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B I O C H E M I S T R Y

The deubiquitinase UCHL1 regulates cardiac hypertrophy 
by stabilizing epidermal growth factor receptor
Hai-Lian Bi1, Xiao-Li Zhang2, Yun-Long Zhang1, Xin Xie1, Yun-Long Xia1, Jie Du3, Hui-Hua Li1,4*

Pathological cardiac hypertrophy leads to heart failure (HF). The ubiquitin-proteasome system (UPS) plays a key 
role in maintaining protein homeostasis and cardiac function. However, research on the role of deubiquitinating 
enzymes (DUBs) in cardiac function is limited. Here, we observed that the deubiquitinase ubiquitin C-terminal 
hydrolase 1 (UCHL1) was significantly up-regulated in agonist-stimulated primary cardiomyocytes and in hyper-
trophic and failing hearts. Knockdown of UCHL1 in cardiomyocytes and mouse hearts significantly ameliorated 
cardiac hypertrophy induced by agonist or pressure overload. Conversely, overexpression of UCHL1 had the op-
posite effect in cardiomyocytes and rAAV9-UCHL1–treated mice. Mechanistically, UCHL1 bound, deubiquitinated, 
and stabilized epidermal growth factor receptor (EGFR) and activated its downstream mediators. Systemic admin-
istration of the UCHL1 inhibitor LDN-57444 significantly reversed cardiac hypertrophy and remodeling. These 
findings suggest that UCHL1 positively regulates cardiac hypertrophy by stabilizing EGFR and identify UCHL1 as 
a target for hypertrophic therapy.

INTRODUCTION
Sustained hypertrophic stress can evoke cardiac remodeling, frequently 
leading to heart failure (HF). Various pathologic stimuli including 
hypertension and pressure overload can elicit a hypertrophic response 
(1). Autocrine and paracrine signaling pathways involving angio-
tensin II (Ang II) also contribute to cardiomyocyte hypertrophy (1). 
Among the prohypertrophic pathways, the role of epidermal growth 
factor receptor (EGFR or ErbB1) as a positive regulator of cardiac 
hypertrophy has been clearly demonstrated (2). EGFR is a receptor 
tyrosine kinase of the ErbB family that activates multiple downstream 
signaling cascades, including the RAS/MEK (mitogen-activated protein 
kinase kinase)/ERK (extracellular signal–regulated kinase), PI3K 
(phosphatidylinositol 3-kinase)/AKT, and STAT (signal transducers 
and activators of transcription) pathways, subsequently regulating 
cell growth, proliferation, and survival (3). Increasing evidence has 
demonstrated that activation of EGFR is involved in blood pressure 
regulation, endothelial dysfunction, neointimal hyperplasia, athero-
genesis, reactive oxygen species generation, and cardiac remodeling 
(4). Furthermore, EGFR stability, trafficking, and activation are 
mainly regulated by posttranslational modifications, including phospho-
rylation, acetylation, SUMOylation, and ubiquitination (5). However, 
the regulatory mechanisms of EGFR are not fully understood.

Posttranslational modification of cell proteins, including ubiquitina-
tion, is involved in the regulation of both membrane trafficking and 
protein degradation (6). Ubiquitination is a reversible process due 
to the presence of deubiquitinating enzymes (DUBs; also known as 
deubiquitinases) that can cleave ubiquitin from modified proteins. 
Ubiquitin C-terminal hydrolase 1 (UCHL1, also known as PARK5/
PGP9.5), is a DUB responsible for removing ubiquitin or polyubiquitin 

from target proteins (7, 8). It is highly dysregulated and plays criti-
cal roles in several disorders, including tumors, neurodegenerative 
diseases, and liver fibrosis (8, 9). One study reported that UCHL1 
influences skeletal muscle development and function. Deletion of 
UCHL1 in mice results in abnormal shuffling movement, hind-limb 
paralysis, and early death (10). Recently, UCHL1 expression was 
found to be highly up-regulated in cardiomyocytes after myocardial 
infarction and was associated with increased ubiquitin expression 
(11). However, little was known about the role of UCHL1 in regu-
lating cardiac hypertrophy and remodeling.

In the present study, with loss- and gain-of-function approaches 
and inhibitor administration, we identified that UCHL1 acted as a 
positive regulator of cardiac hypertrophy by reducing EGFR ubiquiti-
nation and degradation. Administration of the UCHL1 inhibitor 
LDN-57444 confirmed the importance of UCHL1 for hypertrophy 
therapy. Together, these findings suggest that UCHL1 plays an 
important role in the pathogenesis of cardiac hypertrophy.

RESULTS
UCHL1 expression is up-regulated in hypertrophic 
and failing hearts
To determine the functions of DUBs in cardiac hypertrophy, we 
first performed microarray assays. Among the 53 deubiquitinase 
genes detected, UCHL1 mRNA expression was increased at day 1 
(>1.2-fold), and the most up-regulated at days 3 and 7 in Ang II– 
infused hearts of wild-type (WT) mice compared with control 
(Fig. 1A and fig. S1A). Increased expression of UCHL1 mRNA was 
verified by real-time quantitative polymerase chain reaction (qPCR) 
analysis in Ang II–infused heart tissues (Fig. 1B). Moreover, the 
protein level of UCHL1 was significantly increased in Ang II– or 
phenylephrine (PE)–treated neonatal rat cardiomyocytes (NRCMs) 
in a time-dependent manner (Fig. 1, C and D). Similarly, the protein 
levels of UCHL1 were markedly up-regulated in the compensated 
hypertrophic hearts (at 2 weeks) and failing hearts (or decompensated 
stage at 4 weeks) in WT mice induced by transverse aortic constriction 
(TAC; Fig. 1E). Immunohistochemistry analysis further confirmed 
the increase in UCHL1 protein levels in the TAC-treated hearts 
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Fig. 1. UCHL1 is up-regulated in hypertrophic and failing hearts. (A) The cluster of deubiquitinase gene expression profiles in Ang II–infused mouse heart at days 1, 3, 
and 7 (d, day; n = 3). (B) qPCR analysis of UCHL1 mRNA expression in Ang II–infused mouse hearts (n = 6). (C and D) Representative immunoblotting analysis of UCHL1 
protein level in NRCMs (CM) exposed to Ang II (100 nM) or PE (100 M) at different time points (upper; h, hour). Quantification of the relative UCHL1 protein level (lower; 
n = 3). (E) Representative immunoblotting analysis of UCHL1 protein levels in the hearts after TAC at weeks 1, 2, and 4 (upper; w, week). Quantification of the relative 
UCHL1 protein level (lower; n = 4). (F and G) Representative immunoblotting analysis of UCHL1 protein level in NRCFs (CF) and treated as in (C) and (D). (H) Representative 
immunohistochemical (IHC) staining of UCHL1 (upper) and BNP (lower) proteins in the heart tissues from normal control and HF patients (left). Scale bars, 50 m. Quanti-
fication of the relative UCHL1- and BNP-positive areas (right; n = 3). n represents the number of independent samples per group. *P < 0.05; **P < 0.01.
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(fig. S1B). Meanwhile, the protein level of UCHL1 has no signifi-
cant change in Ang II–treated neonatal rat cardiac fibroblasts 
(NRCFs; Fig. 1, F and G). Furthermore, immunohistochemistry 
results revealed that the expression levels of both UCHL1 and brain 
natriuretic peptide (BNP; a marker of HF) in human failing hearts 
were significantly higher than those in normal controls (Fig. 1H). 
Overall, these results suggest that increased UCHL1 expression may 
play a critical role in regulating cardiac hypertrophy and function.

