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The ubiquitin-proteasome system (UPS) and the autophagy-lysosomal pathway (ALP)
are the main proteolytic systems involved in cellular homeostasis. Since cardiomyocytes,
as terminally differentiated cells, lack the ability to share damaged proteins with their
daughter cells, they are especially reliant on these protein degradation systems for their
proper function. Alterations of the UPS and ALP have been reported in a wide range of
cardiac diseases, including cardiomyopathies. In this study, we determined whether the
UPS and ALP are altered in a mouse model of eccentric left ventricular (LV) hypertrophy
expressing both cyclin T1 and Gαq under the control of the cardiac-specific α-myosin
heavy chain promoter (double transgenic; DTG). Compared to wild-type (WT) littermates,
DTG mice showed higher end-diastolic (ED) LV wall thicknesses and diameter with
preserved ejection fraction (EF). The cardiomyopathic phenotype was further confirmed
by an upregulation of the fetal gene program and genes associated with fibrosis as
well as a downregulation of genes involved in Ca2+ handling. Likewise, higher NT-
proBNP levels were detected in DTG mice. Investigation of the UPS showed elevated
steady-state levels of (poly)ubiquitinated proteins without alterations of all proteasomal
activities in DTG mice. Evaluation of ALP key marker revealed a mixed pattern with
higher protein levels of microtubule-associated protein 1 light chain 3 beta (LC3)-I and
lysosomal-associated membrane protein-2, lower protein levels of beclin-1 and FYVE
and coiled-coil domain-containing protein 1 (FYCO1) and unchanged protein levels of
p62/SQSTM1 in DTG mice when compared to WT. At transcriptional level, a > 1.2-
fold expression was observed for Erbb2, Hdac6, Lamp2, Nrg1, and Sqstm1, while
a < 0.8-fold expression was revealed for Fyco1 in DTG mice. The results related to
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the ALP suggested overall a repression of the ALP during the initiation process, but an
induction of the ALP at the level of autophagosome-lysosome fusion and the delivery of
ubiquitinated cargo to the ALP for degradation.

Keywords: autophagy-lysosomal pathway, cardiomyopathy, left ventricular hypertrophy, protein degradation,
ubiquitin-proteasome system

INTRODUCTION

The adult heart undergoes distinct remodeling processes in
response to acute or chronic insults, which involve myocardial
hypertrophy, ventricular wall thickening and dilatation as well
as cardiomyocyte apoptosis and the development of fibrosis
(Frey and Olson, 2003; Dorn and Force, 2005). Cardiac
myocytes are terminally differentiated and maintain their cellular
homeostasis by activation of degradation programs. The two
main proteolytic systems are the ubiquitin-proteasome system
(UPS) and the autophagy-lysosomal pathway (ALP). The highly
selective degradation process by the UPS is ATP-dependent and
involves the polyubiquitination of a target protein through a
series of enzymatic reactions and the subsequent degradation
of this (poly)ubiquitinated protein by the 26S proteasome
(Ciechanover, 2007). During the proteolytic process of ALP small
portions of the cytoplasm or complete organelles are enclosed
by a phagophore to form a double−membrane vesicle, termed
autophagosome, which subsequently fuses with a lysosome to
form an autolysosome, in which lysosomal proteases degrade
the autophagosomal content (Mizushima et al., 2008). Several
lines of evidence indicate that alterations of the UPS and the
ALP may be involved in cardiac diseases, such as dilated and
hypertrophic cardiomyopathies (Mearini et al., 2008; Zheng
and Wang, 2010; Day, 2013; Zech et al., 2020). A marked
accumulation of (poly)ubiquitinated proteins has been reported
as a common feature of cardiac disorders (Weekes et al.,
2003; Birks et al., 2008; Predmore et al., 2010), whereas the
proteasomal activities have been shown to be higher or lower
depending on the status of the cardiac disease (Depre et al.,
2006; Tsukamoto et al., 2006; Birks et al., 2008; Predmore et al.,
2010; Schlossarek et al., 2012; Thottakara et al., 2015). Likewise,
an altered autophagic flux and dysregulated expression of ALP
key marker have been observed in a wide range of cardiac
diseases such as desmin-related cardiomyopathy (Maloyan et al.,
2010; Pattison et al., 2011; Bhuiyan et al., 2013), dilated
cardiomyopathy (Choi et al., 2012; Ramos et al., 2012) and
hypertrophic cardiomyopathy with reduced ejection fraction
(EF; Schlossarek et al., 2012; Singh et al., 2017). The role of
the ALP in the development of cardiac hypertrophy and its
progression to heart failure is being discussed controversially
(Zhu et al., 2007; Rothermel and Hill, 2008). Currently, a basal
ALP activity is thought to be important to maintain normal
cardiac function, whereas a decrease or an increase in ALP
activity could mediate the adaption of the heart during stress
conditions (Lavandero et al., 2013).

