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Autophagosome–lysosome pathway (ALP) insufficiency has
been suggested to play a critical role in the pathogenesis of
cardiac hypertrophy. However, the mechanisms underlying ALP
insufficiency remain largely unknown, and strategies to specif-
ically manipulate ALP insufficiency for treating cardiac hyper-
trophy are lacking. Transcription factor EB (TFEB), as a master
regulator of ALP, regulates the generation and function of
autophagosomes and lysosomes. We found that TFEB was
significantly decreased, whereas autophagosome markers were
increased in phenylephrine (PE)-induced and transverse aortic
constriction–induced cardiomyocyte hypertrophy and failing
hearts from patients with dilated cardiomyopathy. Knocking
down TFEB induced ALP insufficiency, as indicated by increased
autophagosome markers, decreased light chain 3II flux, and
cardiomyocyte hypertrophy manifested through increased levels
of atrial natriuretic peptide and β-myosin heavy chain and
enlarged cell size. The effects of TFEB knockdown were abol-
ished by promoting autophagy. TFEB overexpression improved
autophagic flux and attenuated PE-stimulated cardiomyocyte
hypertrophy and transverse aortic constriction–induced hyper-
trophic remodeling, fibrosis, and cardiac dysfunction. Curcumin
analog compound C1, a specific TFEB activator, similarly
attenuated PE-induced ALP insufficiency and cardiomyocyte
hypertrophy. TFEB knockdown increased the accumulation of
GATA4, a transcription factor for several genes causing cardiac
hypertrophy by blocking autophagic degradation of GATA4,
whereas knocking down GATA4 attenuated TFEB
downregulation–induced cardiomyocyte hypertrophy. Both
TFEB overexpression and C1 promoted GATA4 autophagic
degradation and alleviated PE-induced cardiomyocyte hyper-
trophy. In conclusion, TFEB downregulation plays a vital role in
the development of pressure overload–induced cardiac hyper-
trophy by causing ALP insufficiency and blocking autophagic
degradation. Activation of TFEB represents a potential thera-
peutic strategy for treating cardiac hypertrophy.
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Autophagy is an evolutionarily conserved pathway that di-
rects cytoplasmic components, including organelles, protein
aggregates, and individual proteins, to the lysosome for
degradation. The basal level of autophagy is essential for
maintaining intracellular homeostasis, and impaired or hy-
peractive autophagy disturbs cellular function and induces
disease. Three forms of autophagy have been identified: mac-
roautophagy, microautophagy, and chaperone-mediated
autophagy. Macroautophagy, also known as the
autophagosome–lysosome pathway (ALP), involves autopha-
gosome formation, autophagosome–lysosome fusion (or
autophagosome maturation), and lysosome degradation and
induces the bulk degradation of cellular content. Micro-
autophagy involves only lysosome that captures and degrades a
small amount of soluble cytoplasmic content, whereas in the
selective chaperone-mediated autophagy, the lysosome takes
in specific protein molecules individually for degradation with
the aid of an adaptor protein (1). Macroautophagy or ALP is
the most extensively studied of these, particularly with regard
to diseases, such as neurodegenerative disease, metabolic
syndrome, and cardiovascular diseases (2–8).

Pathological cardiac hypertrophy and remodeling, initially
an adaptive response of the heart to pressure or volume
overload, are fundamental morphological changes in the pro-
gression of heart failure (HF), a leading cause of death
worldwide (9–11). Inhibition of pathological remodeling rep-
resents a promising therapeutic strategy to reduce morbidity
and mortality from HF. Studies have investigated the initiation
of autophagy under the stress of pressure overload (PO), the
most common cause of cardiac hypertrophy, and the possible
contribution of autophagy to the pathological remodeling of
the heart. Despite contradictory conclusions, the more recent
reports overwhelmingly support the participation of ALP
insufficiency in the pathological remodeling of myocardial
hypertrophy (12–17). An earlier study demonstrated increased
microtubule-associated protein 1 light chain 3 (LC3)–positive
autophagosome formation and upregulated expression of
beclin-1, a protein promoting autophagosome formation, in
transverse aortic constriction (TAC)–induced cardiac hyper-
trophy and HF. The TAC-induced increase in autophagosome
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TFEB downregulation promotes cardiac hypertrophy
abundance and cardiac dysfunction were largely ameliorated in
beclin-1+/− mice, which led the authors to the conclusion that
enhanced autophagy has a detrimental effect in PO-induced
cardiac hypertrophy (18). However, another study showed
that administration of Tat-beclin-1, a potent small-peptide
inducer of autophagy derived from a region of beclin-1 that
enhances autophagy, attenuated PO-induced pathological
changes (13). The controversial conclusion from the genetic
and pharmacological manipulation of beclin-1 has been
attributed to the various complicated effects of beclin-1 on
autophagic flux, which depend on which partners it forms a
complex with (19). The genetic manipulation of beclin-1 might
have impaired autophagic flux. Growing evidence indicates
that myocardial ALP insufficiency, rather than autophagosome
formation, occurs in PO-induced cardiac hypertrophy. Ma-
nipulations promoting autophagosome formation are detri-
mental to the treatment of cardiac hypertrophy. For example,
enhancing beclin-1–mediated autophagy by miR30a knock-
down (KD) exacerbates PO-induced cardiac hypertrophy,
fibrosis, and HF (20), whereas treatment with 3-methyladenine
to stop the formation of autophagosomes ameliorated
PO-induced cardiac pathology (21). Conversely, strategies
improving ALP activity, such as the application of mechanistic
target of rapamycin kinase complex 1 (mTORC1) inhibitors
(i.e., rapamycin and its analogs) and AMP-activated protein
kinase activators (i.e., 5-amino-4-imidazole-1-β-D-carbox-
amide ribofuranoside, metformin, or R118), which activate
autophagy flux by activating UNC51-like kinase directly or via
mTORC1 inactivation, are beneficial in the treatment of car-
diac hypertrophy and HF (19). In addition, the changes in
autophagy during the development of cardiac hypertrophy are
likely to be time dependent, where autophagic flux has been
shown to increase at the very early stage of the disease (3–12 h
after TAC), and then decreased gradually (13). Therefore, how
and when autophagy should be modulated is a critical concern
in the treatment of pathological cardiac hypertrophy.
Improving ALP is a potential therapeutic strategy against
pathological remodeling. However, the mechanisms underly-
ing the ALP insufficiency in cardiac hypertrophy remain
largely unknown, and the measures taken to improve cardiac
ALP are often nonspecific as a result (1).

Transcription factor EB (TFEB), a member of the micro-
phthalmia family transcription factors (TFs) with a basic he-
lix–loop–helix leucine-zipper structure, was recently
identified as a key regulator, orchestrating the whole ALP
process (22). TFEB directly regulates both the production and
functions of the lysosome and also the generation and
maturation of autophagosomes (22–25). Enforced TFEB
expression has been suggested to have a therapeutic effect on
diseases associated with lysosomal or ALP insufficiency,
including the accumulation of aberrant aggregates, that is,
neurodegenerative diseases such as Parkinson’s disease, Alz-
heimer’s disease, and Huntington’s disease (24, 26–29); and
liver damage and pulmonary fibrosis caused by the accumu-
lation of misfolded proteins (30, 31). TFEB-mediated auto-
phagy is also known to contribute to glycolipid, doxorubicin,
and protein accumulation–induced heart toxicity and
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ischemic reperfusion injury, and TFEB activation can alleviate
myocardial damage (32–36).

