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Pathological cardiac hypertrophy eventually leads to heart failure without adequate treatment. The immuno-
proteasome is an inducible form of the proteasome that is intimately involved in inflammatory diseases. Here,
we found that the expression and activity of immunoproteasome catalytic subunit B5i were significantly up-
regulated in angiotensin Il (Ang Il)-treated cardiomyocytes and in the hypertrophic hearts. Knockout of B5i in
cardiomyocytes and mice markedly attenuated the hypertrophic response, and this effect was aggravated by
B5i overexpression in cardiomyocytes and transgenic mice. Mechanistically, B5i interacted with and promoted
ATG5 degradation thereby leading to inhibition of autophagy and cardiac hypertrophy. Further, knockdown
of ATGS5 or inhibition of autophagy reversed the B5i knockout-mediated reduction of cardiomyocyte hyper-
trophy induced by Ang Il or pressure overload. Together, this study identifies a novel role for B5i in the regulation
of cardiac hypertrophy. The inhibition of B5i activity may provide a new therapeutic approach for hypertrophic

diseases.

INTRODUCTION

Cardiac hypertrophy is an important adaptive response to patho-
logical stimuli, including hypertension, myocardial infarction,
pressure overload, and the activation of the renin-angiotensin
system (1). Hallmarks of cardiac hypertrophy include increased cell
size, protein synthesis, actin reorganization, and fetal gene reexpres-
sion (1). Although the hypertrophic response may serve to maintain
cardiac function for a certain period, prolonged hypertrophy be-
comes detrimental, resulting in cardiac dysfunction and heart failure
(HF) (1). To date, multiple signaling pathways have been demon-
strated to positively regulate protein synthesis and cardiac hyper-
trophy, including the insulin-like growth factor 1 receptor (IGF1R)/
phosphatidylinositol 3-kinase (PI3K)/AKT, epidermal growth
factor receptor (EGFR)/mitogen-activated protein kinase (MAPK),
gp130/Janus kinase (Jak)/signal transducer and activator of tran-
scription 3 (STAT3), and calcineurin/nuclear factor of activated
T cells (NFAT) pathways (1). Thus, therapeutic strategies that modu-
late the expression and activation of these receptors and downstream
mediators are promising.

The ubiquitin-proteasome system (UPS) and lysosomal-autophagy
pathway are the two most important cellular mechanisms for protein
degradation (2). Autophagy is often thought of as a nonspecific pro-
cess that degrades long-lived proteins and aberrant protein aggregates
(3). In contrast to autophagy, the UPS is the major pathway for intra-
cellular protein degradation in eukaryotic cells (4). The standard 20S
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proteasome comprises three B subunits, namely, B1 (PSMB6), 2
(PSMB?7), and B5 (PSMB5), which account for the caspase-like,
trypsin-like, and chymotrypsin-like activity of the proteasome, re-
spectively. Upon stimulation with cytokines such as interferon-y (IFN-y),
three alternative B subunits (also termed immunosubunits)—p1i [large
multifunctional peptidase 2 (LMP2) or PSMB9)], p2i (MECL-1
or PSMB10), and B5i (LMP7 or PSMB8)—are induced, which replace
their standard subunits to form the 20S immunoproteasome (5). The
primary function of the immunoproteasome is to improve major
histocompatibility complex-I (MHC-I) antigen presentation (5).
The immunoproteasome also has various biological functions, in-
cluding proinflammatory cytokine production, T cell differentiation
and survival, oxidative stress, and muscle mass (5). Previous results
have shown that the expression and chymotrypsin-like activity of
immunosubunit B5i are markedly increased in the heart under hyper-
trophic stress (6-8). Recently, our data revealed that B5i is also in-
volved in the regulation of angiotensin II (Ang II)-induced atrial
fibrillation in mice (9). However, the functional role of f5i in regu-
lating cardiac hypertrophy remains unknown.

In this study, using primary cardiomyocytes, B5i knockout (KO)
mice, and cardiac-specific B5i transgenic (B5i-Tg) mice, we found
that B5i acts as a novel positive regulator of cardiac hypertrophy in-
duced by Ang II or pressure overload by targeting the ubiquitination
and degradation of autophagy-related 5 (ATG5). Thus, this study
identifies a new role of B5i in the development of cardiac hyper-
trophy and highlights an essential compensatory link between the
immunoproteasome and autophagy in the hypertrophic heart.

RESULTS

B5i expression is up-regulated in the hypertrophic heart and
patients with HF

To identify the proteasome subunit expression profiles within the
injured myocardium, we induced acute cardiac hypertrophy in
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wild-type (WT) mice by Ang II infusion and analyzed proteasome
subunit expression using a microarray assay (10). We found that,
among the 47 proteasome subunit genes, immunosubunit B5i (also
known as PSMB8 or LMP7) was highly up-regulated in the heart on
day 1 of Ang II infusion (P < 0.05 versus saline; Fig. 1A). The in-
creased expression of B5i mRNA was confirmed by quantitative
polymerase chain reaction (QPCR) analysis (Fig. 1B). Meanwhile,
the mRNA level of B2i (also known as PSMB10) was increased in
Ang I1-treated heart but was less than that of B5i (P < 0.05; Fig. 1B).
However, the expression of standard subunits (B1, B2, and B5)
and immunosubunit Bli was not different in heart tissue after
Ang II treatment (Fig. 1, A and B). Moreover, the f5i protein
level was increased in Ang II-treated neonatal rat cardiomyocytes
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(NRCMs) (P < 0.05 or 0.01; Fig. 1C). The expression of B5i was also
up-regulated in mouse heart after 2 weeks of Ang II infusion (P <
0.01; Fig. 1D) and transverse aortic constriction (TAC) (Fig. 1E).
B5i expression was not altered in neonatal rat cardiac fibroblasts
after Ang II stimulation (Fig. 1F).

To examine whether B5i has an important role in human HF, we
examined the expression of B5i and B-type natriuretic peptide
(BNP; a marker for HF) in heart tissue. Immunohistochemistry
revealed that the expression of both B5i and BNP in the failing heart
was significantly higher than in normal controls (P < 0.01; Fig. 1G).
Moreover, the levels of serum B5i and chymotrypsin-like activity
were also increased (P < 0.05 or 0.01) in patients with HF compared
with control individuals (P < 0.05 or 0.01; Fig. 1, Hand I, and table S1).
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Fig. 1. B5i is increased in hypertrophic hearts and HF patients. (A) Cluster of the proteasome gene expression profiles in saline- or Ang Il-infused mouse heart at day 1
(n=3 samples per group). (B) gPCR analyses of B1, B2, 5, B1i, B2i, and B5i mRNA expression in saline- or Ang ll-infused mouse heart at day 1 and control (n =3 per group).
(C) Protein levels of B5i in NRCMs exposed to Ang Il (100 nM) at different time points (top) and quantification (bottom, n = 3). (D and E) Protein levels of B5i in WT hearts
after 2 or 4 weeks of Ang Il infusion (1000 ng/kg per min) or TAC operation (top) and quantification (bottom, n=3). (F) Neonatal rat fibroblasts were treated with Ang Il
for 0 to 24 hours. The B5i protein expression was examined by Western blot analysis (top) and quantification of the relative protein levels (bottom, n = 3). (G) Representa-
tive immunohistochemical staining of B5i and BNP proteins in the heart tissues from normal control and HF patients (left). Quantification of f5i- and BNP-positive areas
(right, n=3). (H and I) B5i level and chymotrypsin-like activity in blood samples of normal controls (n=38) and HF patients (n = 38). Data are presented as means + SEM,
and n represents the number of samples per group. *P < 0.05 and **P < 0.01 versus saline, sham, or normal control. RLU, relative luciferase units.
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We then analyzed the relationship of the levels of serum B5i or
chymotrypsin-like activity in patients with HF by simple cross-
tabulation and the calculations of odds ratios (ORs). Multivariable
logistic regression analyses were conducted to test the independent
contribution of the levels of serum B5i or chymotrypsin-like activity
to HF. After adjusting for sex, age, and cardiovascular risk factors, a
significant association was found between the levels of B5i (OR, 12.123)
or chymotrypsin-like activity (OR, 1.005) and HF (P < 0.01; table S2).
Overall, these results suggest that 51 may play a critical role in the
regulation of cardiac hypertrophy.