Traditionally, the UPS and ALP have been considered to
act separately, but recent data suggest that they functionally
cooperate with each other to maintain cellular homeostasis

(Wang et al., 2008; Korolchuk et al., 2010; Lamark and
Johansen, 2010; Singh et al., 2020). In the present study, we
therefore aimed to investigate alterations of both the UPS
and the ALP in a mouse model of eccentric left ventricular
(LV) hypertrophy with preserved EF expressing both cyclin T1
and Gαq under the control of the cardiac-specific α-myosin
heavy chain promoter.

MATERIALS AND METHODS

Ethics Statement
All experimental procedures were conducted in compliance with
the national guidelines of the German animal protective law
for the use of laboratory animals. All animal procedures
conform to the guidelines of Directive 2010/63/EU of
the European Parliament on the protection of animals
used for scientific purposes. The protocols used were
approved by the local animal care committee (Landesamt
für Landwirtschaft, Lebensmittelsicherheit und Fischerei
Mecklenburg-Vorpommern; LALLF-MV, 7221.3-1-061/15).

Experimental Animals
Double transgenic (DTG) α-myosin heavy chain (αMHC)-cyclin
T1 × αMHC-Gαq mice on a Friend leukaemia virus strain
(FVB) background of either sex were obtained by crossbreeding
heterogeneous αMHC-cyclin T1 mice, kindly provided by
Prof. Michael D. Schneider (Imperial College London,
United Kingdom), with αMHC-Gαq overexpressing mice,
courtesy of Prof. Gerald W. Dorn 2nd (Washington University,
St. Louis, United States). The heart-specific activation of Cdk9
via forced expression of cyclin T1 induces LV hypertrophy
by phosphorylation of the RNA polymerase II (Sano et al.,
2004). Gαq overexpression further enhances the transcription
elongation, thereby serving as an additional hypertrophic
stimulus (D’Angelo et al., 1997). Gαq overexpression results
in cardiac hypertrophy, defined as a conserved program of
fetal gene expression, increased heart weight, and increased
cardiomyocyte size. Thus, the DTG mice show a global
increase in RNA synthesis leading to myocyte enlargement and
hypertrophic growth and further development of fibrosis as
well as apoptosis.

Wild-type (WT) littermates were used as healthy controls and
both genotypes were investigated at the age of 6–8 weeks.

Study Design and Tissue Processing
Cardiac function of 6–8-weeks-old mice was assessed via
magnetic resonance imaging (MRI). Afterward, the mice
were sacrificed while still being under isoflurane anesthesia.
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Hearts were harvested and approximately 500 µL whole blood
was collected. Organs were washed in PBS and subsequently
frozen at −80◦C. Blood was transferred to an Eppendorf
tube containing 0.3 µM EDTA (10 µL/200 µL blood)
and centrifuged at 300 g for 15 min at room temperature.
Plasma was transferred to a new Eppendorf tube and
stored at−20◦C.