Despite the beneficial effect of TFEB on the treatment of
those diseases, TFEB can be harmful to normal organ func-
tions. For example, heart-specific TFEB overexpression im-
pairs cardiac function and induces cardiomyopathy in TFEB
transgenic mice (37). The detrimental effects of TFEB have
also been observed in transgenic mice with neuron-specific
TFEB overexpression (38). However, adeno-associated virus
(AAV)-mediated moderate TFEB overexpression is not
harmful to these organs (29, 35, 39–41). Therefore, TFEB is
likely to exert controversial effects under normal and diseased
conditions, depending on TFEB expression levels and patho-
logical features of the disease. In addition, endothelial cell-,
adipocyte-, and macrophage-specific TFEB transgenic mice
show no damaged symptoms (42–44), suggesting the effect of
TFEB has tissue specificity. PO-induced cardiac hypertrophy
has prominent pathological features distinguished from those
reported heart diseases whose developments are associated
with TFEB activity. So far, no studies have established the link
between TFEB and pathological remodeling in the context of
cardiac hypertrophy. The study on TFEB in the context of
pathological cardiac hypertrophy can provide new insight into
the mechanism underlying this disease. It is of particular sig-
nificance to explore the therapeutic potential of targeting
TFEB for the treatment of cardiac hypertrophy.

In this study, we investigated whether and how TFEB
modulates autophagy in PO-induced cardiac hypertrophy and
the possible role of TFEB in the pathological remodeling. For
this purpose, we examined TFEB expression and activity in a
cell model of PE-stimulated cardiomyocyte hypertrophy and a
mouse model of TAC-induced cardiac hypertrophy. By
manipulating TFEB expression, we investigated the role and
mechanisms of TFEB in regulating autophagy in cardiac hy-
pertrophy and TFEB-mediated autophagy in the pathological
remodeling. Finally, we activated TFEB genetically and phar-
macologically to explore the possible therapeutic effects of
TFEB on cardiac hypertrophy.
Results

TFEB expression is downregulated, and autophagic flux is
blocked in pathological cardiac hypertrophy

First, we explored changes in TFEB expression and auto-
phagy in phenylephrine (PE; 50 μmol/l, 48 h)-induced car-
diomyocyte hypertrophy and TAC (8 weeks)-induced mouse
cardiac hypertrophy models. The mRNA levels of natriuretic
peptide precursor A (NPPA) and natriuretic peptide precursor
B (NPPB), biomarkers of cardiac hypertrophy, were signifi-
cantly increased in the cell and animal cardiac hypertrophy
models (Fig. 1, A and B). TFEB mRNA and protein levels were
significantly decreased in hypertrophic cardiomyocytes and
TAC-mice heart tissues compared with controls (Fig. 1, A, B,
D, and E). In contrast, the protein levels of LC3 type II
(microtubule-associated protein 1 LC3 type II) and, especially,
P62 were increased in PE-stimulated cardiomyocytes and TAC
hearts (Fig. 1, G and H), indicative of the blocking of



Figure 1. Transcription factor EB (TFEB) expression is downregulated, and autophagic flux is blocked in pathological cardiac hypertrophy.
A, statistics of TFEB, natriuretic peptide precursor A (NPPA), and natriuretic peptide precursor B (NPPB) mRNA levels in neonatal rat ventricular myocytes
(NRVMs) treated with or without phenylephrine (PE; 50 μmol/l, 48 h). n = 4 to 6. Data represent mean ± SD from three independent experiments.
B, statistical data of TFEB, NPPA, and NPPB mRNA levels in hearts from sham or transverse aortic constriction (TAC) mice. n = 4. Data represent mean ± SD
from three independent experiments. C, statistics of TFEB mRNA levels in hearts from patients with dilated cardiomyopathy (DCM). n = 3. Data represent
mean ± SD. D and G, representative immunoblots and statistical data of TFEB, P62, and microtubule-associated protein 1 light chain 3 type II (LC3II) protein
levels in NRVMs treated with or without PE (50 μmol/l, 48 h). n = 3 to 8. Data represent mean ± SD from at least three independent experiments. E and H,
representative immunoblots and statistics of TFEB, P62, and LC3II protein levels in heart tissues from sham or TAC mice. n = 4. Data represent mean ± SD
from three independent experiments. F and I, representative immunoblot images and statistical data of TFEB, P62, and LC3II protein levels in human hearts
from adult donors (nonfailing, NF) and patients with DCM. n = 3. Data represent mean ± SD.

TFEB downregulation promotes cardiac hypertrophy
autophagic flux in cardiac hypertrophy. Furthermore, we
found similarly decreased TFEB and increased LC3II and P62
protein levels in human hearts isolated from patients with
dilated cardiomyopathy compared with healthy human heart
tissues (Fig. 1, C, F, and I). The data collectively indicate that
TFEB expression is decreased, and autophagic flux is blocked
in pathological cardiac hypertrophy.
TFEB downregulation induces cardiomyocyte hypertrophy by
blocking autophagic flux

To explore the possible role of TFEB in the development
of cardiac hypertrophy, we performed TFEB KD in neonatal
rat ventricular myocytes (NRVMs) by RNA interference
adenovirus (multiplicity of infection [MOI] = 30, 60 h) to
simulate the change in TFEB associated with pathological
cardiac hypertrophy. Decreased TFEB expression remarkably
increased the protein levels of atrial natriuretic peptide
(ANP) and myosin heavy chain-β (β-MHC), and NRVM cell
size when compared with control cells (mCherry; Fig. 2, A
and B), suggesting there is a causal relationship between
decreased TFEB and the pathogenesis of cardiomyocyte
hypertrophy.

Next, we examined how TFEB KD affects autophagic
flux in NRVMs. We found that protein levels of both
LC3II and P62 were significantly increased in TFEB-KD
cells compared with mCherry controls (Fig. 2C). While
LC3II protein levels reflect the abundance of
J. Biol. Chem. (2021) 297(4) 101189 3