Knockdown of B5i inhibits cardiomyocyte

hypertrophy in vitro

To determine the functional role of B5i in the heart under hyper-
trophic conditions, we first examined whether B5i exerts a pro- or
anti-hypertrophic effect in vitro. NRCMs were infected with an
adenovirus vector expressing small interfering RNA (siRNA) against
B5i (siRNA-B5i) or scrambled control (siRNA-control). The level of
endogenous B5i protein was reduced by approximately 80% upon
transfection with siRNA-B5i (P < 0.01; fig. S1A). Notably, knock-
down of B5i attenuated the Ang II-induced increase of cardiomyo-
cyte size and the expression of atrial natriuretic factor (ANF) and
BNP compared with the siRNA-control (P < 0.05; Fig. 2, A and B).
To corroborate these findings, NRCMs were infected with an adeno-
virus vector overexpressing B5i (Ad-p5i) or green fluorescent pro-
tein (Ad-GFP). Infection of NRCMs with Ad-B5i increased the level
of B5i 2.3-fold (P < 0.01; fig. S1B) and enhanced cardiomyocyte size
and the expression of ANF and BNP compared with the Ad-GFP
control after Ang II treatment (P < 0.05; Fig. 2, C and D). In addi-
tion, we found that siRNA knockdown of B5i reduced the phos-
phorylation levels of AKT and extracellular signal-regulated kinase
1/2 (ERK1/2) compared with the siRNA-control after Ang II stim-
ulation (P < 0.05 or 0.01; Fig. 2E). However, knockdown or over-
expression of B5i had no effect on cardiomyocytes in the basal
condition (Fig. 2, A to D).

Next, we examined the effect of f5i on phenylephrine-treated
cardiomyocytes. Consistent with the data from Ang II-treated
cells, knockdown of B5i also reduced phenylephrine-induced
cardiomyocyte hypertrophy and the expression of ANF compared
with the siRNA-control (P < 0.05; fig. S2, A and B), whereas the
increase of cardiomyocyte hypertrophy and the expression of ANF
were enhanced in Ad-p5i-infected NRCMs after phenylephrine
treatment (P < 0.05; fig. S2, C and D). Collectively, our data indi-
cate that knockdown of B5i inhibits cardiomyocyte hypertrophy
in vitro.

B5i regulates the induction of autophagy by targeting ATG5

Growing evidence suggests that inhibition of the proteasome is
compensated for by the up-regulation of autophagy (2, 11); thus, we
examined the effect of f5i on autophagy. Two reliable markers of
autophagy activation, the formation of autophagy flux and the con-
version of LC3-I to LC3-II, were examined (12). Fluorescence mi-
croscopy revealed that Ang II treatment for 24 hours decreased the
number of autophagosomes and autolysosomes, as well as the con-
version of LC3-I to LC3-II (P < 0.05; Fig. 2, F and G, and fig. S3, A
and B). This decrease was reversed in f51 KO NRCMs compared
with the siRNA-control (P < 0.05; Fig. 2F and fig. S3A) but was
aggravated in Ad-B5i-infected NRCMs compared with the Ad-GFP
control after Ang II treatment (P < 0.05; Fig. 2G and fig. S3B), indi-
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cating that knockdown of B5i was sufficient to promote the induc-
tion of autophagy upon Ang II treatment.

To determine how B5i regulates the activation of autophagy, we
analyzed several key autophagy proteins, including ATG5, ATG6/
Beclin-1, ATG7, ATG12, p62, and p53, which play critical roles in
the induction of autophagy (2). We found that knockdown of
endogenous B5i in NRCMs up-regulated ATG5 and ATG12 protein
levels (P < 0.05) but did not affect the levels of the standard protea-
some 35 subunit, ATG6, ATG7, and p53 compared with the siRNA-
control after saline or Ang II stimulation (Fig. 2F). Conversely, the
protein levels of ATG5 and ATG12 were reduced in Ad-B5i-
infected cells compared with the Ad-GFP control after Ang II treat-
ment (P < 0.05; Fig. 2G). In addition, p62 expression was also
decreased in B5i KO NRCMs after saline or Ang II treatment but
increased in Ad-B5i-infected NRCMs (P < 0.05; Fig. 2, F and G).
Knockdown of B5i did not alter the expression of ATG5, ATG6, and
ATG7 at the transcriptional level after Ang II treatment (Fig. 2H).
These results suggest that B5i influences the induction of autophagy
by regulating the stability of ATG5 protein.

B5i interacts with ATG5

To test whether B5i mediates its effects on ATG5 through a direct
interaction, we performed coimmunoprecipitation assays in primary
cardiomyocytes. B5i protein was efficiently precipitated by an anti-
body against ATG5 in NRCMs but not by a nonspecific immuno-
globulin G (IgG) control (Fig. 3A). Moreover, we transfected human
embryonic kidney (HEK) 293 cells with Myc-tagged ATG5 and
Flag-tagged 5i. An immunoprecipitation assay showed that Flag-B5i
was detected in the Myc-ATG5 immune complex, whereas no Flag-p5i
was found in the controls (Fig. 3B), indicating that B5i interacts
directly with ATGS.

To map the sites for the interaction between B5i and ATG5, we
tested a full-length Flag-tagged p5i and GFP-Flag-tagged B5i dele-
tion mutants for their ability to bind to full-length Myc-tagged ATG5
expressed in HEK293 cells. Coimmunoprecipitation assays with an
anti-Flag antibody revealed that amino acids 69 to 276 of B5i were
required for its binding to ATGS5 (Fig. 3, C and E). To identify the
regions in ATGS5 required for its interaction with B5i, a full-length
Myc-tagged ATG5 and deletion mutants were used in coimmuno-
precipitation assays, with full-length Flag-tagged B5i expressed in
HEK293 cells. We found that amino acids 1 to 78 within ATG5 were
necessary for its interaction with p5i (Fig. 3, D and F).

