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HIGHLIGHTS

� FYCO1, a component of the autophagic

machinery, is highly expressed in the

heart and a potent inducer of

cardiomyocyte autophagy.

� Loss of FYCO1 in vivo inhibits adaptation

to starvation or biomechanical stress of

the heart by an abrogated increase of

autophagic flux and results in contractile

dysfunction.

� Heart specific overexpression of FYCO1

improves autophagic flux and rescues

contractile dysfunction following

pressure overload.
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RFP = red fluorescent protein

TAC = transverse aortic
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TG = transgenic
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Autophagy is a cellular degradation process that has been implicated in diverse disease processes. The authors

provide evidence that FYCO1, a component of the autophagic machinery, is essential for adaptation to cardiac

stress. Although the absence of FYCO1 does not affect basal autophagy in isolated cardiomyocytes, it abolishes

induction of autophagy after glucose deprivation. Likewise, Fyco1-deficient mice subjected to starvation or

pressure overload are unable to respond with induction of autophagy and develop impaired cardiac function.

FYCO1 overexpression leads to induction of autophagy in isolated cardiomyocytes and transgenic mouse hearts,

thereby rescuing cardiac dysfunction in response to biomechanical stress.

(J Am Coll Cardiol Basic Trans Science 2021;6:365–80) © 2021 The Authors. Published by Elsevier on behalf of

the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
H eart failure is a major cause of
morbidity and mortality world-
wide (1). Several cardiovascular

diseases, such as myocardial infarction,
inherited cardiomyopathy, and arterial hy-
pertension, can result in the clinical syndrome of
heart failure. The pathophysiology of heart failure
and cardiomyopathy is complex and still incom-
pletely understood. Despite its heterogeneous etiol-
ogy, heart failure typically involves cardiac
remodeling, which is characterized by progressive
changes in cellular size, structure, and function along
with molecular alterations (2), subsequently prompt-
ing altered systolic and diastolic contractile function.

Only recently, protein homeostasis came into the
focus of attention as an additional mechanism
contributing to the pathogenesis of heart failure and
cardiomyopathy. Besides the well-established ubiq-
uitin-proteasome system, autophagy is another major
mechanism to regulate protein turnover (3). Auto-
phagy is a lysosome-dependent degradation mecha-
nism, and 3 types of autophagy can be distinguished:
macroautophagy, microautophagy and chaperone-
mediated autophagy (4). Macroautophagy is charac-
terized by the inclusion of cytosolic material, from
proteins to organelles, into double-membrane vesi-
cles termed autophagosomes. Autophagosomes fuse
with lysosomes, where their cargo is degraded and
finally released for intracellular recycling. Thereby,
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autophagy supports the cellular adaptation to envi-
ronmental stress.

Previously we conducted a bioinformatics search
for cardiac enriched genes in expressed sequence tag
databases to identify novel genes that are involved in
cardiac hypertrophy and failure (5). In this screen we
identified several sequences corresponding to the
gene FYCO1 (FYVE and coiled-coil domain-containing
protein 1). As predicted, FYCO1 is highly enriched in
human cardiac and skeletal muscle (6). FYCO1
directly interacts with LC3, Rab7, and phosphatidyli-
nositol-3-phosphate, key players in autophagy (7).
However, the functional role of FYCO1 in the heart,
where it is predominantly expressed, still remains
elusive.

METHODS

ISOLATION AND CULTURE OF NEONATAL RAT

CARDIOMYOCYTES. Neonatal rat cardiomyocytes
(NRCMs) were isolated as described previously (8).
NRCMs were infected at a multiplicity of infection of
25 with an adenovirus 24 h after isolation. For glucose
deprivation, we applied glucose-free Dulbecco’s
modified Eagle’s medium without serum supple-
mentation for 24 h. Bafilomycin A1 (BFA; Sigma-
Aldrich, St. Louis, Missouri) was resolved in
dimethyl sulfoxide and used at a final concentration
of 50 nmol/l for 4 h.
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CLONING AND GENERATION OF ADENOVIRUSES.

Cloning of human FYCO1 into a pDonR201 gateway
vector (Life Technologies, Carlsbad, California) was
carried out using standard polymerase chain reaction
techniques. An adenovirus encoding full-length hu-
man FYCO1 complementary deoxyribonucleic acid
with a C-terminal V5 tag was generated using the
ViraPower Adenoviral Expression System (Life Tech-
nologies). A galactosidase V5–encoding adenovirus
served as control (Life Technologies).

Oligonucleotides encoding synthetic micro–
ribonucleic acids (microRNAs) specifically targeting
FYCO1 were designed using OligoPerfect software
(Thermo Fisher Scientific, Waltham, Massachusetts).
Sequences are outlined in the Supplemental
Appendix. Oligonucleotides were cloned into the
pcDNA6.2-GW/miR vector. As a negative control, we
used the pcDNA6.2-GW/miR plasmid, which can form
a hairpin structure and is consecutively processed
into a mature microRNA yet is predicted not to target
any known mammalian gene. Adenoviruses encoding
synthetic microRNAs were generated using the Vira-
Power Adenoviral Expression System.

IMMUNOBLOTTING. Cells were harvested in a lysis
buffer containing 20 mmol/l Tris, pH 7.5, 12.5% (v/v)
glycerol, 10 mmol/l dithiothreitol, 500 mmol/l NaCl,
and 1% (v/v) Nonidet P 40 (Sigma-Aldrich), supple-
mented with protease inhibitor cocktail tablets
(Roche, Basel, Switzerland) as well as phosphatase
inhibitor cocktail 2 and 3 (Sigma-Aldrich). After up to
3 brief freeze-and-thaw cycles and a centrifugation
step, whole-cell lysate was obtained.