Figure 2. Transcription factor EB (TFEB) downregulation induces cardiomyocyte hypertrophy by blocking autophagic flux. A, representative im-
munoblots and statistics of atrial natriuretic peptide (ANP), myosin heavy chain-β (β-MHC), and TFEB protein levels in neonatal rat ventricular myocytes
(NRVMs) infected with mCherry or TFEB knockdown (TFEB-KD) adenoviruses. n = 3 to 5. Data represent mean ± SD from at least three independent ex-
periments. B, representative images and statistics of the cell-surface area of mCherry control and TFEB-KD NRVMs. n = 45 to 47 cells from four animals. Data
represent mean ± SD from three independent experiments. C, representative immunoblots and statistics of P62 and microtubule-associated protein 1 light
chain 3 type II (LC3II) protein levels in NRVMs. The blot of GAPDH was the same as that in A, as the blots of target protein in the two figures were taken from
the same samples in the meantime. n = 5 to 8. Data represent mean ± SD from four independent experiments. D, representative immunoblots of LC3II
protein levels and statistics of LC3II flux in NRVMs infected with mCherry or TFEB-KD adenoviruses with or without BafA1 (bafilomycin; 50 nmol/l, 6 h)
treatment. The calculation was as described in the Experimental procedures section. n = 4. Data represent mean ± SD from three independent experiments.
E, representative images of NRVMs infected with LC3B tandemly tagged with an acid-resistant monomeric red fluorescent protein (RFP) and acid-sensitive
GFP (mRFP-GFP-LC3B) adenovirus treated with negative control (NC) siRNA or TFEB siRNA and quantification of LC3B puncta; n = 17 to 21 cells from three
animals. Data represent mean ± SD from three independent experiments. F, representative immunoblots and statistics of ANP, β-MHC, P62, and LC3II
protein levels in TFEB-KD NRVMs treated with or without rapamycin (Rapa; 20 μmol/l, 36 h). n = 3 to 6. Data represent mean ± SD from three independent
experiments. G, representative immunoblots and statistics of autophagy-relative protein 7 (ATG7), ANP, β-MHC, P62, and LC3II protein levels in TFEB-KD
NRVMs infected with GFP or ATG7 (MOI = 20, 48 h). n = 4. Data represent mean ± SD from three independent experiments. MOI, multiplicity of infec-
tion; N.S., not significant.

TFEB downregulation promotes cardiac hypertrophy
autophagosomes, the rate of LC3II degradation (i.e., LC3II
flux) indicates the degradation rate of autophagosomes by
the lysosome (i.e., autophagic flux) (45). The LC3II flux, as
measured by the net amount of LC3II accumulated by
bafilomycin A1 (BafA1; 50 nmol/l, 6 h) induced lysosomal
inhibition was remarkably decreased in TFEB-KD NRVMs
(Fig. 2D). Furthermore, TFEB KD decreased red fluores-
cent protein (RFP)+ GFP− puncta of LC3B, indicating the
formation of autophagolysosomes (Fig. 2E). The results
consistently provided evidence for the blockage of auto-
phagic flux in TFEB-KD NRVMs.
4 J. Biol. Chem. (2021) 297(4) 101189
As autophagy is important to preserve metabolic capacity by
removing damaged mitochondria, we explored the effects of
TFEB KD on mitochondrial biological activities. TFEB down-
regulation significantly decreased the protein levels of perox-
isome proliferator–activated receptor-gamma coactivator-1α
(PGC1α) and mitochondrial import receptor subunit TOM20
homolog (Tomm20), the biomarkers for mitochondria
biogenesis and mitochondria content, respectively (Fig. S4A).
Meanwhile, mitochondrial activity measured with WST-1
assay was decreased in TFEB-KD cells compared with
control cells (Fig. S4B). Consistently, ATP production in



TFEB downregulation promotes cardiac hypertrophy
TFEB-KD cells was significantly decreased (Fig. S4C).
Furthermore, we found that TFEB KD decreased mitochon-
drial membrane potential (Fig. S4D) and increased mito-
chondrial superoxide production (Fig. S4E). These results
collectively indicate that TFEB KD induces damages to mito-
chondrial biogenesis, activity, and function.

Furthermore, we determined how autophagic-flux blockage
contributes to TFEB-induced cardiac hypertrophy. mTORC1 is
a negative regulator of autophagy flux (19). We used rapamycin
(20 μmol/l, 36 h) to inhibit mTORC1 activity to examine its
effect on TFEB-induced hypertrophy. The results show that
rapamycin decreased the protein levels of LC3II and P62 in
TFEB-KD cells, suggesting there was an improvement in
autophagic flux. The expression levels of the hypertrophic
markers ANP and β-MHC were also significantly decreased
(Fig. 2F), suggesting TFEB downregulation induces car-
diomyocyte hypertrophy by blocking autophagic flux. Consid-
ering that rapamycin is also a potent inhibitor for protein
synthesis and metabolic activities in addition to regulating
autophagy, we manipulated cellular autophagy activity more
specifically by transfecting the cells with autophagy-related
protein 7 (ATG7)–carrying adenovirus (MOI = 20, 48 h)
12 h after transfection of TFEB-KD adenovirus. Consistent with
the result of rapamycin, ATG7 overexpression decreased
TFEB-KD–induced increase in protein levels of P62 and LC3II,
as well as ANP and β-MHC (Fig. 2G), confirming autophagic
flux blockade contributes to cardiomyocyte hypertrophy by
TFEB downregulation.

TFEB downregulation inhibits GATA4 autophagic degradation

Consistent with its effect on ANP and β-MHC protein
levels, TFEB downregulation dramatically increased mRNA
levels of NPPA and myosin heavy chain 7B (MYH7B) that
encode ANP and β-MHC, respectively (Fig. 3A), implicating
the involvement of prohypertrophic TF(s) that control fetal
gene transcription. GATA4 is such a TF upregulating the
expression of several cardiac-specific fetal genes that promote
cardiomyocyte growth and plays an essential role in the
pathogenesis of cardiac hypertrophy (46, 47). A recent study
reported that GATA4 accumulated in senescent lung tissue
because its autophagy-mediated degradation was inhibited,
which promoted inflammation and senescence (48). No
studies have investigated the possible role of autophagy in
regulating GATA4 protein stability in cardiomyocytes.
Therefore, we hypothesized that TFEB KD controls GATA4
protein levels by changing its degradation rate through regu-
lating autophagic flux. To test this, we examined the protein
levels of GATA4 in TFEB-KD cells and found them to be
significantly increased (Fig. 3B). In contrast, GATA4 mRNA
levels were decreased in TFEB-KD NRVMs, suggesting TFEB
upregulates GATA4 at the protein level (Fig. 3C). Blocking the
ALP with chloroquine (CQ; 20 μmol/l, 24 h) and bafilomycin
(BafA1; 50 nmol/l, 6 h) significantly increased basal GATA4
protein levels (Fig. 3D), whereas enhancing autophagy flux
with rapamycin decreased GATA4 protein levels (Fig. 3E) in
TFEB-KD NRVMs. All our findings led us to the conclusion
that, in cardiomyocytes, GATA4 stability is regulated by
autophagy, and TFEB increases GATA4 autophagic
degradation.

To address whether GATA4 accumulation accounts for
TFEB downregulation–induced cardiac hypertrophy, we
knocked down GATA4 expression in cardiomyocytes using
GATA4 siRNA and observed a remarkable decrease in the
TFEB downregulation–induced upregulation of ANP and
β-MHC (Fig. 3F). The data suggest that a decrease in GATA4
autophagic degradation contributes to TFEB downregulation–
induced cardiomyocyte hypertrophy.

