB in DCM. Cardiomyocyte OTUD1 expression was significantly
increased in the hearts of T2DM mice. Cardiomyocyte-specific OTUD1
deficiency alleviated cardiac dysfunction, hypertrophy, and fibrosis in
both T2DM and TIDM mice. A comprehensive RNA-seq analysis
revealed that OTUDI1 deficiency positively regulated AMPK signaling
pathway and mitochondrial OXPHOS in diabetic mouse hearts.
Mechanistically, OTUD1 K63-linked deubiquitinates AMPKa2 at K60
and K379 sites through its active site C320, which hinders the AMPK-
CAMKK2 interaction and then inhibits AMPKT172 dephosphorylation.
OTUD1 deficiency restored AMPK activity and then prevented mito-
chondrial injuries and hypertrophy in cardiomyocytes. Finally,
AMPKa2 knockout blunted OTUDI deficiency-mediated cardiopro-
tective effects in T2DM mice. Consequently, our finding reveals an
OTUDI-AMPK axis in promoting DCM pathology and provides OTUD1
as a potential therapeutic target against DCM. A schematic summary of
the major findings is presented in the Graphic Abstract.

DUBs and DUB-mediated deubiquitinating modification play
important roles in modulating intracellular protein stability and func-
tion, then regulating a series of pathophysiological processes’.
Maintaining the intracellular protein quality control by ubiquitination
modification is crucial in determining cardiac pathophysiology, and
some E3-ubiquitin-protein ligases have been found in participating in
DCM pathology®. However, so far, only two DUBs, USP28 and USP7 in
cardiomyocytes, have been reported to play roles in DCM**°. This
study identified cardiomyocyte-derived OTUD1 as a vital factor
involved in DCM. Interestingly, OTUDI1 has attracted much attention
for its roles in some cardiovascular diseases**”*%. Our previous work
has shown that OTUDI deubiquitinates signal transducer and activator
of transcription 3 (STAT3) to promote STAT3 phosphorylation and
pathological cardiac remodeling in mice®’. We have also revealed that
OTUDI1 promotes isoprenaline- and myocardial infarction-induced HF
by targeting phosphodiesterase 5A%. Recently, Lu et al. have reported
that OTUDI regulates B cells and DC cells and participates in immune
reactions in dilated cardiomyopathy®. Here, our scRNA-seq analysis
found that among DUB genes, Otud1 showed the highest upregulation
fold in diabetic hearts. Importantly, we found that the upregulated
OTUDI1 was mainly distributed in cardiomyocytes, especially cardio-
myocytes under diabetes or HG + PA-challenged pathological condi-
tions. Cardiomyocyte-specific OTUD1 knockout significantly protects
hearts from DCM in both T2DM and TIDM mice. Considering the
specificity of OTUD1 in diabetic hearts, we believe that cardiac-specific
gene therapy or small-molecule inhibitors targeting OTUD1 may be an
attractive strategy for the treatment of DCM.

OTUDI1 has been reported to deubiquitinate several substrate
proteins, including STAT3, YAP, and RIP2, in different pathophysiolo-
gical processes®***°. Here, we identified AMPK as a substrate of
OTUDI. AMPK is a highly conserved heterotrimer consisting of o, 3,

and y subunits®®, and our data confirm that OTUDI binds to the kinase
domain of the AMPKa2 subunit, whose expression is abundant in
cardiomyocytes and has a typical activating residue Thr172***, Pre-
vious publications have always shown that diabetes or hyperglycemia
inactivates cardiac AMPK at Thr172 phosphorylation®*. Diabetes
(sustained hyperglycemia) for more than 4 weeks starts to induce
cardiac complications in mice, and the cardiac dysfunction appears
after 8 weeks of sustained hyperglycemia. The changes in p-AMPK
levels in diabetic heart tissues depend on the duration of diabetes. The
cardiac AMPK activity is not affected during the early stage of diabetes
when no cardiac complication occurs. Generally, the p-AMPK level is
typically decreased in diabetic mouse hearts at a relatively long disease
duration (from 8 to 28 weeks), when the hearts have been damaged by
sustained hyperglycemia. Maintaining AMPK activation has been
demonstrated as an effective strategy to prevent DCM*'%***3_ In addi-
tion, it has been reported that high-concentration glucose represses
AMPK signaling via Tripartite Motif Containing 72 (TRIM72) E3-
ubiquitin-ligase-mediated AMPKa degradation and inactivation**. So
far, no specifically designed AMPK activators have been applied in
clinical trials, since the discovery of small-molecule AMPK activators is
relatively difficult, and AMPK possesses opposite functions in different
tissues. Metformin, a classical drug for the treatment of T2DM and
known as an AMPK activator, has been reported to have a neutral effect
in hearts, possibly due to its poor distribution in heart tissues and
multi-target mechanisms**°, Therefore, it will be interesting for
treating DCM to establish a safe manner to positively regulate AMPK
activity specifically in cardiomyocytes. In this study, we found
that OTUD1 was mainly expressed in pathological cardiomyocytes,
and OTUD1 deficiency significantly attenuated DCM through
increasing AMPK™2 activity, indicating that targeting OTUD1 may be a
strategy to activate AMPK and then treat DCM. It may be a more pro-
mising strategy for medicinal chemists to design small-molecule
OTUD1 inhibitors than to design AMPK activators for the treat-
ment of DCM.