Knockdown of UCHL1 reduces cardiac hypertrophy in vitro
To evaluate the effect of UCHL1 in the heart under a hypertrophic 
stimulus, we first examined whether UCHL1 exerts a pro- or anti-
hypertrophic effect in vitro. NRCMs were infected with an adenovirus 
vector expressing small interfering RNA (siRNA) against UCHL1 
(siRNA-UCHL1) or a scrambled control (siRNA-control). The level 
of endogenous UCHL1 protein was significantly decreased by approx-
imately 50% (fig. S2A). Notably, knockdown of UCHL1 repressed 
the PE-induced increase in cardiomyocyte size and mRNA expres-
sion of hypertrophic markers including atrial natriuretic factor 
(ANF) and BNP (fig. S2, B and C). In contrast, we infected NRCMs 
with adenovirus overexpressing UCHL1 (Ad-UCHL1) or green 
fluorescent protein (Ad-GFP). Infection of NRCMs with Ad-UCHL1 
increased the level of UCHL1 approximately 2.5-fold (fig. S2D) and 
markedly enhanced the PE-induced cardiomyocyte size and the 
mRNA levels of ANF and BNP compared with those in the Ad-GFP 
control (fig. S2, E and F). Moreover, we assessed a range of prohyper-
trophic pathways including EGFR, Ang II type 1 receptor (AT1R), 
insulin growth factor 1 receptor (IGF1R), glycoprotein130 (gp130), 
and their downstream signaling mediators. Knockdown of UCHL1 
markedly reduced the protein levels of total EGFR and phospho-
rylated EGFR, AKT, and ERK1/2 (fig. S2G), with no effect on the 
EGFR mRNA level compared with the siRNA-controls after saline 
or PE stimulation (fig. S2H). However, knockdown of UCHL1 did 
not affect the other receptors, including AT1R, IGF1R, and gp130 
after saline or PE treatment (fig. S2G). We also examined whether 
UCHL1 affected other members of the EGFR family and found that 
infection of NRCMs with siRNA-UCHL1 markedly reduced the 
EGFR protein level but did not significantly affect the protein levels 
of ErbB2, ErbB3, and ErbB4 compared with the siRNA-control (fig. S2I), 
indicating that UCHL1 selectively regulates EGFR stability. These 
results indicate that UCHL1 knockdown reduces cardiac hypertrophy, 
which may be related to the EGFR signaling pathway in vitro.

Heterozygous deletion of UCHL1 ameliorates pressure 
overload–induced cardiac hypertrophy and dysfunction
Given our positive in vitro findings (fig. S2), we evaluated the physi-
ological consequences of UCHL1 deletion in vivo. Because of a pro-
gressive decrease in body weight (BW) and premature death of 
homozygous UCHL1 (UCHL1−/−) mice at 12 weeks of age (1, 12), 
we used heterozygous UCHL1 knockout (UCHL1+/−) mice and WT 
(UCHL1+/+) mice subjected to TAC for 2 weeks to generate a pres-
sure overload–induced compensatory hypertrophy model. After 
2 weeks of TAC, echocardiography showed compensatory cardiac 
hyperfunction as reflected by increased left ventricular (LV) ejection 
fraction (EF%) and fractional shortening (FS%) in TAC-operated 
UCHL1+/+ mice compared with sham-operated animals, whereas 
this effect was markedly reversed in UCHL1+/− mice (fig. S3A). 
Moreover, TAC-operated UCHL1+/+ mice developed cardiac hyper-
trophy as indicated by an increase in the ratios of HW (heart 

weight)/BW and HW/TL (tibia length), the cross-sectional area of 
myocytes, the extent of fibrosis, and the mRNA expression of ANF, 
BNP, -myosin heavy chain (-MHC), collagen I, and collagen III, 
whereas these changes were significantly abrogated in TAC-operated 
UCHL1+/− mice (fig. S3, B to G). There was no significant difference 
in these parameters between the two groups after sham operation 
(fig. S3, A to G). Consistent with the observations in cultured cardio-
myocytes (fig. S2G), along with decreased UCHL1 protein levels, 
the levels of EGFR, phosphorylated AKT, and ERK1/2 were signifi-
cantly reduced in UCHL1+/− hearts compared with UCHL1+/+ hearts 
after TAC stress (fig. S3H). The protein levels of AT1R, IGF1R, and 
gp130 were not changed between the two groups after sham or TAC 
operation (fig. S3H). Thus, our in vivo data support that UCHL1 
knockdown suppresses pressure overload–induced cardiac hyper-
trophy by selectively reducing EGFR signaling pathway in the heart 
in vivo.

To further assess whether heterozygous UCHL1 deletion prevents 
mice from developing HF, we extended the TAC operation imposed 
on UCHL1+/+ and UCHL1+/− mice for 6 weeks. TAC resulted in a 
significant reduction in FS% and increases in LV internal diameter 
at the end of systole (LVIDs) and lung weight (LW)/TL ratio in 
UCHL1+/+ mice compared with the sham groups, confirming the 
characteristics of HF. In contrast, this effect was markedly reversed 
in UCHL1+/− mice (Fig. 2A). Moreover, TAC induced a marked 
increase in the LV wall thickness, HW/BW and HW/TL ratios, 
cross-sectional area of myocytes, fibrotic area, and mRNA levels of 
ANF, BNP, -MHC, collagen I, and collagen III in UCHL1+/+ hearts, 
which were remarkably attenuated in UCHL1+/− mice (Fig. 2, B to F). 
Furthermore, as indicated by TUNEL (terminal deoxynucleotidyl 
transferase–mediated deoxyuridine triphosphate nick end labeling) 
staining, the number of cardiomyocytes undergoing apoptosis was 
significantly lower in UCHL1+/− hearts than in UCHL1+/+ hearts 
after TAC (Fig. 2G). In addition, we observed a marked decrease in 
the total EGFR and phosphorylated EGFR, AKT, and ERK1/2 in 
the hearts of UCHL1+/− mice compared with UCHL1+/+ mice after 
TAC (Fig. 2H). Collectively, these results demonstrate that knock-
down of UCHL1 prevents the transition from compensated hyper-
trophy to HF.