In addition to GATA4, TFs NFAT3 and MEF2 have also
been shown to have critical role in the development of cardiac
hypertrophy. The enhanced nuclear translocation of NFAT3
and increased MEF2 expression can induce fetal gene ex-
pressions and hypertrophic growth of the heart. To test
whether TFEB-mediated autophagic flux participates in regu-
lation of these TFs, we examined the influence of TFEB KD on
NFAT3 translocation and MEF2 (MEF2A and MEF2B) protein
levels. The results show that TFEB KD had no effects on them
(Fig. S6), suggesting TFEB KD specifically modulates GATA4
protein content.

Activation of TFEB inhibits cardiomyocyte hypertrophy by
encouraging GATA4 autophagic degradation

The aforementioned findings suggest that TFEB presents a
potential therapeutic target for the treatment of cardiac hy-
pertrophy. Therefore, we examined the effect of increasing
TFEB expression on PE-induced cardiomyocyte hypertrophy.
As illustrated in Figure 4, A and B, the mRNA levels of NPPA
and MYH7B and cell-surface area were decreased, indicating
that TFEB overexpression largely attenuated the car-
diomyocyte hypertrophy. PE resulted in LC3II flux suppres-
sion, which was largely attenuated by TFEB overexpression
(Fig. 4C). The GATA4 accumulation induced by PE was also
alleviated by TFEB overexpression (Fig. 4D). Furthermore, the
protective effect of TFEB overexpression against PE stimula-
tion was weakened by CQ, where ANP and β-MHC expres-
sion increased and GATA4 levels accumulated (Fig. 4E). The
data collectively indicate that TFEB overexpression attenuates
PE-induced cardiomyocyte hypertrophy by promoting
GATA4 autophagic degradation. Curcumin analog compound
C1 is an mTOR-independent activator of TFEB that binds to
TFEB to promote its nuclear translocation (49) and may exert
a similar therapeutic effect on cardiomyocyte hypertrophy by
increasing TFEB expression. As anticipated, PE hindered
TFEB nuclear translocation (Fig. 5A), and C1 (5 nmol/l, 24 h)
promoted TFEB nuclear translocation and attenuated PE-
induced cardiomyocyte hypertrophy, as demonstrated by
decreased mRNA levels of NPPA and MYH7B (Fig. 5, B and
C). Through the activation of TFEB, C1 alleviated PE-induced
autophagic flux inhibition (Fig. 5D) and GATA4 accumula-
tion (Fig. 5E). In the presence of CQ, the antihypertrophic
effect of C1 was weakened, in which ANP and β-MHC
expression and GATA4 levels increased (Fig. 5F). These data
confirm that C1 also attenuates PE-induced cardiomyocyte
J. Biol. Chem. (2021) 297(4) 101189 5



Figure 3. Transcription factor EB (TFEB) downregulation inhibits GATA4 autophagic degradation. A, statistics of natriuretic peptide precursor A
(NPPA), myosin heavy chain 7B (MYH7B), and TFEB mRNA levels in neonatal rat ventricular myocytes (NRVMs) infected with mCherry control or TFEB-KD
(TFEB-knockdown) adenoviruses. n = 6. Data represent mean ± SD from four independent experiments. B, representative immunoblot images and statistics
of GATA4 protein expression in the two groups. n = 7 to 8. Data represent mean ± SD from four independent experiments. C, representative statistics of
GATA4 mRNA levels in negative control or TFEB-KD cells. n = 6. Data represent mean ± SD from three independent experiments. D, representative im-
munoblots and statistics of GATA4 protein expression in NRVMs treated with dimethyl sulfoxide (DMSO), bafilomycin A1 (BafA1; 50 nmol/l, 6 h), or
chloroquine (CQ; 20 μmol/l, 24 h). n = 4. Data represent mean ± SD from three independent experiments. E, representative immunoblots and statistics of
GATA4 protein levels in TFEB-KD cells in response to rapamycin (Rapa; 20 μmol/l, 36 h). n = 6. Data represent mean ± SD from three independent ex-
periments. F, representative immunoblots and statistics of GATA4, atrial natriuretic peptide (ANP), and myosin heavy chain-β (β-MHC) protein levels in
NRVMs of four groups as labeled. n = 4 to 6. Data represent mean ± SD from three independent experiments.

TFEB downregulation promotes cardiac hypertrophy
hypertrophy by promoting GATA4 autophagic degradation
and may serve as a new drug for the treatment of cardiac
hypertrophy.
TFEB overexpression in mouse heart attenuates TAC-induced
cardiac hypertrophy

The therapeutic effect of upregulating TFEB on the treat-
ment of cardiac hypertrophy was further examined in vivo.
We specifically increased cardiac TFEB expression by inject-
ing AAV 9 carrying the cTNT promoter and TFEB gene
(TFEB AAV) into mouse tail veins. The control mice received
an injection of GFP-AAV. One week after AAV injection, the
mice were subjected to TAC or sham surgery for 8 weeks. In
the GFP-AAV mice, the left ventricular (LV) posterior wall at
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systole and diastole was significantly thicker in the mice
subjected to TAC compared with sham surgery (Fig. 6, A and
B). The systolic and diastolic LV internal dimensions (LVIDs
and LVIDd, respectively) were increased, and the ejection
fraction (EF) and fractional shortening (FS) were significantly
decreased in TAC compared with sham mice (Fig. 6, A and B).
Congruently, the heart weight/body weight (BW) and lung
weight/BW ratios (Fig. 6C), as well as NPPA and MYH7B
mRNA levels, were dramatically increased in the TAC group
(Fig. 6E). The images of heart crosssections showed that the
gross heart size and myofibril-crossed areas of wheat germ
agglutinin (WGA) staining were increased in TAC compared
with sham mice (Fig. 6D). Furthermore, TAC induced cardiac
fibrosis, as Masson’s trichrome staining and the semi-
quantitative analysis of collagen volume showed that



Figure 4. Transcription factor EB (TFEB) overexpression attenuates phenylephrine (PE)-induced hypertrophy by encouraging GATA4 autophagic
degradation. A, statistics of natriuretic peptide precursor A (NPPA), myosin heavy chain 7B (MYH7B), and TFEB mRNA levels in neonatal rat ventricular
myocytes (NRVMs) infected with GFP or TFEB overexpression (OE) lentiviruses with or without PE treatment. n = 5 to 12. Data represent mean ± SD from at
least three independent experiments. B, representative images and statistics of the cell-surface areas in the four groups. n = 27 to 49 cells from three
animals. Data represent mean ± SD from three independent experiments. C, representative immunoblots of microtubule-associated protein 1 light chain 3
type II (LC3II) protein levels and statistics of LC3II flux in the labeled groups. The calculation was as described in the Experimental procedures section. n = 4.
Data represent mean ± SD from three independent experiments. D, representative immunoblots and statistics of GATA4 protein expression in the four
groups. n = 4. Data represent mean ± SD from three independent experiments. E, representative blots and statistical data of atrial natriuretic peptide (ANP),
myosin heavy chain-β (β-MHC), GATA4, P62, and LC3II protein expression in PE (50 μmol/l, 48 h)-treated TFEB-overexpressing NRVMs with or without
chloroquine (CQ; 20 μmol/l, 24 h) treatment. n = 3 to 6. Data represent mean ± SD from three independent experiments.