Heart tissue was harvested, immediately trans-
ferred into lysis buffer, and homogenized using an
Ultra-Turrax T25 tissue separator (Janke & Kunkel,
Staufen im Breisgau, Germany). Whole-cell extracts
and heart homogenates were resolved using sodium
dodecyl sulfate polyacrylamide-gel electrophoresis
and transferred to a nitrocellulose or polyvinylidene
difluoride membrane. Application of the primary
antibody was followed by a horseradish peroxidase-
coupled or Cy3-coupled secondary antibody
(Supplemental Table 1).

TISSUE PROCESSING AND IMMUNOCHEMISTRY. For
histological staining, whole mouse hearts were
embedded in Tissue-Tek O.C.T. Compound (Sakura,
Osaka, Japan). Serial 7-mm-thick cryosections were
cut with a refrigerated microtome (CryoStar NX70,
Thermo Fisher Scientific). Cryosections and NRCMs
were washed with phosphate-buffered saline and
then fixed in 4% (w/v) paraformaldehyde (Sigma-
Aldrich) in phosphate-buffered saline for 10 min at
room temperature. After permeabilization, blocking
solution was applied, followed by incubation with
primary and secondary antibodies. All images were
captured at room temperature using the BZ-9000E HS
all-in-one fluorescence microscope (Keyence, Osaka,
Japan) with the BZ-II Viewer version 2.1 (Keyence).
Bright-field macro images of whole-heart sections
were taken in Z-sync and AutoRangePhoto mode with
a 20% overlap between neighboring pictures and
merged automatically using BZ-II Analyzer version 2.1
(Keyence). A detailed description can be found in the
Supplemental Appendix.

ELECTRON MICROSCOPY. Electron microscopy was
carried out as described previously (9). The heart was
perfused with 1% procaine in 0.1 mol/l phosphate-
buffered saline and fixed with 6% glutaraldehyde in
0.1 mol/l phosphate-buffered saline by transcardial
vascular perfusion to harvest papillary muscles. Tis-
sue blocks were post-fixed with 2% osmium tetroxide
and embedded in araldite. Ultrathin sections were
processed with uranyl acetate and lead citrate and
viewed using a Zeiss EM 900 microscope (Zeiss,
Oberkochen, Germany).

GENERATION OF FYCO1-KNOCKOUT AND TRANSGENIC

MICE. For generation of Fyco1-deficient mice, exons 4
and 5 were flanked by loxP, neomycin selection
marker by FRT, and puromycin by F3 sites. Consti-
tutive knockouts (KOs) were produced by Cre-
mediated deletion of exons 4 and 5. Moreover, dele-
tion of exons 4 and 5 resulted in frame shift by
splicing from exon 3. Fyco1-KO mice were generated
in cooperation with TaconicArtemis (Leverkusen,
Germany) in the background of C57BL/6N.

To generate transgenic (TG) mice, a complemen-
tary deoxyribonucleic acid encoding full-length hu-
man FYCO1 was cloned into a plasmid containing the
a-myosin heavy chain (a-MHC) promoter, a carbox-
yterminal Flag tag, and a human growth hormone 1
polyadenylation signal, which was a kind gift of Jef-
frey Robbins (10). Microinjections of the linearized
construct into pronuclei of fertilized oocytes and
implantation of the microinjected eggs into pseudo-
pregnant female mice were performed at Inter-
fakultäre Biomedizinische Forschungseinrichtung at
the University of Heidelberg. Oocytes and surrogate
mothers had the same C57BL/6N genetic background.

TG and KO offspring were identified by polymerase
chain reaction analysis of genomic DNA isolated from
tail biopsies.

ANIMAL EXPERIMENTS. For starvation experiments,
female mice (8 to 9 weeks old) had unrestricted ac-
cess to water but did not receive food for 48 h. Ani-
mals were examined by echocardiography and killed
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FIGURE 1 Overexpression of FYCO1 Induces Autophagy In Vitro

Continued on the next page
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for further analyses directly after the starva-
tion period.

For analyses of autophagic flux in vivo, we applied
chloroquine 50 mg/kg or vehicle (NaCl 0.9%) intra-
peritoneally. The animals were starved for 48 h and
were injected 4 h before the end of the experiment.

Transverse aortic constriction (TAC) was per-
formed in female KO mice and their wild-type (WT)
littermates (11 to 13 weeks old) for 1 and 2 weeks. TAC
was performed in male TG mice and their WT litter-
mates for 2 weeks. A detailed description can be
found in the Supplemental Appendix.
STATISTICAL ANALYSIS. All results are shown as
mean � SEM unless stated otherwise. Statistical an-
alyses of the data were carried out using 1-way or
2-way analysis of variance followed by Student-
Newman-Keuls post hoc tests. If appropriate, Stu-
dent’s t-test (2 sided) or a rank sum test was used. P
values <0.05 were considered to indicate statistical
significance. For statistical analyses, we applied Sig-
maPlot version 13.0 (Systat Software, San Jose, Cali-
fornia) and GraphPad Prism version 8.4.3 (GraphPad
Software, La Jolla, California).
STUDY APPROVAL. Animal handling was performed
according to the institutional guidelines of the Uni-
versity Medical Center Schleswig-Holstein as well as
of the state of Schleswig-Holstein, Germany. All ani-
mal experiments were approved by the state of
Schleswig-Holstein (V312-72241.121-4 [12-1/12] and
V242-7224.121-4 [64-6/14]). Human left ventricular
myocardial tissue was taken from explanted hearts
with end-stage heart failure. Healthy donor hearts
that could not be transplanted were used as controls.
The study conformed with the principles outlined in
the Declaration of Helsinki and was reviewed and
approved by the ethics committee of the University
Hospital Hamburg (Az. 532/116/9.7.1991).
FIGURE 1 Continued
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RESULTS

