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Abstract
Ubiquitin-specific protease 19 (USP19) belongs to USP family and is involved in pro-
moting skeletal muscle atrophy. Although USP19 is expressed in the heart, the role of 
USP19 in the heart disease remains unknown. The present study provides in vivo and 
in vitro data to reveal the role of USP19 in preventing pathological cardiac hypertro-
phy. We generated USP19-knockout mice and isolated neonatal rat cardiomyocytes 
(NRCMs) that overexpressed or were deficient in USP19 to investigate the effect 
of USP19 on transverse aortic constriction (TAC) or phenylephrine (PE)-mediated 
cardiac hypertrophy. Echocardiography, pathological and molecular analysis were 
used to determine the extent of cardiac hypertrophy, fibrosis, dysfunction and in-
flammation. USP19 expression was markedly increased in rodent hypertrophic heart 
or cardiomyocytes underwent TAC or PE culturing, the increase was mediated by 
the reduction of Seven In Absentia Homolog-2. The extent of TAC-induced cardiac 
hypertrophy, fibrosis, dysfunction and inflammation in USP19-knockout mice was 
exacerbated. Consistently, gain-of-function and loss-of-function approaches that in-
volved USP19 in cardiomyocytes suggested that the down-regulation of USP19 pro-
moted the hypertrophic phenotype, while the up-regulation of USP19 improved the 
worsened phenotype. Mechanistically, the USP19-elicited cardiac hypertrophy im-
provement was attributed to the abrogation of the transforming growth factor beta-
activated kinase 1 (TAK1)-p38/JNK1/2 transduction. Furthermore, the inhibition of 
TAK1 abolished the aggravated hypertrophy induced by the loss of USP19. In con-
clusion, the present study revealed that USP19 and the downstream of TAK1-p38/
JNK1/2 signalling pathway might be a potential target to attenuate pathological car-
diac hypertrophy.
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1  | BACKGROUND

Cardiac hypertrophy can be induced by pressure/volume overload, 
hormonal factors and ischaemia injury, and is an initially adaptive 
process to these stimuli.1 As the hypertrophic course progresses, 
the heart becomes pathologically remodelled: the entire heart con-
tinuously enlarges, the volume of each myocardial cell, the inflam-
matory response is triggered, and the production of extracellular 
matrix proteins sharply increases with the reactivation of foetal 
gene expression, ultimately, leading to cardiac dysfunction and even 
heart failure.2 The development of cardiac pathological hypertrophy 
involves a complex process of myocyte molecular modification and 
the excessive activation of multiple signalling cascades such as Akt, 
extracellular signal-regulated kinase 1/2 (ERK1/2), and transforming 
growth factor beta-activated kinase 1 (TAK1)-p38/ c-JUN (protein 
encoded by JUN gene) N-terminal kinase 1/2 (JNK1/2). The identifi-
cation of novel molecules and related pathways within the hypertro-
phic signalling network may potentially provide a therapeutic target 
for the prevention of myocardial hypertrophy and dysfunction.

Ubiquitin-specific protease 19 (USP19) is a 150-kDa enzyme in 
the ubiquitin-specific protease family, which is the largest family of 
deubiquitinating enzymes. USP19 contains a carboxy-terminal lo-
cated core catalytic domain delimited by cysteine, histidine, boxes, 
surrounding sequences separating these boxes are domains that me-
diate substrate specificity, protein interactions and subcellular loca-
tion.3 USP19 is involved in various cellular processes, which include 
endoplasmic reticulum-associated degradation,4 misfolding-associ-
ated protein secretion,5 immune response,6 cell growth7 and adipo-
genesis.8 Importantly, USP19 has been extensively documented as an 
atrophy-promoting gene in skeletal muscles9,10 through the function 
of down-regulating muscle myoblast differentiation,11 increasing pro-
tein degradation12 and decreasing protein synthesis.13 In particular, 
depletion of USP19 in muscle myoblast increases the expression level 
of myogenin, which is a myogenic transcriptional factor, and this inhib-
its the oestradiol-induced repression of myogenesis and promotes the 
synthesis of myofibrillar proteins.14 Furthermore, the silencing USP19 
inhibits denervation- or glucocorticoid-induced muscle atrophy by 
suppressing protein degradation, with a notably decreased expres-
sion of the ubiquitin ligases MuRF1 and MAFbx/atrogin-1,12 which 
are correlated to the cardiac hypertrophy blockade.15,16 Moreover, 
USP19-knockout mice in response to fasting manifested increased 
rates of muscle protein synthesis.13 Given the similarity between skel-
etal muscle cells and cardiomyocytes, and that USP19 is expressed in 
rodent hearts in considerable levels,17 it can be speculated that USP19 
may protect against cardiac hypertrophy. Moreover, USP19 interacts 
with and inhibits the activation of TAK1.18 Thus, the evidence that 
TAK1 participates in mediating cardiac hypertrophy19 enhances the 
possibility of the cardioprotective effect of USP19.