AMPK activation is essential for metabolic homeostasis and
mitochondrial bioactivity, which includes mitochondrial biogenesis,
degradation, oxidative stress, and ATP generation*’. The majority of
ATP requirement in myocardium is from the mitochondrial fatty acid
oxidation, and it is not surprising that the malfunctioning AMPK sig-
naling is associated with myocardial dysfunction, hypertrophy, and
even HF’. It has been reported that fibroblast growth factor 1 prevents
DCM by elevation of mitochondrial respiration rate and fatty acid -
oxidation in an AMPK-dependent way, while these protective effects
are blunted in the AMPKa2 null mice*2, Recent studies found that the
pharmacological activation of AMPK limited DCM via governing
mitochondrial health'®*, Our results in vivo and in vitro elucidate that
cardiomyocyte OTUDI1 deficiency contributes to AMPK-mediated
lipid/glucose homeostasis and mitochondrial OXPHOS under a
hyperglycemia condition. Moreover, AMPK knockdown in cardio-
myocytes abolished OTUDI1-deficiency-mediated protective effects on
cardiac hypertrophy and mitochondrial dysfunction. Therefore, the
OTUDI1-AMPK axis regulates glucose/lipid metabolism and mitochon-
drial bioactivity in cardiomyocytes, which represents a crucial mole-
cular mechanism in the pathogenesis of DCM.
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Emerging studies have implicated AMPK regulation with
ubiquitin*****°_ It has been shown that the ubiquitin ligase Cidea spe-
cifically interacts with the 3 subunit of AMPK to induce AMPK degra-
dation in brown adipose tissues*®. After being phosphorylated at S485/
491, AMPKa recruits the E3-ubiquitin-ligase TRIM72 for the subsequent
ubiquitination and degradation in high-concentration glucose-chal-
lenged skeletal muscle cells**. Another E3 Ligase modulator, Cereblon,

has also been reported to negatively regulate AMPK signaling in ske-
letal muscle of type 1 diabetic rats*’. Regarding the deubiquitinating
regulation of AMPK, however, only one DUB, USP8, has been shown to
be associated with AMPK activation, without a clear regulating
mechanism®. The present study identified a direct regulating DUB of
AMPK. We show that OTUDI removes the K63-linked ubiquitin from
K60 and K379 sites of AMPKo2, which prevents AMPK-CAMKK2
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Fig. 4 | Loss of OTUD1 restored cardiac AMPK phosphorylation and enhanced
mitochondrial OXPHOS in vivo. a, c Pathway enrichment analysis related to AMPK
pathway and mitochondrial homeostasis by GSEA in heart tissues of T2DM-
challenged Otud?"* and Otud]1 conditional knockout (CKO) mice. b Western blot
analysis and quantification of protein levels of phosphorylated AMPK (p™7?-AMPK),
AMPK, p-ACC, ACC, and HK-1 in heart tissues from sham and T2DM mice in both
Otud?™ and Otudl CKO groups. d Representative images of MitoSOX staining
showed mitochondrial reactive oxygen species levels in heart sections.

e Representative images of transmission electron microscopy illustrated mito-
chondrial morphology in heart tissues from each group. Red arrows show

abnormal mitochondria. f Quantitative analysis of mitochondrial morphology
scores. g Measurement of ATP content in heart tissues from all mice. h Western blot
analysis and quantification of mitochondrial respiratory chain complex proteins in
heart tissues. For (d), scale bar = 50 um; for (e), Scale bar=1um (upper) and 2 um
(lower). Source data are provided as a Source Data file. Data are presented as
mean + SEM (a, c: n =4 for Otud?™ group, and n=3 for OtudI CKO group; b and
d-h: n=4 for each group); For (b, h), P values were determined by one-way ANOVA
followed by Tukey post hoc tests; For (g, h (CIII)), P values were determined by
Kruskal-Wallis test with Dunn post hoc tests.

interaction and then AMPK phosphorylation at T172. It is still unclear
how AMPK ubiquitinating modification regulates AMPK phosphoryla-
tion, which is crucial for AMPK activity. In this study, we find that
AMPKa2 ubiquitination at K60 and K379 is necessary for AMPK-
CAMKK?2 interaction, providing a mechanism by which the ubiquiti-
nating modification of AMPK regulates its phosphorylation. LKBI is
another well-established upstream kinase that phosphorylates
AMPK™? in myocardial cells”. We also show that OTUDI-mediated
AMPKa2 deubiquitination does not affect AMPK-LKBI interaction,
indicating that LKB1 and CAMKK2 may interact with different domains
of AMPK.

In summary, we reveal that cardiomyocyte OTUD1 deubiquiti-
nates AMPKa2 at K60/K379 sites to inhibit AMPK™2 phosphorylation,
promoting mitochondrial injuries and cardiomyocyte hypertrophy.
This work extends our understanding of the role of DUBs in regulating
AMPK activity and presents an OTUDI-AMPK axis in mediating
diabetes-induced cardiomyocyte energy metabolism and DCM.
Cardiomyocyte-specific OTUDI deficiency significantly protects hearts
from DCM in both TIDM and T2DM mice, suggesting that targeting
OTUDI may be an attractive therapeutic strategy for DCM.

Methods

Animal studies

All animal experiments were conducted with the approval of the Animal
Care and Ethics Committee at the Zhejiang Center of Laboratory Ani-
mals, adhering to the Guide for the Care and Use of Laboratory Animals
(ZJCLA-IACUC-20030091). Mice with cardiac-specific deletion of Otud]1,
generated by crossing Otud]I floxed mice (Otud™, strain No. T005045)
with a-myosin heavy chain promoter-driven heterozygous Cre (Myh6-
Cre, strain No. TO04713) mice, were purchased from Gempharmatech
(Nanjing, China). Otud?"* littermates served as the control group. The
db/db mice (C57BLKS/) background) were obtained from the Labora-
tory Animal Center of Hangzhou Medical College (Hangzhou, China)
and used as a model for T2DM. All mice used in this study were male
and housed at the Laboratory Animal Center of Hangzhou Medical
College. The mice were maintained in a controlled environment with a
12-h light-dark cycle, at a temperature of 22-25 °C and humidity levels
of 40-70%. The animals had ad libitum access to food and water, unless
otherwise specified. All animals were acclimatized for 2 weeks prior to
experimentation. For all animal experiments, we selected male mice
only. It has been reported that females may induce mild cardiac fibrosis
and HF, because of estrogen and low testosterone levels™.