B5i promotes the degradation of ATG5

B5i exerts chymotrypsin-like proteolytic activity (5); thus, we studied
whether it regulates ATG5 ubiquitination and degradation in
cardiomyocytes. Immunoprecipitation analysis revealed that
knockdown of endogenous B5i in NRCMs significantly increased
ubiquitinated ATG5 and its protein level compared with the siRNA-
control (Fig. 3G), whereas overexpression of 5i had the opposite
effect (Fig. 3H). To further test whether B5i is involved in the deg-
radation of ubiquitinated ATG5 protein, we performed a pulse-
chase assay in NRCMs with cycloheximide. Knockdown of B5i
with siRNA significantly prolonged the half-life of ATG5 protein
compared with the siRNA-control (Fig. 31), whereas its half-life
was markedly reduced in Ad-B5i-infected NRCMs compared
with the Ad-GFP control (Fig. 3]). Together, these results indi-
cate that ATGS5 is a previously unrecognized substrate for B5i in
cardiomyocytes.
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Fig. 2. Knockdown of B5i inhibits cardiomyocyte hypertrophy and activates autophagy. (A) Representative images of double immunostaining [green for o-actinin
and blue for 4',6-diamidino-2-phenylindole (DAPI)] of NRCMs transfected with Ad-siRNA-B5i or siRNA-control after Ang Il stimulation. Quantification of cell surface area
(at least 150 cells counted per experiment; right). (B) PCR analyses of ANF and BNP mRNA expression (right, n = 5). (C) Immunostaining of cardiomyocyte size with o-actinin
(red) and DAPI (blue) infected with Ad-GFP or Ad-B5i after Ang Il stimulation. Quantification of cell surface area (at least 150 cells counted per experiment; right). (D) gPCR
analyses of ANF and BNP mRNA expression (right, n=5). (E) Protein levels of B5i, p-AKT, AKT, p-ERK1/2, and ERK1/2 in NRCMs treated as in (A) and quantification (n=3).
(F) Protein levels of B5i, LC3, ATG5, ATG6, ATG7, ATG12, p62, and p53 in NRCMs infected with scrambled siRNA-control or siRNA-B5i after Ang Il treatment (top) and quan-
tification (bottom, n=3). (G) Protein levels of B5i, LC3, ATG5, ATG6, ATG7, ATG12, p62, and p53 in NRCMs infected with Ad-GFP control or Ad-B5i after Ang Il treatment
(top) and quantification (bottom, n=3). (H) gPCR analysis of autophagy-related genes ATG5, ATG7, and ATG6 (Beclin-1) and mRNA levels in primary cardiomyocytes
infected with siRNA-control or siRNA-B5i after Ang Il treatment (n = 3). Data are presented as means + SEM, and n represents the number of samples. For (A), (B), (E), and (F),
*P < 0.05 and **P < 0.01 versus siRNA-control + saline; *p < 0.05 and **P < 0.01 versus siRNA-control + Ang l. For (C), (D), and (G), *P < 0.05 and **P < 0.01 versus Ad-GFP + saline;
*P <0.05 versus Ad-GFP + Ang II.
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Fig. 3. B5i interacts with ATG5 and promotes its degradation. (A) Endogenous protein interactions were examined in cardiomyocyte lysates immunoprecipitated (IP)
with rabbit IgG or anti-B5i antibody and analyzed by Western blot (WB) with antibody to detect ATG5 and B5i. (B) HEK293 cells were transfected with the indicated plas-
mids. Equal amounts of protein lysates were immunoprecipitated with anti-Myc antibody and analyzed by WB with the indicated antibodies. (C) Domains of $5i involved
in binding to ATG5. WT B5i and B5i truncations expressed in HEK293 cells were mapped with Flag-GFP tagged. Flag-GFP-tagged B5i proteins were precipitated with
anti-Myc antibody and analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) with antibodies against Flag and Myc. aa, amino acids. (D) Interaction domains
of ATG5 required for binding to B5i were mapped by coimmunoprecipitation. HEK293 cells were transfected with Flag-GFP-B5i and Myc-ATG5 (full-length and trunca-
tions) plasmids. Equal amounts of lysates were prepared for immunoprecipitation with a Myc antibody and immunoblotted with antibodies for Myc or Flag. (E) Deletion
constructs of B5i in (C) that bind to ATGS5. (F) Deletion constructs of ATG5 in (E) that bind to B5i. (G and H) Lysates from NRCMs infected with siRNA-control, siRNA-B5i,
Ad-GFP, or Ad-B5i were immunoprecipitated with anti-ATG5 antibody. Western blot analysis of ubiquitin-conjugated ATG5 with anti-ubiquitin (Ub) and anti-ATG5 (top,
n=3). Input showed the expression of the corresponding proteins in whole-cell lysates (bottom). Quantification of ubiquitinated ATG5 (right). (I and J) NRCMs were in-
fected with siRNA-control, siRNA-B5i, Ad-GFP, or Ad-B5i and then treated with cycloheximide (CHX; 10 uM) for the indicated time periods. Representative Western blot

analysis of B5i and ATG5 protein levels for each group (left) and quantification of ATG5 level (right, n = 3). GAPDH as an internal control. *P < 0.05 and ***P < 0.001 versus
siRNA-control or Ad-GFP.
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B5i regulates cardiomyocyte size through autophagy

To determine whether B5i regulates cardiomyocyte size via autoph-
agy, we infected cardiomyocytes with siRNAs to reduce the levels of
endogenous B5i and ATG5. Western blot analysis showed that the
reduction of B5i and ATGS5 levels was achieved by siRNA-B5i and
siRNA-ATGS, respectively, as compared with the siRNA-control
(P <0.05 or 0.01; Fig. 4C). Moreover, knockdown of B5i attenuated
the Ang II-induced increase of cardiomyocyte size, ANF expres-
sion, and phosphorylation of AKT and ERK1/2 compared with the
siRNA-control (P < 0.05; Fig. 4, A and B, lane 2 versus lane 1),
whereas this decrease was markedly or fully reversed by knockdown
of ATGS5 or both B5i and ATG5 (P < 0.05; Fig. 4, A and B, lane 3 or
4 versus lane 2).

To further confirmed the effect of autophagy on cardiomyocyte
size and related signaling pathways, cardiomyocytes were infected
with siRNA-B5i and treated with chloroquine, an inhibitor of auto-
phagy. We found that knockdown of B5i increased ATG5 expres-
sion compared with the siRNA-control, and chloroquine treatment
further enhanced this effect (P < 0.05; Fig. 4F). Consistent with
observations from siRNA-ATG5-infected cells (Fig. 4, A to C), the
B5i knockdown-mediated attenuation of the Ang II-induced en-
largement of cardiomyocyte size, ANF expression, and phosphoryl-
ation of AKT and ERK1/2 were also reversed by chloroquine treatment
in siRNA-B5i-infected cells (P < 0.05; Fig. 4, D to F, lane 4 versus
lane 2). In addition, the inhibitory effect of p5i knockdown on
cardiomyocyte hypertrophy was restored by chloroquine alone (P < 0.05;
Fig. 4, D to F, lane 3 versus lane 2). Together, these results indicate
that blocking B5i activity is compensated for by the induction of
autophagy, and the inhibition of autophagy reverses the protective
effect of B5i knockdown.