In the present study, increased levels of USP19 in the heart or 
cardiomyocytes in response to hypertrophic stimuli were observed, 
and the increase was partially mediated by the reduction of Seven In 
Absentia Homolog-2 (SIAH2). By subjecting USP19 knockout mice 
to angiotensin II (AngII) stimuli or cardiac pressure overload, which 

was performed by transverse aortic constriction (TAC), the USP19 
deficiency exacerbated the cardiac hypertrophy, fibrosis, dysfunc-
tion and inflammation. Furthermore, the gain-of-function and loss-
of-function approaches in cardiomyocytes were also used to explore 
the anti-hypertrophic effect of USP19. Mechanistically, this benefi-
cial effect was largely dependent on the suppression of the TAK1-
dependent signalling pathway.

2  | METHODS

2.1 | Mice and modelling

USP19 knockout mice on the C57BL/6 background were gener-
ated using the CRISPR/Cas9 method and obtained from the A3-Lab 
Animal Center (Wuhan University, Wuhan, China).18 The animal pro-
tocol was approved by the Animal Care and Use Committee of Third 
Xiangya Hospital, Central South University, China. The investigation 
complied to the National Institutes of Health (NIH) Guide for the 
Care and Use of Laboratory Animals.

Male C57/B6 mice (8-10 weeks old, weighting 25.5-27.0 g) were 
subjected to a sham or TAC operation. These mice were anaesthetized 
with an intraperitoneal injection of pentobarbital sodium (90 mg/kg; 
Sigma, St. Louis). After ensuring a calm breath and the absence of toe-
pinch reflex, these mice were placed on a heating pad in the supine 
position. Next, the skin was opened at the midline position of the 
thoracic vertebra and thoracic clavicle, and the connective tissue and 
the muscle layer were separated by forceps. After pulling the thyroid 
gland aside, the aorta arch was exposed, aortic constriction was per-
formed using 7-0 silk sutures by banding the aorta arch with a 26-G 
needle, and the needle was quickly removed. In contrast, sham-oper-
ated mice underwent the same procedure without aorta constriction. 
Afterwards, Doppler echocardiography was used to confirm whether 
the constriction of the aorta was adequate.

The model of Ang II-induced cardiac hypertrophy was also con-
structed as previously described.19 Angiotensin II (1.4 mg/kg/d and dis-
solved in 0.9% NaCl) was subcutaneously infused for 4 weeks using an 
osmotic minipump (Alzet model 2004; Alza Corp, Palo Alto) implanted 
into each mouse. The control mice group received the same procedures 
as the experimental animals, with the same dose of saline infusion.

2.2 | Cultured NRCMs with recombinant adenoviral 
vectors and immunofluorescence/confocal 
microscope analysis

Neonatal Sprague-Dawley rats were killed by decapitation in ac-
cordance with the Guides for the Care and Use of Laboratory 
Animals published by the US National Institutes of Health. Primary 
neonatal rat cardiomyocytes (NRCMs) from the ventricle were iso-
lated and cultured in DMEM/F12(C11330, GIBCO) medium, which 
included 10% foetal calf serum, 1% penicillin/streptomycin and 
5-bromodeoxyuridine(0.1mM, to inhibit fibroblast proliferation) 
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for 24 hours under the condition of 37℃ and 5% CO2. Then, car-
diomyocytes were infected with adenoviral vectors and cultured for 
12 hours, then the medium containing no serum for starvation was 
replaced, added 50 μmol/L of PE and/or TAK1 inhibitor NG25 (iTak1, 
2.5 μmol/L, HY-15434, MedChem Express, New Jersey) was added 
and cultured for another 24 hours. The control group was treated 
with the same amount of phosphate buffered saline (PBS) and/or 
dimethyl sulphoxide (DMSO). In order to overexpress USP19, the 
entire coding region of the mouse USP19 gene, under the control of 
the cytomegalovirus promoter, was inserted in replication-defective 
adenoviral vectors (AdUSP19), and a similar adenoviral vector that 
encoded the green fluorescent protein gene was made as the control 
(AdGFP). In order to silence USP19, replication-defective adenoviral 
vectors that harboured USP19 short hairpin RNA (AdshUSP19) were 
constructed, and the non-targeting shRNA(AdshRNA) was used as 
the control. The sequence for the overexpression and downexpres-
sion of USP19 is as follows: AdUSP19-mouse-F: GGCTAGCGATATCG 
GATCCGCCACCATGTCTGCAGGGGCCAGTG, AdUSP19-mouse-R:  
CGTCCTTGTA ATCACTAGTTCTCCAGCGACTCTGAGATACC, 
AdshUSP19-rat-F: CCGGGCCTCTCGAATCGATATCTGCCTCGAGGC 
AGATATCGATTCGAGAGGCTTTTTG and AdshUSP19-rat-R: AAT 
T C A A A A A G C C T C T C G A AT C G ATAT C T G C C T C G A G G C A 
GATATCGATTCGAGAGGC. NRCMs were infected with the corre-
sponding adenoviruses followed by subsequent Western blotting 
detection and immunofluorescence analysis. We also constructed 
an adenovirus vector-mediated rat SIAH2 overexpression plasmid 
(AdFlag-SIAH2) and shRNA plasmid targeting rat SIAH2 to knock 
down SIAH2 and transfected NRCMs by standard molecular bi-
ology techniques. Primer of rat SIAH2 overexpression plasmid: 
F-GGCTAGCGATATCGGATCCGCCACC ATGAGCCGCCCGTCCTC, 
R-CGTCCTTGTAATCACTAGT CTGACAGCATGTAGATATTGTGAC; 
Rat shSIAH2 plasmid: F-CCGGCCAATGCCGCCAGAAGTTGCTCGAG 
CAACTTCTGGCGGCATTGG TTTTTG, R-AATTCAAAAACCAATG 
CCGCCAGAAGTTGCTCGAG CAACTTCTGGCGGCATTGG. AdFlag  
and AdshRNA (mature scrambled RNA sequence: CAACAAGAT 
GAAGAGCAGGAA) were used as controls. Cells were fixed in 4% 
formaldehyde for 30 minutes, permeabilized with 0.1% Triton X-100 
and blocked in 10% BSA solution. Then, these cells were incubated 
with primary antibodies against α-actin (1:100 dilution; 05-384 
Merck Millipore, Billerica, USA) followed by fluorescent second-
ary antibodies(donkey antimouse IgG, 1:200 dilution; A21202, 
Invitrogen, Carlsbad) and 4-6-diamidino-2-phenylindole. The cell 
surface areas were calculated using the Image-Pro Plus 6.0 soft-
ware. The NRCMs were also stained with USP19 (GTX87472, 1:500; 
Genetex, Irvine) primary antibody and corresponding secondary an-
tibody, and images were obtained by using the confocal laser scan-
ning microscope (TCS SP8; LEICA, Wetzlar, Germany).