Magnetic Resonance Imaging
Measurement
Anesthesia was induced using 4% isoflurane in 100% oxygen
and maintained with 2–3% isoflurane in 100% oxygen at a flow
rate of 1.0 L/min using a face mask during the procedure.
The depth of anesthesia was monitored using a pressure
sensor for respiration. Breathing rates were maintained at 30–
40 breaths per minute. Body temperature was continuously
measured via a rectal thermal probe and kept at 35◦C
using a flowing-water heating blanket. Heart function was
measured using a 7.1 Tesla MR system (ClinScan 70/30 30
Bruker, Ettlingen, Germany) with 290 mT/m gradients field
strength. For signal excitation a head coil was used, while
signal reception was realized using a four-channel rat brain
array. After three localizer sequences and a fast single shot
fast low angle shot (FLASH) single shot axial sequence,
as 2 chamber view (2 CHV) and as 4 chamber view (4
CHV) were acquired. In addition, prospective electrocardiogram
triggered and respiration gated CINE sequences were generated
in 2 CHV [repetition time (TR): 5.8 ms, echo time (TE)
2.37 ms, field-of-view (FoV): 35 × 35 mm, FoV Phase:
100%, flip angle: 20◦, slice thickness 0.7 mm] and 4 CHV
(TR: 5.8 ms, TE: 2.37 ms, FoV: 35 × 35 mm, FoV Phase:
100%, flip angle: 20◦, slice thickness 0.7 mm) were obtained.
Afterward, five short axis CINE (flash) sequences of the left
ventricle (TR: 5.7 ms, TE: 2.25 ms, FoV: 35 × 35 mm,
FoV Phase: 100%, flip angle: 25◦, slice thickness: 1.0 mm)
were acquired. The results were analyzed using the software
Segment, version 1.9 R3510 (Medviso and Osirix, version
5.8.2 32-bit, Lund, Sweden). The endocardium and epicardium
were delineated in all five short axes in both end-diastole
and end-systole, which the software used to calculate the
specific area in µm2. Papillary muscles were included in the
delineation of the endocardium. Followed by a conversion
in a specific volume (in µm3), utilizing a slice thickness of
1 mm, left ventricular end-diastolic volume (LVEDV) was
acquired by using the volume from each slice. The end-
diastole was determined as being the phase with the largest
area of the LV cavity and the end-systole being the one with
the smallest area in each slice. The EF was calculated with
the help of LVEDV and left ventricular end-systolic volume
(LVESV) (EF = [(LVEDV− LVESV)/LVEDV]× 100). Fractional
shortening (FS) was calculated using the left mid-ventricular
diameter (FS = [(LVEDD − LVESD)/LVEDD] × 100). The LV
mass was computed by multiplying the LV volume by the specific
density of a healthy (assuming the lack of infarcted regions in the
heart) myocardium of 1.05 g/ml.

ELISA
Mouse plasma N-terminal pro-brain natriuretic peptide (NT-
proBNP) concentrations were measured using ELISA kits
(SEA485Mu, Cloud Clone Corp., Houston, TX, United States)
according to the instructions of the manufacturer.

RNA Extraction and Expression Analysis
With the NanoString nCounter R© Elements
Total RNA was extracted from powdered whole heart
tissue samples using the SV Total RNA isolation kit
(Promega, Madison, WI, United States) according to the
manufacturer‘s instructions.

For gene expression analysis, a customized NanoString’s
nCounter Elements TagSet panel was used. About 50 ng of
each sample were hybridized to the target-specific capture
and reporter probes at 67◦C overnight (16 h) according to
manufacturer’s instructions. Samples were cooled down to 4◦C,
supplemented with 15 µl H2O, and loaded into the NanoString
cartridge. Afterward, the nCounter Gene Expression Assay
was started immediately. Raw data were analyzed with the
nCounter Sprint Profiler. Transcript levels were determined
with the nSolver Data Analysis Software including background
subtraction using negative controls and normalization to six
housekeeping genes (Abcf1, Actb, Cltc, Gapdh, Pgk1, and Tubb5).
Data represent the mean of normalized counts and are expressed
as fold change over WT.

Analysis of Protein Degradation
Pathways UPS and ALP
Sample Preparation
Tissue samples were powdered, and protein extraction was
performed in two steps. First, the organ powder (about 30 mg)
was dissolved in 150 µl water with a protease inhibitor cocktail
(complete miniTM, Roche Diagnostics, Rotkreuz, Switzerland).
After three freeze-thaw-cycles the tissue was homogenized by
using Tissue Lyser (2 × 30 s at 20 Hz) and centrifuged at 4◦C,
full speed for 30 min in a table-top centrifuge. The supernatant
was kept as the cytosolic fraction. Secondly, the pellet of the first
step was homogenized in 240 µl SDS-buffer (3% SDS, 30 mM
Tris-base, pH 8.8, 5 mM EDTA, 30 mM NaF, 10% glycerol and
1 mM DTT) and centrifuged at room temperature, full speed for
10 min in a table-top centrifuge. The supernatant was kept as the
membrane-enriched fraction.

Western Blot
Proteins of the membrane-enriched fraction were loaded on
acrylamide/bisacrylamide (29:1) gels and electrotransferred to
nitrocellulose membranes, except for LC3 analysis, for which
proteins were electrotransferred to polyvinylidene fluoride
membranes. Antibodies against the following proteins were used
for western blot analysis: Beclin-1 (Cell Signaling Technology,
3738), FYCO1 (Novus Biologicals, NBP1-47266), LAMP-2
(Abcam, ab13524), LC3 (Cell Signaling Technology, 2775),
p62 (Sigma Aldrich, P0067), ribosomal protein S6 (Cell
Signaling Technology, 2217), and ubiquitinated proteins (Enzo
Life Sciences, BML-PW8810). Signals were revealed with the
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FIGURE 1 | Evaluation of morphological and functional parameters of the heart of DTG and WT mice. Scatter plots show the difference in (A) left ventricular (LV)
end-diastolic (ED) anterior wall thickness (LVEDAW), (B) LVED posterior wall thickness (LVEDPW), (C) LVED diameter (LVEDD), (D) LV end-systolic (ES) diameter
(LVESD), (E) LVED volume (LVEDV), (F) LVES volume (LVESV), (G) LV mass (LVM), (H) body weight (BW), (I) LVM/BW, (J) ejection fraction (EF), (K) fractional
shortening (FS), and (L) stroke volume (SV) of DTG and WT mice. Data are presented as mean ± SEM with *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
vs. WT, unpaired Student’s t-test. N = 11–14.