Establishment models of diabetic cardiomyopathy

A T2DM mouse model was established by feeding male 8-week-old
Otud?™ Cre* mice and their littermate Otud? mice a HFD (60.3 kcal%
fat, including palmitic acid, oleic acid, stearic acid, linoleic acid, and a-
linolenic acid; D12492l; Research Diets, New Brunswick, USA) for
16 weeks. After 8 weeks of HFD feeding, the mice received intraper-
itoneal injections of STZ (35 mg/kg in citrate buffer; Sigma-Aldrich,
MO, USA) for 3 consecutive days, following previously reported
protocols*’. Control mice were fed a normal diet (10 kcal% fat) and
received an equivalent volume of citrate buffer via intraperitoneal
injection. Six mice were included in each group.

A TIDM mouse model was established by administering a single
intraperitoneal injection of STZ (120 mg/kg in citrate buffer) to male 8-
week-old mice, which were then maintained on a normal diet for
16 weeks. Fasting blood glucose (FBG) levels and body weight changes
were monitored weekly in both TIDM and T2DM mice. For db/db male
mice, FBG levels were recorded starting at 8 weeks of age. For FBG
assays, the mice were fasted overnight for 12 h (from 21:00 to 9:00).
Blood glucose levels were measured using a glucose meter (Sano Care,
Changsha, China), and mice with FBG levels above 11 mmol/L in two
consecutive tests were considered diabetic mice. Six mice were
included in each group. DCM was confirmed by assessing the systolic
function of the heart via echocardiography. Blood and heart samples
were collected for further experiments. The serum insulin level was
detected by a commercial ELISA kit, and lipid levels were measured
using an automatic biochemistry analyzer (Beckman).

Adeno-associated virus and viral delivery protocol

Knockdown of OtudI and Ampka2 in vivo was achieved by treating db/
db male mice with recombinant adeno-associated virus serotype 9
(rAAV9). The rAAV9 vectors contained shRNA sequences targeting the
coding sequence (CDS) region of the OtudI gene or the Ampka2 gene,
driven by the cTnT promoter (rAAV9-cTnT-shOtudI and rAAV9-cTnT-
shAmpka2). A rAAV9 vector carrying shRNA targeting a scrambled
sequence (AAV9-Vector) was used as a control. The viral vectors were
manufactured by BrainVTA (Wuhan, China). The db/db mice received
tail vein injections of AAV9-shOtudl (5x10"vg, 200pl), AAV9-
shAmpka2 (5x 10" vg, 200 pl), or AAV9-Vector (200 pl). Each group
included 6 mice. Knockdown efficiency of OTUD1 and AMPKa2 was
assessed by western blot analysis.

Echocardiography

The day before sacrifice, transthoracic echocardiography was con-
ducted using a VINNO 6 LAB Ultrasound Imaging System (VINNO
Technology, Suzhou, China) to assess systolic and diastolic function in
mice. The mice were anesthetized with 3.0% isoflurane and positioned
supine on a heated platform. Isoflurane levels were adjusted to 1.0-1.5%
when the mice did not respond to pressure on their hind paws, main-
taining a heart rate of ~450 beats per minute. Subsequently, echo-
cardiogram acquisition was performed. At least five consecutive
cardiac cycles were recorded, and M-mode recordings were utilized for
analysis of the systolic diameter of the left ventricle (LVIDs), diastolic
diameter of the left ventricle (LVIDd), end-diastolic volume of the left
ventricle (LVEDV), and end-systolic volume of the left ventricle (LVESV).
The EF was determined using the equation EF% = (LVEDV-LVESV)/
LVEDV x100%, and the fractional shortening (FS) was calculated as
(LVIDd-LVIDs)/LVIDd x100%. Each parameter underwent measure-
ment on a minimum of three times, and the mean value was reported.

Histological analysis

Heart tissues were harvested and fixed in 4% paraformaldehyde over-
night. Subsequently, the heart tissues were dehydrated, embedded in
paraffin, and transversely sliced into 5 pm-thick sections. The paraffin
sections were then deparaffinized using xylene and rehydrated
through a series of alcohol gradients. H&E staining was performed to

Nature Communications | (2025)16:6668

10



Article

https://doi.org/10.1038/s41467-025-61901-z

evaluate myocardial hypertrophy. The WGA staining was applied to
determine the cross-sectional area size of cardiomyocytes. For the
assessment of fibrosis using Masson’s trichrome staining, the sections
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were stained with a Masson Trichrome kit (G1006, Servicebio, Wuhan,

China) according to the manufacturer’s instructions. Collagen
deposition was evaluated on the Sirius red-stained sections. After
staining, cardiac sections were analyzed under a light microscope

(Leica, Wetzlar, Germany) and images were acquired. ImageJ software
(NIH, Bethesda, MD, USA) was employed for quantifying the level of
cardiomyocyte area, fibrosis, and collagen deposition.

Immunofluorescence analysis
Immunofluorescence staining was conducted on mouse heart sam-
ples. The heart samples were positioned flat in a specialized container,
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Fig. 5 | OTUD1 promotes mitochondrial injury and hypertrophy in cardio-
myocytes through negatively regulating AMPK. a Neonatal rat primary cardio-
myocytes (NRPCs) transfected with siRNA targeting OTUD1 (siOTUDI), scrambled
negative control (NC), OTUDI plasmids (OTUDI®), or empty vector (EV) for 24 h,
and were subsequently stimulated with high glucose (HG; 33 mM) and palmitic acid
(PA; 100 pM) for 2 or 24 h. The expressions of OTUD1, p"7>-AMPK, AMPK, p-ACC,
ACC, and HK-1 were detected. b NRPCs transfected with siOTUD1 or NC were
stimulated with HG, combining PA for 1 h. Flow cytometry analysis of the mito-
chondrial reactive oxygen species levels in NRPCs. ¢ After 24 h of HG + PA stimu-
lation, the ATP content was detected in NRPCs. d Western blot analysis of
mitochondrial respiratory chain complexes (Grim19, SDHA, UQCRC2, MTCO1, and
ATPSA) in NRPCs. e, f Analysis of oxygen consumption rate (OCR) in NRPCs treated

as indicated. Oligo oligomycin, FCCP carbonyl cyanide 4-(trifluoromethoxy) phe-
nylhydrazone, Rot/AA rotenone/antimycin A. g, i Representative images of rho-
damine phalloidin staining for cardiomyocyte area measurement. h, j RT-qPCR
analysis of hypertrophic genes (Nppa, Nppb, Myh7, Actal) in NRPCs with HG + PA
stimulation for 24 h. k RT-qPCR analysis of hypertrophic genes in AMPKa2
knockout H9C2 cells (gAMPKa2) or control (gctrl) cells challenged with HG and PA
for 24 h. For (g, i), scale bar =100 um. Source data are provided as a Source Data
file. Data are presented as mean + SEM (a, b, d-k: n =3 independent experiments; c:
n=6 independent experiments); For (c), P values were determined by two-tailed
unpaired t-test; For (f-k), P values were determined by one-way ANOVA followed by
Tukey post hoc tests; For (f) (ATP Production), P values were determined by
Kruskal-Wallis test with Dunn post hoc tests.