2.3 | Echocardiography measurements

Echocardiography (MyLab Gamma; Biosound Esaote Inc with an 
18-MHz probe, Genoa, Italy) measurements were performed after 

mice were anaesthetized with isoflurane (1.5%-2.0%) and placed in 
the supine position. M-mode tracings derived from the short axis 
of the left ventricle (LV) at the level of the papillary muscles were 
recorded. The left ventricular end-diastolic dimension (LVEDd) and 
left ventricular end-systolic dimension (LVESd) were measured, and 
the fractional shortening fraction (FS, %) and ejection fraction (EF, 
%) were calculated as previously described.20

2.4 | Histological analysis

The hearts were excised at four weeks after TAC, placed in 10% 
KCl to keep in diastole, then fixed in 10% formalin for 48  hours 
and embedded in paraffin following standard histological proce-
dures. Subsequently, these hearts were transversely cut at the 
apex to visualize the ventricles and sliced. Then, the 5-μm-thick 
sections chosen from the mid-papillary muscle level of each heart 
were stained with haematoxylin and eosin (H&E: haematoxy-
lin, Servicebio, Wuhan, China, G1004; eosin, BASO, New Taipei, 
BA-4024) to assess the histopathology, and picrosirius red (263, 
Hedebio, Beijing) to assess the collagen deposition. Images of the 
100 oval-shaped myocytes and collagen deposition were captured 
from five samples by microscopy and measured using a quantita-
tive digital analysis imaging system (Image-Pro Plus6.0).

2.5 | Quantitative real-time polymerase chain 
reaction and Western blotting

According to the manufacturer's instructions, TRIzol reagent 
(15596-026; Invitrogen, Carlsbad) was used to extract the RNA 
from LV tissues and cultured cardiomyocytes. Then, the RNA was 
reverse-transcribed into cDNA using a Transcriptor First Strand 
cDNA Synthesis Kit (04896866001; Roche, Basle, Switzerland), 
and the quantitative real-time polymerase chain reaction (PCR) am-
plification was performed using the SYBR Green PCR Master Mix 
(04887352001; Roche, Basle, Switzerland). The primers of the de-
tected gene are as follows: 5 -́TCGGAGCCTACGAAGATCCA-3ʹ 
(forward, F) and 5 -́TTCGGTACCGGAAGCTGTTG-3ʹ (reverse, R) for  
mouse atriopeptin (ANP); 5 -́GAAGGACCAAGGCCTCACAA-3ʹ (F) and  
5 -́TTCAGTGCGTTACAGCCCAA-3ʹ (R) for mouse brain natriuretic  
peptide (BNP); 5 -́CAACCTGTCCAAGTTCCGCA-3ʹ (F) and 5 -́TACT 
CCTCATTCAGGCCCTTG-3ʹ (R) for mouse myosin heavy chain 7  
(Myh7); 5 -́TGCTAACGTGGTTCGTGACCGT-3ʹ (F) and 5'-ACATCTTGA 
GGTCGCGGCATGT-3' (R) for mouse collagen Iα; 5 -́ACGTAAGCAC 
TGGTGGACAG-3ʹ (F) and 5 -́CCGGCTGGAAAGAAGTCTGA-3ʹ (R)  
for mouse collagen III; 5 -́TGACCCCTGCGACCCACA-3ʹ (F) and  
5 -́TACACCGACCCACCGAAGACACAG-3ʹ (R) for mouse connective  
tissue growth factor (CTGF);