Frontiers in Physiology | www.frontiersin.org 4 April 2021 | Volume 12 | Article 614878

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-614878 April 30, 2021 Time: 10:21 # 5

Wenzel et al. ALP Alteration in Hypertrophic Mice

TABLE 1 | Gene expression analysis in DTG and WT mice.

Gene acronym Gene name WT DTG p-value

Markers of hypertrophy

Fhl1 Four and a half LIM domains 1 1.00 1.49 0.06

Fhl2 Four and a half LIM domains 2 1.00 0.26 ****

Rcan1 Regulator of calcineurin 1 1.00 1.68 0.06

Srf Serum response factor 1.00 0.95 ns

Marker of fetal gene program

Actc1 Actin alpha cardiac muscle 1 1.00 0.96 ns

Meox1 Mesenchyme homeobox 1 1.00 1.24 ns

Myh6 Myosin heavy chain 6 1.00 0.71 ***

Myh7 Myosin heavy chain 7 1.00 8.65 **

Nppa Natriuretic peptide A 1.00 6.73 ****

Nppb Natriuretic peptide B 1.00 2.84 **

Marker of Ca2+ handling

Atp2a2 ATPase, Ca++ transporting, cardiac muscle, slow twitch 2 1.00 0.33 ****

Pln Phospholamban 1.00 0.59 ****

Ryr2 Ryanodine receptor 2 1.00 0.70 **

Marker of apoptosis

Bax BCL2-associated X protein 1.00 1.09 ns

Bcl2 B cell leukemia/lymphoma 2 1.00 2.20 ***

Casp3 Caspase 3 1.00 0.99 ns

Marker of fibrosis

Col1a1 Collagen, type I, alpha 1 1.00 2.01 ***

Col3a1 Collagen, type III, alpha 1 1.00 1.53 0.06

Nfkb1 Nuclear factor kappa B, subunit 1 1.00 0.88 ns

Cardiomyocyte-specific marker

Actn2 Actinin alpha 2 1.00 1.11 ns

Casq2 Calsequestrin 2 1.00 0.90 ns

Fibroblast-specific marker

Ctgf Connective tissue growth factor 1.00 2.81 ***

S100a4 S100 calcium binding protein A4 1.00 1.37 *

Postn Periostin, osteoblast specific factor 1.00 2.39 **

Endothelial cell-specific marker

Cdh5 Cadherin 5 1.00 0.96 ns

Vwf Von Willebrand factor 1.00 2.74 *

Gene expression analysis of indicated genes was performed in DTG and WT mice (n = 6) with the NanoString nCounter Elements technology. Data were normalized to
housekeeping genes and related to WT. Data are expressed as fold-change over WT with *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns = non-significant
vs. WT, unpaired Student’s t-test. A > 1.2-fold and < 0.8-fold expression are highlighted in red and blue, respectively.

Clarity Western ECL substrate (Bio-Rad) and acquired with
the ChemiDoc Touch Imaging System (Bio-Rad). Signals were
quantified with the Image Lab Software (Bio-Rad).

Determination of the 20S and 26S
Proteasomal Activities
The activities of the 20S and 26S proteasome were assessed in
the cytosolic protein fraction. For determination of the activity,
30 µg of protein were diluted in incubation buffer (20 mM
HEPES, 0.5 mM EDTA, 5 mM MgCl2, 1 mM DTT) to a final
volume of 50 µl. Samples were pre-incubated in this buffer for
2 h at 4◦C. Following pre-incubation, the synthetic fluorogenic
substrates Suc-LLVY-AMC (Enzo Life Sciences, BML-P802),
Z-LLE-AMC (Enzo Life Sciences, BML-ZW9345) and Ac-RLR-
AMC (Enzo Life Sciences, BML-AW9785) were added to the

samples at a final concentration of 60 µM, 45 µM and 40
µM in the presence and absence of 28, 14, and 14 µM ATP
for chymotrypsin-like, caspase-like and trypsin-like activity,
respectively. After incubation in the dark for 1 h at 37◦C,
the fluorescence of the released AMC reporters was measured
using the TECAN Safire2 microplate reader at an excitation
wavelength of 380 nm and an emission wavelength of 460 nm.
Each sample was measured in duplicate. The mean of the blank
(incubation buffer only) was subtracted from the mean of each
sample duplicate.