OVEREXPRESSION OF FYCO1 INDUCES AUTOPHAGY

IN CARDIOMYOCYTES IN VITRO. As FYCO1
messenger ribonucleic acid (mRNA) is highly enriched
in heart muscle (Supplemental Figures 1A to 1C) (6)
and in cardiomyocytes (Supplemental Figure 1D), we
first examined the expression of FYCO1 under cardiac
disease conditions. In muscle LIM protein–KO mice,
an established model of dilated cardiomyopathy (11),
we observed induction of Fyco1 mRNA and protein
(Figures 1A and 1B). Likewise, FYCO1 mRNA is up-
regulated in human dilated and ischemic cardiomy-
opathy (Figure 1C). However, in contrast to these
results, FYCO1 protein is reduced in the heart of hu-
man patients with dilated and ischemic cardiomyop-
athy (Supplemental Figure 1E).

To study the effects of FYCO1 overexpression on
cardiomyocyte autophagy, we generated an adeno-
virus encoding FYCO1. An adenovirus encoding lacZ
served as control. Overexpression of FYCO1 in NRCMs
was accompanied by significantly higher levels of
beclin-1, LC3-II, Rab7, and Atg5 (Figure 1D). Further-
more, overexpression of FYCO1 in cardiomyocytes
resulted in an accumulation of large vesicles labeled
by green fluorescent protein (GFP)–fused LC3 (12) and
FYCO1 throughout the cells (Figure 1E). Starvation of
NRCMs by glucose deprivation for 24 h led to
increased LC3-II levels in control cells. LC3-II levels
were further augmented by FYCO1 overexpression in
starved NRCMs (Figure 1F). Next, we used BFA, a
pharmacological inhibitor of autophagosome lyso-
some fusion, to examine the effects of FYCO1 over-
expression on the autophagic flux. First, we observed
the expected accumulation of LC3-II in control
NRCMs treated with BFA (Figure 1G). Although FYCO1
overexpression raised the content of LC3-II compared
r RNA (mRNA) (data are presented as dot plots with median and 25th and 75th percentiles;

plots with mean � SEM; 2-sided Student’s t-test) are induced in hearts of muscle LIM protein
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FIGURE 2 Knockdown of FYCO1 Inhibits Cardiomyocyte Autophagy

(A) FYCO1 mRNA and protein expression in NRCMs after adenoviral transduction (MOI ¼ 25) with 2 different synthetic micro–ribonucleic acids (microRNAs) that target

FYCO1. Data are presented as dot plots with mean � SEM (2-sided Student’s t-test). (B) LC3-II expression in NRCMs transduced with synthetic microRNA against FYCO1

and treated with glucose deprivation for 24 h. Data are presented as dot plots with mean � SEM (2-way ANOVA followed by Student-Newman-Keuls post hoc tests). (C)

Quantification of autophagosomes labeled by GFP-LC3 in NRCMs that overexpress a microRNA against FYCO1 and have been starved by glucose deprivation for 24 h.

Data are presented as box plots with median and 5th and 95th percentile whiskers (Kruskal-Wallis ANOVA on ranks followed by Wilcoxon rank sum tests). *p < 0.05,

**p < 0.01, and *** p < 0.001. Scale bar, 10 mm. Abbreviations as in Figure 1.
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FIGURE 3 Fyco1 Deficiency Prevents Induction of Autophagy Upon Starvation In Vivo

(A) Targeting strategy of FYCO1. (B) Fyco1 expression in hearts from homozygous Fyco1-KO mice. Body weight, heart mass, and echocardiographic analysis of fractional

shortening in female KO mice at the age of 1 year. Data are presented as dot plots with mean � SEM (2-sided Student’s t-test). (C) Echocardiographic analysis of

fractional shortening in Fyco1-KO mice that have been starved for 48 h. (D) Heatmap of the expression profile of autophagic genes of fed and starved WT and Fyco1-KO

mice, which was assessed using real-time polymerase chain reaction arrays (n-fold regulation on the basis of fed WT: black, 50th percentile; green, 10th percentile;

red, 90th percentile). (E) LC3-II expression in hearts from Fyco1-KO mice after starvation for 48 h. (F) LC3-II expression in hearts from Fyco1-KO mice after starvation

for 48 h and treatment with chloroquine (50 mg/kg intraperitoneally for 4 h). Data are presented as dot plots with mean � SEM (2-way ANOVA followed by Student-