TFEB downregulation promotes cardiac hypertrophy
interstitial and perivascular fibrosis had noticeably increased
(Fig. 6G). The mRNA levels of cardiac fibrosis parameters,
including periostin, collagen type III α1, and collagen type I
α2, were also significantly higher in the TAC mice (Fig. 6H).
Along with the structural and functional changes, the protein
levels of LC3II and P62 were significantly increased, and more
GATA4 accumulated in TAC mouse hearts compared with
sham hearts (Fig. 6F). Consistent with the blockage of auto-
phagic flux, there was an impairment of mitochondrial func-
tion, where PGC1α protein levels and ROS production were
significantly decreased in TAC hearts compared with control
(Fig. S7, A and B). Tunnel staining demonstrated that TAC
induced cardiomyocyte apoptosis (Fig. S7C).

Cardiac TFEB overexpression in mouse heart tissues, which
was confirmed by the increase in TFEB mRNA and protein
levels (Fig. 6, E and F), alleviated TAC-induced cardiac hy-
pertrophy, and all hypertrophic changes were markedly
reduced 8 weeks post-TAC surgery compared with the TAC
mice that received the GFP-AAV injection (Fig. 6, A–H). In
addition, TFEB overexpression attenuated TAC-induced car-
diac dysfunction, as the LV EF and FS were significantly
increased in TFEB-AAV TAC mice compared with GFP-AAV
TAC mice, meanwhile, the heart rate of the two groups was
undifferentiated (Fig. 6B and Fig. S1). Furthermore, TFEB
overexpression relieved the TAC-induced cardiac fibrosis
(Fig. 6, G and H).

Our in vitro experiments demonstrated that TFEB over-
expression alleviates PE-induced cardiomyocyte hypertrophy
by promoting autophagic flux and increasing GATA4 auto-
phagic degradation. TFEB overexpression decreased the TAC-
J. Biol. Chem. (2021) 297(4) 101189 7



Figure 5. Curcumin analog compound (C1) attenuates phenylephrine (PE)-induced hypertrophy by encouraging GATA4 autophagic degradation.
A, representative immunoblots and statistics of cytoplasmic (cyto) and nuclear (nuc) transcription factor EB (TFEB) protein levels in neonatal rat ventricular
myocytes (NRVMs) treated with or without PE. n = 4. Data represent mean ± SD from three independent experiments. B, representative immunofluo-
rescence images and statistics of the TFEB nuclear translocation percentage in NRVMs. n = 20 to 21 cells from three animals. Data represent mean ± SD from
three independent experiments. C, statistics of natriuretic peptide precursor A (NPPA) and myosin heavy chain 7B (MYH7B) mRNA levels in NRVMs groups as
labeled. n = 4 to 11. Data represent mean ± SD from at least three independent experiments. D, representative immunoblots of microtubule-associated
protein 1 light chain 3 type II (LC3II) protein levels and statistics of LC3II flux in NRVMs treated with dimethyl sulfoxide (DMSO) or C1 (5 μmol/l, 24 h)
with or without BafA1 (bafilomycin; 50 nmol/l, 6 h). n = 3. Data represent mean ± SD from three independent experiments. E, representative blots and
statistical data of GATA4 protein levels in the four groups. n = 4 to 6. Data represent mean ± SD from three independent experiments. F, representative
immunoblots and statistics of atrial natriuretic peptide (ANP), myosin heavy chain-β (β-MHC), GATA4, P62, and LC3II protein levels in NRVMs treated with PE
and C1 with or without CQ (20 μmol/l, 24 h) treatment. n = 3 to 5. Data represent mean ± SD from at least three independent experiments. N.S., not
significant.

TFEB downregulation promotes cardiac hypertrophy
induced upregulation of P62 and GATA4 protein levels
(Fig. 6F). The impaired mitochondrial activities were restored
by TFEB overexpression in TAC mice, where PGC1 expression
was increased and ROS production and cardiomyocyte
apoptosis were decreased (Fig. S7, A–C), confirming the pro-
tective effects of TFEB on mitochondrial function in vivo.
Discussion
Here, we report, to our knowledge, the first evidence for the

critical role of TFEB in the development of pathological car-
diac hypertrophy. Under stress by catecholamine stimulation
(PE) and PO (TAC), TFEB expression in the heart is decreased,
leading to autophagic flux blockage and ALP insufficiency.
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TFEB insufficiency, particularly, impairs the autophagic
degradation pathway of GATA4, and an accumulation of
GATA4 increases prohypertrophic gene expression, promot-
ing the pathological remodeling of the heart. Activation of
TFEB, genetically or pharmacologically, restores autophagic
flux and GATA4 degradation, providing a promising thera-
peutic strategy for the treatment of pathological cardiac
hypertrophy.
Decreased TFEB expression contributes to ALP insufficiency
and pathological cardiac hypertrophy

Although current opinion states that ALP insufficiency oc-
curs in cardiac hypertrophy (12–17), direct evidence of ALP



Figure 6. Transcription factor EB (TFEB) overexpression in mouse heart attenuates transverse aortic constriction (TAC)–induced cardiac hyper-
trophy. A, representative M-mode tracing from the echocardiography of GFP and TFEB overexpression mice 8 weeks after sham or TAC operation. B, systolic
left ventricular internal dimension (LVIDs) and diastolic left ventricular internal dimension (LVIDd), thicknesses of the left ventricular posterior wall at systole
(LVPWs) and diastole (LVPWd), and left ventricular ejection fraction (EF) and fraction shortening (FS). n = 10 to 17. Data represent mean ± SD from two
independent experiments. C, statistics of heart weight/body weight (HW/BW) ratio and wet lung weight/body weight (LW/BW) ratio. n = 5 to 12. Data
represent mean ± SD from two independent experiments. D, representative images of hematoxylin and eosin staining of transverse sections of hearts, and
representative images and statistics of wheat germ agglutinin staining of hearts from the four mouse groups. n = 12 fields from three mice per group. Data
represent mean ± SD from one independent experiment. E, statistics of natriuretic peptide precursor A (NPPA), myosin heavy chain 7B (MYH7B), and
transcription factor EB (TFEB) mRNA levels in mouse hearts from the labeled four groups. n = 3 to 4. Data represent mean ± SD from one independent
experiment. F, representative immunoblots and statistics of P62, microtubule-associated protein 1 light chain 3 type II (LC3 II), GATA4, and TFEB protein
levels in the mouse hearts. n = 4 to 5. Data represent mean ± SD from one independent experiment. G, representative images and statistics of Masson’s
trichrome staining of hearts. n = 3 to 4 fields from 3 to 4 animals. The statistics was from the panoramic scanning pictures. Data represent mean ± SD from
one independent experiment. H, statistics of periostin (POSTN), collagen type III, alpha 1 (COL3A1), and collagen type I, alpha 2 (COL1A2) mRNA levels in
mouse hearts from the four labeled groups. n = 3. Data represent mean ± SD from one independent experiment.

