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ORIGINAL RESEARCH

Ovarian Tumor Domain-Containing 
7B Attenuates Pathological Cardiac 
Hypertrophy by Inhibiting Ubiquitination and 
Degradation of Krüppel-Like Factor 4
Bin-Bin Du, MD*; Jie-Lei Zhang, MD, PhD*; Ling-Yao Kong, MD, PhD*; Hui-Ting Shi, MD; Dian-Hong Zhang, MD, PhD; 
Xing Wang, MD; Chun-Lei Yang , MD; Peng-Cheng Li, MD, PhD; Rui Yao, MD, PhD; Cui Liang, MD;  
Lei-Ming Wu, MD, PhD; Zhen Huang , MD

BACKGROUND: Cardiac hypertrophy (CH) is a well-established risk factor for many cardiovascular diseases and a primary cause 
of mortality and morbidity among older adults. Currently, no pharmacological interventions have been specifically tailored 
to treat CH. OTUD7B (ovarian tumor domain-containing 7B) is a member of the ovarian tumor-related protease (OTU) family 
that regulates many important cell signaling pathways. However, the role of OTUD7B in the development of CH is unclear. 
Therefore, we investigated the role of OTUD7B in CH.

METHODS AND RESULTS: OTUD7B knockout mice were used to assay the role of OTUD7B in CH after transverse aortic co-
arctation surgery. We further assayed the specific functions of OTUD7B in isolated neonatal rat cardiomyocytes. We found 
that OTUD7B expression decreased in hypertrophic mice hearts and phenylephrine-stimulated neonatal rat cardiomyocytes. 
Furthermore, OTUD7B deficiency exacerbated transverse aortic coarctation surgery-induced myocardial hypertrophy, abnor-
mal cardiac function, and fibrosis. In cardiac myocytes, OTUD7B knockdown promoted phenylephrine stimulation-induced 
myocardial hypertrophy, whereas OTUD7B overexpression had the opposite effect. An immunoprecipitation–mass spectrom-
etry analysis showed that OTUD7B directly binds to KLF4 (Krüppel-like factor 4). Additional molecular experiments showed 
that OTUD7B impedes KLF4 degradation by inhibiting lysine residue at 48 site-linked ubiquitination and suppressing myocar-
dial hypertrophy by activating the serine/threonine kinase pathway.

CONCLUSIONS: These results demonstrate that the OTUD7B-KLF4 axis is a novel molecular target for CH treatment.
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Cardiac hypertrophy (CH) is a compensatory and 
adaptive mechanism that preserves cardiac out-
put during detrimental stimuli and an indepen-

dent risk factor for cardiovascular mortality globally.1 
During the initial stages, CH is associated with normal 
or enhanced cardiac function and considered adap-
tive or physiological. During later stages, if the stimulus 

is not removed, then it is associated with contractile 
dysfunction and termed pathological CH.2 Notably, 
oxidative stress,3 inflammatory processes,4 mitochon-
drial dysfunction,5 and apoptosis6 in cardiomyocytes 
have been suggested to play critical roles in contractile 
function depression during pathological hypertrophy 
development.7,8 Cellularly, cardiomyocyte hypertrophy 
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is characterized by enlarged cell size, enhanced pro-
tein synthesis, and increased sarcomere organization. 
Exploring effective and promising therapeutic targets 
may lead to the prevention of adverse outcomes. 
Moreover, a better understanding of the mechanisms 
underlying CH may lead to novel therapeutic ap-
proaches to reverse adverse pathologies.

Several mechanisms have been highlighted as 
potential contributors to the etiopathogenesis of CH, 
primarily based on the typical knowledge of molecu-
lar regulation.9 Conversely, signaling pathways related 
to protein kinases (such as protein kinase A),10 as well 
as the activation of MAPK (mitogen-activated protein 
kinase) and JNK (c-Jun N-terminal kinase), also con-
tribute to pathological hypertrophic maladaptive gene 
expression. Moreover, mTOR (mammalian target of 
rapamycin), NF-κB (nuclear factor κB), and calcineurin 

signaling pathways play vital roles in CH.11–13 Notably, 
mibefradil alleviates high-glucose-induced CH by inhib-
iting PI3K (phosphatidylinositol 3-kinase)/PKB (protein 
kinase B, also known as AKT [serine/threonine kinase])/  
mTOR-mediated autophagy.14 Isorhamnetin protects 
against CH by blocking the PI3K-AKT pathway.15 Although 
the aforementioned signaling pathways have been ex-
tensively characterized in pressure overload, it is crucial 
to improving understanding of the mechanisms re-
sponsible for CH. Therefore, new molecular pathways 
involved in AKT signaling should be considered as po-
tential therapeutic targets for CH.

OTUD7B (ovarian tumor domain-containing 7B) is 
a member of the ovarian tumor protease (OTU) family, 
which plays a pivotal role in the regulation of crosstalk 
between inflammation, autophagy, oxidative stress, 
apoptosis, and innate immune signaling; however, its 
regulatory mechanisms are poorly understood.16,17 
Molecularly, OTUD7B inhibits LCL161 inhibitor of apop-
tosis protein antagonist-induced invasion and migra-
tion by binding to and deubiquitinating TRAF3 (tumor 
necrosis factor receptor-associated factor 3), thereby 
inhibiting NIK (NF-κB-inducing kinase) and prevent-
ing noncanonical NF-κB activation in lung cancer.18 
TRAF2 and OTUD7B regulate a ubiquitin-dependent 
switch that controls mTORC2 (mammalian target of 
rapamycin complex 2) signaling during lung tumori-
genesis.19 Furthermore, OTUD7B stabilizes estrogen 
receptor-α and promotes breast cancer cell prolifera-
tion.20 MicroRNA-486-5p promotes acute lung injury 
by inducing inflammation and apoptosis by targeting 
OTUD7B.21 Moreover, OTUD7B promotes tumor pro-
gression via the AKT/VEGF (vascular endothelial growth 
factor) pathway in lung squamous carcinoma and ad-
enocarcinoma.22 Recently, studies have shown that 
OTUD7B is a cell-cycle-regulated deubiquitinase that 
antagonizes the degradation of APC/C (anaphase-pro-
moting complex or cyclosome) substrates. Screening 
of a large collection of recombinant deubiquitinating 
enzymes (DUBs) using a panel of deubiquitin probes 
revealed that a subfamily containing the OTU domain 
exhibited ubiquitin linkage specificity. Conflicting re-
ports of 1 of these enzymes, OTUD7B, indicated its 
ability to disassemble lysine residue at site 11-linked 
chains23 as well as lysine residue at 48 site (K48)-linked 
and lysine residue at site 63-linked ubiquitin chains.24 
However, the exact molecular factors and mecha-
nisms underlying OTUD7B ubiquitination are largely 
unexplored, and the precise function of OTUD7B in CH 
remains unclear. Therefore, we investigated the role of 
OTUD7B in CH.