Data Analysis
Data are presented as mean ± SEM. Statistical analyses were
performed using the unpaired Student’s t-test. All analyses were
realized using GraphPad Prism 8. A value of p < 0.05 was
considered statistically significant.
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RESULTS

DTG Mice Exhibit Eccentric LV
Hypertrophy With a Preserved Systolic
Function
Representative MRI images of WT and DTG hearts are shown
in Supplementary Figure 1. MRI measurements of the DTG
mice showed significantly higher LVED anterior and posterior
wall thicknesses (Figures 1A,B), LVED and LVES diameters
(Figures 1C,D), and LVED volumes (Figure 1E) than WT mice,
whereas LVES did not differ (Figure 1F). In line with this, the
LV mass (Figure 1G), but not the body weight (Figure 1H),
and LV mass/body weight ratio (Figure 1I) were higher in DTG
than WT mice. In contrast, no difference in EF and FS was
observed between the two groups (Figures 1J,K). The stroke
volume was higher in DTG than WT mice (Figure 1L). Thus,
DTG mice showed eccentric LV hypertrophy with preserved
systolic function.

DTG Mice Show Typical Gene Expression
Changes Associated With Pathological
Cardiac Hypertrophy
To further examine the disease state of the DTG mice, the
expression of several genes related to cardiac hypertrophy,
fetal gene program, fibrosis, apoptosis and Ca2+ handling
was evaluated by using the NanoString’s nCounter Elements
technology (Table 1). While expression levels of genes related to
hypertrophy (Fhl1 and Rcan1) were not significantly higher, the
expression of Fhl2, which has been shown to be down-regulated
during hypertrophy, was markedly lower in DTG mice. The
expression level of genes associated with the reactivation of the
fetal gene program (Nppa, Nppb, and Myh7) was significantly
higher in DTG than WT mice. Genes related to fibrosis (Col1a1,
p < 0.001 and Col3a1, p = 0.06) and genes specific for fibroblasts
(Ctgf, S100a4 and Postn) were up-regulated in DTG mice.
Furthermore, the expression of Bcl2, a key regulator of apoptosis,
and Vwf, a marker of endothelial dysfunction, was higher in DTG
mice. In contrast, genes involved in Ca2+ handling (Atp2a2, Pln,
and Ryr2) were downregulated in DTG mice.

DTG Mice Express Higher Level of
NT-proBNP
NT-proBNP is used in clinical routine as a prognostic biomarker
for LV hypertrophy and heart failure. The NT-proBNP level was
∼13-fold higher in DTG than in WT mice (Figure 2). This is
in line with the results of the gene expression analysis for the
natriuretic peptides Nppa and Nppb which were higher expressed
in DTG mice than in healthy littermates.

DTG Mice Display Accumulation of
(Poly)ubiquitinated Proteins Without
Alteration of Proteasomal Activities
Since accumulation of (poly)ubiquitinated proteins and altered
proteasomal activities have been reported in cardiac diseases, we
determined the steady-state levels of (poly)ubiquitinated proteins

by Western blot and measured the 20S (ATP-independent)
and 26S (ATP-dependent) proteasomal activities by using
synthetic fluorogenic substrates in heart tissue of DTG
and WT mice. The steady-state level of polyubiquitinated
proteins was 1.5-fold higher in DTG than in WT mice
(Figure 3A). Additionally, cardiac sections have been stained
with a monoclonal antibody directed against ubiquitinated
proteins. In agreement with the Western blot analysis,
the number of dots of (poly)ubiquitinated proteins was
significantly higher in DTG than in WT mice (Supplementary
Figure 2 and Supplementary Table 1). In contrast, the
20S and 26S chymotrypsin-like, caspase-like and trypsin-
like activities did not differ between DTG and WT mice
(Figure 3B).

DTG Mice Show an Altered ALP
To identify the regulation of autophagic processes in the disease
pattern of cardiac hypertrophy, several markers involved in the
process of the ALP were determined using the NanoString’s
nCounter Elements technology (Table 2) and Western blot
analysis (Figure 4).