5 -́GGAGATGCTAGGAGAGTGTCCC-3ʹ (F) and 5 -́GCGCAGCT-
TAACAATCACCTC-3ʹ (R) for mouse USP19; 5 -́CGGCAGTTCT-
GTTTCCCTGT-3ʹ (F) and 5 -́ACTGACCCTTGGAGTAATGGG-3ʹ 
(R) for mouse SIAH2; 5 -́ACTCCACTCACGGCAAATTC-3ʹ (F) and 
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5 -́TCTCCATGGTGGTGAAGACA-3ʹ (R) for mouse glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH); 5 -́ATGGGCTCCCTCT-
CATCAGT-3ʹ (F) and 5 -́GCTTGGTGGTTTGCTACGAC-3ʹ (R) for 
mouse Tnf-α; 5 -́GACTTCACCATGGAACCCGT-3ʹ (F) and 5 -́CAGG-
GAGGGAAACACACGTT-3ʹ (R) for mouse IL-1β; 5 -́ATGACAGCACG-
GTGACAACA-3ʹ (F) and 5 -́CAAATCCGGGAAGCCTGG-3ʹ (R) for rat 
USP19; 5 -́AAAGCAAACTGAGGGCTCTGCTCG-3ʹ (F) and 5 -́TTCG-
GTACCGGAAGCTGTTGCA-3ʹ (R) for rat ANP; 5 -́TGCCCCAGAT-
GATTCTGCTC-3ʹ (F) and 5 -́TGTAGGGCCTTGGTCCTTTG-3ʹ (R) for 
rat BNP; 5 -́TGTGAACGGATTTGGCCCTA-3ʹ (F) and 5 -́GATGGT-
GATGGGTTTCCCGT-3ʹ (R) for rat GAPDH.

Western blotting was performed on the cardiac tissues or cul-
tured cardiomyocytes in accordance with previously described meth-
ods.21 The information of the antibodies are listed as follows: USP19 
(GTX87472, Genetex, Irvine), p-TAK1 (4531, CST, Boston), TAK1 
(5206, CST), p-ERK1/2 (4370, CST), ERK1/2 (4695, CST), p-JNK1/2 
(4668, CST), JNK1/2 (9252, CST), p-p38 (4511,CST), p38 (9212,CST), 
p-IKKα (AP0505, Abclonal, Woburn), IKKα (2682, CST), p-IκBα (9246, 
CST), IκBα (4814, CST), p-p65 (3033, CST), p65 (8242, CST), Flag 
(M185, MBL, Nagoya), SIAH2 (NBP2-93257, Novus, Littleton) and 
GAPDH (2118, CST). The results were expressed as the average rela-
tive expression normalized to GAPDH.

2.6 | Statistical analysis

Continuous data were presented as the mean ± SD. The analysis be-
tween two groups was performed using two-tailed t test. One-way 
ANOVA followed by Bonferroni or Tamhane's T2 post hoc test was ap-
plied for comparisons among more than two groups. P ＜ 0.05 was con-
sidered statistically significant. The SPSS 21.0 software was applied.

3  | RESULTS

3.1 | The phenotype of gain and loss of function 
of USP19 in hypertrophic stimuli-induced models 
revealed its anti-hypertrophy effect

The investigators first determined the potential role of car-
diac USP19 during the process of pathological hypertrophy. The 
intervention of both TAC and PE increased the hearts and car-
diomyocytes levels of USP19 by 13 and 11 times, respectively 
(Figure 1A,B). Moreover, fluorescence imaging carried out with or 
without PE stimulation using confocal microscope revealed more 
abundant content of USP19 in cytoplasm under PE stimuli (Figure 
S4A). To explore the mechanism of USP19 elevation under stimuli 
stress, we first detected the levels of USP19 mRNA and found 
that the levels of USP19 mRNA remained unchanged before and 
after TAC or PE intervention (Figure S1A,B), suggesting the eleva-
tion occurred after USP19 protein had been translated. Previous 
study has been reported that SIAH2 is a binding partner of USP19 
and promotes USP19 ubiquitylation and proteasome-dependent 
degradation22; thus, we hypothesize USP19 may be regulated by 
SIAH2 in response to cardiac hypertrophy stimulation. To test this, 
we examined the expression of SIAH2 in the heart of mice before 
and after TAC surgery. The results showed that the mRNA expres-
sion level of SIAH2 was significantly decreased in the mouse heart 
after 4W TAC (Figure S1C). Subsequently, we up- or down-regu-
lated SIAH2 in primary cardiomyocyte using adenovirus and found 
that the elevated expression of USP19 protein induced by PE stim-
ulation was blocked or exacerbated by over- or downexpression 
of SIAH2 (Figure S1C,D). These results demonstrated that SIAH2 
mediated the up-regulation of USP19 after PE stimulation.