Newman-Keuls post hoc tests). **p < 0.01 and ***p < 0.001. Neo ¼ neomycin; Puro ¼ puromycin; other abbreviations as in Figure 1.
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with control NRCMs treated with vehicle (dimethyl
sulfoxide), BFA treatment exaggerated LC3-II accu-
mulation caused by FYCO1 overexpression, consis-
tent with an induction of the autophagic flux by
FYCO1. Because FYCO1 is expressed in skeletal mus-
cle at high levels, we also analyzed the autophagic
flux in C2C12 myoblasts. Transfection of a tandem
fluorescent (red fluorescent protein [RFP] and GFP)
LC3 (13) enabled the pH-dependent visualization of
autophagosomes and autophagolysosomes. FYCO1
overexpression caused an increase in red
(RFPþGFP�) and yellow (RFPþGFPþ) dots per cell,
suggesting increased autophagic flux rather than a
block of degradation (Figures 1H and 1I). As predicted,
treatment with BFA led to an accumulation of yellow
dots and a dramatic decrease of red-only dots in
control cells. Overexpression of FYCO1 produced a
very similar regulation (Figure 1J). Taken together,
these data indicate that autophagosome accumula-
tion in response to FYCO1 overexpression is caused
by an increased autophagic flux rather than by a block
at late stages of autophagosome maturation.
KNOCKDOWN OF FYCO1 INHIBITS CARDIOMYOCYTE

AUTOPHAGY. To analyze potential opposite effects
on cardiomyocyte autophagy by Fyco1 down-
regulation, we generated adenoviruses encoding 2
different synthetic microRNAs targeting Fyco1. Both
of these constructs produced a significant knockdown
of Fyco1 at the mRNA and protein levels (Figure 2A) in
NRCMs. Glucose deprivation of control NRCMs,
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transduced with a microRNA that has no target,
resulted in elevated LC3-II levels. In contrast,
knockdown of Fyco1 almost completely inhibited this
effect (Figure 2B). Using a GFP-tagged LC3 adeno-
virus, we were able to visualize autophagosomes in
cardiomyocytes. Glucose-deprived cells that had
been treated with a control microRNA showed for-
mation of autophagosomes labeled by LC3 and Fyco1.
Yet significantly fewer autophagosomes could be
detected in starved cardiomyocytes after Fyco1
knockdown caused by either synthetic micro-
RNA (Figure 2C).
FYCO1 DEFICIENCY PREVENTS INDUCTION OF

AUTOPHAGY IN VIVO. To gain further insight into
the regulation of autophagy in the heart by Fyco1
in vivo, we next generated Fyco1-deficient mice (KO)
by targeted deletion of exons 4 and 5 as well as by
introducing a frame shift in the downstream exons
(Figure 3A). The complete absence of Fyco1 in homo-
zygous KO mice was confirmed at the protein level
(Figure 3B). KO mice were born in expected Mende-
lian ratios and developed normally until adulthood.
At the age of 4 months (Supplemental Figures 2A
to 2C) and at the age of 1 year, Fyco1-deficient
mice did not display differences in body weight,
heart weight, or cardiac function (Figure 3B and
Supplemental Table 2).

Autophagic flux is active in cardiomyocytes under
basal conditions and is usually induced by stress
conditions such as starvation (14). In the heart tissue,
we did not observe a significant reduction of LC3-II
under baseline conditions. We thus challenged
Fyco1-KO mice by food deprivation. Fyco1-KO animals
and WT controls had unrestricted access to water but
did not receive food for 48 h. Whereas starved WT
mice showed normal contractile function despite
food deprivation, KO mice revealed significantly
impaired fractional shortening as assessed by echo-
cardiography (Figure 3C and Supplemental Table 3).
Systematic analysis of 82 autophagy-related genes
revealed an induction of the majority of genes in
starved WT as well as in starved KO animals
(Figure 3D). Yet whereas starvation of WT mice led to
significant accumulation of LC3-II protein in the
heart, Fyco1-deficient mice were resistant to this ef-
fect. Although Map1lc3a (n ¼ 3 per group) and
Map1lc3b (n ¼ 3 per group) encoding LC3 were
induced in heart tissue of KO animals, LC3-II protein
remained unchanged in starved KO mice (Figure 3E).
Consistently, in cardiomyocytes isolated from
neonatal WT mice, we observed an increase of LC3-II
levels after glucose deprivation, which was absent in
cardiomyocytes isolated from KO animals
(Supplemental Figure 2D). To analyze autophagic flux
in vivo, we starved additional WT and KO mice for 48
h. These animals were treated with either chloro-
quine (50 mg/kg) or vehicle (NaCl 0.9%) intraperito-
neally 4 h before the end of the experiment.
Treatment with chloroquine resulted in a 1.5 � 0.1-
fold accumulation of LC3-II in starved WT mice
compared with starved WT animals that received
vehicle only. In contrast, Fyco1-KO mice were resis-
tant to LC3-II accumulation after starvation and
chloroquine treatment (Figure 3F), consistent with
impaired autophagic flux.