Microtubule-associated protein 1 light chain 3 beta (hereafter
referred to as LC3) is a central protein in the autophagy
pathway and exists in a soluble form termed LC3-I and a
lipidated form referred to as LC3-II. LC3-II is incorporated
into the autophagosomal membrane and is important for
autophagosome formation and maturation, shuttling and fusion
with the lysosomes (Zech et al., 2020). Whereas Map1lc3b
transcript and LC3-I protein levels were higher in DTG mice,
LC3-II protein levels tended to be lower in DTG than WT
mice (Table 2 and Figures 4A–C). Next, we evaluated beclin-
1, which is involved in the phagophore structure initiation, an

FIGURE 2 | Plasma NT-proBNP level in DTG and WT mice. Data are
presented as mean ± SEM with ****p < 0.0001 vs. WT, unpaired Student’s
t-test. N = 8.
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FIGURE 3 | Steady-state levels of ubiquitinated proteins and proteasomal activities in DTG and WT mice. (A) Representative Western blot and quantification of the
steady-state levels of ubiquitinated proteins normalized to Ponceau and related to WT. (B) 20S (ATP-independent) and 26S (ATP-dependent) chymotrypsin-like,
caspase-like and trypsin-like activities were measured by using specific fluorogenic substrates. Data are presented as mean ± SEM with ***p < 0.001 vs. WT and
ns = non-significant, unpaired Student’s t-test. N = 13–14.

early step of autophagy (Zech et al., 2020). Beclin-1 protein
levels were lower in DTG than WT mice, while beclin-1 mRNA
levels did not differ between the groups (Figures 4A,D and
Table 2). Furthermore, the protein levels of p62/SQSTM1, which
acts as a shuttle protein that binds ubiquitinated proteins and
LC3-II and directs ALP-mediated degradation of ubiquitinated
proteins (Pankiv et al., 2007), did not differ between DTG and
WT mice, whereas the expression of Sqstm1 was induced on
transcriptional level in DTG mice (Figures 4A,E and Table 2).
The expression of the lysosomal-associated membrane protein-
2 (LAMP-2) was higher on both mRNA and protein levels in
DTG than WT mice (Table 2 and Figures 4A,F). In contrast,
the expression of FYVE and coiled-coil domain-containing
protein 1 (FYCO1), which forms an adaptor protein complex
with LC3 and Rab7 (Pankiv et al., 2010), was lower on both
mRNA and protein levels in DTG than WT mice (Table 2 and
Figures 4A,G). A > 1.2-fold expression was further observed
for Erbb2, Hdac6 and Nrg1 at transcriptional level in DTG
mice (Table 2).

DISCUSSION

In the present study we investigated alterations of the two major
proteolytic systems namely UPS and ALP in a mouse model of
eccentric LV hypertrophy with preserved EF. The major findings
of the present study are: (1) accumulation of (poly)ubiquitinated
proteins, (2) no alteration of the 20S and 26S proteasomal
activities, (3) higher protein levels of LC3-I and LAMP-2, (4)
lower protein levels of beclin-1 and FYCO1, (5) > 1.2-fold
expression for Erbb2, Hdac6, Lamp2, Nrg1, and Sqstm1, and
(6) < 0.8-fold expression for Fyco1 at transcriptional level in DTG
mice. These findings indicate an altered autophagic clearance
of damaged and/or dysfunctional proteins in a mouse model of
eccentric LV hypertrophy.

In recent years, the UPS was found to play a fundamental
role in several biological processes including cell proliferation,
adaption to stress and cell death (Rock et al., 1994; King
et al., 1996; Breitschopf et al., 2000). Various studies found that
activation or impairment of the UPS is associated with different
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TABLE 2 | Autophagy-lysosomal pathway gene expression analysis in DTG and WT mice.