In the present study, we found that OTUD7B expres-
sion was markedly decreased during CH development. 
Through gain-of-function and loss-of-function studies 
in  vitro and in  vivo, we demonstrated the protective 
role of OTUD7B in CH. Notably, OTUD7B suppressed 
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What Is New?
• OTUD7B (ovarian tumor domain-containing 7B) 

protects against pressure overload-induced 
cardiac hypertrophy.

• OTUD7B directly binds to KLF4 (Krüppel-like 
factor 4) and impedes its degradation by inhibit-
ing lysine residue at 48 site-linked ubiquitination 
and suppressing cardiac hypertrophy by acti-
vating the serine/threonine kinase pathway.

What Question Should Be Addressed 
Next?
• Further studies are needed to refine the study 

of OTUD7B overexpression on cardiac hyper-
trophy in  vivo and establish a molecular role 
for OTUD7B and KLF4 in the regulation of car-
diac remodeling and the progression of cardiac 
hypertrophy.
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AKT serine/threonine kinase
CH cardiac hypertrophy
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KLF4 Krüppel-like factor 4
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TGF-β transforming growth factor-β



J Am Heart Assoc. 2023;12:e029745. DOI: 10.1161/JAHA.123.029745 3

Du et al OTUD7B Deficiency Exacerbates CH

CH progression by activating AKT signaling cascades 
and regulating KLF4 (Krüppel-like factor 4) degrada-
tion. Collectively, our findings suggest that OTUD7B is 
a potential therapeutic target for CH.

METHODS
The authors declare that all supporting data are availa-
ble within the article and its online supplementary files.

Construction of Animal Models
All animal experiments were approved by the Ethics 
Committee of the First Affiliated Hospital of Zhengzhou 
University. All procedures were performed in accord-
ance with the National Institutes of Health Guidelines 
for the Care and Use of Laboratory Animals.

To obtain OTUD7B knockout (KO) mice, the guide 
sequence of the target DNA region was predicted 
using the clustered regularly interspaced short pal-
indromic repeats (CRISPR) online design tool (http:// 
chopc hop. cbu. uib. no/ ). The guide RNA target site 
was CAGTT GCG TCA AGT CCA TGCTGG, and pUC57-
sgRNA (51 132; Addgene) was used as the backbone 
vector to construct the OTUD7B-sgRNA expression 
vector. The in  vitro transcriptional purification prod-
ucts of both the Cas9 (CRISPR-associated protein 9) 
expression vector pST1374-Cas9 (44 758; Addgene) 
and sgRNA expression vector were mixed. Then, the 
mixture was injected into single-cell fertilized eggs of 
C57BL/6J mice using a FemtoJet 5247 microinjection 
system. The founder generation mice were obtained 
after ≈19 to 21 days of gestation. Teo tissues were re-
moved from mice 2 weeks after birth. Genomic DNA 
was extracted, and the following primers were used 
to identify the genotypes of mice: 5′-ATGGT CTT TCT 
GTG TCT CCCC-3′ (OTUD7B-check F1) and 5′-TCTAA 
AGG AGC ACA CAGGCG-3′ (OTUD7B-check R1). Sub -
sequently, the selected founder lines were multiplied 
and constructed until OTUD7B−/− mice were obtained 
for subsequent experiments.

Animal Surgery
Male KO and wild-type (WT) mice (weight, 25.5–27 g; 
age, 9–11 weeks) were selected and randomly divided 
into the transverse aortic coarctation (TAC) and sham 
surgery groups (n=6 per group). Briefly, male mice 
were anesthetized with sodium pentobarbital via in-
traperitoneal injection, and the left side of the chest 
was opened to expose the aortic arch through the sec-
ond intercostal space after the toe pinch reflex disap-
peared. Subsequently, the thoracic aorta was ligated 
with a 7–0 silk suture using a 27-gauge needle, which 
was rapidly removed before the closure of the thoracic 
cavity. A Doppler analysis was performed to evaluate 

the aortic constriction level. Notably, the animals in the 
sham surgery group underwent every procedure ex-
cept ligation of the aorta. All surgical procedures were 
performed in a blinded manner.

Echocardiographic Assessment
Echocardiography was performed using a small ani-
mal ultrasound imaging system (VEVO2100; Fujifilm 
Visualsonics, Toronto, Ontario, Canada) with a 30-MHz 
(MS400) probe. The mice were continuously anesthe-
tized with isoflurane (1.5%–2%). The left ventricular (LV) 
cavity volume and LV wall thickness were obtained from 
at least 3 consecutive cardiac cycles. End-systole and 
end-diastole were defined as phases in which the small-
est and largest LV areas were acquired, respectively. 
M-mode tracings were derived from the LV end-diastolic 
dimension, LV end-systolic dimension, and ejection frac-
tion percent, scanning with 50 mm/s at the mid–papillary 
muscle level. Fraction shortening precent was calcu-
lated using the following formula: fraction shortening 
percent=[LV end-diastolic dimension–LV end-systolic 
dimension]/LV end-diastolic dimension×100%.