FYCO1-DEFICIENT MICE ARE RESISTANT TO AUTOPHAGY

INDUCED BY PRESSUREOVERLOAD. As FYCO1 protein is
up-regulated in response to pressure overload in mice
(Supplemental Figures 3A and 3B) we subjected
Fyco1-deficient mice to severe TAC. After 1 week of
pressure overload, WT and KO mice developed left
ventricular hypertrophy and ventricular dilation to a
similar degree (Figures 4A and 4B). Yet fractional
shortening in Fyco1-KO mice that had undergone TAC
was found to be significantly impaired compared with
banded WT animals (Figure 4C and Supplemental
Table 4). Whereas atrial natriuretic factor/Nppa and
brain natriuretic peptide/Nppb, members of the hy-
pertrophic gene program, were expressed at higher
levels in WT mice after TAC, expression of Nppb was
significantly lower, and Nppa trended toward lower
levels in banded KO animals (Figure 4D). After
2 weeks of TAC, WT and KO animals developed hy-
pertrophy and left ventricular dilation to the same
extent (Figures 4E and 4F). Cardiac function of banded
WT mice worsened, but the impairment of fractional
shortening was still more pronounced in KO mice
(Figure 4G and Supplemental Table 5). Both banded
WT and KO mice showed signs of pulmonary
congestion, measured by increased lung weights
(Figure 4H). Moreover, cardiac hypertrophy after
1 week was accompanied by elevated levels of LC3-II
in WT TAC mice, while accumulation of LC3-II was
absent in Fyco1-deficient mice (Figure 4I), consistent
with inhibition of autophagy upon pressure overload
in vivo. Interestingly, after 2 weeks of severe TAC, we
did not observe elevated LC3-II levels in banded WT
mice anymore, but we still detected lower levels of
LC3-II in sham-operated and banded KO mice
(Figure 4J). Survival after TAC was not affected by
genotype (Figures 4K and 4L).

CARDIAC-SPECIFIC OVEREXPRESSION OF FYCO1 IN

VIVO INDUCES AUTOPHAGY AND CAUSES MILD

HYPERTROPHY OF THE HEART. Next, we generated
a TG mouse model that overexpresses human
FYCO1 under control of an a-MHC promoter (10).
We established 6 founder lines (lines A to F),
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FIGURE 4 Fyco1-Deficient Mice Are Resistant to Autophagy Induced by Pressure Overload

Fyco1-KO mice and WT littermates were subjected to transverse aortic constriction (TAC). Ratio of left ventricular (LV) mass to body weight (A) and echocardiographic

analyses of LV end-diastolic diameter (LVEDD) (B) and fractional shortening (C) after 1 week of TAC. (D) Quantification of Nppa/ANF (atrial natriuretic factor) and

Nppb/BNP (brain natriuretic peptide) expression after 1 week of TAC. (E) LV mass/body weight and echocardiographic analyses of (F) LVEDD and (G) fractional

shortening after 2 weeks of TAC. (H) Lung weight after 2 weeks of TAC. LC3-II protein expression in the left ventricle after 1 week (I) and after 2 weeks (J) of severe

TAC. All datasets are presented as dot plots with mean � SEM (2-way ANOVA followed by Student-Newman-Keuls post hoc tests). Kaplan-Meier survival curves of

WT and KO mice during (K) 1 week and during (L) 2 weeks of TAC. *p < 0.05, **p < 0.01, and ***p < 0.001. Abbreviations as in Figure 1.
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2 of which revealed significant FYCO1 protein
expression. The overexpression of FYCO1 in 3-
month-old male mice was moderate in line A (13.1
� 1.3-fold) and high in line F (20.1 � 2.4-fold)
(Supplemental Figure 4A). The phenotypes of these
2 TG mouse lines were similar under basal condi-
tions. Here we present the data of line F. Morpho-
metric and echocardiographic data for TG mouse
line A are shown in Supplemental Table 6. TG mice
did not differ from WT littermates with respect to
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FIGURE 5 FYCO1-TG Mice Reveal Mild Cardiac Hypertrophy Without Induction of Maladaptive Hypertrophic Genes

(A) Heart/body weight ratios of transgenic (TG) mice with cardiac-specific overexpression of FYCO1 (TG) and their WT littermates. (B) Echocardiographic analyses of

interventricular septal thickness in diastole (IVSd), left ventricular posterior wall thickness in diastole (LVPWd), and fractional shortening. (C) Lung weight of TG and

WT mice. Data are presented as dot plots with mean � SEM (2-sided Student’s t test). (D) Quantification of cardiomyocyte CSAs by staining of TG and WT heart sections

with wheat germ agglutinin lectin. Data are presented as box plots with median and 5th and 95th percentile whiskers (2-tailed Mann-Whitney rank sum test). (E) Gene

expression of Nppa, Nppb, and Rcan1.4 by quantitative polymerase chain reaction (qPCR). Data are presented as dot plots with mean � SEM (2-sided Student’s t-

test). (F) Quantification of CSA in isolated NRCMs that overexpress FYCO1. Data are presented as box plots with median and 5th and 95th percentile whiskers (2-tailed

Mann-Whitney rank sum test). (G) Expression of hypertrophic genes Nppa, Nppb, and Rcan1.4 by qPCR in NRCMs after overexpression of FYCO1 (MOI ¼ 50). Data are

presented as dot plots with mean � SEM (2-sided Student’s t-test). *p < 0.05 and ***p < 0.001. Abbreviations as in Figure 1.
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body weight but developed a significantly higher
ratio of heart weight to body weight, indicating
mild cardiac hypertrophy (Figure 5A). Likewise,
echocardiography revealed a slightly thickened
septum and left ventricular posterior wall in TG
mice, while fractional shortening was unchanged
(Figure 5B and Supplemental Table 7). Lung weight
as a surrogate marker of cardiac dysfunction did not
vary in TG animals (Figure 5C). Cardiomyocyte cell
surface area (CSA) was significantly higher in FYCO1
TG mice than in control animals, while the expres-
sion of hypertrophic marker genes (Nppa, Nppb, and
Rcan1.4) did not significantly differ (Figures 5D and
5E). Overexpression of FYCO1 in NRCMs was asso-
ciated with 8% smaller CSAs than in control cells
that overexpressed b-galactosidase (Figure 5F). As in
TG animals, overexpression of FYCO1 did not result
in an induction of Nppa, Nppb, and Rcan1.4 either
(Figure 5G). Interestingly, treatment with the hyper-
trophic agent phenylephrine did not change the sub-
cellular localization of autophagosomes in FYCO1-
overexpressing NRVCMs compared with starved cells
(Supplemental
Figure 4B).