Deficiency of g5i improves pressure overload-induced
cardiac hypertrophy in mice

To verify the effect of B5i on cardiac hypertrophy in vivo, we sub-
jected WT and B5i KO mice to TAC or sham surgery for 6 weeks.
KO of B5i reduced TAC-induced chymotrypsin-like activity (P < 0.05;
fig. S4A) but did not affect caspase- and trypsin-like activity com-
pared with the WT control after TAC (fig. S4A). Echocardiography
showed characteristics of HF reflected by a significant decrease in
the left ventricular ejection fraction (EF%) and fractional shorten-
ing (FS%) in TAC mice compared with the sham group (P < 0.01),
whereas this effect was markedly reversed in B5i KO mice (P < 0.05;
Fig. 5A). Furthermore, TAC-induced cardiac hypertrophy and fibrosis
of WT mice, as reflected by the increased ratios of heart weight (HW)/
body weight (BW) and HW/tibia length (TL), myocyte cross-sectional
area, and expression of ANF, BNP, collagen I, and collagen III, were
attenuated in B5i KO mice (P < 0.05 or 0.01; Fig. 5, B to D, and fig. 54,
B and C). Notably, the expression of tumor necrosis factor-a
(TNF-0) mRNA was also increased in WT mice (P < 0.001; fig. S4D)
but was reduced in B5i KO mice after TAC (P < 0.01; fig. S4D).
There was no notable increase in the expression of markers for
cardiac contractile function, hypertrophy, and fibrosis between the
two groups after sham surgery (Fig. 5, A to D).

To confirm the in vivo action of B5i on ATGS5 stability and the
induction of autophagy, we examined the protein levels of ATGS5,
LC3, and hypertrophic mediators in WT and B5i KO hearts. TAC
reduced the level of ATG5 and the LC3-II/LC3-I ratio but increased
the phosphorylation of AKT and ERK1/2 in WT mice compared
with sham mice (P < 0.05 or 0.01; Fig. 5E), but the reduction of ATG5
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expression and the LC3-II/LC3-I ratio and the increase of AKT and
ERK1/2 phosphorylation were reversed in B5i KO hearts compared
with WT hearts after TAC (P < 0.05 or 0.01; Fig. 5E). In addition,
the levels of ubiquitinated ATG5 and ATG5 protein expression
were also increased in f5i KO mice compared with WT mice after
sham or TAC surgery (P < 0.05 or 0.01; Fig. 5F).

Cardiac-specific B5i overexpression accelerates pressure
overload-induced cardiac hypertrophy in mice

To further evaluate whether B5i overexpression influences cardiac
hypertrophy in vivo, we generated B5i-Tg mice and confirmed the
increased expression (approximately 2.5-fold versus WT; P < 0.01)
and specificity of B5i in the heart (fig. S5A). At 3 weeks after TAC
surgery, the death rate of B5i-Tg mice was significantly higher than
that of WT mice (80% versus 20%, respectively; P < 0.001) (fig. S5B).
B5i-Tg mice had more severe left ventricular dilation and cardiac
dysfunction, as reflected by a marked decrease in left ventricular
EF% and FS%, compared with WT mice (P < 0.001; Fig. 6A). More-
over, TAC-induced cardiac hypertrophy (increased HW/BW and
HW/TL ratios and the cross-sectional area of myocytes), left ven-
tricular dilation, and fibrosis were further aggravated in f5i-Tg mice
compared with WT control mice (P < 0.05 or 0.01; Fig. 6, B to D).
Accordingly, B5i overexpression in mice markedly reduced the pro-
tein levels of ATG5 and the LC3-II/1 ratio, but enhanced the phos-
phorylation of AKT and ERK1/2, compared with the WT control
after TAC (Fig. 6E). In addition, B5i overexpression in mice also
decreased the ubiquitination and protein levels of ATGS5 in heart
tissue compared with WT mice after sham or TAC surgery (P <
0.05; Fig. GF).

Knockdown of ATG5 abolishes cardioprotection in
B5i-deficient mice after pressure overload

To test whether ATG5-dependent autophagy mediates the inhibitory
effect of B5i deletion on cardiac hypertrophy, we injected WT or B5i
KO mice with rAAV9-siRNA to knock down endogenous ATG5 ex-
pression. At 3 weeks after rAAV9-siATGS5 injection, the mice were
subjected to TAC for an additional 6 weeks. We found that AAV9-
siATGS5 injection significantly reduced the ATG5 protein level in
the heart compared with rAAV9-sicontrol (P < 0.05; fig. S6F). B5i
KO mice exhibited improved cardiac function, as reflected by EF%
and FS%, as well as reduced left ventricular dilation, HW/BW and
HW/TL ratios, myocyte size, fibrosis, and expression of ANF mRNA,
compared with rAAV9-sicontrol mice at 6 weeks after TAC (P < 0.05
or 0.01; fig. S6, A to E, lane 3 versus lane 1), whereas these effects
were reversed in rAAV9-siATG5-injected f5i KO mice (P < 0.05;
fig. S6, A to E, lane 4 versus lane 3). Accordingly, knockdown of
ATGS5 in B5i KO mice also reduced the LC3-II/I ratio, but increased
ERK1/2 activation, compared with rAAV9-sicontrol mice (P < 0.05
or 0.01; fig. S6F, lane 4 versus lane 3). ATG5 knockdown in WT
mice had a similar effect compared with rAAV9-sicontrol animals
after TAC (fig. S6, A to E, lane 2 versus lane 1). Hence, these in vivo
data suggest that 51 KO attenuates cardiac hypertrophy by increas-
ing the level of ATG5.