Animal Materials
Four weeks after TAC surgery, to obtain their weight, 
the mice were euthanized and weighed. After the 
heart was removed, it was quickly placed in 10% KCl 
solution to stop the heart in diastole. The heart was 
weighed and fixed in liquid nitrogen or 10% formalin, 
and the tibial length was measured simultaneously.

Histomorphological Analysis
After the hearts were fixed for 48 hours, we per-
formed serial sections of cross-sectioned heart wax 
blocks (section thickness, 5 μm). After staining with 
hematoxylin (G1004; Servicebio), eosin (BA-4024; 
Baso), and picric acid Sirius scarlet (picrosirius red; 
26 357–02; Hedebiotechnology), the cross-sectional 
area of the cardiomyocytes and collagen fiber con-
tent were measured individually using Image-Pro Plus 
6.0 software.

Western Blotting Analysis
The removed LV tissue or cell samples were lysed by 
adding RIPA lysate (720 μL of RIPA buffer, 20 μL of 
phenylmethylsulfonyl fluoride, 100 μL of complete pro-
tease inhibitor cocktail, 100 μL of Phos-stop, 50 μL of 
NaF, and 10 μL of Na3VO4; final volume of 1 mL). After 
lysis and centrifugation, the supernatant was col-
lected as the total protein and quantified using a bicin-
choninic acid protein kit (Pierce). The same protein 
mass was separated using 10% SDS-PAGE and trans-
ferred to 0.45 μm polyvinylidene fluoride membranes 
(IPVH00010; Millipore); subsequently, it was sealed with 
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5% skim milk powder for 1 hour at 25 °C. The polyvi-
nylidene fluoride membranes were washed 3 times with 
TBST 20 for 5 minutes each. Primary antibodies were 
added and incubated at 4 °C overnight. Secondary an-
tibodies against the corresponding species (Jackson 
ImmunoResearch) were added the following day after 
washing with tris-buffered saline with Tween 20. We 
used an electrochemiluminescence luminescent sub-
strate (1 705 062; Bio-Rad) for color development and 
a Burroughs gel imaging system (ChemiDoc XRS+) for 
signal collection. Image Lab (version 5.1) software was 
used to analyze the results (Table S1).

Quantitative Reverse Transcription-
Polymerase Chain Reaction
Total RNA was extracted by adding the removed LV 
tissue or cell samples to the TRIZOL reagent (15596–
026; Invitrogen). RNA was reverse-transcribed to cDNA 
using the Transcriptor First Strand cDNA Synthesis Kit 
(04896866001; Roche). The SYBR Green Polymerase 
Chain Reaction Master Mix (04887352001; Roche) was 
added to a specific system to detect the expression of 
the gene to be tested using reverse transcription-pol-
ymerase chain reaction (Roche). Additionally, GAPDH 
was used as an internal reference gene. The primers 
used for sequencing are listed in Table S2.

Adenovirus Construction
The overexpression OTUD7B adenovirus for the 
rats was purchased from Hanheng Biotechnology 
(Shanghai, China). OTUD7B adenovirus knockdown 
was completed by constructing a replication-defi-
cient adenovirus vector carrying a short hairpin RNA 
targeting OTUD7B, whereas an adenovirus vector 
carrying a short hairpin RNA (AdshRNA) was used 
as a control. Overexpressing KLF4 adenovirus was 
also constructed, and a green fluorescent protein 
(GFP)-expressing adenovirus was used as a control. 
Adenoviruses were used to infect cardiomyocytes at 
a multiplicity of infection of 50 particles per cell for 
24 hours, followed by assay identification (Table S3).

Plasmid Constructs
Full-length or truncated OTUD7B, KLF4, Myc-K48O 
(myelocytomatosis-lysine [K] 48 only), and Myc-K48R 
(lysine [K] 48 mutated to arginine [R]) were amplified 
from human cDNA and ligated into different vectors 
to obtain overexpression plasmids using the infusion 
method (Table S3).

Cardiomyocyte Isolation and Culture
The hearts of 1- to 2-day-old Sprague-Dawley rats 
were cut into 1- to 2-mm3 size after removing nonheart 

tissue. Subsequently, the tissue was digested with 
0.125% trypsin to obtain neonatal rat cardiomyocytes 
(NRCMs), which were incubated with DMEM/F12 
(C11330; Gibco), 10% fetal bovine serum (10099141C; 
GIBCO), 1% penicillin/streptomycin, and 5-bromode-
oxyuridine (0.1 mmol/L to inhibit fibroblast proliferation; 
B5002-250MG; Sigma) for 24 hours. NRCMs were 
starved in a serum-free medium for 12 hours after in-
fection with adenovirus for 6 hours. Subsequently, 
NRCMs were stimulated with 50 μmol/L phenylephrine 
for 24 hours, and an equal amount of PBS was added 
to the control. The entire cell culture was conducted at 
37 °C and 5% CO2.

Immunofluorescence Staining
NRCMs were cultured for 24 hours, fixed in 4% for-
maldehyde (G1101-500 mL; Servicebio) for 30 minutes, 
permeabilized with 0.2% Triton X-100, and blocked 
with 8% goat serum at 37 °C. The cells were incu-
bated with α-actin antibody (1:100 dilution; 05–384; 
Merck Millipore), followed by staining with a secondary 
antibody (1:200 dilution; donkey anti-mouse immuno-
globulin G heavy and light chains [H+L]) secondary an-
tibody; A21202; Invitrogen). Then, they were incubated 
on slides containing 4′6-diamidino-2-phenylindole. 
The surface area of the cardiomyocytes was meas-
ured using Image-Pro Plus 6.0.

Transcriptome Analysis
For RNA sequencing, total RNA was first extracted 
from the samples, a cDNA library was constructed, 
and a single-end library was sequenced using an 
MGISEQ-2000 RS with a read length of 50 bp. 
HISAT240 software (version 2.1.0) was used to com-
pare the sequence fragments to the mouse reference 
genome (mm10/GRCm38). The files obtained using 
these procedures were converted to the binary align-
ment map (BAM) format using SAM tools, which can 
store the alignment information. Fragments per kilo-
base of the exon model per million mapped fragment 
values were calculated using the StringTie’s default pa-
rameters for each identified gene. DESeq2 identified 
differentially expressed genes based on the following 
criteria: (1) fold-change >2 and (2) corresponding cor-
rected P<0.05.