To analyze autophagy in FYCO1-TG mice, we
generated double-TG mice that overexpressed FYCO1
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FIGURE 6 FYCO1 Overexpression Causes Induction of Autophagy In Vivo

(A) Quantification of cardiac autophagosomes per cell in double-TG mice that overexpress FYCO1 and GFP-LC3. Mice that overexpress GFP-LC3 only served as control (3

animals per group, 2-sided Student’s t-test). Cell surface area was determined by wheat germ agglutinin lectin. (B) LC3-II protein expression in FYCO1 transgenic mice

(LC3-II with shorter and longer exposure time). (C) Quantification of autophagosomes labeled by GFP-LC3 in heart sections of TG mice that have been starved for 48 h

and treated with either chloroquine (50 mg/kg) or vehicle alone (NaCl 0.9%) intraperitoneally for 4 h (3 animals per group, 18–25 images per animal). (D) LC3-II protein

expression in starved TG mice after chloroquine treatment. Data are presented as dot plots with mean � SEM (2-way ANOVA followed by Student-Newman-Keuls post

hoc tests). (E) Analysis of papillary muscles by electron microscopy. Scale bar as indicated. (F) Quantification of autophagosomes/autolysosomes per visual field at

3,000� magnification. Organelles were validated at 12,000� and 20,000� magnification (WT: 10 fields from 3 mice; TG: 11 fields from 2 mice). Data are presented as

dot plots with mean � SEM (2-sided Student’s t-test). **p < 0.01 and ***p < 0.001. Au ¼ autophagosome; Lys ¼ lysosome; Mi ¼ mitochondria; Mi* ¼ mitochondrium

in autophagsome; N ¼ nucleus; other abbreviations as in Figure 1.
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FIGURE 7 FYCO1 Overexpression Blunts Cardiac Dysfunction Due to Pressure Overload

FYCO1 TG and WT mice were subjected to transverse aortic constriction (TAC) for 2 weeks. (A) LV mass/body weight and (B) lung weight as a marker of congestive

heart failure after TAC. (C) Echocardiographic analysis of ejection fraction after TAC. (D) Expression of Nppa/ANF and Nppb/BNP by qPCR in left ventricles of banded

TG and WT mice. (E) Expression of autophagic proteins LC3-II, p62, Rab7, and beclin-1 in left ventricles of banded TG and WT animals. All datasets are presented as

dot plots with mean � SEM (2-way ANOVA followed by Student-Newman-Keuls post hoc tests). *p < 0.05, **p < 0.01, and ***p < 0.001. Abbreviations as in

Figures 1, 4, and 5.
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and GFP-LC3 (14) simultaneously and determined the
number of autophagosomes. Mice that overexpressed
only GFP-LC3 served as a control group. Indeed, we
found more autophagosomes in FYCO1-TG mice than
in control animals (Figure 6A). Accordingly, over-
expression of FYCO1 in vivo led to significant accu-
mulation of LC3-II protein (Figure 6B). Next, we
applied chloroquine (50 mg/kg) or vehicle (NaCl
0.9%) intraperitoneally for 4 h to analyze autophagic
flux in TG mice. Animals were starved for 48 h.
Although the accumulation of autophagosomes and
LC3-II was mild and not significant in WT mice after
chloroquine treatment, in FYCO1-TG mice, the num-
ber of autophagosomes and LC3-II was higher in
vehicle-treated animals and rose further with chlo-
roquine treatment (Figure 6C). Immunoblotting for
LC3-II produced similar results (Figures 6D). Electron
microscopy revealed a normal ultrastructure of
autophagosomes in TG mice compared with WT mice
(Figure 6E), with an increase of autophagosomes in TG
(Figure 6F). The sarcomere structure did not show
signs of disarray, which might accompany patholog-
ical cardiomyocyte hypertrophy.
FYCO1 OVEREXPRESSION IN VIVO BLUNTS CARDIAC

DYSFUNCTION BECAUSE OF PRESSURE OVERLOAD. As
the loss of FYCO1 is detrimental under cardiac stress
conditions, we next asked whether cardiac-specific
overexpression of FYCO1 might be beneficial under
pressure overload. Thus, we subjected TG mice and
their WT littermates to TAC. Banded WT mice devel-
oped left ventricular hypertrophy after 2 weeks, as
expected. Similar to the baseline data described
earlier, sham-operated TG mice revealed mild cardiac
hypertrophy. Interestingly, the ratio of left ventricu-
lar mass to body weight of TG and WT mice following
TAC was identical, implying that the additional hy-
pertrophy due to TAC was less pronounced in TG mice
(Figure 7A). Although lung weight as a marker of
congestive heart failure was elevated in banded WT
mice, banded TG mice did not develop pulmonary
congestion (Figure 7B). As expected, WT mice
exhibited cardiac dysfunction with reduced ejection
fraction and fractional shortening after 2 weeks of
severe TAC (Supplemental Table 8). In contrast, the
ejection fraction of banded TG animals was markedly
better and almost completely preserved (Figure 7C).
The hypertrophic phenotype of banded WT animals
was accompanied by a significant induction of hy-
pertrophic marker genes (Nppa, Nppb) (Figure 7D). In
TG mice, the induction of these genes by TAC was
milder and not statistically different compared with
sham-operated animals. The autophagic marker pro-
teins LC3-II, p62, and Rab7 were found up-regulated
in both sham-operated FYCO1 TG mice and TAC
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operated TG animals. Only beclin-1 was further
induced by severe TAC after 2 weeks in TG
mice (Figure 7E).