TFEB downregulation promotes cardiac hypertrophy
insufficiency promoting pathological cardiac remodeling is still
lacking, and the mechanisms are unknown. Therefore, strate-
gies to improve ALP in pathological cardiac hypertrophy are
often nonspecific. The best way to manipulate autophagy to
exert antihypertrophic remodeling is of clinical significance
and urgently needs to be addressed.

TFEB has been shown to play protective roles in cardiac
damages including myocardial ischemia-reperfusion injury,
doxorubicin, and proteotoxicity-induced cardiac toxicity,
monoamine oxidase-A–induced HF, and missense variant in
Rag GTPase protein C–induced syndromic dilated cardiomy-
opathy via autophagy-dependent or autophagy-independent
pathways. Whether TFEB regulates ALP in cardiac hypertro-
phy and the regulation is beneficial or detrimental to the heart
in the context of cardiac pathological remodeling remain
unknown, as one study reported that cardiac-specific over-
expression of TFEB induces pathological cardiac hypertrophy
and lethal cardiomyopathy using a doxycycline-inducible Tet-
off mouse model.

This studywas thefirst to demonstrate the critical role ofTFEB
downregulation in ALP insufficiency in cardiomyocytes, and we
showed that knocking down TFEB increased LC3II and P62
protein levels and decreased autophagic flux (LC3II flux
decreased and autophagolysosome levels decreased). We further
J. Biol. Chem. (2021) 297(4) 101189 9
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established a causal relationship betweenTFEBdownregulation–
induced ALP insufficiency and the pathogenesis of cardiac hy-
pertrophy: knocking down TFEB induced the hypertrophic
growth of NRVMs, and promoting autophagy flux with rapa-
mycin or by overexpressionATG7 attenuatedTFEBKD-induced
cardiomyocyte hypertrophy. Therefore, our study identified
TFEB as a possible target for manipulation to effectively address
ALP insufficiency in the treatment of cardiac hypertrophy.

In contrast to the remarkably detrimental effect of TFEB
overexpression on the hearts in the conditional cardiac-specific
TFEB transgenic mice (37), we did not observe significant dam-
age of mouse hearts with AAV9-mediated TFEB overexpression.
In the transgenic mouse model, there is an approximately
eightfold increase in TFEB protein expression, whereas there is
only a twofold increase in TFEB protein in TFEB-overexpressed
animals in our study. The moderate increase in TFEB has mod-
erate effect on autophagy and cardiac function as found in our
study, whereas exaggerated autophagy and perhaps autophagy-
independent noncanonical effect of TFEB induces heart dam-
age as observed in the transgenic mice. The differential outcome
in the hearts with TFEB overexpression between the two studies
suggests that the expression levels of TFEB should be carefully
manipulated to prevent insufficient or exaggerated autophagy-
induced damage to the heart.
TFEB downregulation induces GATA4 autophagic blockage,
contributing to the pathogenesis of cardiac hypertrophy

The pathogenesis of PO-induced cardiac hypertrophy is
tightly related to the activation of several TFs, including
GATA4, NFAT, and MEF2 (47, 50). Our results showed that
TFEB KD leads to an accumulation of GATA4, a TF that plays
an essential role in the development of cardiac hypertrophy by
regulating the expression of several fetal genes, that is, NPPA,
NPPB, and MYH7B, which promote cardiomyocyte growth
(46, 47, 51, 52).

We generated several lines of evidence indicating the causal
relationship between GATA4 accumulation and TFEB-
induced cardiac hypertrophy. First, we observed decreased
TFEB and increased GATA4 protein levels in both in vitro PE-
stimulated cardiomyocyte hypertrophy and TAC-induced
mouse cardiac hypertrophy models. Second, TFEB KD mark-
edly increased the mRNA levels of the fetal genes NPPA and
MYH7B, and the transcription of these genes was upregulated
by GATA4. Third, knocking down GATA4 expression largely
inhibited cardiomyocyte hypertrophy upon TFEB KD in
NRVMs. Therefore, GATA4 accumulation contributes to
TFEB-induced cardiac hypertrophy.

Of note, TFEB overexpression or C1 treatment increased
autophagic flux without changing basal GATA4 protein level
(Fig. 4D). The protein level of GATA4 is determined by the
balance of GATA4 protein stability and protein synthesis,
while autophagy is just one mechanism that directly regulates
the protein stability and may indirectly regulate protein syn-
thesis. Under normal condition, the balance can be well
maintained when there is a moderate increase (by 1.25-fold by
TFEB overexpression and 1.17-fold by C1 treatment) in
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autophagy flux. GATA4 synthesis may be increased, and/or
proteasome-mediated GATA4 degradation may be decreased
to compensate for the enhanced autophagy-induced GATA4
degradation. This study is limited by that we have no data to
explain why increasing autophagy flux under normal condition
had no effect on GATA4 protein level, while restoring the
impaired autophagy flux under hypertrophic conditions
reduced GATA4 accumulation. We propose it is attributed to
the difference of the complicated regulation system of GATA4
protein under normal and pathological conditions.

Interestingly, under differential pathological conditions,
TFEB-mediated autophagy is likely to have specific roles in
regulating signaling pathways relating to the disease. For
example, in Cry ABR 120G-induced cardiac proteinopathy,
TFEB overexpression can upregulate HSPB8 to restore normal
desmin location (39). While in doxorubicin-induced car-
diotoxicity, TFEB offered protection for dihydrotanshinone I
against doxorubicin-induced cardiotoxicity by downregulating
phosphorylation of inhibitor of κb kinase α/β and NF-κB (53).
TFEB overexpression has also been shown to attenuate auto-
phagosome buildup and mitochondrial fission in monoamine
oxidase-A–induced HF (54). In this study, we reported TFEB-
mediated GATA4 autophagic degradation, which promotes
pathological cardiac hypertrophy.

To explore the mechanism of TFEB-induced GATA4 accu-
mulation, we examined the mRNA levels of GATA4 and found
them to be decreased, contrary to the change in GATA4 protein
levels. This indicates that TFEB may induce GATA4 accumu-
lation through post-transcriptional modification. Interestingly,
we found a novel autophagy-mediated protein degradation
pathway controlling GATA4 protein levels in neonatal car-
diomyocytes, as GATA4 protein stability was increased when
autophagic flux was blocked by BafA1 and CQ. This regulation,
at least partially, accounts for TFEB-induced GATA4 accumu-
lation. Supporting evidence included the decrease in GATA4
autophagic degradation by blocking ALP flux via TFEB down-
regulation, and the alleviation of TFEB KD induced GATA4
accumulation by rapamycin and ATG7 enhancement of ALP.