Hierarchical Clustering Analysis
All gene expression matrix data were analyzed using a 
hierarchical cluster analysis. This analysis builds hier-
archical nested clustering trees by calculating the simi-
larity between different samples using the unweighted 
pair group method with the arithmetic mean algorithm 
(UPGMA) and then visualizing them using the hclust 
function of the R package.
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Gene Set Enrichment Analysis
Genes were sorted using gene set enrichment analysis 
according to their expression levels. Gene sets were 
examined to determine whether they were concen-
trated at the top or bottom of the sorting list to inves-
tigate overall expression changes based on the Gene 
Ontology database. A Java Gene set enrichment anal-
ysis was performed to obtain the Signal2Noise met-
ric. Gene sets with P<0.05 and a false discovery rate 
<0.25 were considered statistically significant.

Kyoto Encyclopedia of Genes and 
Genomes Enrichment Analysis
The Kyoto Encyclopedia of Genes and Genomes is a 
comprehensive database containing genomic, chemi-
cal, and phylogenetic functional information. Kyoto 
Encyclopedia of Genes and Genomes pathway anno-
tations for all genes in the reference genome were also 
downloaded from the Kyoto Encyclopedia of Genes 
and Genomes database, which defines pathways with 
P<0.05 as significantly enriched pathways.

Coimmunoprecipitation, Mapping, and 
Ubiquitination
Human embryonic kidney 293T (HEK293T) cells were 
cotransfected with the indicated plasmids, whereas 
primary cardiomyocytes (NRCMs) were infected with 
the corresponding adenovirus (Table  S3). Cells were 
lysed with cold immunoprecipitation buffer (20 mmol/L 
Tris-HCI [pH 7.4], 150 mmol/L NaCl, 1 mmol/L EDTA, 
and 1% NP-40) after the plasmids were transfected 
for 24 hours. Samples were centrifuged at high speed; 
the supernatants were then incubated with protein 
A/G agarose beads and indicated antibody at 4 °C 
overnight. Subsequently, the beads were washed with 
300 mmol/L and 150 mmol/L NaCl buffer 3 times, indi-
vidually, and boiled with 2× SDS loading buffer at 95 
°C for 5 to 10 minutes before Western blotting (WB) 
analysis.

Glutathione S-Transferase Pull-Down
HEK293T cells were transfected with Flag-tagged 
or GST (glutathione S-transferase)-influenza hemag-
glutinin epitope (HA)-tagged plasmids for 24 hours. 
Subsequently, the cells were collected and lysed with a 
lysis buffer (50 mmol/L Na2HPO4 [pH 8.0], 300 mmol/L 
NaCl, 1% TritonX-100, protease inhibitor cocktail). After 
cryogenic centrifugation, GST-HA-tagged proteins 
were incubated overnight at 4 °C with Flag-tagged 
proteins purified from GST beads. Subsequently, 
the beads were washed with buffer (20 mmol/L, 
150 mmol/L NaCl, 0.2% TritonX-100) 3 times and boiled 
with 2× SDS loading buffer at 95 °C for 10 minutes be-
fore WB analysis.

Statistical Analysis
All data are presented as the mean±SD. Analysis was 
performed with SPSS 25.0. Briefly, when the data con-
formed to a normal distribution, data from 2 groups 
were analyzed using a 2-tailed Student t test. The signif-
icant differences among multiple comparisons involving 
experiments with 3 or more groups were analyzed using 
1-way or 2-way ANOVA with Tukey post hoc analysis. For 
data analyzed by ANOVA, post hoc Bonferroni correc-
tion was performed to adjust for multiple comparisons 
when the data exhibited homogeneity of variance, and 
the Tamhane T2 (M) post hoc method was used when 
the data exhibited heterogeneity of variance. For data 
with skewed distribution, the Mann-Whitney U test was 
used for the nonparametric statistical analysis between 
the 2 groups. Multiple comparisons were performed 
using the Kruskal-Wallis test for pairwise comparisons. 
P<0.05 was defined as statistically significant.

RESULTS
OTUD7B Expression Is Downregulated 
in CH

To investigate the expression of OTUD7B in CH, 
NRCMs were treated with phenylephrine to establish 
myocardial hypertrophy in vitro. In regard to OTUD7B, 
although the mRNA expression levels of mRNA ex-
hibited no significant differences between PBS and 
phenylephrine treatment, WB analysis clearly demon-
strated that protein expression continued to decrease 
significantly in the myocardial hypertrophy models 
(Figure 1A and 1B). Similar results were obtained after 
TAC surgery was performed in WT mice (Figure 1C and 
1D). Furthermore, immunohistochemical test results 
showed that the expression of OTUD7B was signifi-
cantly downregulated in the heart of WT mice treated 
with TAC (Figure  1E). Collectively, the decreased ex-
pression of OTUD7B in CH samples suggests that 
OTUD7B may be involved in the pathogenesis of CH.

OTUD7B Deficiency Aggravates TAC-
Induced Cardiac Remodeling
We constructed OTUD7B gene KO mice (Figure  S1) 
for loss-of-function experiments (Figure  2A) to as-
sess whether OTUD7B is involved in CH adjustment. 
OTUD7B-deficient mice exhibited significant effects on 
heart weight, lung weight, heart weight/body weight 
ratio, lung weight/body weight ratio, and heart weight/
tibia length ratio after TAC surgery (Figure 2C, 2D, 2F 
through 2H), rather than on body weight and tibia length 
(Figure 2B and 2E). With a consistent heart rate in the 
4 groups during echocardiography compared with WT 
mice, cardiac dysfunction deteriorated in OTUD7B KO 
mice, which was manifested by a significant increase 
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in the LV end-diastolic dimension and LV end-systolic 
dimension, as well as decreased ejection fraction and 
fraction shortening after TAC surgery (Figure 2I through 

2M). These results showed that OTUD7B deficiency 
significantly exacerbated TAC-induced cardiac dilation 
and dysfunction.