To further examine the underlying mechanism that
is responsible for the contractile phenotype of FYCO1
deficient and TG mice after TAC, we additionally
performed a yeast 2-hybrid screen with FYCO1 as bait.
From this screen, we identified several clones
encoding beta-MHC (b-MHC/Myh7) as a potential
interacting protein. Coimmunoprecipitation of over-
expressed Myh7 with FYCO1 confirmed the protein
interaction (Supplemental Figure 5A). Myh7 is a pro-
totypical member of the “fetal gene program,” up-
regulated in the context of pathological hypertrophy
(15). Consistently, Myh7 mRNA was induced in WT
mice after TAC. The induction of Myh7 in banded KO
or TG mice did not differ significantly from banded
WT animals (Supplemental Figure 5B). However,
although there was only a trend toward higher Myh7
protein levels in banded KO mice, overexpression of
FYCO1 in vivo resulted in significantly mitigated in-
duction of Myh7 protein in banded TG mice
(Supplemental Figure 5C), which might contribute to
preservation of contractile function in FYCO1 TG mice
subjected to increased biomechanical stress. To
further test the effect of FYCO1 overexpression in a
cell model, we overexpressed FYCO1 in isolated car-
diomyocytes. Myh7 expression was significantly
reduced by FYCO1 overexpression, while the expres-
sion of Myh6 remained unchanged (Supplemental
Figure 5D). To examine the role of the autophagic
flux potentially modulating Myh7, overexpression of
FYCO1 was combined with glucose deprivation and
BFA treatment. Again, Myh7 expression was reduced
by FYCO1 overexpression. Starvation and inhibition
of autophagic flux by BFA exaggerated the suppres-
sion by FYCO1 (Supplemental Figure 5E).

In summary, the functional and molecular data
support the concept that FYCO1 overexpression is
beneficial under circumstances of increased biome-
chanical stress due to pressure overload.

DISCUSSION

FYCO1 MODULATES CARDIAC AUTOPHAGY. Auto-
phagy is a lysosome-dependent cellular degradation
process that has been implicated in diverse disease
processes. FYCO1 has recently been linked to auto-
phagy by its interaction with key members of the
autophagic machinery: LC3, Rab7, and phosphatidy-
linositol-3-phosphate (7). Although FYCO1 is highly
expressed in striated muscle tissue, its role so far has
not been investigated in isolated cardiomyocytes or
in the heart in vivo. Thus we aimed to establish its
cellular function in cardiomyocytes under basal and
“stress” conditions such as glucose deprivation and
increased biomechanical stress. The absence of
FYCO1 is accompanied by a reduction of the auto-
phagic flux in human embryonic kidney 293 (HEK293)
cells (16). Consistently, we found an even more pro-
nounced inhibition of autophagic flux after starvation
in cardiomyocytes with reduced or absent FYCO1
levels. Accordingly, Fyco1-deficient mice also
revealed impaired autophagic flux, as the treatment
with chloroquine did not result in LC3-
II accumulation.

Under stress conditions, such as starvation, auto-
phagy is increased in the heart (14). Therefore, inhi-
bition of autophagic flux might be detrimental and
maladaptive. Consistent with this notion, inhibition
of autophagy by BFA in starved mice is associated
with cardiac dysfunction (17). Likewise, mice defi-
cient for FoxO1 or haploinsufficient for beclin-1, ge-
netic modifications that both result in suppression of
autophagy, develop contractile dysfunction after 48 h
of starvation (18). We here provide evidence that in-
duction of autophagic flux is completely prevented
upon FYCO1 deficiency, both in hearts from Fyco1-
deficient mice subjected to starvation and in car-
diomyocytes isolated from Fyco1-KO mice or in
NRCMs with Fyco1 knockdown in a glucose-free
medium.

Interestingly, heart-specific deletion of Atg5 by Cre
recombinase under the control of a myosin light chain
2v promoter results in animals that lack the ability to
increase autophagic activity and experience left
ventricular dilation and impaired contractile function
1 week after “moderate” pressure overload due to
TAC, while the hypertrophic response is unchanged
(19). In contrast, “severe” TAC causes induction of
autophagy as early as 24 h after TAC, and autophagy
remains elevated for at least 2 weeks (20). Partial in-
hibition of autophagy (e.g., due to beclin-1 hap-
loinsufficiency) results in improved cardiac function,
while overexpression of beclin-1 is associated with
reduced fractional shortening following TAC (20). We
noticed elevated LC3-II levels 1 week after TAC, when
mice already showed contractile dysfunction. After
2 weeks of pressure overload, mice developed severe
contractile dysfunction but did not exhibit elevated
LC3-II levels anymore. A possible explanation might
be that we used a severe TAC model resulting in an
ultra-rapid transition to heart failure, consistent with
recently published data by other groups (21). Of note,
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we did not observe an induction of autophagy after 1
or 2 weeks of TAC in Fyco1-deficient mice. The
inability of Fyco1-deficient cardiomyocytes to
respond to cardiac stress conditions with induction of
the autophagic flux due to impaired autophagosome
maturation might cause the observed heart failure
phenotype, which closely resembles the Atg5 condi-
tional KO model (19).