Overexpressing UCHL1 in cardiomyocytes accelerates 
pressure overload–induced cardiac hypertrophy
To further confirm whether UCHL1 overexpression promotes cardiac 
hypertrophy in vivo, we generated the cardiotropic recombinant 
adeno-associated virus serotype 9 (rAAV9) expressing Flag-tagged 
UCHL1 (fig. S4A), which was delivered into WT mice via tail vein 
injection. The efficiency of UCHL1 gene transfer in the heart was 
determined by fluorescence microscopy for Flag tag and GFP pro-
tein (fig. S4B). WT mice were then subjected to sham or TAC oper-
ation for an additional 4 weeks (Fig. 3A). Immunoblotting showed 
that rAAV9-UCHL1 injection increased expression by 1.7- or 2.2-
fold after sham or TAC, respectively, after injection (Fig. 3B). The 
expression of UCHL1 in the heart was also confirmed by immuno-
blotting with anti-Flag antibody (fig. S4C). The death rates of mice 
administered 5 × 1011 vg of rAAV9-UCHL1 were significantly higher 
than those of control mice administered rAAV9-GFP after 4 weeks 
of TAC (fig. S4D). Echocardiography revealed that injection of 
rAAV9-UCHL1 resulted in more severe cardiac dysfunction reflected 
by decreased FS% and increased LVIDs and LW/TL ratio compared to 
rAAV9-GFP controls (Fig. 3C). Furthermore, rAAV9-UCHL1–injected 
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mice showed a significant increase in heart size, LV dilation, HW/
BW and HW/TL ratios, cross-sectional area of myocytes, collagen 
deposition, and mRNA expression levels of BNP, -MHC, collagen 
I, and collagen III compared with the rAAV9-GFP control after 

TAC (Fig. 3, C to 3H). The number of TUNEL-positive nuclei in the 
rAAV9-UCHL1–injected mice was also significantly higher than 
that in rAAV9-GFP–injected mice after TAC (Fig. 3I). In parallel 
with the increased expression of UCHL1, the levels of EGFR protein 

Fig. 2. UCHL1 knockdown ameliorates HF in mice after 6 weeks of TAC operation. WT (UCHL1+/+) and heterozygous UCHL1 knockout (UCHL1+/−) mice were subjected 
to sham or TAC operation for 6 weeks. (A) Representative M-mode and B-mode echocardiography of left ventricular chamber (upper). Measurement of FS%, LVIDs, and 
LW to TL (n = 6 mice per group) (B) Representative heart sections examined by hematoxylin and eosin (H&E) staining (upper). Scale bar, 0.5 cm. HW/BW and HW/TL ratios 
(lower; n = 6). (C) TRITC-labeled wheat germ agglutinin (WGA) staining of myocyte hypertrophy (upper). Masson’s trichrome staining of myocardial fibrosis (lower). Scale 
bars, 100 m. (D) Quantification of the relative myocyte cross-sectional area [200 cells counted per heart (left); n = 6 mice per group] and the relative fibrotic area (right; 
n = 6). (E) qPCR analysis of ANF, BNP, and -MHC mRNA expression (n = 6 mice per group). (F) qPCR analysis of collagen I and III mRNA expression (n = 6 mice per group). 
(G) TUNEL assay of cardiac myocyte apoptosis in the hearts. Quantification of TUNEL-positive nuclei (n = 6 mice per group). (H) Representative immunoblotting analysis 
and quantification of UCHL1, EGFR, p-EGFR, AKT, p-AKT, ERK1/2, and p-ERK1/2 protein levels in the heart tissues (n = 4 mice per group). -Actin as an internal control. 
n represents the number of independent samples per group. *P < 0.05; **P < 0.01.
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Fig. 3. UCHL1 overexpression aggravates cardiac hypertrophy in mice after TAC operation. (A) Protocol for injection of rAAV9 in mouse model of cardiac hypertrophy 
and remodeling. WT mice were injected with rAAV9-GFP or rAAV9-UCHL1 for 2 weeks and then subjected to sham or TAC for additional 4 weeks. (B) Representative 
immunoblotting analysis (left) and quantification of UCHL1 in the hearts (right; n = 4 mice per group). (C) Representative M-mode and B-mode echocardiography of LV 
chamber (upper). Measurement of FS%, LVIDs, and LW/TL (lower; n = 6 mice per group). (D) Representative heart sizes from each group (upper). Scale bars, 0.5 cm. The 
ratios of HW/BW and HW/TL (lower; n = 6 per group). (E) Histological examination of cardiac hypertrophy by TRITC-WGA staining (upper). Myocardial fibrosis detected by 
Masson’s trichrome staining (lower). Scale bars, 100 m. (F) Quantification of the relative myocyte cross-sectional area (200 cells counted per heart, lower; n = 6) and the 
relative fibrosis area (lower; n = 6). (G) qPCR analysis of BNP and -MHC mRNA levels in the hearts. The data are normalized to the GAPDH expression (n = 6 per group). 
(H) qPCR analysis of collagen I and III mRNA levels. The data are normalized to the GAPDH expression (n = 6 per group). (I) Quantification of TUNEL-positive nuclei in 
the hearts (n = 6 per group). (J) Representative immunoblotting analysis and quantification of EGFR, p-EGFR, AKT, p-AKT, ERK1/2, and p-ERK1/2 protein levels in the hearts 
(n = 4 mice per group). -Actin as an internal control. n represents the number of independent samples per group. *P < 0.05; **P < 0.01.
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and phosphorylated EGFR, AKT, and ERK1/2 in the myocardium 
were significantly increased in rAAV9-UCHL1–injected mice compared 
with rAAV9-GFP controls after TAC (Fig. 3J). In addition, 4 weeks 
after sham surgery, injection of mice with rAAV9-UCHL1 markedly 
increased the protein levels of total EGFR and phosphorylated EGFR 
and AKT (Fig. 3J) but did not significantly accelerate cardiac dys-
function, hypertrophy, and fibrosis compared with the rAAV9-GFP 
control (Fig. 3, C to G), suggesting that short-term overexpression 
of UCHL1 had no effect on the heart. Overall, these results suggest 
that cardiac-specific expression of UCHL1 aggravates cardiac hyper-
trophy and may be associated with EGFR stability.

UCHL1 interacts with EGFR
To investigate how UCHL1 regulates EGFR stability, we performed 
a coimmunoprecipitation (Co-IP) assay to evaluate whether UCHL1 
associates with EGFR. We found that EGFR was efficiently precipitated 
by an antibody against UCHL1, but not by control immunoglobulin G 
(IgG) in NRCMs. Unlike EGFR, UCHL1 did not interact with gp130, 
IGF1R, or AT1R (Fig. 4A). This interaction of UCHL1 with EGFR 
was enhanced by PE treatment (Fig. 4B). Moreover, reverse Co-IP 
further confirmed that UCHL1 was markedly precipitated by an 
antibody against EGFR in NRCMs (Fig. 4C). A Co-IP assay was 
performed with epitope-tagged proteins in human embryonic kidney 
(HEK) 293 T cells. Myc-tagged UCHL1 also highly coprecipitated 
with Flag-tagged EGFR (Fig. 4D). These results suggest that UCHL1 
interacts with EGFR in cardiomyocytes.

To determine the sequences in UCHL1 that may mediate the 
interaction with EGFR, we used epitope-tagged proteins (full-length 
UCHL1 and a series of UCHL1 deletion mutants) for their ability to 
bind full-length Flag-tagged EGFR expressed in HEK293T cells. Because 
GFP-tagged UCHL1 is approximately 50 kDa and therefore difficult 
to distinguish from IgG, we used Myc-tagged UCHL1 rather than 
GFP-tagged UCHL1. Co-IP assays with anti-Myc antibody or anti-GFP 
antibody revealed that the N-terminal peptide representing amino 
acid residues 1 to 175 was the most strongly bound to EGFR and that 
deletion of amino acid 90 to 175 markedly reduced the interaction 
of UCHL1 with EGFR. However, the deletion of the N-terminal 
truncation (1 to 90 amino acids) could not bind to EGFR, indicating 
that the region of amino acid residues 1 to 90 of UCHL1 is required 
for EGFR binding and that the region of 90 to 175 amino acids also 
plays a role in mediating the interaction (fig. S4A). These data are 
summarized in fig. S4B. To further identify the regions in EGFR 
required for the interaction with UCHL1, a series of truncations 
of Flag-tagged EGFR was used in Co-IP assays with Myc-tagged 
UCHL1 expressed in HEK293T. The intracellular domain (669 to 
1209 amino acids) of EGFR was necessary for the interaction be-
tween EGFR and UCHL1 (fig. S4, C and D).