Figure 1. OTUD7B expression is downregulated in cardiac hypertrophy.
A, RT-PCR analysis of the OTUD7B level in NRCMs treated with PBS or PE for 24 or 48 hours. B, WB analysis of OTUD7B levels in 
NRCMs after 24 or 48 hours of PE or PBS treatment. C, RT-PCR analysis of the mRNA levels of OTUD7B in mice heart tissues at 4 
or 8 weeks after TAC or sham surgery (n=5 mice per group). D, WB analysis of OTUD7B levels in mice hearts at 4 or 8 weeks after 
TAC or sham surgery. E, Immunohistochemical staining showed the expression of OTUD7B in mice hearts after TAC or sham surgery 
(n=3 mice per group). Scale bars: 50 μm. A through E, n.s. or P>0.05 vs PBS or sham. *P<0.05 or **P<0.01 vs PBS or sham. #P<0.05 
or ##P<0.01 vs PE for 24 hours or 4 weeks after TAC. Data are presented as mean±SD. Statistical analysis was conducted using 
1-way ANOVA. IOD indicates integrated optical density; NRCMs, neonatal rat cardiomyocytes; n.s., not significant; OTUD7B, ovarian 
tumor domain-containing 7B; PE, phenylephrine; RT-PCR, reverse transcription-polymerase chain reaction; TAC, transverse aortic 
coarctation; W, weeks; WB, Western blotting.
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OTUD7B Deficiency Aggravates TAC-
Induced CH and Myocardial Fibrosis

Cardiac tissues of the mice were collected 4 weeks 
after TAC surgery for pathological section staining. 

Histological examination results revealed that the gross 
heart and cross-sectional area of cardiomyocytes in 
OTUD7B KO mice were higher than those in WT mice 
after TAC surgery (Figure  3A and 3B). Additionally, 
compared with WT mice, OTUD7B KO mice exhibited 
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significantly increased mRNA expression levels of 
marker genes for CH (NPPA, NPPB, Myh7, and Acta1) 
in the heart tissue after TAC surgery (Figure 3C). These 
data provide further evidence that the deletion of 
OTUD7B promoted cardiac remodeling upon pressure 

overload. Because perivascular and interstitial fibrosis 
are crucial features of CH caused by pressure over-
load, TAC-induced myocardial fibrosis was evaluated 
using picrosirius red staining to determine the fibrosis 
degree. After TAC, both perivascular and interstitial 
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fibrosis were markedly increased in WT mice; however, 
these indicators were more pronounced in OTUD7B 
KO mice (Figure 3D and 3E). Furthermore, the mRNA 
expression levels of fibrosis markers (collagen 1a1, col-
lagen 3a1, Ctgf [connective tissue growth factor], and 
Postn [periosteum protein]) were significantly upregu-
lated in the KO TAC group, revealing that TAC-induced 
OTUD7B KO mice had significantly more fibrosis than 
WT mice (Figure 3F). These data provided further ev-
idence that OTUD7B deficiency promotes cardiac re-
modeling and fibrosis.

OTUD7B Deficiency Aggravates 
Cardiomyocyte Hypertrophy In Vitro
Cardiomyocyte enlargement is a defining feature 
of cardiac remodeling. Therefore, the specific role 
of OTUD7B in cardiac myocytes, treated with either 
PBS or phenylephrine, was further evaluated by in-
fecting NRCMs with adenoviruses carrying OTUD7B 
short hairpin RNA (AdshOTUD7B) (Figure  4A). After 
PBS or phenylephrine treatment for 24 hours, the 
surface area of the cardiomyocytes was determined 
by α-actin immunofluorescence staining. Compared 
with AdshRNA, AdshOTUD7B significantly promoted 
the enlargement of phenylephrine-induced cardio-
myocytes (Figure  4B), and the mRNA expression 
levels of NPPA, NPPB, Myh7, and Acta1 were in-
creased (Figure  4C). Furthermore, NRCMs were in-
fected with an adenovirus overexpressing OTUD7B 
(AdFlag-OTUD7B) (Figure  4D) to elucidate the ef-
fects of OTUD7B overexpression on PBS-control or 
phenylephrine-stimulated CH. However, OTUD7B 
overexpression significantly reduced cardiomyocyte 
hypertrophy and downregulated the mRNA expres-
sions of NPPA, NPPB, Myh7, and Acta1 compared with 
those in the AdVector phenylephrine control group 
(Figure  4E and 4F). Nevertheless, α-SMA (α-smooth 
muscle actin) was not significantly differed from the 
PBS group in neonatal rat cardiac fibroblasts overex-
pressing OTUD7B treated with TGF-β (transforming 
growth factor-β) (Figure  S2). These results indicated 
that OTUD7B attenuated the phenylephrine-induced 
hypertrophic growth of primary cardiomyocytes.

Role of OTUD7B in the Pathogenesis of 
CH at the Transcriptomic Level
The role of OTUD7B in the pathogenesis of CH was 
explored at the transcriptome level by sequencing 
RNA extracted from the heart tissues of OTUD7B KO 
and WT mice after TAC. The hierarchical clustering 
tree revealed that the tissue samples were divided 
into 2 clusters (Figure 5A). Gene set enrichment anal-
ysis showed that fibrosis, heart function, and protein 
processing-related pathways were all activated by 
OTUD7B deficiency (Figure  5B). A heat map of the 
transcriptome analysis demonstrated that OTUD7B 
deficiency elevated genes encoding fibrosis, myo-
cardial function, and protein expression (Figure  5C). 
Kyoto Encyclopedia of Genes and Genomes analysis 
revealed that OTUD7B significantly affected the AKT 
signaling pathway.