A recent study reported that GATA4 was degraded by P62-
mediated selective autophagy in human senescent lung cells
(48). P62 was shown to be a receptor that interacts with
GATA4 and mediates the lysosomal degradation of GATA4.
In this study, we found that TFEB KD increased P62 protein
levels via autophagic flux blockage. Nevertheless, we did not
observe an interaction between P62 and GATA4 in the
co-immunoprecipitation (IP) assay (Fig. S2), suggesting that
the autophagic degradation of GATA4 in cardiomyocytes may
not require P62 as an adaptor. Whether TFEB-mediated bulk
autophagy is responsible for GATA4 degradation or a special
adaptor is needed for GATA4 autophagic degradation in car-
diomyocytes awaits future study.
Activation of TFEB protects against PO-induced cardiac
hypertrophy

We explored the therapeutic potential of TFEB activation in
the treatment of PO-induced cardiac hypertrophy. We first
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overexpressed TFEB in cardiomyocytes andmouse hearts, which
had a therapeutic effect on PE-induced cardiomyocyte hyper-
trophy and TAC-induced cardiac hypertrophy, resulting in
significantly decreasedANP and β-MHCexpression and cell size.
These therapeutic effects can be attributed to the TFEB promo-
tion of ALP flux and GATA4 degradation, since blocking auto-
phagy flux with CQ weakened the protective effect of TFEB
against cardiac hypertrophy and GATA4 accumulation.

The preventative effect of manipulating TFEB expression on
the development of cardiac hypertrophy and HF is encouraging.
However, this study is limited by not exploring whether targeting
TFEB after the onset of hypertrophic stimulation (post-TAC) still
has a therapeutic effect on cardiac pathological remodeling and
HF, which would be more instructive for potential clinical
translation. There are controversies about the temporal specific
roles of autophagy in the progression of HF. In this study, we also
examined the time-dependent changes of TFEB expression and
autophagy flux at the compensatory stage of cardiac hypertrophy
and found that these parameters did not significantly change
3 days post-TAC but remarkably decreased 7 days post-TAC
(Fig. S5A) and remained at the low levels 14 days post-TAC
(Fig. S5, B and C). Therefore, activation of TFEB is recom-
mended to be applied at the early stage of cardiac hypertrophy to
reverse the pathological remodeling, whichwarrants future study.

Given the possible side effects of adenovirus or AAV trans-
fection, we further explored the pharmacological activation of
TFEB using the curcumin analog compound, C1, an mTOR-
independent activator of TFEB that specially binds to TFEB at
the N terminus to promote TFEB nuclear translocation. Similar
to the effect of TFEB overexpression, C1 protected against PE-
induced hypertrophy by restoring ALP flux and GATA4 auto-
phagic degradation. Further, we found that TAC decreased the
nuclear translocation of TFEB (Fig. S3), suggesting the efficiency
of C1 on TAC-induced cardiac hypertrophy. C1 has previously
been shown to be effective in the treatment of pulmonary
fibrosis (55). This study implicatedC1 as a therapeutic candidate
for the treatment of cardiac hypertrophy.

In addition to hypertrophic growth, cardiac fibrosis is
another prominent outcome from the pathological remodeling
of hypertensive heart disease. Because cardiac hypertrophy and
fibrosis are mutually promoted (56), a strategy to target both
hypertrophy and fibrosis should have better clinical efficacy.
Existing reports indicate that improving autophagic flux can
attenuate cardiac fibrosis (57–61), and TFEB is known to
protect against lung fibrosis (30, 55). Our study demonstrated
that cardiac-specific TFEB overexpression has a pronounced
therapeutic effect on TAC-induced cardiac fibrosis. How TFEB
in cardiomyocytes exerts the antifibrosis effect and whether
the activation of TFEB in cardiac fibroblasts has a similar effect
in the context of PO-induced cardiac hypertrophy have not
been explored and deserve further investigation.
Experimental procedures

Animals

C57BL/6 wildtype male mice were purchased from the
Animal Center of Southern Medical University. The mice were
kept caged with a 12-h light/dark cycle and allowed free access
to food and water. All animal protocols were approved by the
Shenzhen University Institutional Care and Ethical Committee
and complied with Guidelines for the Care and Use of Labo-
ratory Animals published by the National Academy Press
(National Institutes of Health [NIH]; publication no. 85-23,
revised 1996). For isolation of the heart, mice were euthanized
by an intraperitoneal injection of sodium pentobarbital with
the dosage of 150 mg/kg.
Human heart samples

Human studies were performed in line with the Decla-
ration of Helsinki. Human heart samples were procured
according to protocols approved by the Institutional Review
Boards on Human Subjects of Zhongshan People’s Hospital,
China. Healthy donator and patients with cardiomyopathy
have provided informed consent for the collection of tis-
sues. Heart tissues were obtained and flash frozen at the
time of heart transplantation and stored in liquid nitrogen
until use.
AAV injection and TAC

For TFEB overexpression in vivo, the coding regions of
TFEB (NM_011549.3) were cloned and then delivered into the
recombinant AAV9 plasmid with the promoter for cTnT. The
AAV construction was finished at OBiO Technology Com-
pany. AAV was injected via the tail vein, and the method was
proceeded as described (33).

C57BL/6 male (10–11 weeks, 23–27 g) mice were randomly
divided into four groups: sham and TAC with or without TFEB
overexpression. The TAC surgery was operated as previously
described (37). Briefly, mice were anesthetized with 50 mg/kg
pentobarbital sodium, and a small incision was made at the
second intercostal space to expose the aortic arch. The
transverse aorta was isolated and constricted with a 7-0 nylon
suture tied against a 27-gauge needle. The needle was removed
to yield a constriction of 0.4 mm in diameter thereafter. The
suture was not tied in the sham surgery. AAV-TFEB/GFP was
injected via the tail vein at a dose of 1 × 1011 virus genome/per
mouse 1 week after TAC operation.
NRVM culture

NRVMs were used for all the experiments in vitro in this
study, and they were isolated from 1- to 2-day-old Sprague–
Dawley rats. As reported previously (34), tissues were me-
chanically crushed in cold PBS and then transferred into
0.125% trypsin (in PBS). Digestion, for one cycle, involved a
15-min incubation at 37 �C and centrifugation of the sus-
pension, then resuspending precipitation in Dulbecco’s
modified Eagle’s medium (Life Technologies) with 10% fetal
calf serum (Life Technologies) and penicillin (100 U/ml)/
streptomycin (100 μg/ml) (Life Technologies). Four cycles
later, the fibroblasts were removed from the resuspension by
differential plating at 37 �C in 5% CO2 for 90 min. NRVMs
were distributed into corresponding dishes, and the media
J. Biol. Chem. (2021) 297(4) 101189 11
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were renewed after 24-h incubation with 100 μM 5-
bromodeoxyuridine (Sigma–Aldrich).

Virus infection

To suppress the expression of TFEB in NRVMs, we used an
mCherry-tagged recombinant adenovirus encoding TFEB-
targeting short hairpin RNA (sh-TFEB; OBiO). The target
sequence for rat TFEB was “GCTACACATCAGCTCCAAT.”
To overexpress TFEB in NRVMs, we used a GFP-tagged re-
combinant adenovirus encoding full-length TFEB (Ad-TFEB;
OBiO). The null adenoviral vector and the recombinant
adenovirus expressing GFP was used as the control for TFEB
KD and overexpression experiments.