UCHL1 inhibits EGFR ubiquitination and degradation
UCHL1 is a DUB; we therefore studied whether it regulates EGFR 
ubiquitination and degradation in cardiomyocytes. NRCMs were 
infected with siRNA-UCHL1 or siRNA-control, and immuno-
precipitation was performed with an anti-EGFR antibody. Knockdown 
of UCHL1 significantly enhanced EGFR ubiquitination but decreased 
the EGFR level compared with the siRNA-control (Fig. 4E). To validate 
the effect of UCHL1 on EGFR ubiquitination, HEK293T cells were 
cotransfected with plasmids GFP-tagged EGFR, Myc-tagged UCHL1, 
either WT or a catalytically inactive mutant (C90S), which is critical 
for both the hydrolase and ligase activity of UCHL1 (13, 14), and 

Flag-tagged ubiquitin. As expected, overexpression of UCHL1 (WT) 
significantly abrogated EGFR ubiquitination and increased EGFR 
levels, whereas this effect was reversed by UCHL1 (C90S; Fig. 4F). 
Moreover, NRCMs were infected with indicated siRNAs and then 
treated with cycloheximide (CHX; an inhibitor of protein synthe-
sis). Knockdown of UCHL1 significantly decreased the half-life of 
EGFR protein compared with the control group (Fig. 4G), whereas 
its half-life was markedly increased in Ad-UCHL1–infected NRCMs 
compared with the Ad-GFP control (Fig. 4H). In addition, the effect 
of endogenous UCHL1 on EGFR ubiquitination was detected in 
UCHL1+/− mice or WT mice injected with rAAV9-UCHL1. We 
found that the ubiquitination and degradation of EGFR were sig-
nificantly increased in UCHL1+/− hearts compared with UCHL1+/+ 
control mice (fig. S5E), but markedly reduced in rAAV9-UCHL1–
injected mice compared with the rAAV9-GFP control after sham or 
TAC treatment (fig. S5F). Together, these results indicate that EGFR 
is a substrate for UCHL1 in cardiomyocytes and hypertrophic hearts.

It is well known that epidermal growth factor (EGF) is an EGFR 
ligand that binds to and stimulates EGFR activation and subsequent 
degradation. An immunoprecipitation assay was performed revealing 
that UCHL1 bound to EGFR, which was not significantly influenced 
by EGF treatment in NRCMs (fig. S5G). In addition, knockdown 
of UCHL1 increased EGFR polyubiquitination and decreased the 
EGFR level with or without EGF stimulation (fig. S5H). These data 
suggest that UCHL1 also regulates the level of EGFR ubiquitination 
independent of EGF.

UCHL1 accelerates cardiac hypertrophy by increasing  
EGFR level
As our preceding data showed that UCHL1 interacted with and 
stabilized EGFR (Figs. 2 to 4), we next tested whether UCHL1 pro-
motes cardiac hypertrophy by selectively targeting EGFR and the 
downstream signaling pathway. First, NRCMs were infected with 
Ad-UCHL1 or empty vector GFP (Ad-GFP) together with siRNA-EGFR 
or siRNA-control. As expected, overexpression of UCHL1 signifi-
cantly enhanced cardiomyocyte size, the mRNA level of ANF, and 
the protein levels of EGFR, and phosphorylated EGFR, AKT, and 
EKR1/2 compared with coinfection with Ad-GFP and siRNA-control 
after PE stimulation; moreover, this effect was markedly attenuated 
by coinfection with Ad-GFP or Ad-UCHL1 and siRNA-EGFR (fig. S6, 
A to C). There was no significant difference in cardiomyocyte size 
and the mRNA level of ANF between the groups treated with saline, 
although the protein levels of EGFR, p-EGFR, p-AKT, and p-ERK1/2 
were markedly up-regulated in Ad-UCHL1–infected cardiomyo-
cytes compared with the Ad-GFP–injected cells (fig. S6, A to C; lane 
2 versus 1). These in vitro data suggest that UCHL1 mediates PE- 
induced cardiomyocyte hypertrophy by increasing EGFR signaling.

To further examine whether overexpression of UCHL1 in cardio-
myocytes accelerates hypertrophy and dysfunction by influencing 
the stability of EGFR in vivo, we generated cardiomyocyte-specific 
UCHL1-overexpressing and EGFR knockdown mice by injection 
with rAAV9-UCHL1 and rAAV9-siEGFR or their corresponding 
controls because EGFR full-knockout mice exhibit embryonic lethality 
(15). Consistent with the results in Fig. 3, we found that overexpression 
of UCHL1 caused cardiac dysfunction (decreased EF% and FS%), 
LV chamber hypertrophy (increased HW/BW and HW/TL ratios, 
cross-sectional area of myocytes, and mRNA expression levels of ANF, 
BNP, and -MHC), and myocardial fibrosis (increased collagen 
deposition and mRNA expression levels of collagen I and collagen 
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III), and enhanced the protein levels of total EGFR and phosphory-
lation of EGFR, AKT, and EKR1/2 compared with the rAAV9-GFP 
control after TAC (Fig. 5, A to G; lane 2 versus 1), whereas these 
effects were remarkably reduced in mice coinjected with rAAV9-
GFP and rAAV9-siEGFR or coinjected with rAAV9-UCHL1 and 
rAAV9-siEGFR (Fig. 5, A to G; lane 4 versus 2, and lane 3 versus 1). 
There were no significant differences in the pathological changes 
between the groups in sham treatment, although the protein levels 
of EGFR, p-EGFR, p-AKT, and p-ERK1/2 were highly increased in 
rAAV9-UCHL1–infected mice compared with those in the rAAV9-

GFP–injected animals (fig. S7; lane 2 versus 1). Together, these 
results indicate that UCHL1 mediates cardiac hypertrophy and 
remodeling through deubiquitination and stabilization of EGFR 
in vivo.

Administration of LDN-57444 reverses cardiac hypertrophy
To further assess whether inhibition of UCHL1 reverses the pre-
established cardiac hypertrophic remodeling, we used the small- 
molecule UCHL1 inhibitor LDN-57444 (LDN) to treat mice, which 
is a specific inhibitor of UCHL1 (13, 16, 17). WT mice were subjected 