DISCUSSION

In this study, with the use of loss- and gain-of-function approaches,
we identified a novel role for immunosubunit B5i in the regula-
tion of cardiac hypertrophy and dysfunction. KO of B5i in primary
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Fig. 4. KO of B5i suppresses cardiomyocyte size through autophagy. (A) NRCMs were infected with siRNA-control or siRNA-B5i and then treated with Ang Il for 24 hours.
Representative images of double immunostaining (red: a-actinin for cardiomyocytes; blue: DAPI for nuclei) for measurement of cell size. Quantification of myocyte surface
area (right, 150 cells counted per experiment, n = 3). Scale bar, 50 um. (B) gPCR analysis of ANF mRNA expression in NRCMs treated as in (A) (n = 3). (C) Protein levels of B5i,
ATGS5, p-AKT, AKT, p-ERK1/2, and ERK1/2 in NRCMs transfected with siRNA-control, siRNA-B5i, or siRNA-ATGS5 after 24 hours of saline or Ang Il stimulation and quantifica-
tion of each protein level (n=3). (D) NRCMs were infected with siRNA-control or Ad-siRNA-B5i and then treated with chloroquine (CQ) (5 uM) and Ang Il for 24 hours.
Representative images of double immunostaining for measurement of cardiomyocyte size (left). Quantification of cell surface area (150 cells counted per experiment,
n=3). Scale bar, 50 um. (E) qPCR analysis of ANF mRNA expression in NRCMs treated as in (D) (n =5). (F) Protein levels of B5i, ATG5, p-AKT, AKT, p-ERK1/2, and ERK1/2 in
NRCM:s treated as in (D) and quantification of each protein level (n = 3). GAPDH as an internal control. Data are presented as means + SEM. *P < 0.05 versus siRNA-control +
Ang Il; *P <0.05 and #P < 0.01 versus siRNA-B5i + Ang II.
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Fig. 5. Deficiency of B5i attenuates pressure overload-induced cardiac hypertrophy in mice. WT and B5i KO mice were subjected to sham or TAC operation for
6 weeks. (A) Representative M-mode echocardiography of the left ventricle (top). Measurement of ejection fraction (EF%) and fractional shortening (FS%) (bottom, n=7).
(B) Representative images of heart size photographed with a stereomicroscope (top) and HW/BW and HW/TL ratios (bottom, n=7). (C) Cardiac myocyte size and fibrosis
were detected by tetramethyl rhodamine isothiocyanate (TRITC)-labeled wheat germ agglutinin (WGA) staining and Masson’s trichrome staining, respectively. Scale bar,
50 um. (D) Quantification of the relative myocyte cross-sectional area (200 cells counted per heart) and fibrosis (n =5). (E) Protein levels of B5i, ATG5, LC3, p-AKT, AKT,
p-ERK1/2, and ERK1/2 in the heart tissues and quantification (n =5). GAPDH as an internal control. (F) Lysates from heart tissues of WT B5i KO mice after 6 weeks of sham
or TAC were immunoprecipitated with anti-ATG5 antibody. Western blot analysis of ATG5 ubiquitination with anti-ubiquitin or ATG5 antibody (left). Quantification of the
relative ubiquitinated ATG5 level (middle, n = 3) and input (Western blot analysis of each protein with corresponding antibody) (right). B-Actin as an internal control. Data
are presented as means = SEM, and n represents the number of animals per group. *P < 0.05 and **P < 0.01 versus WT +sham; **P < 0.01 versus WT + TAC.
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cardiomyocytes and mice attenuated cardiac hypertrophy. In con-
trast, overexpression of B5i aggravated this effect, demonstrating a
pro-hypertrophic role for B5i. We further found that ATGS5, a key
regulator of autophagy, was a direct target of p5i. The overexpres-
sion of B5i promoted the degradation of ubiquitinated ATG5, which
inhibited the induction of autophagy, thereby leading to cardiac
hypertrophy. These results suggest an essential compensatory link
between the immunoproteasome and autophagy in the heart and
highlight that B5i may be a potential therapeutic target for hypertro-
phic diseases. These data are summarized in fig. S7.

The immunoproteasome is constitutively expressed in immune
cells and is induced in immune and nonimmune cells under con-
ditions of inflammation and other forms of stress through different
mechanisms (5). Proinflammatory cytokines, such as IFN-y, IFN-
0/B, and TNF-a, can induce the expression of the B1i, $2i, and B5i
immunosubunits by activating the STAT1-IRF1 (interferon regu-
latory factor 1) pathway (5). Some cytokine-independent regula-
tors, such as nitric oxide, also stimulate immunosubunit expression
through the guanosine 3',5'-monophosphate (cGMP)/adenosine
3’,5'-monophosphate (cAMP)—protein kinase A (PKA)/PKG/cAMP
response element-binding protein (CREB) pathway (5). Recently,
our data revealed that Ang II increases the expression of the Bli,
B2i, and B5i immunosubunits and proteasome activity partially via
the AT1R-PKA signaling pathway in Jurkat cells (13). Moreover,
the proteolytic activity and expression of the B2i and B5i immuno-
subunits are up-regulated in primary cardiomyocytes, heart, and
atrial tissue after Ang II stimulation (6, 9, 14). In the present study,
we found that B5i expression and chymotrypsin-like activity were
markedly up-regulated in primary cardiomyocytes and heart tissue
from mice after hypertrophic stimuli or in serum from patients
with HF (Fig. 1), suggesting that increased B5i expression may
regulate cardiac hypertrophy. Moreover, inflammatory cytokines
such as TNF-o were markedly up-regulated by Ang II (fig. S4D),
which may induce immunosubunit B5i expression in the hyper-
trophic heart. However, the molecular mechanism by which Ang
IT up-regulates B5i expression remains to be determined.

The heart is capable of significant remodeling and hypertrophic
growth as a means of adapting to injury or altered workloads (1).
Cardiac hypertrophy involves alterations in the balance between
protein synthesis and degradation, and there have been major ad-
vances in the identification of the genes and signaling pathways in-
volved in this process (1). In recent years, the importance of the UPS
in the development of cardiac remodeling has been reported. The
immunoproteasome has several pathophysiological functions in the
regulation of inflammatory diseases (5). Recent studies have indi-
cated that the immunosubunits, such as $2i and B5i, are involved in
the control of several cardiovascular diseases, such as enterovirus
myocarditis (15), vascular cell apoptosis (16), deoxycortone acetate/
salt-induced cardiac hypertrophy (17), and Ang II-induced atrial
fibrillation (9, 14), through different mechanisms. However, the func-
tional role of B5i in regulating cardiac hypertrophy remains unknown.
The present study extended the previous findings and demonstrated
that B5i was also involved in the regulation of cardiac hypertrophy.
KO of B5i efficiently attenuated Ang II- or pressure overload-
induced cardiomyocyte hypertrophy accompanied with inhibition
of autophagy in vitro and in vivo, but these effects were reversed by
overexpression of B5i (Figs. 2, 4, 5, and 6). Thus, these data suggest
that B5i is a previously unrecognized regulator of cardiac hypertro-
phy, which may be related to autophagy.
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Autophagy is a highly conserved catabolic process that targets
proteins and organelles for lysosomal-mediated degradation. The in-
duction of autophagy is controlled by a specific set of autophagy
genes including ATG5, ATG6, ATG7, and ATG8/LC3 (18-20). Among
them, ATGS5, a key protein involved in the extension of the phago-
phore membrane in autophagic vesicles, is activated by ATG7 and
forms a complex with ATG12 and ATG16L1. This complex is neces-
sary for the conjugation of LC3-I to phosphatidylethanolamine to
form LC3-II. After formation of the autophagosome, the ATG12-
ATG5:ATG16L complex dissociates from the autophagosome (18-20).
A wide variety of hypertrophic stimuli can regulate autophagy in
cardiomyocytes. Subjection to TAC for 2 to 4 weeks usually induces the
expression of ATG5, ATG6/Beclin-1, ATG16L1, and LC3-1I, leading
to the induction of autophagy in the heart (21, 22). Conversely, expo-
sure to chronic pressure load for 5 to 6 weeks inhibits the conversion
of LC3-I to LC3-II and the activation of autophagy (23). Basic auto-
phagy is required for the physiological maintenance of cellular ho-
meostasis, but excessive autophagy or insufficient autophagy may
influence cell survival, cardiac hypertrophy, and HF (24, 25). To date,
the beneficial role of autophagy in hypertrophic remodeling remains
controversial. For example, the heterozygous deletion of ATG6/
Beclin-1 reduces pressure overload-induced cardiomyocyte auto-
phagy and pathological remodeling. Conversely, the cardiomyocyte-
specific overexpression of ATG6 amplifies this process (22), indicating
a maladaptive role of autophagy in the pathogenesis of pressure
overload-induced HF. However, completely blocking autophagy in-
duces cardiomyopathy. Cardiac-specific deficiency of ATG5 results
in left ventricular hypertrophy, dilatation, and contractile dysfunction
and mitochondrial misalignment and aggregation at 1 week after pres-
sure overload (18). However, the role of autophagy in cardiac hyper-
trophy requires further study. Consistent with the idea outlined
by Xie et al. (23), our data revealed that Ang II or TAC treatment
markedly reduced the ATGS5 protein level, LC3-I to LC3-II conver-
sion, and autophagy, thereby contributing to cardiomyocyte hyper-
trophy (Figs. 2, F and G, 5E, and 6E). The inhibition of autophagy
induced by Ang II or TAC was attenuated by B5i KO but further
enhanced by overexpression of B5i in primary cardiomyocytes and in
the heart (Figs. 2, F and G, 5E, and 6E). Furthermore, knockdown of
ATGS5 or inhibition of autophagy with chloroquine abolished the B5i
KO-mediated attenuation of cardiac hypertrophy in vitro and in vivo
(Fig. 4 and fig. S6), suggesting that ATG5-mediated autophagy is
essential for the inhibition of cardiomyocyte hypertrophy. Overall,
these results indicate that B5i modulates cardiac hypertrophy likely
by targeting ATG5-mediated autophagy.