OTUD7B Interacts With KLF4 and 
Suppresses Its K48-Linked Ubiquitination
Candidate proteins that may bind to OTUD7B were 
screened to explore the potential mechanisms by 
which OTUD7B regulates CH. Based on immunopre-
cipitation–mass spectrometry and RNA sequencing 
analyses, KLF4 was observed in the front position, 
which was associated with both the OTUD7B and AKT 
signaling pathways (Figure 6A). Therefore, the interac-
tion between OTUD7B and KLF4 was investigated fur-
ther. The transfection of HEK293T cells with Flag-KLF4 
and HA-OTU7B, followed by immunoprecipitation 
and WB, showed that the exogenous expression of 
OTUD7B interacted with the exogenous expression of 
KLF4 (Figure 6B). The endogenous expression of KLF4 
and exogenous expression of OTUD7B interacted with 
each other in NRCMs (Figure  6C). This interaction 
was further confirmed using the GST pull-down assay 
(Figure  6D). Series of OTUD7B and KLF4 fragments 
were constructed to further investigate the binding do-
mains required for interaction between OTUD7B and 
KLF4. A region of OTUD7B (amino acid [aa] 151–aa446) 
and a region of KLF4 (aa200–aa397) were required 
for OTUD7B to bind to KLF4 (Figure 6E). We infected 
NRCMs with AdFlag-OTUD7B to verify the effect of 

Figure 3. OTUD7B deficiency aggravates TAC-induced cardiac hypertrophy and myocardial fibrosis.
A, Gross hearts and HE staining of WT and OTUD7B KO mice heart tissues at 4 weeks after TAC or sham surgery (n=6 mice per group). 
Scale bars: 0.3 cm, 50 μm. B, Statistical results of the cell surface area of cardiomyocytes in different groups after HE staining (n=6 
mice per group). C, RT-PCR analysis of the mRNA levels of NPPA, NPPB, Myh7, and Acta1 in WT and OTUD7B KO mice at 4 weeks 
after TAC or sham surgery (n=4 mice per group). D, PSR staining of WT and OTUD7B KO mice at 4 weeks after TAC or sham surgery 
and the degree of perivascular and interstitial fibrosis in mice heart tissues (n=6 mice per group). Scale bars: 50 μm. E, Statistical 
results of the collagen volume in the left ventricular interstitial tissues in indicated groups (n=6 mice per group). F, RT-PCR analysis 
of the mRNA levels of collagen 1a1, collagen 3a1, Ctgf, and Postn in WT and OTUD7B KO mice at 4 weeks after TAC or sham surgery 
(n=4 mice per group). B and C, E and F, *P<0.05 or **P<0.01 vs WT sham. #P<0.05 or ##P<0.01 vs WT TAC. Data are presented as 
mean±SD. Statistical analysis was conducted using 1-way ANOVA. Ctgf indicates connective tissue growth factor; HE, hematoxylin-
eosin staining; KO, knockout; OTUD7B, ovarian tumor domain-containing 7B; Postn, periosteum protein; PSR, picrosirius red; RT-PCR, 
reverse transcription-polymerase chain reaction; TAC, transverse aortic coarctation; and WT, wild-type.
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the deubiquitinating enzyme OTUD7B on KLF4 and 
observed that KLF4 protein expression was substan-
tially upregulated with an increase in AdFlag-OTUD7B 

infection (Figure 6F). A KLF4 half-life of 6 to 8 hours 
was detected in NRCMs using an actinomycin tracking 
assay, whereas the protein expression level of KLF4 