and an appropriate amount of OCT embedding medium (4583, Sakura,
California, USA) was added to ensure complete submersion. The tis-
sues were then rapidly frozen using dry ice. Once the tissues were fully
frozen, they were transferred at a cold-temperature microtome
(CryoStar NX70, Epredia, Shanghai, China) for sectioning, with slice
thickness set at 6 um. The sections were mounted onto glass slides and
immediately fixed in 4% paraformaldehyde for 15 min. After fixation,
the sections were rinsed three times with phosphate buffer solution
(PBS), each rinse lasting 5 min. Excess liquid was carefully removed by
gentle shaking, and the tissue boundaries were marked with an IHC
pen. The sections were then treated with 5% goat serum and incubated
at room temperature for 30 min. Co-staining of OTUDI and a-actinin
was achieved using a four-color fluorescence kit (RC0086, Recordbio
Biological Technology, Shanghai, China) via tyramide signal amplifi-
cation technology, following the provided instructions. Primary anti-
bodies were incubated with the sections overnight at 4 °C: OTUDI1
(1:100 dilution; bs-17563R, Bioss, Beijing, China), a-actinin (1:100 dilu-
tion; ab137346, Abcam, Cambridge, UK), and Vimentin (1:100 dilution;
ab8978, Abcam). This process was followed by incubation with Cy3-
conjugated goat anti-rabbit IgG (1:300 dilution; GB21303, Servicebio)
and Alexa Fluor® 488-conjugated goat anti-rabbit IgG (1:300 dilution;
GB25303, Servicebio) for 1h at room temperature. Subsequently, the
slides were cleaned with PBS, stained with DAPI for 10 min, and
mounted using an anti-fluorescence quenching blocking reagent.
Imaging was conducted using a confocal microscope (magnification:
200x; AIR-SIM-STORM, Nikon, Tokyo, Japan).

Total superoxide levels in tissues were assessed using the Mito-
SOX Red indicator (50061, Beyotime, Shanghai, China). Briefly, frozen
sections with a thickness of 10 um were prepared and allowed to
equilibrate at room temperature. A pre-cooled cleaning solution
(Reagent A) was added to ensure complete coverage of the section
surface before it was discarded. Subsequently, a preheated staining
solution was applied at room temperature, ensuring it covered the
entire section. The sections were then incubated in a humidified
incubator at 37 °C for 10 min in the dark, after which the staining
solution was discarded. The sections were washed with Reagent A.
Finally, coverslips were sealed, and the sections were immediately
observed under a confocal microscope. Enhanced red fluorescence
indicates a high content of superoxide anion.

Transmission electron microscopy (TEM) analysis

The morphology and structure of mitochondria in mouse hearts were
examined using TEM (HT7800, Hitachi, Tokyo, Japan). Briefly, heart
pieces measuring 1.0 mm? from the left ventricular wall were fixed in a
solution of 1.25% glutaraldehyde and 0.1 M sodium cacodylate buffer
overnight at 4 °C. Subsequently, the samples underwent a series of
washes in 0.1 M sodium cacodylate. After dehydration and embedding,
the samples were sliced into sections with a thickness of 90 nm. These
thin sections were stained with uranyl acetate and lead citrate before
being observed. Digital images of the mitochondria were subsequently
captured. Higher magnification images obtained from TEM revealed
damaged mitochondria in diabetic hearts.

Real-time quantitative PCR (RT-qPCR)

Tissues and cellular RNA were isolated with RNAiso Plus (Takara,
Tokyo, Japan). One pg of RNA was reverse transcribed into com-
plementary DNA (cDNA) using Hifair® Il 1st Strand cDNA Synthesis
SuperMix (YEASEN, Shanghai, China). Subsequently, RT-qPCR was
conducted on the CFX96 System (Bio-Rad, California, USA) using SYBR
Green Master Mix (YEASEN). The primers utilized in this study are
detailed in Supplementary Table 6. Data on the target mRNA were
evaluated using the 2724 method and were normalized against the
expression of B-actin.

Bulk RNA-sequencing analysis

Total RNA from cardiac tissues (n=4 for Otud™ group, and n=3
for Otud1 CKO group) was isolated using RNAiso Plus. Quality assess-
ment of the RNA samples was carried out using the Agilent Bioanalyzer
2100 (Agilent Technologies, Santa Clara, USA). Purification of mRNA
from 1 pg total RNA was conducted with magnetic beads attached to
Oligo(dT). The purified mRNA was fragmented using a specific tem-
perature buffer. These fragments of RNA were converted into
cDNA through reverse transcription primed with random hexamers.
Subsequent steps included the construction of a cDNA library
and sequencing on the BGISEQ-500 platform (Beijing Genomics Insti-
tute, Shenzhen, China). Alignment of high-quality reads to the
mouse reference genome was performed using Bowtie2 (v2.2.5) and
Hisat2 (v2.0.4). Expression levels of genes were normalized to frag-
ments per kilobase of exon model per million mapped reads (FPKM)
utilizing RSEM (v1.2.12). Differential expression analysis was carried
out using DESEQ2 (version 1.4.5) to identify genes with |[fold
change| > 1.5 and false discovery rate (FDR) < 0.05. Pathway analysis of
KEGG and GO terms was conducted through the R package
“Clusterprofile.”

scRNA-seq analysis

Single-cell suspension preparation. The tissue samples were washed
with PBS, minced into small fragments, and digested with enzyme
solution at 37 °C with continuous shaking for about 40 min. To max-
imize cell yield and viability, dissociated cells were harvested at 20 min
intervals during the digestion process. After digestion, Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, Eggenstein, Germany) con-
taining 10% fetal bovine serum (FBS; Gibco) was added to the samples
to stop the digestion. The cell suspension was then filtered through a
70 pm cell strainer to remove undigested tissue mass and washed with
PBS containing 0.04% bovine serum albumin (Sigma). For each
experimental group, three samples were pooled to generate a single
biological replicate for subsequent experiments.