Gene acronym Gene name WT DTG p-value

Bag3 Bcl2 associated athanogene 3 1.00 0.91 ns

Becn1 Beclin-1 1.00 0.96 ns

Chmp2b Charged multivesicular body protein 2B 1.00 0.99 ns

Epg5 Ectopic P-granules autophagy protein 5 homolog 1.00 1.01 ns

Erbb2 Erb-b2 receptor tyrosine kinase 2 1.00 1.43 **

Foxo1 Forkhead box O1 1.00 0.85 ns

Fyco1 FYVE and coiled-coil domain containing 1 1.00 0.51 ****

Hdac6 Histone deacetylase 6 1.00 1.20 **

Jak1 Janus kinase 1 1.00 0.88 *

Lamp1 Lysosomal-associated membrane protein-1 1.00 1.15 **

Lamp2 Lysosomal-associated membrane protein-2 1.00 1.23 ***

Map1lc3a Microtubule associated protein 1 light chain 3 alpha 1.00 0.87 *

Map1lc3b Microtubule associated protein 1 light chain 3 beta 1.00 1.14 *

Mtor Mechanistic target of rapamycin 1.00 0.92 ns

Nbr1 Neighbor of BRCA1 gene 1 1.00 1.03 ns

Nrg1 Neuregulin 1 1.00 18.65 **

Rab7 RAB7; member RAS oncogene family 1.00 0.81 **

Sqstm1 Sequestosome 1; p62 1.00 1.25 *

Stat1 Signal transducer and activator of transcription 1 1.00 0.92 ns

Stat3 Signal transducer and activator of transcription 3 1.00 0.94 ns

Tfeb Transcription factor EB 1.00 0.91 ns

Trp53 Transformation related protein 53 1.00 0.94 ns

Vcp Valosin containing protein (p97) 1.00 1.13 ***

Gene expression analysis of indicated genes was performed in DTG and WT mice (n = 6) with the NanoString nCounter Elements technology. Data were normalized to
housekeeping genes and related to WT. Data are expressed as fold-change over WT with *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns = non-significant
vs. WT, unpaired Student’s t-test. A ≥ 1.2-fold and < 0.8-fold expression are highlighted in red and blue, respectively.

cardiac diseases (Mearini et al., 2008; Su and Wang, 2010;
Schlossarek and Carrier, 2011; Day, 2013). An accumulation of
(poly)ubiquitinated proteins was documented in failing human
hearts (Weekes et al., 2003; Birks et al., 2008; Predmore
et al., 2010). In our transgenic mouse model showing eccentric
LV hypertrophy with preserved EF the classical signature of
a hypertrophic response including the up-regulation of the
genes encoding BNP (Nppb), ANP (Nppa) and α-myosin
heavy chain (Myh7) was detected together with higher levels
of (poly)ubiquitinated proteins and without alterations of
proteasomal activities.

The UPS and ALP have long been considered to act separately,
but recent data suggest that they work as a consortium (Wang
et al., 2008; Korolchuk et al., 2010; Lamark and Johansen, 2010;
Singh et al., 2020). Perturbations in the degradation process of
either pathway have been reported to affect the activity of the
other one (Korolchuk et al., 2010; Pan et al., 2020). For instance,
impairment of the UPS has been shown to trigger autophagy
(Iwata et al., 2005; Pandey et al., 2007), suggesting autophagic
upregulation as a compensatory mechanism. Evaluation of the
ALP key marker LC3 showed that LC3-II protein levels tended
to be lower in DTG than WT mice, whereas Map1lc3b transcript
and LC3-I protein levels were higher in DTG mice. Lower LC3-
II protein level could indicate an alteration in the lipidation
process from LC3-I to LC3-II (Kabeya et al., 2000). On the
other hand, LC3-II is a substrate of the ALP as well and
lower levels of LC3-II protein could as well indicate a rapid

degradation via the ALP. The elevated Map1lc3b transcript
and LC3-I protein levels support more the second scenario
suggesting an activated or at least proper working ALP in the
DTG mice. Further support for an activated ALP is the increased
expression of LAMP-2 on both mRNA and protein levels in
the DTG mice, indicating an intact autophagosome-lysosome
fusion and an enhanced lysosomal activity. Autophagosome-
lysosome fusion occurs in the vicinity of the centrosome.
To get to the perinuclear region, autophagic vesicles have to
move along the microtubules and this interaction with the
microtubules is mediated by motor proteins (Mackeh et al.,
2013). So-called plus-end-directed motor proteins transport
autophagic vesicles toward the cellular periphery and minus-
end-directed motor proteins mediate the transport to the
perinuclear region (Hirokawa et al., 2009). The balance between
active plus-end- and minus-end-directed motor proteins on
the surface of autophagic vesicles determines the directionality
of their intracellular movement (Mackeh et al., 2013). FYCO1
forms an adaptor protein complex with LC3 and Rab7 and
promotes the plus-end-directed transport of autophagic vesicles
(Pankiv et al., 2010). We observed markedly reduced levels
of FYCO1 on both transcript and protein levels in DTG
mice, suggesting that the directionality of the intracellular
movements of autophagic vesicles is maybe shifted toward the
perinuclear region.