Overexpression of FYCO1 in cardiomyocytes re-
sults in the formation of relatively large vesicles
positive for LC3 and FYCO1, which resembles the ef-
fects of FYCO1 overexpression in human HEK293
cells, probably because of homotypic fusion (16). We
show that, in vitro, overexpression of FYCO1 causes
an accumulation of autophagosomes under nutrient-
rich conditions. Likewise, autophagic flux is also
markedly increased in TG mice that overexpress
FYCO1 in vivo. Under TAC conditions, this animal
model reacts with improved adaptation to increased
biomechanical stress, resulting in preservation of
contractile function. Our present data as well as
findings by other groups (19,22) support the concept
that the tightly regulated increase of autophagy is an
adaptive response to cellular stress, while its inhibi-
tion is detrimental for cardiac function.

Interestingly, overexpression of FYCO1 is associ-
ated with increased myocardial content of Rab7. Rab7
is necessary for autophagosome maturation (23,24),
and knockdown of Rab7 results in impaired auto-
phagic flux (25). Similarly, Rab7 is decreased in hearts
of aged mice that exhibit disturbed autophagic flux
and respond to starvation with cardiac dysfunction
(26). Contrarily, treatment of aged mice with the
ALDH2 activator alda-1 results in restoration of
autophagic flux, which is accompanied by an induc-
tion of Rab7 and prevention of starvation-induced
cardiac dysfunction (26).

FYCO1 AFFECTS CARDIAC FUNCTION AND HYPER-

TROPHY. Nevertheless, can additional mechanisms
explain the protective effects of FYCO1? Given higher
ratios of heart to body weight and thickened left
ventricular walls in FYCO1-TG mice, one might expect
that FYCO1 overexpression influences cardiac hyper-
trophy. However, the overexpression of FYCO1 does
not affect the expression of typical members of the
hypertrophic gene program, neither in TG animals nor
in isolated cardiomyocytes. Although CSA is
increased in TG mice, overexpression of FYCO1 in
NRCMs results in smaller CSAs. Of note, the ratio of
left ventricular mass to body weight is identical in
banded WT and TG mice, which implies less patho-
logical hypertrophy due to TAC in TG mice. Moreover,
we established an interaction of FYCO1 with b-MHC/
Myh7, a component of the thick filament and con-
tractile apparatus. FYCO1 overexpression attenuates
the induction of “fetal” Myh7 protein, which typically
accompanies pathological cardiac hypertrophy in
mice and rats that had undergone TAC (15,27). Of
note, replacement of a-MHC (Myh6) by b-MHC (Myh7)
in a TG mouse model leads to impaired contractility
(28) and more pronounced left ventricular dilation
and dysfunction after myocardial infarction (29). This
suggests that under stress conditions, a minimized
up-regulation or increased degradation of Myh7 by
FYCO1 overexpression might contribute to improved
contractile function, as observed in our animal
models. Moreover, interaction with other sarcomeric
proteins, which had been found in the yeast 2-hybrid
screen using FYCO1 as bait (e.g., TPM1 to TPM3),
might affect their stoichiometry, thereby altering
cardiac growth and function, as observed in some
forms of hypertrophic cardiomyopathy (30). In sum-
mary, morphometric data do not necessarily reflect
pathological cardiac hypertrophy by FYCO1 over-
expression on the molecular level. A speculative hy-
pothesis is that the observed phenotype in TG mice
might resemble physiological hypertrophy, which we
will investigate in future experiments (e.g., by sub-
jecting FYCO1 TG/Fyco1-KO mice to forced and
voluntary physical exercise).

STUDY LIMITATIONS. We provide evidence that
FYCO1 expression levels significantly affect car-
diomyocyte autophagy, especially under stress con-
ditions. As we do not provide data, for example, for
pharmacological inhibition of the autophagic flux
following aortic banding, we cannot exclude that
other factors beyond inhibition of cardiac autophagy
may contribute to contractile dysfunction under
pressure overload in Fyco1-deficient mice.
Conversely, the preservation of contractile function
following TAC in FYCO1-overexpressing mice is
probably not caused by exaggerated autophagy alone,
as, for example, Myh7 expression is differentially
regulated. Although the degree of pressure overload
is similar in TG and WT mice, because the gradients
over the stenosis are nearly identical (peak velocity:
WT TAC, 2,366 � 250 mm/s; TG TAC, 2,452 � 174 mm/
s), we cannot prove that this is true for Fyco1-KO
experiments as well. These caveats should be
considered when interpreting the results.

CONCLUSIONS

In this study we introduce FYCO1 as a crucial regulator
of cardiac autophagy. Although knockdown of FYCO1
reduces autophagy in isolated cardiomyocytes,



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: FYCO1 is

necessary for the autophagic response in the heart to diverse

stress stimuli. FYCO1 expression modulates contractile function

and heart failure via autophagic flux.

TRANSLATIONAL OUTLOOK: As overexpression of FYCO1

protects from cardiac dysfunction in response to pressure over-

load, we propose that enhancing autophagic flux via FYCO1

overexpression might be a promising therapeutic strategy to

treat or prevent heart failure.
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overexpression of FYCO1 leads to increased autopha-
gic flux in vitro. The absence of FYCO1 in vivo results in
suppression of autophagy following starvation and
pressure overload and finally contractile dysfunction.
In contrast, cardiac-specific overexpression of FYCO1
leads to increased autophagy and restoration of car-
diac function following TAC. Our data support the
notion that FYCO1 is necessary to maintain cardiac
function under conditions of starvation and hemody-
namic stress in vivo.
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