The UPS and autophagy have been considered two indepen-
dent protein degradative systems for a long time (3, 5). However,
several studies have revealed a link between the UPS and autophagy
in neurons and other cells (2, 11, 26, 27). Multiple mechanisms by
which the UPS regulates autophagy have been proposed. Following
proteasomal inhibition, the accumulation of misfolded proteins leads to
the induction of the unfolded protein response, which stabilizes
transcription factors such as ATF4, resulting in the up-regulation of
ATG5 and ATG7 or LC3 expression (28, 29). Moreover, proteasomal
inhibition also increases the level of p53, leading to the induction of
autophagy (30). Here, our data extended the mechanisms by which
the proteasome alters autophagy, and found that B5i could regulate
ATGS stability, thereby contributing to the induction of autophagy
(Fig. 3), suggesting that the immunoproteasome (B5i) is a novel regu-
lator of autophagy in cardiomyocytes.
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There are several potential mechanisms involved in the regu-
lation of ATG5 expression and activation. For example, ATGS5 is
regulated by several transcription factors, including p73, GATA4,
E2F1, ATF4, and CHOP (31-34). PDCD4 inhibits ATG5 protein
translation by binding to the RNA-helicase EIF4A (35). More-
over, RAB37 and RACKI1 interact directly with ATG5 and pro-
mote autophagosome formation, but caveolin-1 interacts with
the ATG12-ATG5 system to suppress autophagy (36, 37). Protein
kinases such as Gadd458-MEKK4-p38MAPK can phosphorylate
ATGS5 at Thr”’, leading to its inactivation and the inhibition of
autophagy (38). ATG5 expression can be negatively regulated post-
translationally by the microRNA 181A (39). Furthermore, methyla-
tion of the ATG5 promoter leads to down-regulation of ATG5
and inhibition of autophagy (40), whereas deacetylation of ATG5
by Sirtl induces autophagy (41). In addition, cysteine proteases,
such as calpain, cleave ATG5, leading to the inhibition of ATG5
(42). Notably, our recent results showed that the E3 ligase CDC20
associates with LC3 and promotes the ubiquitination and degra-
dation of LC3 by the proteasome, thereby attenuating autophagy
in cardiomyocytes (23), indicating that ubiquitination is an im-
portant mechanism mediating the induction of autophagy in
cardiomyocytes. The present study provided further novel evidence that
B5i interacts with ATG5 and promotes the degradation of ubiquiti-
nated ATG5, resulting in the inhibition of autophagy and cardiac
hypertrophy (Fig. 3). Together, these results suggest that ATG5 is
a direct target of B5i in cardiomyocytes, and inhibition of the im-
munoproteasome (B5i) is compensated for by the up-regulation of
autophagy in hypertrophy.

In summary, we have discovered a novel role of immunosubunit
B5i as a critical regulator that promotes pathological hypertrophic
remodeling. B5i targets ATG5 degradation and inhibits the activa-
tion of autophagy, thereby leading to cardiac hypertrophy and dys-
function; this indicates an essential compensatory relationship
between the immunoproteasome and the activation of autophagy in
the cardiac hypertrophic program. Further studies are needed to
identify which E3 ligases promote ATG5 ubiquitination, and to de-
termine whether inhibition of B5i may be a therapeutic strategy for
hypertrophic diseases.

METHODS

Antibodies and reagents

The following primary and secondary antibodies were used: anti-
sarcomeric o-actinin (EA-53) and anti-Flag (F7425) (Sigma-Aldrich);
anti-mouse IgG (sc-2025), anti-rabbit IgG (sc-2027), and B-actin
(sc-47778) (Santa Cruz Biotechnology); anti-B5i (ab3329), anti-
Myc (ab9106), VeriBlot for IP Detection Reagents (HRP) (ab131366),
and anti-B5i (ab180606) (Abcam); anti-BNP (13299-1-AP) (Protein-
tech); anti-ATG5 (12994), anti-Beclin-1 (3495), anti-ATG7 (8558),
anti-ATG12 (4180), anti-p62 (8025), anti-p53 (2524), anti-LC3B
(3868), anti-phospho-AKT (9271), anti-phospho-AKT (9272),
anti-ERK1/2 (9102), anti-phospho-ERK1/2 (9101), horseradish
peroxidase-linked anti-mouse IgG (7074S), and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (2118) (Cell Signaling Tech-
nology); and anti-ubiquitin (10201-2-AP) (Proteintech). The following
reagents were used: Ang II (Aladdin); phenylephrine (Selleck);
chloroquine, cycloheximide, and MG132 (Sigma-Aldrich); cell-based
proteasome assay (Promega); and human PSMB8 enzyme-linked
immunosorbent assay (ELISA) assay kit (Cloud-Clone).
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Plasmids

The full-length clone DNA of human proteasome (prosome,
macropain) subunit B type 8 (large multifunctional peptidase 7) with
pCMV3-N-FLAG-expressing plasmid was purchased from Sino Bi-
ological Inc. (Beijing, China). The plasmids pEGFP-CMV-flag-GGGS
linker-human B5i-GGGS linker-EGFP mutants (1 to 68) (69 to 276)
were constructed by Peking Syngenetech Co. Ltd. (China). The plas-
mids pCMV-myc-ATG5 (human) (1 to 275) and mutant (79 to 275)
were constructed by Peking Syngenetech Co. Ltd. (China).