Fig. 4. UCHL1 interacts with EGFR and inhibits its degradation. (A) Endogenous protein interactions were examined in cardiomyocyte lysates immunoprecipitated (IP) 
with anti-rabbit IgG or anti-UCHL1 antibody, and analyzed by Western blot (WB) with antibodies to detect EGFR, gp130, IGF1R, AT1R, and UCHL1 (n = 3). (B) Lysates from 
NRCMs stimulated with PE (100 M) for 24 hours. Equal amounts of protein lysates were immunoprecipitated with anti-UCHL1 antibody and analyzed by WB with the 
indicated antibodies (n = 3). (C) Endogenous protein interactions were further confirmed in cardiomyocyte lysates immunoprecipitated with anti-rabbit IgG or anti-EGFR, 
and analyzed by WB with the indicated antibodies (n = 3). (D) Exogenous protein interactions were demonstrated in HEK293T. Lysates from HEK293T cells transfected 
with Myc-tagged UCHL1 and Flag-tagged EGFR plasmids were immunoprecipitated with anti-Myc followed by WB with anti-Flag (EGFR) and anti-Myc (UCHL1) (n = 3). 
(E) Lysates from NRCMs infected with adenovirus siRNA-control or siRNA-UCHL1 followed by treatment with MG132 for 6 hours before harvest and were immuno-
precipitated and detected with indicated antibodies (left). Quantification of the relative ubiquitin-EGFR (Ub-EGFR) level (right; n = 3). (F) Lysates from HEK293T cells 
transfected with Flag-tagged ubiquitin (Ub) and GFP-tagged EGFR together with Myc-tagged UCHL1 (WT) or Myc-tagged UCHL1 mutant (C90S) followed by treatment 
with MG132 for 6 hours before harvest were immunoprecipitated with anti-GFP antibody followed by WB with anti-Flag (Ub) and anti-GFP (EGFR) (left). Quantification of 
the relative Ub-EGFR level (right; n = 3). (G and H) NRCMs were infected with siRNA-control, siRNA-UCHL1, Ad-GFP, or Ad-UCHL1, and then treated with CHX (10 M) for 
the indicated time periods. Representative Western blot analysis of UCHL1 and EGFR protein levels for each group (left), and quantification of EGFR level (right; n = 3). 
-Actin as an internal control, and n represents the number of independent samples per group. *P < 0.05; **P < 0.01.
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Fig. 5. The stabilization of EGFR is critical for UCHL1-mediated cardiac hypertrophy and dysfunction in vivo. WT mice were injected with rAAV9-GFP or rAAV9-
UCHL1 and rAAV9-siControl or rAAV9-siEGFR as indicated for 2 weeks, and then subjected to TAC for an additional 4 weeks. (A) Representative M-mode and B-mode 
echocardiography of LV chamber (upper). Measurement of FS%, LVIDs, and LW/TL (n = 6 mice per group). (B) Representative images of H&E staining of the heart sections 
(upper). Scale bar, 0.5 cm. The ratios of HW/BW and HW/TL (lower) (n = 6 per group). (C) Histological examination of cardiac hypertrophy by TRITC-WGA staining (upper). 
Myocardial fibrosis detected by Masson’s trichrome staining (lower). Scale bars, 100 or 50 m as indicated. (D) Quantification of the relative myocyte cross-sectional area 
[200 cells counted per heart (left); n = 6 per group) and the relative fibrosis area (right; n = 6). (E) qPCR analysis of ANF, BNP, and -MHC mRNA levels in the hearts. The data 
are normalized to the GAPDH expression (n = 6 per group). (F) qPCR analysis of collagen I and III mRNA levels. The data are normalized to the GAPDH expression (n = 6 per 
group). (G) Representative immunoblotting analysis and quantification of UCHL1, EGFR, p-EGFR, AKT, p-AKT, ERK1/2, and p-ERK1/2 protein levels in the hearts (n = 4 mice 
per group). -Actin as an internal control. n represents the number of independent samples per group. *P < 0.05; **P < 0.01.
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to TAC for 2 weeks and then randomized to be administered vehicle 
only or LDN for an additional 2 weeks. Four weeks after TAC, a 
significant reversal in cardiac contractile dysfunction, hypertrophy, 

myocardial fibrosis, and TUNEL-positive cell apoptosis was observed 
in LDN-treated TAC mice compared with TAC mice alone (Fig. 6, A to G, 
and table S1), indicating that LDN reversed the transition from 

Fig. 6. UCHL1 inhibitor reverses preestablished cardiac hypertrophy after 4 weeks of TAC. WT mice were subjected to sham or TAC operation for 2 weeks and then treated 
with LDN for additional 2 weeks. (A) Representative M-mode echocardiography of LV chamber (upper), and measurement of EF% and FS% (lower; n = 6). (B) Representative 
heart sizes from each group (upper). Scale bars, 0.5 cm. HW/BW and HW/TL ratios (n = 6 mice per group; lower). (C) Representative TRITC-WGA staining of the heart sections 
(upper). Masson’s trichrome staining of myocardial fibrosis (lower). Scale bars, 100 m. (D) Quantification of the relative myocyte cross-sectional area (200 cells counted per 
heart; left) and the relative fibrosis area (right; n = 6). (E) qPCR analysis of ANF and BNP mRNA levels in the hearts. The data are normalized to the GAPDH expression (n = 6 per 
group). (F) qPCR analysis of collagen I and III mRNA levels. The data are normalized to the GAPDH expression (n = 6 per group). (G) Quantification of TUNEL-positive nuclei (n = 
6 mice per group). (H) Representative immunoblotting analysis and quantification of the protein levels of UCHL1, EGFR, p-EGFR, AKT, p-AKT, ERK1/2, and p-ERK1/2 in the hearts 
(n = 4 mice per group). -Actin as an internal control. n represents the number of independent samples per group. *P < 0.05; **P < 0.01.
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compensatory hypertrophy to cardiac remodeling. No significant 
difference was observed between the two groups after sham opera-
tion for these variables (Fig. 6, A to G). Moreover, the total EGFR 
and phosphorylated EGFR, AKT, and ERK1/2 levels were markedly 
reduced in LDN-treated mice after TAC or sham operation (Fig. 6H). 
These results indicate that UCHL1 is a good therapeutic target for 
treating cardiac hypertrophy and remodeling.

DISCUSSION
In this study, the use of loss- and gain-of-function approaches 
revealed a novel role for UCHL1 in regulating cardiac hypertrophy 
and dysfunction. UCHL1 positively regulates cardiac hypertrophy 
by attenuating EGFR ubiquitination and degradation. Moreover, 
cardiac hypertrophy and remodeling can be reversed by adminis-
tration of the UCHL1 inhibitor LDN in mice. Therefore, this study 
identifies UCHL1 as a potential therapeutic target for treating 
hypertrophic diseases.