F I G U R E  1   Ubiquitin-specific protease 19 (USP19) expression is increased in murine hypertrophic hearts and cardiomyocytes. A, Left, 
Western blot bands of USP19 in mice subjected to sham or transverse aortic constriction (TAC) surgery at 4 wk. Right, protein expression 
levels were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and compared between indicated groups (n = 3, 
**P ＜ 0.01 vs sham). B, Left, Western blot analysis of USP19 in neonatal rat cardiomyocytes treated with phosphate buffered saline (PBS) 
or phenylephrine (PE) at 24 h. Right, protein expression levels were normalized to GAPDH and compared between indicated groups (n = 3, 
**P ＜ 0.01 vs PBS)
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In order to explore the contribution of USP19 to the hyper-
trophic phenotype, NRCMs were infected with either AdshUSP19 
or AdUSP19, in order to reduce or elevate the levels of USP19 
in vitro (Figure  2A,D). Under basal conditions administered with 
PBS, neither NRCMs with AdshUSP19 nor AdUSP19 exhibited 
an altered size when compared with those infected with the con-
trols of AdshRNA or AdGFP. When triggered with PE, cells in each 
group exhibited a hypertrophic phenotype. A comparison between 
the two PE groups was performed: the area of USP19-deficient 

cells and AdshRNA-infected controls increased by 1.5 and 2.2 
times, respectively (Figure 2C), while NRCMs with overexpressed 
USP19 exhibited approximately 25.9% smaller, when compared 
with AdGFP-infected cells (Figure  2F). Accordingly, the relative 
mRNA levels of ANP and Myh7, which are cardiomyocytes hyper-
trophic markers (Figure 2C,F), and the total protein levels (Figure 
S3A,B) detected using bicinchoninic acid (BCA) assay followed 
the same trend of difference among groups in terms of size value 
(Figure 2C,F).

F I G U R E  2   Ubiquitin-specific protease 
19 (USP19) attenuates phenylephrine 
(PE)-induced cardiomyocyte hypertrophy 
in vitro. A, Western blot bands of USP19 
levels in primary cultured cardiomyocytes 
infected with AdshRNA or short hairpin 
RNA (AdshUSP19) (n = 3 independent 
experiments). B, Representative 
microscopic images of cardiomyocytes 
infected with AdshRNA or AdshUSP19 
and treated with phosphate buffered 
saline (PBS) or phenylephrine (PE). Cells 
were double stained of α-actin (green) 
and 4-6-diamidino-2-phenylindole 
(blue). Scale bar, 20 μm. C, Quantitative 
results of the relative mRNA levels of 
atriopeptin (ANP) and myosin heavy chain 
7 (Myh7, Above), and cross-sectional area 
(Bottom) of cardiomyocytes infected 
with AdshRNA and AdshUSP19 in 
response to PBS or PE (n = 3 independent 
experiments, **P ＜ 0.01 vs AdshRNA/
PBS, ##P ＜ 0.01 vs AdshRNA/PE). D, 
Western blot bands of USP19 levels 
in primary cultured cardiomyocytes 
infected with AdGFP or AdUSP19 
(n = 3 independent experiments). E, 
Representative microscopic images of 
cardiomyocytes infected with AdGFP or 
AdUSP19 and treated with phosphate 
buffered saline (PBS) or phenylephrine 
(PE). F, Quantitative results of the relative 
mRNA levels of ANP and Myh7 (Above), 
and cross-sectional area (Bottom) of 
cardiomyocytes infected with AdGFP and 
AdUSP19 in response to PBS or PE (n = 3 
independent experiments, **P ＜ 0.01 vs 
AdGFP/PBS, ##P ＜ 0.01 vs AdGFP/PE), 
n.s. (no significance)
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Knockout mice were generated to further confirm the func-
tion of USP19 in vivo (Figure 3A). No pathological abnormalities in 
cardiac morphology or function occurred at the baseline in either 
USP19-knockout mice or their wild-type (WT) littermates. Using 
the 4-week TAC method to trigger the heart remodelling, a more 
severe overall hypertrophic phenotype was observed in knockout 
mice when compared to the WT groups, as manifested by increased 
ratios of heart weight/bodyweight (HW/BW), lung weight/BW 
(LW/BW) and HW/tibia length (HW/TL) (Figure 3B-D), and this was 
in parallel with the parameters of cardiac function, which included 
LVEDd, LVESd, FS% and EF% (Figure 3E-H). This indicates that myo-
cardial contraction in overload pressure-treated USP19-knockout 
mice worsened when compared to the WT group. Furthermore, an 
enlarged gross size of the heart and cardiomyocytes was observed 
in the TAC-induced groups, among which USP19-knockout mice 
exhibited an even larger heart (Figure  4A). Subsequently, it was 
evaluated that the effects of the fibrotic phenotype, perivascular 

and interstitial fibrosis were notably increased in groups subjected 
in TAC, and fibrosis was triggered more in USP19-deleted mice 
(Figure  4B). Furthermore, by detecting the expression of hyper-
trophic (ANP, BNP and Myh7) and fibrotic (collagen Ia, collagen 
III and CTGF) markers, the hypertrophic and fibrotic differences 
among the groups were reconfirmed in accordance (Figure 4C,D). 
Considering that aroused inflammatory response was one of the 
phenotypes of cardiac hypertrophy, we subsequently detected 
total and phosphorylated IKKα, IκBα and p65 in NF-κB axis, and 
transcriptional levels of pro-inflammatory cytokines in WT and 
USP19-KO mice with or without TAC intervention. TAC-treated 
mice displayed higher mRNA levels of interleukin-1β (IL-1β), tumour 
necrosis factor α (TNF-α), and more phosphorylated IKKα, IκBα and 
p65 proteins compared to sham operation groups; and USP19 re-
moval from heart enhanced all these levels when compared to the 
TAC-stimulated WT group (Figure S4B,C). Furthermore, AngII infu-
sion was also used to detect hormonal stimuli-induced hypertrophic 