Figure 4. OTUD7B (ovarian tumor domain-containing 7B) deficiency aggravates cardiomyocyte hypertrophy in vitro.
A, Results of AdshRNA or AdshOTUD7B infection with PBS (control)- or phenylephrine (PE)-treated neonatal rat cardiomyocytes 
(NRCMs) were examined using Western blotting (WB). B, Immunofluorescence and quantitative results of the cardiomyocyte size in 
NRCMs infected with AdshRNA or AdshOTUD7B and treated with PBS or PE for 24 hours. Red: α-actin. Blue: nuclei. Scale bars: 20 μm. 
C, Reverse transcription-polymerase chain reaction (RT-PCR) analysis of the mRNA levels of NPPA, NPPB, Myh7, and Acta1 in NRCMs 
infected with AdshRNA or AdshOTUD7B and treated with PBS or PE for 24 hours. D, Results of AdVector or AdOTUD7B infection with 
PBS-treated or PE-treated NRCMs were examined using WB. E, Immunofluorescence and quantitative results of the cardiomyocyte 
size in NRCMs infected with AdVector or AdOTUD7B and treated with PBS or PE for 24 hours. Red: α-actin. Blue: nuclei. Scale bars: 
20 μm. F, RT-PCR analysis of the mRNA levels of NPPA, NPPB, Myh7, and Acta1 in NRCMs infected with AdVector or AdOTUD7B 
and treated with PBS or PE for 24 hours. A through F, *P<0.05 or **P<0.01 vs AdshRNA PBS or AdVector PBS. #P<0.05 or ##P<0.01 vs 
AdshRNA PE or AdVector PE. Data are presented as mean±SD. Statistical analysis was conducted using 1-way ANOVA. Ad indicates 
adenovirus; and Adsh, adenovirus vector carrying a short hairpin.
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Figure 5. Role of OTUD7B (ovarian tumor domain-containing 7B) in the pathogenesis of cardiac hypertrophy at the 
transcriptomic level.
A, Hierarchical clustering tree of RNA sequence distribution (n=3 mice per group). B, GSEA analysis of RNA-seq data revealed 
the protein expression pathway activated after OTUD7B deficiency (n=3 mice per group). C, Heat map of transcriptome 
analysis showed that OTUD7B deficiency upregulated genes related to fibrosis, heart function, and protein processing. D, 
KEGG analysis of RNA-seq data showed that OTUD7B deficiency activated the signal pathway of myocardial hypertrophy (n=3 
mice per group). AGE-RAGE indicates advanced glycation end products-receptors; ECM, extracellular matrix; GO BP, gene 
ontology biological process; GSEA, gene set enrichment analysis; KEGG, Kyoto Encyclopedia of Genes and Genomes; KO, 
knockout; MAPK, mitogen-activated protein kinase; NES, normalized enrichment score; PI3K, phosphatidylinositol 3-kinase; 
TAC, transverse aortic coarctation; and WT, wild-type.
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Figure 6. OTUD7B (ovarian tumor domain-containing 7B) interacts with KLF4 and suppresses its K48-linked ubiquitination.
A, Silver-stained gel showing the indicated molecules and co-immunoprecipitation (IP) using a Flag-OTUD7B and identified using mass 
spectrometry (MS) in neonatal rat cardiomyocytes (NRCMs). Immunoglobulin G (IgG) was used as the control. B, Representative co-IP 
analyses showed the binding of OTUD7B and KLF4 in human embryonic kidney 293T (HEK293T) cells transfected with Flag-KLF4 and 
HA-OTUD7B. C, Representative endogenous co-IP analyses showed the binding of OTUD7B to KLF4 in NRCMs under phenylephrine 
(PE) treatment for 12 hours; IgG was used as the control. D, Representative GST pull-down assays show direct binding between KLF4 
and OTUD7B. Purified GST was used as the control. E, Representative Western blotting (WB) for the mapping analyses showed the 
domains involved in the binding of OTUD7B to KLF4. HEK293T cells were cotransfected with Flag-KLF4 and either full-length HA-
OTUD7B or its fragments (left), and representative WB for mapping analyses showed the binding domains of KLF4 to OTUD7B. HEK293T 
cells were cotransfected with HA-OTUD7B and either full-length Flag-KLF4 or its fragments (right). F, WB analysis of KLF4 in NRCMs 
infected with different amounts of Flag-OTUD7B. G, WB analysis of KLF4 in NRCMs infected with Flag-OTUD7B at the indicated time. H, 
Representative IP analysis of KLF4 ubiquitination in HEK 293T cells transfected with the indicated plasmids treated with PE for 12 hours. 
GAPDH served as a loading control. I, Representative IP analysis of KLF4 K48-linked ubiquitination in HEK293T cells transfected with the 
indicated plasmids treated with PE for 12 hours. GAPDH served as a loading control. CHX(h) indicates cycloheximide; GST, glutathione 
S-transferase; HA, influenza hemagglutinin epitope; K48, lysine residue at 48 site; and KLF4, Krüppel-like factor 4.
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was maintained relatively stable upon OTUD7B over-
expression (Figure  6G). Further experiments showed 
that OTUD7B regulated KLF4 stability by affecting its 
ubiquitination of KLF4 (Figure  6H). The K48-linked 
polyubiquitin chains were sufficient to target substrate 
protein degradation during ubiquitin-mediated hydroly-
sis. The ubiquitination assay revealed that OTUD7B in-
hibited the addition of K48-linked polyubiquitin chains 
to maintain KLF4 stability, and the OTUD7B-mediated 
deubiquitination of KLF4 was abolished when the K48 

ubiquitination site was mutated; the mutation informa-
tion is shown in Table S3 (Figure 6I).

KLF4 Rescues the Effects of OTUD7B 
Knockdown on CH by Inhibiting AKT 
Phosphorylation
KLF4 modulates serine/threonine kinase AKT1 signal-
ing in cystic fibrosis.25 We knocked down OTUD7B and 
overexpressed KLF4, individually or simultaneously, in 

Figure 7. KLF4 (Krüppel-like factor 4) rescues the effects of OTUD7B (ovarian tumor domain-containing 7B) knockdown on 
cardiac hypertrophy by inhibiting AKT (serine/threonine kinase) phosphorylation.
A, Western blotting analysis of OTUD7B, Flag-KLF4, p-AKT (Ser 473), and AKT in neonatal rat cardiomyocytes (NRCMs) infected 
with OTUD7B knockdown (AdshOTUD7B) and KLF4 overexpression (AdFlag-KLF4) adenovirus separately or simultaneously and then 
treated with phenylephrine (PE) for 24 hours. B, Immunofluorescence and quantitative results of the cardiomyocyte size in NRCMs 
infected with OTUD7B knockdown (AdshOTUD7B) and KLF4 overexpression (AdFlag-KLF4) adenovirus separately or simultaneously 
and then treated with PE for 24 hours. Red: α-actin. Blue: nuclei. Scale bars: 20 μm. C, Reverse transcription-polymerase chain 
reaction analysis of the mRNA levels of NPPA, NPPB, Myh7, and Acta1 in NRCMs infected with AdshRNA, AdshOTUD7B, AdVector PE, 
or AdFlag-KLF4 after PE treatment for 24 hours. A through C, **P<0.01 vs AdshRNA AdVector PE. ##P<0.01 vs AdshOTUD7B AdVector 
PE. Data are presented as mean±SD. Statistical analysis was conducted using 1-way ANOVA. AdFlag indicates adenovirus with Flag 
tag; Adsh, adenovirus vector carrying a short hairpin; and p-AKT, phosphorylated protein kinase B.
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phenylephrine-treated NRCMs to investigate whether 
the function of OTUD7B depends on KLF4 regulating 
CH through the AKT pathway. WB, immunofluores-
cence staining, and reverse transcription-polymerase 
chain reaction demonstrated that the overexpression 
of KLF4 eliminated the role of the OTUD7B-involved 
AKT pathway in regulating CH (Figure 7A through 7C). 
Moreover, KLF4 overexpression inhibits essential dif-
ferentially expressed genes from RNA sequencing 
(Figure  S3). Collectively, these data suggested that 
KLF4 acts as a target of OTUD7B and attenuates myo-
cardial hypertrophy via the AKT pathway.