Increasing evidence demonstrates that UCHL1 is a deubiquitinase 
with important roles in regulating cancer, neurodegenerative diseases, 
and the inflammatory response by abrogating the ubiquitination 
of multiple proteins, including c-Jun activation domain-binding 
protein-1 (JAB1), p27Kip1, hypoxia-inducible factor-1 (HIF-1), p53, 
inhibitor of nuclear factor B- (IB-), and beta-site amyloid pre-
cursor protein cleaving enzyme 1 (BACE1) (18–20). Among them, 
BACE1 expression is increased in human HF (21). p53 aggravates 
cardiac dysfunction, remodeling, and apoptosis by partially inhibiting 
HIF1 and vascular endothelial growth factor (22). p27Kip1 down- 
regulation is positively associated with hypertension (23). Stabilization 
of IB- inhibits pressure overload–induced nuclear factor B (NF-B) 
activation and hypertrophy (24). However, it is unclear whether 
these substrates are involved in the hypertrophic effects of UCHL1. 
To test the effect of UCHL1 in the heart, we detected UCHL1 ex-
pression and found that it was markedly up-regulated in agonist- 
stimulated cardiomyocytes and in hypertrophic and failing hearts 
(Fig. 1), suggesting a role for UCHL1 in the development of patho-
logical cardiac hypertrophy. Our data clearly showed that UCHL1 
knockdown significantly ameliorated cardiac hypertrophy and dys-
function, whereas increased UCHL1 expression aggravated these 
effects in vitro and in vivo (Figs. 2 and 3, and fig. S3). Previous studies 
reported that UCHL1 mRNA expression was up-regulated in 
isoproterenol-induced pathological hypertrophy, but unchanged in 
exercise-induced cardiac hypertrophy (25), suggesting that UCHL1 
may not be involved in the development of physiological hyper-
trophy. In addition to UCHL1, the expression levels of 13 other genes 
were also increased (>1.2-fold) compared with control at day 1, but 
not at day 3 or day 7 of Ang II infusion (fig. S1A). Among them, 
several DUBs have been reported to participate in cardiac diseases. 
For example, ubiquitin carboxyl-terminal hydrolase 20 (USP20) 
knockout reduces 1-adrenergic receptor (1AR)–induced cardiac 
contractility and relaxation (26). USP7 is a p53 deubiquitinating 
protein that promotes doxorubicin-induced cardiotoxicity in aged 
hearts (27). Moreover, cylindromatosis (CYLD) knockout attenuates 
pressure overload–induced cardiac oxidative stress, remodeling, and 
dysfunction through up-regulation of Nrf2-mediated antioxidant 
effect (28). Collectively, these results demonstrate a prohypertrophic 
role of UCHL1 in the heart after pathological stimuli. However, the 
molecular mechanism by which Ang II, PE, or TAC up-regulates 
UCHL1 expression remains to be determined.

It has been widely reported that posttranslational modifications 
play a critical role in regulating EGFR stability, activation, and 
trafficking (5, 29), possibly influencing the effect of EGFR in the 
development of cardiac remodeling. Among them, ubiquitination 
induced by different E3s promotes the degradation of EGFR, lead-
ing to inhibition of its downstream signals (30, 31). In contrast, some 
DUBs (AMSH, UBPY/Usp8, USP18, Cezanne-1, and USP2a) appear 
to be specific for the deubiquitination of EGFR in different cell types 
(32, 33); however, the expression of these DUBs was not significantly 
changed at the mRNA expression level at different time points after 
Ang II infusion (Fig. 1A), indicating that they were not involved in 
regulating EGFR in cardiomyocytes. Fortunately, our findings are 
consistent with the results of yeast two-hybrid assay, which suggested 
that EGFR is related to UCHL1 (5). Here, we provided convincing 
evidence that UCHL1 was stably associated with EGFR (Fig. 4E) and 
reduced the ubiquitination of EGFR, leading to inhibition of EGFR 
degradation in both NRCMs and heart tissues (Fig. 4, E to H, and 
fig. S5, E and F). Furthermore, knockdown of EGFR abolished 
the UCHL1 overexpression–mediated induction of cardiac hyper-
trophy in vitro and in vivo (Fig. 5 and fig. S6), suggesting that EGFR 
stability and activity are essential for the beneficial effect of UCHL1 
on cardiomyocyte hypertrophy. These results indicate that UCHL1 
modulates cardiac hypertrophy and dysfunction likely by targeting 
EGFR stability.

Several mechanisms regulate the expression of EGFR in response 
to various stimuli. In addition to the transcriptional regulation of 
EGFR gene expression by Y-box binding protein-1, -catenin, and 
Stat5b (34–36), activation of EGFR can be stimulated by two path-
ways: ligand-dependent and ligand-independent signaling. EGF is a 
high-affinity ligand of EGFR. It is widely accepted that EGF binds 
to the extracellular domain of EGFR to induce the dimerization of 
EGFR and the activation of its kinase (37). In this study, we found 
that EGF stimulation did not alter the interaction between UCHL1 
and EGFR. Moreover, the effect of UCHL1 on the ubiquitination of 
EGFR did not involve exchange by EGF stimulation (fig. S5, C and 
D), suggesting that UCHL1 regulates EGFR stability and activation 
in a ligand-independent manner. EGFR can be transactivated by a 
growing number of different pathways, including G protein–coupled 
receptors and other receptors (38). Several studies suggest that pressure 
overload can induce EGFR transactivation during cardiac hypertrophy. 
Consistent with these findings, our results revealed that multiple 
hypertrophic stimuli increased EGFR protein level and activation 
(Figs. 2H and 3J, and fig. S2G), indicating that EGFR transactiva-
tion plays an important role in this disease.

Another important finding was that the administration of LDN 
was sufficient and effective to reverse cardiac hypertrophy and 
dysfunction after hypertrophic stimuli (Fig. 6). LDN has been 
identified as a UCHL1-specific inhibitor and used for the treatment 
of various disorders in animals and cells, including liver fibrosis, 
neurodegenerative diseases, and tumor metastases (7, 16, 17). Al-
though UCHL1-specific inhibitors have been developed, no clini-
cally approved UCHL1 inhibitors are currently available. Our data 
suggested that moderate LDN could be of clinical interest given its 
ability to improve cardiac hypertrophy and dysfunction without 
cardiotoxicity. Together, these data highlight the importance of the 
UCHL1-mediated posttranslational mechanism of EGFR in cardio-
myocytes in vitro and in vivo. Moreover, the inhibition of UCHL1 
as a therapeutic strategy for hypertrophic diseases should be further 
investigated.
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MATERIALS AND METHODS
Animals
All experiments were approved by the Animal Care and Use Com-
mittee of Dalian Medical University and performed in accordance 
with the U.S. National Institutes of Health (NIH) Guide for the Care 
and Use of Laboratory Animals (publication no. 85-23, 1996). C57BL/6J 
WT and Uchl1gad-2J (UCHL1+/−) mice were purchased from the 
Jackson laboratory (Bar Harbor, ME, USA). All mice were previously 
backcrossed over 10 generations to the C57BL/6 background. For 
all in vivo studies, age- and sex-matched WT and UCHL1+/− mice 
were used with at least five mice per genotype.

Cell lines and plasmids
HEK293T cells were obtained from the American Type Culture 
Collection (ATCC; Manassas, VA, USA). The plasmids pCMV2-Flag 
vector, pCMV2-Flag-hUCHL1, pcDNA3.1-Myc-hUCHL1 (WT), 
and pcDNA3.1-Myc-hUCHL1 (mutant C90S) were generously 
provided by K.-J. Lee (Ewha Womans University, Seoul, Republic 
of Korea) (39). The plasmids pcDNA3.1-GFP-hUCHL1 mutants 
(N,C, and 90 to 175), pCMV10-Flag-hEGFR WT, and pCMV10- 
Flag-hEGFR mutants (1 to 646, 1 to 668, and 669 to 1209) were con-
structed by Beijing SyngenTech Co., Ltd. (Peking, China). The plasmid 
pCMV3-GFPSpark-rat EGFR was purchased from Sino Biological 
Inc. (Peking, China).

Cell culture and adenoviral infection
NRCMs and NRCFs were enzymatically isolated from 1- to 3-day-old 
Sprague-Dawley rat hearts, and adenovirus-mediated gene trans-
fection of NRCMs was performed by methods described previously 
(40). Both NRCMs and NRCFs were cultured in 10% fetal bovine 
serum (Gibco; Thermo Fisher Scientific Inc., Grand Island, NY, 
USA) Dulbecco’s modified Eagle’s medium/F12 medium for 18 hours 
before their use in subsequent experiments. NRCMs were infected 
with adenovirus siRNA-control, siRNA-UCHL1, siRNA-siEGFR, 
Ad-GFP, or Ad-UCHL1 [multiplicity of infection (MOI) = 50].