Reads processing. Raw data were processed using the Cell Ranger
7.2.0 sequence workflow with default and suggested settings. FASTQ
files from Illumina sequencing were aligned to the mouse genome,
version GRCm38, using the STAR algorithm. Gene-Barcode arrays were
then generated for each sample by counting Unique Molecular Iden-
tifiers (UMIs) and excluding non-cellular-associated barcodes.
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This process resulted in gene-barcode arrays encapsulating the enco-
ded cells and gene expression counts. This output was subsequently
imported into the Seurat (v4.1.1) R package for quality control and
further analysis of our scRNA-seq data.

Cell filtering. All procedures were executed using default parameters,
unless specified otherwise. We refined the filter to cells based on three

quality criteria, including UMI count, count of detected genes, and
mitochondria read percent within the Seurat package. The factors
were closely associated, and finally, we requested a minimum of 500
detected genes in a cell, at least 10 cells for a gene to be detected as
thresholds, and the mitochondria read percent not to exceed 25%. In
total, 2727 cells were filtered away in this step, and 16,666 cells were
kept for downstream analysis.
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Fig. 6 | OTUDI directly interacts with AMPK«a2. a Schematic illustration of a
quantitative proteomic screen to identify proteins binding to OTUDI. b Venn dia-
gram represents potential OTUDI-binding proteins associating with DCM, AMPK
pathway, and mitochondrial energy metabolism. ¢, d Co-immunoprecipitation (Co-
IP) of the interaction between OTUD1 and AMPKa2 in heart tissues of T2DM mice
and in high glucose (HG; 33 mM) + palmitic acid (PA; 100 pM)-treated neonatal rat
primary cardiomyocytes (NRPCs). e Immunofluorescence staining revealed the
colocalization of OTUD1 and AMPKa2 in NRPCs treated with HG + PA for 12 h. f Co-
IP analysis confirmed the interaction between OTUD1 and AMPKa2 in Hek293T cells
co-transfected with plasmids expressing Flag-OTUD1 and HA-AMPKa2. g Bio-layer
interferometry (BLI) assay demonstrated the interaction between OTUD1 and

AMPK protein, with AMPK added at different concentrations ranging from 18.75 to
300 nM, and KD values were calculated. h Co-IP of OTUDI and different subunits of
AMPK in Hek293T cells. i Schematic diagram of truncated mutants of AMPKa2. KD
kinase domain, AID autoinhibitory sequence domain, CTD carboxyl-terminal
domain. j Co-IP of OTUDI and either wild-type AMPKa2 (HA-AMPKa2) or mutants-
AMPKa2 in Hek-293T cells. k Schematic diagram of truncated mutants of OTUDL1.
OTU motif named as ovarian tumor, UIM ubiquitin-interacting motif. 1 Co-IP

of AMPKa2 and either wild-type OTUDI1 or mutants-OTUDL. For (e), scale bar =
200 pm. Source data are provided as a Source Data file. Data are presented as
mean + SEM (n =3 independent experiments).

Single-cell clustering. The data were normalized using the Normalize
Data function in Seurat, and a subset of variable genes was isolated.
Following this, data from different samples were integrated by iden-
tifying “anchors” between datasets using the Find Integration Anchors
and Integrate Data functions in Seurat. Principal Component Analysis
(PCA) was performed, and the data were reduced to the top 20 PCA
components following data scaling. The top 20 PCA components were
used to do SNN clustering with a resolution value of 0.8. The clustering
was conducted via the Seurat package (v4.1.1). Then, the canonical
correlation analysis (Harmony) method in Seurat was applied to
minimize batch effects among samples and experiments. Finally,
clusters were visualized in a 2D representation created with
t-distributed stochastic neighbor embedding (t-SNE).

NRPCs isolation and cell culture

Primary cardiomyocytes were isolated from neonatal Sprague-
Dawley rats (1-2 days old). In brief, the hearts were aseptically
removed from the rats, and any remaining blood was flushed out
with PBS. Ventricular tissues were carefully separated from the
atrium and then cut into 1mm?® fragments. A solution for tissue
digestion was done by mixing the following components in 200 mL
of double-distilled water: 0.16 g of Trypsin (T8150, Solarbio, Beijing,
China), 0.07 g of sodium bicarbonate (A100865, Sangon Biotech,
Shanghai, China), 1.6 g of sodium chloride (A610476, Sangon Bio-
tech), 0.198 g of glucose (A501991, Sangon Biotech), 0.4 g of HEPES
(A600264, Sangon Biotech), and 0.059g of potassium chloride
(A100395, Sangon Biotech). The solution was filtered after being
dissolved. The cardiac tissues underwent digestion with the solution
at 37°C for 8 min. Following 8-10 cycles of digestion, all super-
natants, excluding the initial one, were collected. These supernatants
were then combined with DMEM (Gibco) that contained 20% FBS
(Gibco) and a penicillin-streptomycin solution to halt the process.
The cells were centrifuged at 600g for 10 min, resuspended in
DMEM with 10% FBS, passed through a 70 pum cell filter, and subse-
quently placed in a 37 °C incubator with 5% CO,. After 1.5 h of incu-
bation, the adherent cells were identified as cardiac fibroblasts. The
culture medium was removed and centrifuged at 600 g for 10 min.
The cell sediment was collected and resuspended in DMEM medium
containing 10% FBS. After an additional 24 h, the adherent cells were
cardiomyocytes, which were subsequently utilized for further
experimentation. Cells were starved for 8h and then randomly
divided into two groups: 33 mM D-glucose (G8270, Sigma-Aldrich)
plus 100 puM palmitic acid (PA) as the HG + PA group, and 5.5 mM
D-glucose as the control group.