Protein levels of p62/SQSTM1 did not differ between DTG and
WT mice. This protein serves as a linker between ubiquitinated
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FIGURE 4 | ALP marker proteins in DTG and WT mice. (A) Representative Western blots of indicated proteins. S6 ribosomal protein was used as loading control.
Quantification of (B) LC3-I, (C) LC3-II, (D) Beclin-1, (E) p62/SQSTM1, (F) LAMP-2, and (G) FYCO1 protein levels normalized to S6 ribosomal protein and related to
WT. Data are presented as mean ± SEM with *p < 0.05, **p < 0.01 and ***p < 0.001 vs. WT, unpaired Student’s t-test. N = 13–14.

proteins and LC3-II thereby directing ALP-mediated degradation
of ubiquitinated proteins (Pankiv et al., 2007) and is as well
degraded by the ALP (Bjorkoy et al., 2005). The induced

expression of Sqstm1 at transcriptional level may indicate an
increased demand for p62/SQSTM1. Unaltered p62/SQSTM1
protein level in spite of elevated transcript level could indicate
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a proper or even induced working ALP degrading its substrate.
Another protein serving as a linker between ubiquitinated cargo
and the ALP is the histone deacetylase 6 (HDAC6). HDAC6
binds ubiquitin and interacts directly with dynein motors,
thereby ensuring efficient delivery of substrates to the ALP for
degradation (Kawaguchi et al., 2003). A protective effect of
compensatory upregulation of autophagy during proteasomal
inhibition has been proposed to be dependent on HDAC6 (Iwata
et al., 2005; Pandey et al., 2007). We did not determine the
protein levels, but found as well elevated Hdac6 transcript levels
in the DTG mice suggesting similar to p62/SQSTM1 an induced
expression to deal with the higher amounts of ubiquitinated
proteins. Interestingly, beclin-1 protein levels were lower in
DTG than WT mice, while Becn1 mRNA levels did not differ
between the groups. Beclin-1 is involved in the phagophore
structure initiation (Zech et al., 2020), and lower protein level
suggest, in contrast to our other data, rather a repression of
the ALP, at least during the initiation process. Bcl-2 (B-cell
leukemia/lymphoma 2), which was significantly up-regulated at
the transcriptional level in the DTG mice, is directly linked to the
autophagy process. Bcl-2 interacts with beclin-1 by inhibiting the
formation of the beclin-1/Vsp34 PI3K complex and therefore the
beclin-1-dependent autophagy (Pattingre et al., 2005). Pattingre
et al. (2005) proposed that this anti-autophagic action of Bcl-
2 may help to maintain autophagy at an optimal level for cell
survival rather than cell death. In addition, Bcl-2 partly mediates
the anti-autophagic effects of neuregulin-1 (Nrg-1) (An et al.,
2013). Nrg-1 and its corresponding receptor ErbB2 (Erb-b2
receptor tyrosine kinase 2) were significantly up-regulated at
the transcriptional level in the hearts of the DTG mice. Nrg-
1 induces a number of cellular responses, such as regulation of
cell proliferation and differentiation and plays a critical role in
cardiovascular development and maintenance of heart function
by promoting cardiac myocyte survival and maintenance of Ca2+

homeostasis (De Keulenaer et al., 2019). Although there was a
marked increase in Nrg1 expression in the DTG mice, almost
all genes involved in Ca2+ handling were significantly down-
regulated. Nevertheless, the increase in Nrg1 and its receptor
Erbb2 suggests an induction of survival, structural and functional
maintenance and anti-autophagic processes, probably similar to
Bcl-2 to maintain autophagy at an optimal level.

Many studies have shown that activation of G-protein-coupled
receptors can regulate autophagy (Wauson et al., 2014). Liu et al.
(2017) investigated the ALP in a transgenic mouse model of
cardiac-specific inducible Gαq expressing a constitutively active
GαqQ209L fused to a modified hormone-binding domain of
the estrogen receptor (Liu et al., 2017). In contrast to the DTG
mice, which exhibit a preserved ejection function, the transgenic
GαqQ209L mice showed a reduced FS after 7 days of treatment
with tamoxifen. At this time point, Liu et al. reported an
activated autophagy in the GαqQ209L mice including elevated
protein levels of beclin-1, p62, LC3-II, LAMP-1, and LAMP-2
(Liu et al., 2017).

In conclusion, evaluation of the ALP in the DTG αMHC-
cyclin T1 × αMHC-Gαq mice revealed a mixed pattern in
that the results suggested a repression of the ALP during
the initiation process, but an induction of the ALP at the
level of autophagosome-lysosome fusion and the delivery of
ubiquitinated cargo to the ALP for degradation.
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