Adenovirus and adeno-associated virus
Recombinant adenoviruses expressing GFP alone (Ad-GFP), UCHL1 
(Ad-UCHL1), siRNA-control, siRNA-UCHL1, or siRNA-EGFR 
were generated by Hanbio Biotechnology (Shanghai, China). To 
induce exogenous expression of UCHL1 in vivo, the pAV-CMV-
mUCHL1(C-3 × Flag)-P2A-GFP vector (rAAV9-UCHL1) was used 
(ViGene Biosciences, Shandong, China). Mouse UCHL1 comple-
mentary DNA (cDNA) was first amplified by PCR from pCMV6- 
Entry-mUCHL1 plasmid, and a 3 × Flag-tag was added at the 
C terminus of UCHL1. The PCR products were digested with Asi SI 
and Mlu I and inserted into Asi SI Mlu I–digested pAAV9-p2A-GFP 
to construct the pAV-CMV-mUCHL1 (C-3 × Flag)-P2A-GFP vector 
(rAAV9-UCHL1). Both UCHL1-Flag and GFP could be expressed 
in the same cells and tissues and controlled by only one promoter, 
which was accomplished by using a “self-cleaving” 2A [porcine 
teschovirus-1 2A (P2A)] sequence (41, 42). AAV carrying GFP 
(rAAV-GFP) was simultaneously prepared as a control vector. For 
local knockdown of EGFR in vivo, rAAV9 vectors expressing short 
hairpin RNAs (shRNA) directed at EGFR (rAAV-siEGFR) or a control 
hairpin (rAAV-siControl) were used (ViGene Biosciences). The 
following primer sequences were used: EGFR-siRNA1, 5′-GGAAAT-
TACCTATGTGCAA-3′; EGFR-siRNA2, 5′-AATGGACTTACAGA 
GCCATCC-3′. The shRNA expression was driven by a mouse U6 

promoter (pol III) and used GFP as a reporter. The final virus in 
normal saline (saline) had a titer of 1 × 1013 to 3.5 × 1013 vg/ml.

Kaplan-Meier curves
The Kaplan-Meier curves for the rAAV9-GFP– and rAAV9-UCHL1– 
injected mice with or without TAC were produced using GraphPad 
Prism 5.0 software (GraphPad, San Diego, CA, USA).

Reverse transcription qPCR
Total RNA was isolated from NRCMs and fresh heart tissues using 
TRIzol reagent (Invitrogen/Thermo Fisher Scientific, Carlsbad, CA, 
USA) according to the manufacturer’s instructions. The first-strand 
cDNA was synthesized from 1 to 2 g of total RNA by oligo(dT)- 
primed RT (iScript cDNA synthesis kit; Bio-Rad Laboratories, Hercules, 
CA, USA). The mRNA levels of atrial natriuretic peptide (ANP)/
ANF, BNP, -MHC, collagen I, collagen III, and EGFR were deter-
mined by real-time qPCR analysis on an Applied Biosystems 7500 
Real-Time PCR System using SYBR Green (Applied Biosystems/
Thermo Fisher Scientific, Foster City, CA, USA) as described previously 
(43). FAM channel intensity was normalized to ROX intensity, and 
Ct values were calculated using automatically determined threshold 
values with SDS software (Applied Biosystems). The levels of detected 
mRNA were normalized to the amount of endogenous glyceraldehyde- 
3-phosphate dehydrogenase (GAPDH). The sequences of the qPCR 
primers are shown in table S2.

Antibodies
The primary and secondary antibodies used in this study are shown 
as follows and in table S3: anti-Myc (1:2000 dilution), anti-Flag 
(1:2000 dilution), anti-PGP9.5/UCHL1 (1:800 dilution), anti-GFP 
(1:5000 dilution), anti-sarcomeric -actinin (1:200 dilution), anti- 
EGFR (1:1000 dilution), anti–phospho-EGFR (1:1000 dilution), 
anti- ubiquitin (1:1000 dilution), anti-AT1/AT1R (1:800 dilution), 
anti–insulin-like growth factor 1R (IGF1R) (1:1000 dilution), anti- 
gp130 (1:800 dilution), anti-ErBb2 (1:1000 dilution), anti-ErBb3 (1: 1000 
dilution), anti-ErBb4 (1:600 dilution), anti-mouse lgG (1:3000 dilution), 
anti-rabbit lgG (1:3000 dilution), anti-AKT (1:1000 dilution), anti–
phospho-AKT (1:1000 dilution), anti-ERK1/2 (1:2000 dilution), anti–
phospho-ERK1/2 (1:1000 dilution), and GAPDH (1:3000 dilution).

Western blot analysis
Cells and heart tissues were lysed with radioimmunoprecipitation 
assay lysis buffer (Solarbio, Beijing, China). Equal amounts of protein 
(50 to 60 g) were separated by SDS–polyacrylamide gel electro-
phoresis (SDS-PAGE) gels, transferred to polyvinylidene difluoride 
membranes, and incubated with primary antibodies as indicated for each 
experiment, followed by incubation with horseradish peroxidase–
conjugated secondary antibodies (1:2500) for 1 hour at 20° to 23°C.
All blots were developed using a chemiluminescent system, and signal 
intensities were analyzed with a Gel-Pro 4.5 Analyzer (Media 
Cybernetics, Rockville, MD, USA).

Immunoprecipitation
NRCMs and HEK293T cells were lysed in lysis buffer [50 mM tris-
HCl (pH 8.0), 150 mM NaCl, 0.1% SDS, 1% NP-40, and 0.5% sodium 
deoxycholate] with PMSF (phenylmethylsulfonyl fluoride) (Solarbio) 
and protease inhibitor cocktail (Roche, Basel, Switzerland) on ice 
for 20 min. Lysate was cleared by centrifugation at 12,000 rpm at 
4°C for 15 min to obtain the cell extracts. The protein concentration 
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of the cell extracts was quantitated by bicinchoninic acid (Thermo 
Fisher Scientific). Immunoprecipitation was performed as described 
previously (40). Briefly, cell extracts were incubated with the appro-
priate primary antibody (2 g) and Protein A Sepharose (Amersham 
Biosciences/GE Healthcare, Chicago, IL, USA) at 4°C for 12 hours, 
followed by centrifugation at 3000 rpm at 4°C for 10 min. Pellets were 
washed twice with wash buffer I [50 mM tris-HCl (pH 7.5), 500 mM 
sodium chloride, 0.1% NP-40, and 0.05% sodium deoxycholate] 
and once with wash buffer II [50 mM tris-HCl (pH 7.5), 0.1% NP-
40, and 0.05% sodium deoxycholate). Bound proteins were eluted by 
boiling beads in 2 × sample buffer, and the precipitated proteins 
were subjected to SDS-PAGE using 8 or 10% gels followed by Western 
blot analysis. Immunoblot data were quantified and analyzed with 
a Gel-Pro 4.5 Analyzer (Media Cybernetics).