F I G U R E  3   Ubiquitin-specific protease 19 (USP19) deficiency exacerbates heart hypertrophy and dysfunction in response to transverse 
aortic constriction (TAC) in vivo. A, Western blot analysis revealing successful construction of USP19-knockout (KO) mice. B-D, Four 
weeks after TAC, the ratios of heart weight/bodyweight (HW/BW; left), lung weight/bodyweight (LW/BW; middle) and heart weight/tibia 
length (HW/TL, right) were assessed in wild-type (WT) or KO groups subjected to sham or TAC operation (n = 10 mice per experimental 
group). E-H, Echocardiographic assessment (n = 10 mice per experimental group) of left ventricular end-diastolic diameter (LVEDd, left), 
left ventricular end-systolic diameter (LVESd, middle left), fractional shortening (FS, middle right) and ejection fraction (EF, right). Data are 
expressed as mean ± SD. **P ＜ 0.01 or *P ＜ 0.05 vs WT/sham; ##P ＜ 0.01 or #P ＜ 0.05 vs WT/TAC
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F I G U R E  4   Ubiquitin-specific protease 19 deficiency exacerbates heart hypertrophy and fibrosis in response to transverse aortic 
constriction (TAC) in vivo. A, Representative images of the whole heart, the maximum section of the heart and cardiomyocytes (scale bar, 
25 μm for haematoxylin-eosin [HE] staining) in indicated groups (left), statistical analysis of the cross-sectional areas of cardiomyocytes in 
indicated groups (n = 120 cells per experimental groups, right). B, Representative images of the cardiac fibrosis in indicated groups (scale 
bar, 50 μm for picrosirius red staining, left), statistical results for fibrotic areas in different groups (n = 6, right). C, D, Real-time quantitative 
polymerase chain reaction showing the mRNA levels of foetal genes (left) and fibrotic markers (right) in the heart tissues of knockout 
(KO) mice and wild-type (WT) controls after sham or TAC surgery (n = 4). Data are expressed as mean ± SD. ANP, atriopeptin; BNP, brain 
natriuretic peptide; CTGF, connective tissue growth factor. **P ＜ 0.01 or *P ＜ 0.05 vs WT/sham; ##P ＜ 0.01 or #P ＜ 0.05 vs WT/TAC
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phenotype. As shown in Figure S2, 4 weeks of AngII infusion in WT 
mice led to significantly increased HW/BW, LW/BW, HW/TL ratios 
compared with saline controls (Figure S2A-C), as well as impaired 
contractile function (LVEDd, LVEsd, FS%, EF%; Figure S2D-G), en-
larged myocytes (Figure S2H) and exacerbated fibrosis (Figure S2I). 

The structural and functional remodelling of the hearts induced 
by AngII was significantly exacerbated by USP19 depletion. These 
data indicate that USP19 represents an essential mediator of the 
pathological cardiac hypertrophy induced by both pressure over-
load and hormonal stresses.
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3.2 | USP19 suppressed cardiac hypertrophy via 
blocking TAK1-dependent pathway

Since the anti-hypertrophy function of USP19 was confirmed, the 
investigators determined the underlying mechanism that mediated 
this effect. The investigators chose to detect the mitogen-acti-
vated protein kinase signalling, including ERK1/2, p38 and JNK1/2, 
which are typical pathway that mediated cardiac hypertrophy. The 
present data suggest that the total levels of MAPK components 
were almost the same among the baseline groups of PBS or sham, 
and the intervention groups of PE or TAC. When the phosphoryla-
tion levels of ERK1/2, p38 and JNK1/2 were detected, the grey 
level of the baseline groups was visibly low. However, the grey 
value could significantly be elevated in response to the overload 
stimuli, and compared with the increasing rate between the WT 
group and USP19-altered group, merely the phosphorylated levels 
of JNK1/2, p38 and their common upstream kinase TAK1, but not 
ERK1/2, notably increased significantly in USP19-knockout mice, 
when compared to WT mice (Figure  5C). Further studies have 
verified the PE-cultured cellular signalling pathway in vitro, and 
the USP19 removal from NRCMs enhanced the phosphorylation 
of TAK1, JNK1/2 and p38 when compared to the PE-stimulated 
AdshRNA group, while USP19 up-regulation conversely blocked 
the phosphorylated activity of the TAK1-p38/JNK1/2 pathway 
in NRCMs, but the levels of ERK1/2 remained the same in the 
USP19-altered groups (Figure 5A,B). In order to confirm whether 
TAK1 and the downstream p38/JNK1/2 signalling contributes to 
the effect of USP19 on cardiac hypertrophy, iTAK1 was added 
to PE-cultured cells to abolish the expression of phosphorylated 
TAK1 (Figure 6D), it was found that iTAK1 recovered the phospho-
rylated p38, JNK1/2 (Figure  6D), the cell size and hypertrophic 
markers (ANP and Myh7) (Figure 6B,C) to low levels in AdshRNA-
infected and even AdshUSP19-infected NRCMs when compared 
to the iTAK1-negative groups, and iTAK1 decreased these index to 
similar levels in AdshRNA and AdshUSP19 mice.