Primary culture of NRCMs and fibroblasts

The hearts from 1-day-old SD rats were cut for approximately 9 to
10 pieces and dissociated with 0.04% trypsin and 0.07% type II collagen-
ase, as described (43). After dispersed cells were incubated on 100-mm
culture dishes for 90 min at 37°C in 5% CO,, nonattached cells
were collected and transferred into six-well plates, which were previ-
ously treated with laminin (10 pg/ml), and then 0.1 M 5-bromo-2’-
deoxyuridine was added. Primary cardiomyocytes were incubated in
Dulbecco’s modified Eagle’s medium (DMEM)/F12 supplemented
with 10% fetal bovine serum (FBS) for 16 hours and then replaced with
serum-free DMEM/F12, which contained appropriate chemicals or
adenovirus. Primary fibroblasts, which had attached the culture dishes,
continued to grow in DMEM/F12 containing 10% FBS for 24 to
48 hours and then treated with appropriate chemicals or adenovirus.

Adenoviruses and cell infection

Ad-B5i or GFP alone was generated using the pAdEasy system according
to the manufacturer’s protocol (HanBio Technology, China). NRCMs
were infected with Ad-B5i or Ad-GFP at a multiplicity of infection of
50 and then treated with Ang II (100 nM, Sigma) for different time
points. To determine the efficiency of B5i gene infection, immunoflu-
orescence microscopy and Western blot analyses were performed at
24 hours after Ad-B5i or Ad-GFP infection. For the kinetics of auto-
phagic flux, NRCM:s were co-infected with adenoviral vector express-
ing mRFP-GFP-LC3, together with Ad-GFP, Ad-B5i, siRNA-B5i, or
Scramble-siRNA (HanBio Technology, Shanghai, China), according
to the manufacturer’s instructions. NRCMs were incubated in growth
medium with Ad-mRFP-GFP-LC3 for 2 hours at 37°C and were
grown in medium containing Ang II (100 nM) for 48 hours. LC3
puncta were examined by fluorescence microscopy (Olympus BX61).

Animals

B5i KO mice (B5i KO, STOCK Psmb8tm1Hif/J, C57BL/6]) were pur-
chased from the Jackson Laboratory. B5i-Tg mice (pRP-ExSi-oMHC-
Psmb8-3xFLAG) under a-myosin heavy chain promoter were
generated by Cyagen Biosciences Company (China). The DNA of mice
was isolated from the tails or fingernails and subjected to PCR analyses
to identify mice belonging to which type of gene. p5i KO mice was
identified by PCR analysis using the forward (5'-CCGACGGC-
GAGGATCTCGTCGTGA-3’) and reverse (5'-CTTGTACAG-
CAGGTCACTGACATCG-3’) primers. For f5i-Tg mice, the forward
(5'-CCCCATAAGAGTTTGAGTCG-3’) and reverse (5'-GGGC-
CATCTCAATTTGAACA-3') primers as well as the internal forward
(5'-ACTCCAAGGCCACTTATCACC-3') and reverse (5'-ATTGT-
TACCAACTGGGACGACA-3') primers were used.

Establishment of cardiac hypertrophy
Mice of 8 to 10 weeks of age were subjected to TAC or sham for 2 to
6 weeks or were infused with Ang IT (1000 ng kg™' day ™) or saline
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for 2 weeks with osmotic mini-pumps (ALZET, Cupertino, CA), as
described in our previous studies (6, 44, 45). Mice were sacrificed,
and the heart was harvested to analyze the hypertrophic response.
All mice used in this study were kept in a pathogen-free facility, and
all procedures were approved by the Institutional Animal Care and
Use Committee of Capital Medical University and performed in ac-
cordance with the U.S. National Institutes of Health Guide for the
Care and Use of Laboratory Animals (publication no. 85-23, 1996).

Echocardiography

Mice were lightly anesthetized with 1.5% isoflurane. Cardiac contrac-
tile function and structure were evaluated by M-mode echocardiog-
raphy at different time points by using a 30-MHz probe (Vevo 770
System, VisualSonics, Toronto, Ontario, Canada). The left ventricular
ejection fraction (EF%) and fractional shortening (FS%) were calcu-
lated as described (45).

rAAV9-siATGS5 treatment

rAAV9-siATG5 and rAAV9-sicontrol were conducted by HanBio
Biotechnology (Shanghai, China). Mice were given rAAV9-siATG5
or rAAV9-sicontrol (1.04 x 10'* ug/mg) by intravenous injection of
tail, and after 3 weeks, mice were treated with sham or TAC surgery
for another 6 weeks.

Histopathology

The heart size was photographed with a stereomicroscope (Olympus
SZ61, Japan). The heart samples were fixed in formalin, embedded
in paraffin, and then cut into 5-um serial sections. Hematoxylin and
eosin, Masson’s trichrome, and wheat germ agglutinin (WGA) stain-
ing were performed as described previously (44, 45). Digital images
were taken at X100 or x200 magnification of 15 to 20 random fields
from each heart sample. The fibrosis areas were analyzed by Image-Pro
Plus 3.0 (Nikon, Japan). The cell area was calculated by measuring
150 to 200 cells per slide.

Immunohistochemistry for human hearts

The study included three male patients and three age- and gender-
matched controls. Failing heart samples were obtained from patients
with end-stage HF (average ejection fraction was 20 + 5%) at the
time of cardiac transplantation (Beijing An Zhen Hospital of the
Capital University of Medical Sciences). Nonfailing hearts were
obtained from donors who had normal cardiac contractile function
by echocardiography and had died from accidents. The procurement
of the heart tissues conforms to the principles outlined in the Decla-
ration of Helsinki and was approved by the Institutional Ethics
Committee of First Affiliated Hospital of Dalian Medical University.
Heart tissues were fixed in neutral buffered formalin solution, em-
bedded in paraffin, and then cut into 5-um serial sections. Immu-
nohistochemistry staining was performed as described (6). Sections
were permeabilized for 15 min at room temperature in 0.1%
phosphate-buffered saline (PBS)-Triton X-100 (Sigma-Aldrich). Slides
were blocked in 0.1% PBS-Triton X-100 + 3% bovine serum albumin
(BSA) (Sigma-Aldrich) for 1 hour at room temperature before being
incubated in primary antibodies against monoclonal antibody B5i
(1:1000 dilution) and BNP (1:500 dilution) at 4°C for 16 hours.
Thereafter, the sections were treated sequentially with ready-to-use
biotinylated secondary antibody and ready-to-use streptavidin-
peroxidase conjugate, followed by standardized development in
3,3’-diaminobenzidine (DAB) chromogen.
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Immunofluorescence

NRCMs were seeded onto laminin-coated coverslips before infection
of siRNA-control, siRNA-B5i, Ad-GFP, or Ad-B5i for 24 hours,
followed by Ang II stimulation for 24 hours. Immunohistochemistry
was performed as described previously (45). Briefly, the cells were
washed with PBS and postfixed in 4% paraformaldehyde for 15 min
at room temperature. After the cells were blocked in PBS containing
1% BSA and 0.2% Triton X-100 for 10 min, monoclonal antibody
against sarcomeric a-actinin was added at a dilution of 1:500 for over-
night incubation at 4°C. After washing by PBS three times for 5 min,
the cells were then incubated with secondary antibody tetramethyl
rhodamine isothiocyanate (TRITC) or fluorescein isothiocyanate
(FITC) for 1 hour at room temperature, 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 by using
Image] software, and the relative surface area was read with the arbi-
trary units (the number of pixels) for evaluating hypertrophy.