DISCUSSION
The results of this study revealed the regulatory role 
of OTUD7B in CH. By constructing cellular and animal 
models of CH, OTUD7B expression was observed to be 
downregulated. Loss-of-function assays demonstrated 
that OTUD7B deficiency aggravated TAC-induced CH, 
mainly by reactivating fetal gene expression, myo-
cardial fibrosis, cardiac remodeling, and dysfunction. 
Similarly, we observed that OTUD7B overexpression 
attenuated TAC-induced CH in gain-of-function stud-
ies. Our observations indicated that OTUD7B defi-
ciency significantly activated the PI3K-AKT pathway 
by sequencing RNA extracted from the cardiac tissues 
of OTDU7B KO mice after TAC surgery. Interestingly, 
by investigating the molecular mechanism of OTUD7B 
in CH, OTUD7B was observed to be associated with 
KLF4 interaction and deubiquitination, which blocked 
AKT signaling and subsequent CH. Therefore, our 
study suggested that therapeutic strategies designed 
for OTUD7B are relevant to pathological CH.

KLF4, which is a member of the KLF (Krüppel-like 
factor) family, belongs to the C2H2-type zinc lipoprotein 
transcription factor.26 It is localized on chromosome 
4B3 and includes aa483 residues in mice.27 The KLF4 
protein participates in the regulation of crucial life pro-
cesses, such as cell proliferation, differentiation, and 
embryonic development, and it plays a vital role in cell 
differentiation and cell cycle arrest.28 KLF4-mediated 
gene transcription involves various posttranslational 
modifications through phosphorylation, acetylation, 
methylation, and ubiquitination. These modifications 
regulate the function of KLF4 by altering its structural 
stability, DNA-binding capacity, and transcriptional ac-
tivity.29 KLF4 is a target of HDAC2 (histone deacetylase 
2) and inhibits NPPA expression in cardiomyocytes, 
thereby suppressing CH.30 Liao et al have confirmed 
its role as a key negative regulator of myocardial hy-
pertrophy in  vivo.31 Additionally, KLF4 inhibits CH 
occurrence by downregulating cardiac calmodulin ex-
pression and activity.32 A previous study showed that 
the deubiquitinating enzyme USP10 (ubiquitin specific 

protease) plays a vital role in lung cancer inhibition 
via the USP10-KLF4-TIMP3 (tissue inhibitor of metal-
loproteinase) signaling axis.33 Saliva-derived miRNAs 
inhibit vascular remodeling by regulating the OTUD7B/
KLF4/NMHC-IIA (non-muscle myosin heavy chain IIA) 
axis.34 These findings demonstrate that KLF4 mediates 
the effects of OTUD7B on CH regulation in response 
to phenylephrine stimulation, which is consistent 
with our study. Because cardiomyocyte hypertrophy 
is a defining feature of cardiac remodeling, which is 
mainly characterized by protein content changes,35 
we further investigated the exact role of KLF4 in 
phenylephrine-induced cardiomyocyte hypertrophy. 
Phenylephrine-induced CH potentiated by OTUD7B 
knockdown was completely blocked by the upregu-
lation of KLF4 activity. Moreover, KLF4 upregulation 
suppressed the upregulated mRNA expression of CH 
markers in OTUD7B knockdown cells. These findings 
suggest that KLF4 mediates the regulatory effects of 
OTUD7B on phenylephrine-stimulated CH. Notably, 
our study showed that the OTU domain (aa151–aa446) 
of OTUD7B36 interacted with the transcription repres-
sion domain (aa200–aa397) of KLF4, whereas the OTU 
domain played a major role in deubiquitinating enzyme 
activity.16 Moreover, ubiquitination assays revealed 
that K48-linked polyubiquitin maintained KLF4 stabil-
ity, which mainly mediated the degradation of target 
proteins through the ubiquitin/proteasome system and 
regulated the stability of intracellular proteins.

PI3K/AKT signaling pathway is a key pathway in 
the process of CH. Overactivation of the PI3K/AKT 
cascade contributes to the progression of CH in mice 
overexpressing cardiac-selective transgenic AKT 
overexpression11,37 and in other models of CH.38,39 
The PI3K-AKT signaling pathway regulates multiple 
physiological functions, including growth, prolifera-
tion, metabolism, angiogenesis, and inflammation, 
by activating downstream effectors through various 
compensatory signaling pathways (mainly RAF/MEK/
ERK [rapidly accelerated fibrosarcoma/mitogen-acti-
vated extracellular signal-regulated kinase/extracellular 
 signal-regulated protein kinase]).40 Chronic activation of 
PI3K, which is a lipid kinase, exacerbates CH and dys-
function, whereas a lack of PI3K diminishes the hyper-
trophic response to physiological stimuli.41 CH induced 
by PI3K activation is associated with downstream AKT, 
which is a serine/threonine kinase.42 Activated AKT in 
the heart regulates cardiomyocyte size and survival, 
angiogenic processes, and inflammatory responses 
through the phosphorylation of downstream targets, 
including GLUT (facilitative glusose transporter), GSK-3 
(glycogen synthase kinase), and mTOR,43 and it plays 
a pivotal role in the pathogenesis of CH, heart failure, 
and myocardial infarction.44 AKT activity in cardiac tis-
sue contributes to physiological and pathological CH.45 
PI3K/AKT was shown to be a downstream signaling 
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pathway of KLF4 in a myocardial hypertrophy study.46 
Therefore, we assessed AKT expression after KLF4 
overexpression and OTUD7B knockdown and ob-
served that phosphorylated AKT was downregulated 
(Ser 473) in cultured cardiomyocytes.

Our study has some limitations. Due to our insuf-
ficient mastery of transgenic mouse construction 
technology, we did not examine the effect of OTUD7B 
overexpression on CH in vivo. The inadequacy is cur-
rently being considered for further experiments.

CONCLUSIONS
Our study demonstrated that OTUD7B is a negative 
regulator of pathological CH. Furthermore, it revealed 
that OTUD7B is a crucial deubiquitinating enzyme that 
targets and inhibits K48-linked ubiquitination-mediated 
degradation of KLF4, thus providing a potential thera-
peutic strategy for CH.
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