4  | DISCUSSION

USP19 was identified as an essential regulator of cardiac remodel-
ling. The data demonstrated that USP19 protein expression notably 
increased in hypertrophic hearts and cardiomyocytes. Furthermore, 

USP19 deletion accelerated the hypertrophic response to hormonal 
stimuli/pressure overload in mouse hearts. Consistently, in vitro ex-
periments suggested the role of USP19 in inhibiting NRCMs hyper-
trophy. The USP19-mediated cardioprotection was attributed to the 
blocking of the TAK1-p38/JNK1/2-dependent pathway, which was 
confirmed by the inhibition of TAK1. To our knowledge, the present 
study is the first evidence for the vital function of USP19 in protect-
ing against pathological cardiac hypertrophy.

In the present study, a significantly increase in USP19 expres-
sion during the development of pathological cardiac hypertrophy 
increased the possibility that USP19 may play a critical role in this 
processes. USP19 mRNA levels remaining unchanged with or with-
out hypertrophic stimuli suggested that post-translational modifi-
cation should be responsible for USP19 elevation. SIAH2 binds to 
USP19 and promotes USP19 ubiquitylation and proteasome-depen-
dent degradation22; then, the hypothesis of a causal link between 
SIAH2 and USP19 in cardiomyocyte hypertrophy was established: 
Decreased transcription of SIAH2 during hypertrophic progress 
led to less degradation of USP19, and this mechanism partially ac-
counted for USP19 elevation. Other unknown mechanisms might 
still exist in mediating the decrease of USP19 protein and remain to 
be explored.

It has been previously proven that the members of the ubiqui-
tin-specific protease family (USP18,23 USP15,24 USP417 and USP1425) 
exert an effect on cardiac or cardiomyocyte hypertrophy under the 
stimuli of pressure overload or neurohormonal factors. However, as 
an extensively accepted enzymes that modulated the key processes 
that control the skeleton muscle mass,26 the role that USP19 might 
play an essential part in the myocardium remains unknown. The 
present study did ascertain through the data that USP19 positively 
prevented the pressure overload and neurohormonal factor-in-
duced cardiac hypertrophy. Then, the investigators chose to detect 
the total and phosphorylated MAPK signalling that were typically 
modulating the hypertrophic phenotype, as well as TAK1, which was 
connected to both USP19 and MAPK. USP19 attenuated the inflam-
matory response in vivo by interacting with TAK1 through cleaved 
K63 and K27-linked polyubiquitin chains from TAK1 in a TNF-α and 
IL-1β-dependent manner. This subsequently resulted in the impair-
ment of TAK1 phosphorylation and the disruption of TAK1 complex, 
terminating the activation of the downstream inflammatory genes 
of TAK1.19 This mechanism might explain why TAK1 was involved in 
the USP-19 alleviated cardiac hypertrophy. TAK1 was identified as a 

F I G U R E  5   Ubiquitin-specific protease 19 (USP19) reduces TAK1-p38/JNK1/2 phosphorylation levels in hypertrophic hearts and 
cardiomyocytes. A, Above, Western blots showing the phosphorylation and total protein levels of TAK1, ERK1/2, JNK1/2 and p38 in 
primary neonatal rat cardiomyocytes (NRCMs) infected with AdshRNA or short hairpin RNA (AdshUSP19) followed by treatment with 
phosphate buffered saline (PBS) or phenylephrine (PE). Bottom, Statistical analysis of the phosphorylation levels of TAK1, ERK1/2, 
JNK1/2 and p38 in PE-treated AdshRNA and AdshUSP19 groups. n = 6, **P ＜ 0.01 vs AdshRNA/PE. B, Above, Western blots showing 
the phosphorylation and total protein levels of TAK1, ERK1/2, JNK1/2 and p38 in NRCMs infected with AdGFP or AdUSP19 followed by 
treatment with PBS or PE. Bottom, Statistical analysis of the phosphorylation levels of TAK1, ERK1/2, JNK1/2 and p38 in PE-treated AdGFP 
and AdUSP19 groups. n = 6, **P ＜ 0.01 vs AdGFP/PE. C, Above, Western blots showing the phosphorylation and total protein levels of 
TAK1, ERK1/2, JNK1/2 and p38 in wild-type (WT) or USP19-knockout (KO) mice subjected to sham or transverse aortic constriction (TAC) 
surgery. Bottom, densitometry analyses of the phosphorylation levels of TAK1, ERK1/2, JNK1/2 and p38 in TAC-treated WT and KO mice. 
n = 6, **P ＜ 0.01 vs WT/TAC. n.s., no significance
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member of the MAPKKK family in response to transforming growth 
factor-β, and under physiological circumstances, sufficient levels of 
TAK1 were indispensable for myocytes survival,27 while numerous 
studies including ours confirmed myocardial TAK1 resulted in cham-
ber enlargement and heart remodelling.17,20,28,29 However, the ex-
acerbated function of TAK1 on cardiac hypertrophy was challenged 
by the study demonstrating that inducible expression of TAK1 pro-
tected from cardiac remodelling under pressure overload or myo-
cardial infarction through inhibition of cardiac cell death.30 Such 
discrepancy may be reconciled by the dual role of TAK1 in the regu-
lation of myocyte survival and hypertrophy. The combined evidence 
indicates that TAK1 represents a sensitive central molecular node 
in the heart that requires delicate regulation to maintain cardiac 