In vivo ubiquitylation assays
To assess endogenous EGFR ubiquitination, NRCMs were infected 
with adenovirus siRNA-control or siRNA-UCHL1 for 24 hours. To 
assess ligand-induced EGFR ubiquitination, NRCMs infected with 
siRNA-control or siRNA-UCHL1 were incubated with EGF (20 ng/ml; 
Thermo Fisher Scientific, Waltham, MA, USA) and treated with 
MG132 6 hours before harvest. EGFR was immunoprecipitated with 
anti-EGFR and detected by Western blot analysis with antibody 
against Ub. To examine overexpressed EGFR ubiquitylation, HEK293T 
cells were transfected with expression vectors for GFP-tagged EGFR, 
Myc-tagged UCHL1 (WT or C90S mutant), or Flag-tagged ubiquitin as 
indicated in Fig. 4 using Lipofectamine 2000 (Thermo Fisher Scientific). 
Lysate proteins from cultured cells and heart tissues were precipitated 
and analyzed by Western blotting using appropriate antibodies (includ-
ing EGFR, Ub, GFP, Flag, and Myc) as described previously (40).

Cardiac hypertrophy models and echocardiography
Male WT and heterozygous UCHL1 knockout (UCHL1+/−) mice 
(8 to 10 weeks of age) were used. Cardiac hypertrophy was induced 
by TAC for 2 to 6 weeks as described previously (40). Animals were 
lightly anesthetized with isoflurane (1.5%). Cardiac function was 
evaluated by M-mode and B-mode echocardiography at different time 
points using a 30-MHz probe (Vevo 770 system; VisualSonics, Toronto, 
Ontario, Canada). Diastolic and systolic LV wall thickness, LV end- 
diastolic chamber dimensions, and LV end-systolic chamber dimensions 
were measured. LV anterior wall at end-diastole (LVAWD), LV anterior 
wall at end systole (LVAWS), LV internal dimension at end diastole 
(LVIDD), LV internal dimension at end systole (LVIDS), LV posterior 
wall at end diastole (LVPWD), and LV posterior wall (LVPWS) at end 
systole were obtained from original M-mode tracings over three cardiac 
cycles. The LV EF% and LV FS% were calculated. FS% was calculated 
using the following formula: %FS = (LVIDD – LVIDD)/(LVIDD).

Histological analysis
The heart size was photographed using a digital camera (Olympus 
C5060WZ, Japan). The HW, LW, BW, and tibial length (TL) were 
measured. The LW/TL, HW/BW, and HW/TL ratios were calculated 
as an index of LV hypertrophy or HF. The heart was fixed in 4% 
paraformaldehyde solution for 24 hours and then embedded in par-
affin. The sections (4 m) were stained with hematoxylin and eosin 
(H&E) and Masson’s trichrome staining using the standard proce-
dure (40, 44). To assess myocyte size, heart sections were stained 
with tetramethyl rhodamine isothiocyanate (TRITC)–labeled wheat 
germ agglutinin [WGA; 50 g/ml in 1 × phosphate-buffered saline 

(PBS)] for 1 hour. The cell area was calculated by measuring at least 
200 cells per slide. Digital photographs were taken at ×200 magnification 
of over 20 random fields from each heart and analyzed by Image 
Pro Plus 3.0 (Nikon, Japan) (40).

Immunofluorescence
NRCMs were seeded onto laminin-coated coverslips prior to infec-
tion with siRNA-control, siRNA-UCHL1, Ad-GFP, or Ad-UCHL1 
for 24 hours, followed by PE stimulation for 24 hours. Immuno-
fluorescence was performed as described previously (44). Briefly, 
the cells were washed with PBS and postfixed in 4% paraformalde-
hyde for 15 min at 20° to 23°C. After the cells were blocked in PBS 
containing 1% bovine serum albumin (BSA) and 0.2% Triton X-100 
for 10 min, monoclonal antibody against sarcomeric -actinin was 
added at dilutions of 1:200 for overnight incubation at 4°C. After 
washing with PBS three times for 5 min, the cells were then incubated 
with secondary antibody for 1 hour at 20° to 23°C, and the nuclear 
staining was performed with 4′,6-diamidino-2-phenylindole (DAPI; 
100 ng/ml) for 5 min. The cardiomyocyte surface area was depicted 
using ImageJ software (NIH, Bethesda, MD, USA), and the relative 
surface area was read with arbitrary units (the number of pixels) to 
evaluate hypertrophy.

TUNEL assay
Apoptosis of heart sections and cardiomyocytes was detected using 
an In Situ Cell Death Detection Kit (TUNEL fluorescence FITC kit; 
Roche, Indianapolis, IN, USA) according to the manufacturer’s 
instructions. The heart sections were stained with a commercially 
available TUNEL kit. Nuclei were counterstained with DAPI 
(Sigma-Aldrich, St. Louis, MO, USA). To identify cardiomyocytes, 
counterstaining by primary antibody a-actinin (Sigma-Aldrich) was 
performed after TUNEL staining. Fluorescence staining was viewed 
by microscopy (Nikon). Six to eight visual fields were randomly 
selected from each section. The percentage of TUNEL-positive nuclei 
was calculated as the sum of all double-positive nuclei divided by 
the sum of all nuclei.

Immunohistochemistry analysis of human hearts
The study included three male patients and three age- and gender- 
matched controls. Samples from patients with HF were obtained 
from Beijing Anzhen Hospital of the Capital University of Medical 
Sciences at the time of cardiac transplantation. Normal hearts (non-
failing hearts as controls) were obtained from donors with normal 
cardiac contractile function based on echocardiography of those 
who had died from motor vehicle accidents. The three male donors 
had a median age of 48 years. The three HF patients (male) had a 
median age of 46 years, and their average EF% was 20 ± 5%. The 
study was performed in accordance with the Declaration of Helsinki 
and approved by the Institutional Review Board of Beijing Anzhen 
Hospital, Capital Medical University. Patients provided written 
consent. Heart tissues were fixed in neutral buffered formalin solu-
tion, embedded in paraffin, and then cut into 5-m serial sections. 
Immunohistochemistry staining was performed as described previ-
ously (44). Monoclonal antibody UCHL1 (1:100 dilution) and BNP 
(1:100 dilution) were used as primary antibodies.

LDN-57444 administration
Male WT mice were randomly subjected to sham or TAC operation 
for 2 weeks and then intraperitoneal administration with UCHL1 
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inhibitor LDN-57444 (40 g/kg, one time per day) or vehicle. Sham- 
operated animals underwent the identical surgical procedure except that 
the ligature was not tied. The hearts were removed for further analysis.

Microarray assay
Microarray was performed as previously described, and the de-
tails of our gene expression data are available at the GEO website 
www.ncbi.nlm.nih.gov/geo/ (accession number GSE59437) (12).

Statistical analysis
Statistical calculations were performed using SPSS version 16.0 (SPSS 
Inc., Chicago, IL, USA). Sample numbers are shown in the figures 
and figure legends and in Materials and Methods. First, the normality 
test was performed. If each group satisfied the normality and the 
variance between the groups was equal, we used Student’s t test to 
determine the significant difference between two groups, and one-
way analysis of variance (ANOVA) with the Bonferroni post hoc test 
for comparisons among more than two groups; if the above condi-
tions were not met, we used the nonparametric Mann-Whitney U 
test. Statistical differences in means were considered statistically 
significant at P < 0.05.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/16/eaax4826/DC1

View/request a protocol for this paper from Bio-protocol.
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