Hek293T cells and Hela cells were sourced from the Shanghai
Institute of Biochemistry and Cell Biology (Shanghai, China). These
cells were grown in DMEM with 10% FBS. Cells were cultured in an
incubator at 37 °C and 5% CO,.

Transfection of plasmids and small interfering RNA (siRNA)
Cells were transfected with plasmids to induce OTUD1 or AMPKa2
overexpression, using pcDNA3.1 vector as a control (Unibio,

Chongging, China). Plasmid transfection was carried out using the
jetPRIME kit (114-15, Polyplus, Strasbourg, France) according to the
manufacturer’s instructions. siRNA targeting OTUDI1 (5’-GGUGCAAG-
CAAACCCAAAUTT-3; and 5-AUUUGGGUUUGCUUGCACCTT-3),
AMPKa2 (5-GAGAGCAUGAAUGGUUUAATT-3’ and 5-UUAAACCAUU-
CAUGCUCUCTT-3), or AMPKal (5-GACCCGUCUUAUAGUUCAATT-3;
and 5- UUGAACUAUAAGACGGGUCTT-3’) was transfected into cells
using the jetPRIME kit (GenePharma, Shanghai, China), with scramble
siRNA serving as a negative control. A total of 5 ug of plasmid DNA or
60 nM siRNA was diluted in 500 pL of jetPRIME buffer, followed by the
addition of 10 pL of jetPRIME reagent. The mixture was vortexed,
centrifuged, and incubated for 10 min at room temperature. The
transfection mixture was then applied to cells in fresh medium for 6 h,
followed by a change to complete growth medium for24 hat37°Cina
5% CO2 incubator.

TRITC-phalloidin staining

Cells were seeded in 24-well plates containing round glass slides that
were pre-cleaned with PBS at 37 °C, followed by fixation in 10% paraf-
ormaldehyde at room temperature for 15 min. After washing away
excess formaldehyde with PBS, cells were permeabilized with 0.1%
Triton X-100 for 20 min. Cells were then incubated with TRITC-labeled
Phalloidin (CA1610, Beijing Solarbio Science & Technology Co., Ltd,
Beijing, China) in the dark for 30 min at room temperature. Nuclei were
subsequently stained with DAPI and sealed with an anti-fluorescence
quenching agent. The samples were observed and imaged under a
fluorescence microscope.

Assay for deubiquitinase activity of OTUDI1

The deubiquitinating activity of OTUD1 was performed using an assay
kit (BKDUO14-096, Biortus, Wuxi, China), which used a fluorescent
universal ubiquitin substrate (Ubiquitin-Rhodamine 110). The assay
was conducted according to the manufacturer’s instructions with
minor modifications. Briefly, NRPCs were lysed in ice-cold DUB assay
buffer containing 1mM DTT at 4 °C using a Dounce homogenizer.
Following centrifugation at 12,000 x g for 15 min, the supernatant was
collected and immunoprecipitated with anti-OTUDI antibody over-
night at 4 °C. Subsequently, the protein A/G agarose beads (P2055,
Beyotime) were added to the complexes and mildly agitated at 4 °C for
4 h. After adding the substrate mix, the relative fluorescence units were
measured using a microplate reader (Bio-Rad, USA) at 485 nm excita-
tion and 535 nm emission for a duration of at least 20 min to analyze
the deubiquitinating activity of OTUDI.

ATP detection

ATP production was quantified using an ATP assay kit (S0026,
Beyotime). Heart tissue (20 mg) was homogenized in 200 pL of lysis
buffer using a glass homogenizer. The resulting lysates were com-
bined with 200 pL of lysis solution to ensure complete cell disrup-
tion. Lysates were centrifuged at 12,000 x g for 5min at 4 °C. The
supernatant was then added to 100 uL of ATP detection reagent in
96-well plates, and ATP levels were measured using a luminometer.
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Flow cytometry assay

Mitochondrial superoxide levels in cells were assessed using the
MitoSOX reagent (Beyotime). Briefly, the mitochondrial ROS in NRPCs
was evaluated by flow cytometry. Primary cardiomyocytes were see-
ded on 6-well plates. After pre-treatment, cells were collected in a 15-
mL centrifugal tube and incubated with MitoSOX reagent for 30 min at
37°C. Then, the cells were washed with cold PBS and analyzed

immediately using a FACSCelesta flow cytometer (BD, Franklin Lakes,
NJ, USA). Data were analyzed using FlowJo V10 software (FlowJo, Ash-
land, OR, USA).

Cellular immunofluorescence assay
Immunofluorescence staining was performed to validate the colocali-
zation of OTUDI and AMPKa2 in NRPCs. Briefly, cells on coverslips
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Fig. 7 | OTUDI1 regulates the phosphorylation of AMPK by its deubiquitination
activation. a Hek-293T cells were co-transfected with HA-AMPKa2, Flag-OTUD],
and MYC-ubiquitin (MYC-Ub), followed by treatment with 10 pM MG132 for 6 h.
Ubiquitinated AMPKa2 was detected via immunoblotting. b Western blot analysis
of total AMPK (T-AMPK) and AMPKa2 in Hek-293T cells (upper), transfected with
Flag-OTUDI1 plasmids, as well as in NRPCs (lower). ¢ Co-immunoprecipitation (Co-
IP) assay demonstrated the ubiquitination of AMPKa2 by K48-Ub or K63-Ub in Hek-
293T cells. d Co-IP assay was conducted in Hek-293T cells co-transfected with HA-
AMPKa2 (WT) or mutants carrying lysine-to-arginine substitutions at two sites
(K60R and K379R) or four sites (K60R, K379R, K391R, and K470R), and MYC-Ub
plasmids to determine AMPKa2 ubiquitination levels. e Ubiquitination levels of
AMPKa2 were assessed in Hek-293T cells co-transfected with WT HA-AMPKa2, HA-
AMPKa2-K60R, or HA-AMPKa2-K379R, and MYC-Ub plasmids. f Western blot