homeostasis. p38 and JNK1/2 are collectively called stress-acti-
vated MAPKs and downstream molecules of TAK1.31 Once stimu-
lated, the phosphorylated TAK1 transduces the signal to P38 and 
JNK1/2, and both of which are phosphorylated and activated.32 
Blocking the JNK1/2 and p38 signalling pathway with a pharmaco-
logical agent delays the transition towards heart failure,33,34 while 
the over-activation of p38 and JNK1/2 induced cardiac dilation and 
dysfunction.35,36 By the way, since USP19 inhibits NF-κB activation 
by deubiquitinating TAK1 in immune cells,18 and NF-κB and subse-
quent transcription of pro-inflammatory cytokines37 exert inflam-
matory response on promoting cardiac hypertrophy38-40 at later 
stage, we speculated and confirmed that besides affecting cardiac 
hypertrophy, fibrosis and dysfunction, USP19 lacking in hearts might 

F I G U R E  6   Inhibition of the TAK1 blunts the hypertrophic effect of ubiquitin-specific protease 19 (USP19) deficiency in cardiomyocytes. 
A, B, Left, representative microscopic images of phenylephrine (PE)-treated NRCMs infected with AdshRNA or AdshUSP19 in indicated 
groups, scale bar, 20 μm. Right, iTAK1 decreased cross-sectional size of NRCMs to similar extents in AdshRNA and AdshUSP19 mice (n = 40 
cells per experimental groups). C, Quantitative results of the relative mRNA levels of atriopeptin (ANP) and myosin heavy chain 7 (Myh7) 
in PE-treated groups (n = 3 independent experiments). D, Left, Western blot analysis revealed the levels of TAK1 in primary neonatal rat 
cardiomyocytes (NRCMs) infected with AdshRNA or short hairpin RNA (AdshUSP19) followed by treatment with dimethyl sulphoxide 
(DMSO) or TAK1 inhibitor (iTAK1). Right, statistical analysis of the phosphorylation levels of TAK1, ERK1/2, JNK1/2 and p38. **P ＜ 0.01 and 
n.s. (no significance) on AdshUSP19 DMSO PE, vs AdshRNA DMSO PE; ##P ＜ 0.01 and n.s. on AdshUSP19 iTAK1 PE, vs AdshUSP19 DMSO 
PE; n.s, on AdshUSP19 iTAK1 PE, vs AdshUSP19 iTAK1 PE
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also affect the inflammatory phenotype manifested as activation of 
NF-κB and more generation of pro-inflammatory cytokines.

Cardiac fibrosis is another feature of pathological hypertrophy. 
Under circulatory overloaded pressure, increasing collagens and 
other extracellular matrix components generated by fibroblasts 
accumulate in the myocardium.41 The knockout of USP19 dramat-
ically increased CTGF, interstitial and perivascular fibrosis. This 
was plausible, because TAK1-JNK1/2 and TAK1-p38 served as an 
important axis in the fibrotic response by promoting the gener-
ation of profibrotic factors including CTGF.42,43 As an important 
profibrotic growth factors, CTGF was induced in cardiomyocytes 
under hypertrophic stimuli and promoted fibrotic response via 
paracrine mechanism.44 Therefore, these lines of evidence imply 
that USP19 might decrease cardiac fibrosis at least via a TAK1-p38/
JNK1/2-dependent mechanism, and the paracrine manner might 
participate.

In summary, the study unfolded the role of USP19 in modulating 
the pathological hypertrophic phenotype in the heart and cardio-
myocytes through the inhibition of the TAK1-p38/JNK1/2 signalling 
pathway. This finding provided the first evidence of the involvement 
of USP19 in cardiac hypertrophy, and dignifies significance of the 
USP family in the research of cardiac homeostasis. The therapeu-
tic pharmacological activation or genetic elevation of USP19 levels 
might be a reasonable strategy for cardiac hypertrophy and heart 
failure.

5  | CONCLUSION

The study provides in vivo and in vitro evidence that USP19 func-
tions as a negative regulator of pathological cardiac hypertrophy by 
inhibiting the TAK1-p38/JNK1/2 signalling pathway in the hyper-
trophic hearts and cardiomyocytes. Thus, targeting USP19 and its 
interaction with TAK1 may represent promising strategies for re-
versing cardiac hypertrophy and dysfunction.
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