To measure autophagic flux, we used microtubule-
associated protein 1 light chain 3 type II B tandemly tagged
with an acid-resistant monomeric RFP and acid-sensitive GFP
(mRFP-GFP-LC3B) adenovirus (HanBio) to detect the for-
mation of autophagosomes (RFP+ GFP+ signal) and autolyso-
somes (RFP+ GFP− signal). Images were acquired on a
fluorescence microscope (Zeiss), and the number of punctas
were counted using ImageJ software (the NIH).

NRVMs were infected (MOI = 30) with adenoviruses for
16 h and were harvested or fixed until the end of the sequential
treatments.

The LC3II flux assay

The LC3II flux refers to the net amount of LC3II accumu-
lated by BafA1-induced lysosomal inhibition, and it was
calculated by subtracting the GAPDH-normalized LC3II levels
of BafA1-treated samples from the GAPDH-normalized LC3II
levels of the vehicle control samples.

siRNA transfection

NRVMs were cultured in 35-mm confocal dishes for 24 h,
then transfected with control random siRNA or rat TFEB and
GATA4-targeted SiRNA (si-NC, si-TFEB, and si-GATA4;
designed and synthesized by Shanghai Biotend Biotech-
nology) using Lipofectamine RNAimax (Invitrogen) in accor-
dance with the manufacturer’s instructions. The TFEB siRNA
sequences were as follows: sense strand “GCGAGAGCUAA-
CAGAUGCUdTdT” and antisense strand “AGCAUCU-
GUUAGCUCUCGCdTdT.” The GATA4 siRNA sequences
were as follows: sense strand “GCUGCAGCCUACAGCA-
GUAdTdT” and antisense strand “UACUGCUGUAGGCU
GCAGCdTdT.” After culture for 24 h, cardiomyocytes were
transfected with si-NC or si-TFEB and si-GATA4 (50 nmol)
for 72 h.

Quantitative real-time PCR

Tissues and NRVMs were lysed in TRI-zol reagent, and
mRNA extraction was implemented following the manufac-
turer’s instructions. Reverse transcription of 1 μg RNA was
implemented using the ReverTra Ace qPCR RT Master Mix
with gDNA Remover kit (TOYOBO). RT-PCR with Real-Time
PCR Master Mix (TOYOBO) was performed using Step One
plus. Operations in reverse transcription and real-time PCR
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were implemented in accordance with corresponding manuals
of TOYOBO. The primers for quantitative RT-PCR in this
study are listed in Table S2. The mRNA levels were normal-
ized to GAPDH by the 2−△△CT method.

Western blot

Tissues and cells were lysed in radioimmunoprecipitation
assay cell lysis buffer (Solarbio) supplemented with protease
and phosphatase cocktail inhibitors (Roche) to obtain total
protein. Protein concentration was determined using a pro-
tein quantitative assay kit (Pierce). Nuclear protein extraction
was performed using the Nuclear and Cytoplasmic Protein
Extraction kit (Beyotime Biotechnology) in accordance with
the manufacturer’s instructions. Protein extracts were
resolved by SDS-PAGE and transferred to polyvinylidene
fluoride membranes (Millipore). After blocking with 5%
nonfat milk in Tris-buffered saline containing 0.1% Tween-20,
membranes were incubated with respective antibodies (sum-
marized in Table S1) at 4 �C overnight. After washing, the
membranes were incubated with horseradish peroxidase–
conjugated antimouse or anti-rabbit immunoglobulin G
(CST). The relative densitometry of bands was measured by
ImageJ software (NIH) and then normalized to their respec-
tive loading control.

Immunofluorescence

NRVMs were fixed by 4% paraformaldehyde in PBS for
15 min and permeabilized with 0.1% Triton X-100 in PBS for
15 min and then blocked with 3% bovine serum albumin
(Solarbio) in PBS for 1 h. NRVMs were incubated with the
target primary antibody at a dilution of 1:200 overnight.
After rigorous washing, the secondary antibody conjugated
with Alexa Fluor 633 nm (1:200; Invitrogen) or Alexa Fluor
488 nm (1:200; Invitrogen) was added for 2 h at room tem-
perature. We used 406-diamidino-2-phenylindole to stain the
nuclei. Images were acquired on a fluorescence microscope
(Zeiss), and all images were obtained under the same
conditions.

Cell surface area measurements

The surface area of a single myocyte was measured using the
Image Pro Plus Data Analysis Program (Media Cybernetics).
Cells in each group were randomly selected from three inde-
pendent experiments, and only cells lying fully within the
visual field were quantified.

Echocardiography assay

M mode echocardiography was obtained using a Vevo
2100 Ultrasound System (Visual Sonics) equipped with a
high-frequency (30 Hz) linear array transducer. M-mode
echocardiography was performed at 8 weeks after TAC
surgery, and mice were anesthetized with a mixture of iso-
flurane (1.5%) and oxygen (2 l/min). For two-dimensional
guided M-mode echocardiography, the heart image was
captured in the two-dimensional mode in the parasternal
short-axis view, and the following parameters were
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measured: LV internal dimensions at both diastole and sys-
tole (LVIDd and LVIDs), LV posterior wall dimensions at
both diastole and systole (LV posterior wall at diastole and
LV posterior wall at systole), percentage of LV EF and LV FS.
Measurements were made from leading edge to leading edge
according to the American Society of Echocardiography
guidelines. The percentage EF (%) was calculated as
[(LVIDd2 − LVIDs2)/LVIDd2] × 100, and the LV FS (%) was
calculated as [(LVIDd − LVIDs)/LVIDd] × 100.

Morphology and histology

Mice were anesthetized and weighed to obtain the BW.
The heart was rapidly excised after perfusion with PBS, and
the residual liquid was absorbed by filter paper. Then the
heart weight and lung weight were measured. Heart tissues
were cross-sectioned, and the sections were fixed in 3.7 to
4% paraformaldehyde and embedded with paraffin. Next,
the paraffin-embedded apex was sectioned at 5-μm intervals
and stained with hematoxylin and eosin, Masson’s tri-
chrome (Sigma–Aldrich), and WGA (Invitrogen) stains
according to the manufacturer’s instructions. Myofibril-
crossed areas were calculated for the WGA-stained images
obtained on a fluorescence microscope (Zeiss) using ImageJ
software.

IP

Cells were lysed with IP lysis buffer (Thermo Fisher Scien-
tific) supplemented with protease inhibitor cocktail (Roche) at
4 �C. After being sonicated and centrifuged at 12,000g for
15 min, the lysates were precleared and incubated with the
indicated primary antibodies overnight at 4 �C and then
incubated with protein A/G magnetic beads (Thermo Fisher
Scientific) for 2 h in the room temperature. The beads were
then washed with washing buffer for five times, and then the
samples were harvested for Western blot.

Statistical analyses

The “n” in the figure legend refers to the number of data
points. And, the data points are equal to biological replicates,
and technical replicate of each sample is one. Differences be-
tween two groups were evaluated by unpaired Student’s t tests
and between multiple groups by one-way ANOVA with Bon-
ferroni correction. All statistical analyses were performed us-
ing the SPSS software, version 22.0 (IBM). In all cases, p < 0.05
was considered statistically significant.

Data availability

The data in this study are available from the author Rui
Song (songrui8928@163.com) on reasonable request.
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