analysis was performed to evaluate phosphorylated AMPK (p™72-AMPK) and total
AMPK in NRPCs transfected with WT, K60R, or K379R AMPKa2 under high glucose
(HG; 33 mM) and palmitic acid (PA; 100 pM) stimulation for 2 h. g Co-IP assay was
used to analyze ubiquitinated AMPKa2 in Hek-293T cells co-transfected with WT-
OTUD1 or the 320 cysteine mutant to alanine (C320A; OTUD1-Mut), and MYC-Ub
plasmids. h Western blot analysis of p™”>AMPK and T-AMPK in NRPCs over-
expressing WT-OTUDI or C320A-OTUD1 under HG and PA stimulation for 2 h. i RT-
gPCR analysis of hypertrophic genes in NRPCs challenged with HG + PA for 24 h.
j Co-IP of CAMKK2, LKBI, and p™?-AMPK in Hek-293T cells treated as indicated.
k CAMKK2 and p™2-AMPK levels were analyzed in Hek-293T cells overexpressing
WT-OTUD1, Mut-OTUD1, and MYC-Ub. Source data are provided as a Source Data
file. Data are presented as mean + SEM (n =3 independent experiments); For (i), P
values were determined by one-way ANOVA followed by Tukey post hoc tests.

were fixed with 10% paraformaldehyde for 15 min at room tempera-
ture. After fixation, the cells were permeabilized with 0.1% Triton X-100
for 20 min, followed by blocking with 5% goat serum for 1 h. The co-
staining of OTUD1 and AMPKa2 was carried out using a four-color
fluorescence kit. The cells were incubated overnight at 4 °C with pri-
mary antibodies for OTUD1 (1:100 dilution) and AMPKo2 (1:100 dilu-
tion; MA5-37501, Invitrogen, CA, America), and subsequently treated
with secondary antibodies including Cy3-conjugated goat anti-rabbit
IgG (1:300 dilution) and Alexa Fluor® 488-conjugated goat anti-rabbit
IgG (1:300 dilution) for 1h at 37 °C. DAPI was used to stain the nuclei
for 20 min, and fluorescence images were captured using a confocal
microscope.

Liquid chromatography tandem mass spectrometry (LC-MS/MS)
analysis

The Flag-OTUDI1 plasmid was transfected into NRPCs. NRPCs lysates
were subjected to IP with the Flag antibody (20543-1-AP, Proteintech).
Rabbit IgG served as the negative control (each group contained one
sample). Subsequently, LC-MS/MS analysis was performed by PTM Bio
Co., Ltd. (Hangzhou, China). Briefly, precipitated proteins were in-gel
digested by adding 1% trypsin and incubating at 37 °C overnight into
peptides. The mobile phase was prepared with Buffer A (0.1% formic
acid and 2% acetonitrile in MS water) and Buffer B (0.1% formic acid
and 2% water in MS acetonitrile). Peptides were separated with a linear
gradient from 3% to 80% Buffer B over 46 min, and all at a constant flow
rate of 500 nl/min on a NanoElute UHPLC system (Bruker Daltonics,
Billerica, USA). The peptides were ionized via a capillary source and
analyzed using a timsTOF Pro mass spectrometer (Bruker Daltonics) in
data-independent parallel accumulation serial fragmentation (DIA-
PASEF) mode. The electrospray voltage was set to 1.75 kV. The full MS
scans ranged from 300 to 1500, and MS/MS scans (400-850) were
acquired at a rate of 20 PASEF scans per cycle with a 7 m/z isolation
window. Precursors and fragments were detected using a TOF detec-
tor. The DIA data were processed using the DIA-NN search engine
(v.1.8). Tandem mass spectra were searched against the “Homo -
sapiens_9606_SP_20231220.fasta (20,429 entries)” concatenated with a
reverse decoy database, employing a stringent FDR cutoff of less than
1%. Proteins identified with a minimum of two unique peptides were
considered validly identified proteins. Potential substrate proteins that
could interact with OTUD1 were identified.

Western blot and co-immunoprecipitation (co-IP) analysis

A protein extraction kit (Kang Cheng Bioengineering, Shanghai,
China), combining cocktails of protease and phosphatase inhibitors
(Biosharp, Hefei, China), was used to extract total cell and tissue pro-
teins. The amounts of total protein were measured with a BCA protein
test kit (Beyotime, Shanghai, China). The total protein was separated
using the SDS-polyacrylamide gel and transferred onto polyvinylidene
fluoride membranes (Millipore, Billerica, USA). After blocking with 5%
non-fat dried milk, the membrane was incubated with specific primary

antibodies, followed by corresponding antibodies conjugated with
horseradish peroxidase. Protein bands were visualized using a che-
miluminescence kit (G2014, Servicebio) and quantified with Image)
software. The primary antibodies utilized were: OTUD1, p™7>AMPK
(50081, Cell Signaling Technology, MA, USA), p-ACC (3661S, Cell Sig-
naling Technology), ACC (3662S, Cell Signaling Technology), HK-1
(19662-1-AP, Proteintech), AMPK (2532S, Cell Signaling Technology),
Grim19 (sc-365978, Santa, USA), SDHA (ab14715, Abcam), UQCRC2
(ab14745, Abcam), MTCO1 (abl4705, Abcam), ATP5A (ab14748,
Abcam), CAMkk2 (11549-1-AP, Proteintech), LKB1(10746-1-AP, Pro-
teintech), and GAPDH (60004-1-Ig, Proteintech). The presentation of
full scan blots is shown in the Source Data file.