Measurement of proteasome activity

Proteasome activity in the hearts was measured using fluorogenic
substrates, and Z-LLE-AMC (45 uM), Ac-RLR-AMC (40 uM), or
Suc-LLVY-AMC (18 uM) were used to detect caspase-like, trypsin-
like, or chymotrypsin-like activity, respectively (46). Briefly, pro-
teins of heart tissue were extracted in Hepes buffer (50 mM, pH
7.5) containing 20 mM KCl, 5 mM MgCl,, and 1 mM dithiothreitol.
Twenty micrograms of protein was added to 200 pl of the Hepes
buffer containing the fluorogenic substrates and incubated at 37°C
for 1 hour. The fluorescence intensity was measured with excitation
at 380 nm and emission at 460 nm.

Real-time PCR analysis

One microgram of total RNA from each sample was used to generate
complementary DNA (cDNA) by using M-MLV reverse transcrip-
tase as per the manufacturer’s specifications (Promega Corporation,
USA). Real-time PCR was cycled in 95°C/15 s, 60°C/30's, and 72°C/30 s
for 40 cycles, after an initial denaturation step at 95°C for 10 min
using SYBR Green PCR Master Mix purchased from Applied Bio-
systems (USA). Amplification was performed by using 7500 Fast
Real-Time PCR Systems (Applied Biosystems, USA), and the products
were routinely checked by using dissociation curve software. Tran-
script quantities were compared by using the relative quantitative
method, where the amount of detected mRNA was normalized to
the amount of endogenous control (GAPDH). The relative value to
the control sample is given by 2744¢T,

Western blot analysis

Primary cardiomyocytes or heart tissues were lysed with radioimmu-
noprecipitation assay lysis buffer (Solarbio). Equal amounts of protein
(50 to 60 ug) were separated by SDS—polyacrylamide gel electropho-
resis (SDS-PAGE) gels, transferred to polyvinylidene difluoride mem-
branes, and incubated with primary antibodies, as indicated in each
experiment, and then with horseradish peroxidase-conjugated sec-
ondary antibodies (1:2500), as described previously (6, 45). Western
blot signal intensities were analyzed with a Gel-Pro 4.5 analyzer
(Media Cybernetics, USA) and were normalized to controls.

Immunoprecipitation
NRCMs or cardiac tissues were lysed in lysis buffer [50 mM tris-
HCI (pH 8.0), 150 mM NaCl, 1% NP-40, 1% SDS, and 0.5% sodium
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deoxycholate] plus phenylmethylsulfonyl fluoride (PMSF) (Solarbio)
on ice for 20 min. Then, the samples were centrifuged at 12,000 rpm
at 4°C for 15 min to obtain the protein extract. After the protein con-
centration was quantitated by bicinchoninic acid (Thermo Fisher
Scientific), 2 ug of appropriate primary antibody and protein A-
Sepharose (Amersham Biosciences) were added to the protein sam-
ples with gentle shaking at 4°C for 24 hours, followed by centrifugation
at 5000 rpm at 4°C for 10 min. The pellet was washed twice with
wash buffer I [50 mM tris-HCI (pH 7.5), 500 mM sodium chloride,
0.1% NP-40, and 0.05% sodium deoxycholate] and once with wash
buffer I [50 mM tris-HCI (pH 7.5), 0.1% NP-40, and 0.05% sodium
deoxycholate]. Bound proteins were eluted by boiling beads in 2x
sample buffer, and the precipitated proteins were subjected to SDS-
PAGE. Immunoblot data were quantified and analyzed with a Gel-
Pro 4.5 analyzer (Media Cybernetics, USA).

Ubiquitylation assays

NRCMs or heart tissues were lysed with lysis buffer [50 mM tris-HCl
(pH 8.0), 150 mM NaCl, 0.1% SDS, 1% NP-40, and 0.5% sodium de-
oxycholate] plus PMSF (Solarbio) and protease inhibitor cocktail
(Roche) on ice for 30 min. Immunoprecipitation was performed
with ATGS5 antibody, and the ubiquitinated ATG5 was detected by
Western blot analysis with ubiquitin antibody, as described previ-
ously (43, 47, 48).

Pulse-chase analysis

Primary cardiomyocytes were infected with adenovirus expressing GFP
alone, B5i, siRNA-control, or siRNA-B5i for 24 hours. Protein lysates
were prepared at indicated time points after the addition of cycloheximide
(10 uM) or both cycloheximide (10 uM) and MG132 (10 uM). The
levels of endogenous ATG5 protein were detected by Western blot
analysis with anti-ATG5, quantified, and normalized to GAPDH.

Human subjects and blood samples

Thirty-eight HF patients (24 men and 14 women; 59 to 81 years;
mean, 68 years) with left ventricular EF of <40% were selected from
the First Affiliated Hospital of Dalian Medical University to collect
the blood samples and medical record information. Furthermore,
patients associated with infectious disease, immunological disease,
pulmonary disease, and malignancy were not included. HF medication
consisted of angiotensin converting enzyme (ACE) inhibitors (81%),
diuretics (73%), digitalis (68%), and B blockers (42%). Their clinical
and hemodynamic situations were stable, with no change in medi-
cation in the last month before the study. Controls subjects were
38 donors who received health examination (18 men and 20 women;
58 to 67 years old; mean, 62 years) without any history of cardiac
disease. Both serum and plasma were collected to examine bio-
chemical factors. For serum sampling, fresh blood samples without
any anticoagulant were immediately immersed in ice for 1 hour before
centrifugation (1000g at 4°C for 10 min). For plasma sampling,
EDTA was added and samples were immediately centrifuged
(1000g at 4°C) for 15 min.

ELISA assay
The blood serum was diluted in saline (1:2) and centrifuged at
1000g for 20 min, and then the B5i protein concentration in super-
natants was detected by using an LMP7 ELISA kit (Cloud-Clone
Corporation, Houston, TX, USA) according to the manufacturer’s
instructions.
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Statistical analysis

For multiple group, significance was determined by using one-way
analysis of variance (ANOVA) followed by Tukey’s post test or two-
way ANOVA followed by Bonferroni corrected post hoc ¢ test. For
two-group comparisons, Student’s ¢ test was performed. All data of
clinical patients were analyzed by SPSS 16.0 to identify whether they
were normally distributed or not. Student’s f test was used to deter-
mine the difference between two groups in normally distributed
data, and for the data not normally distributed, Mann-Whitney test
was performed to determine the difference. Multivariable logistic
regression models were used to evaluate the association of HF and
blood B5i concentration and its chymotrypsin-like activity and then
adjusted for sex, age, and cardiovascular risk factors such as alcohol
drinking, smoke, diabetes, dyslipidemia, and obesity. P < 0.05 was
considered statistically significant. All statistical analyses were done
using SPSS 16.0 software.
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