For co-IP experiments, Hek-293T cells underwent co-transfection
with designated plasmids. The proteins were isolated from cardiac
tissues, primary cardiac muscle cells, or Hek-293T cells using lysis
solution for western blot and immunoprecipitation (P0013, Beyotime),
along with a mixture of protease inhibitors. The lysis solution was left
on ice for 10 min, followed by a spin in a centrifuge to collect the
supernatant. Utilizing the BCA assay, the protein concentrations in the
cells or heart tissues were quantified. Subsequently, 800 pg of the
protein extracts were combined with the respective primary antibody
on a shaker at a temperature of 4°C for an overnight incubation.
Protein A/G agarose beads were then introduced into the complexes
and subjected to gentle agitation at 4 °C for a duration of 6 h. A frac-
tion of the extracts, one-tenth to be precise, was maintained as Input.
After a spin at 1000 x g for 5 min, the supernatant was discarded. The
beads underwent five times of washing with PBS. The sample was then
heated in 2 x SDS loading buffer at 100 °C for 5 min before proceeding
to subsequent western blot analysis. Plasmids used included: Flag-
OTUDI1-WT, Flag-OTUDI-C320A, Flag-OTUDI-delete OTU, Flag-OTUDI-
delete UIM, HA-AMPKo2-WT, HA-AMPKa2-delete KD, HA-AMPKa:2-
delete AID, HA-AMPKa2-delete CTD, HA-AMPKa2-K60R, HA-AMPKa2-
K379R, HA-AMPKa2-K391R, HA-AMPKo2-K470R, HA-AMPKa2-K60/
379/391R, HA-AMPKo2-K60/379/470R, HA-AMPKa2-K60/391/470R,
HA-AMPKa2-K379/391/470R, HA-AMPKa2-K60/379/391/470R, MYC-
Ub-WT, MYC-Ub-K48, and MYC-Ub-K63. The primary antibodies used
included: Flag-tag antibody, HA-tag antibody (51064-2-AP, Pro-
teintech), MYC-tag antibody (16286-1-AP, Proteintech), mTOR
(FO169, Selleck, TX, USA), NRF1 (F11099, Selleck), and VDACI1 (F2882,
Selleck).

Deubiquitination assay

In the deubiquitination experiment, Hek293T cells were treated with
10 pM MGI132 (T2154, TargetMol, Boston, USA), a protease inhibitor
that enhances ubiquitination, for 6 h before harvesting cells. Plasmids
containing the specified genes were initially transfected into the Hek-
293T cells. Subsequently, the cell lysis was performed using a lysis
solution for western blot and immunoprecipitation. Immunoprecipi-
tation was carried out with an HA-tag antibody, followed by the eva-
luation of ubiquitination levels using immunoblotting.
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Bio-layer interferometry (BLI)

The BLI analysis was performed using the Octet RED96 System (For-
teBio). The running buffer was composed of 150 mM NaCl, 20 mM
HEPES (pH 7.5), and 0.02% Tween-20. OTUD1 complexes without
ligands, sourced from E. coli BL21 (DE3) AhIdE, were biotinylated with
the EZ-Link Sulfo-NHS-LC-Biotinylation Kit (Thermo Fisher Scientific)
for 30 min. These biotinylated complexes were immobilized on a

Super Streptavidin (SSA) biosensor that had been pre-equilibrated in
the running buffer for 10 min. Subsequently, the SSA biosensor was
introduced into a buffer containing AMPKa2 (Abiocenter Biotechnol-
ogy, Wuxi, China) at the specified concentration for association, or into
a buffer without the analyte for dissociation. The data was analyzed,
and the binding constant was determined using software supplied by
Fortebio.

Nature Communications | (2025)16:6668

17



Article

https://doi.org/10.1038/s41467-025-61901-z

Fig. 8 | Cardiac AMPKa2 knockdown abolishes the cardioprotective effects of
OTUDI1 deficiency in diabetic mice. a Adeno-associated virus 9 (AAV9) carrying
shRNAs targeting OtudI (AAV9-shOtudI) or Ampka2 (AAV9-shAmpka2) with the
cardiomyocyte-specific promoter cTNT was administered to db/db mice via tail
vein injection. b Western blot analysis of OTUD1 and p™*AMPK in heart tissues.
¢ The levels of serum atrial natriuretic peptide (ANP) in different groups.

d, e Echocardiographic analysis of ejection fraction (EF%) and fractional shortening
(FS%) in different groups. f, g Representative images of echocardiographic and
gross heart morphology in each group. h Wheat germ agglutinin (WGA) staining
and quantitative analysis in heart sections. i RT-qPCR analysis of hypertrophic

genes in heart tissues. j Images of transmission electron microscopy showed
mitochondrial morphology in heart tissues from different groups. Red arrows show
abnormal mitochondria. k Quantitative analysis of mitochondrial morphology
scores. | Western blot analysis of mitochondrial respiratory chain complex proteins
(SDHA, UQCRC2, MTCO1) in heart tissues. For (h), scale bar =50 pm:; for (j), scale
bar=1um. Source data are provided as a Source Data file. Data are presented as
mean = SEM (n = 6 for each group); For (c-e, i), P values were determined by one-
way ANOVA followed by Tukey post hoc tests; For (h), Pvalues were determined by
Kruskal-Wallis test with Dunn post hoc tests.

Statistical analysis and reproducibility

Data were presented as mean + standard error of mean (SEM), with
biological replicates indicated by the number of individuals (n). For
comparing between two groups, unpaired two-tailed Student’s t-test
was applied for normally distributed data with equal variance, Welch’s
t-test was applied for normally distributed data with unequal variance,
and Mann-Whitney U test was performed to non-normal distributed
data; For comparing multiple groups of data, one-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparisons test was
applied for normally distributed data with equal variance, and
Kruskal-Wallis test with Dunn post hoc tests was performed to analyze
distributed with unequal variance and non-normal distribution data.
Statistical significance was set at P < 0.05. All statistical analyses were
performed using GraphPad Prism 8.0 software (GraphPad, CA, USA).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw bulk RNA-sequencing data have been deposited in the
Sequence Read Archive (SRA) under BioProject accession number
PRJNA1223556. The single-cell RNA-sequencing datasets are available
in the Gene Expression Omnibus (GEO) database under accession code
GSE290932. The raw data of mass spectrometry is available at the
PRIDE database under accession code PXD061479. Source data are
provided with this paper.
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