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Background: A metabolic shift from fatty acid (FAO) to glucose oxidation (GO)
occurs during cardiac hypertrophy (LVH) and heart failure with reduced
ejection fraction (HFrEF), which is mediated by PGC-1a and PPARa. While the
transcription factor EB (TFEB) regulates the expression of both PPARGCIA/
PGC-1a and PPARA/PPARG, its contribution to metabolic remodeling is uncertain.
Methods: Luciferase assays were performed to verify that TFEB regulates PPARGCIA
expression. Cardiomyocyte-specific Tfeb knockout (cKO) and wildtype (WT) male
mice were subjected to 27G transverse aortic constriction or sham surgery for
21 and 56 days, respectively, to induce LVH and HFrEF. Echocardiographic,
morphological, and histological analyses were performed. Changes in markers of
cardiac stress and remodeling, metabolic shift and oxidative phosphorylation were
investigated by Western blot analyses, mass spectrometry, gRT-PCR, and citrate
synthase and complex Il activity measurements.

Results: Luciferase assays revealed that TFEB increases PPARGCIA/PGC-1la
expression, which was inhibited by class Ila histone deacetylases and
derepressed by protein kinase D. At baseline, cKO mice exhibited a reduced
cardiac function, elevated stress markers and a decrease in FAO and GO gene
expression compared to WT mice. LVH resulted in increased cardiac
remodeling and a decreased expression of FAO and GO genes, but a
comparable decline in cardiac function in cKO compared to WT mice. In
HFrEF, cKO mice showed an improved cardiac function, lower heart weights,
smaller myocytes and a reduction in cardiac remodeling compared to WT
mice. Proteomic analysis revealed a comparable decrease in FAO- and
increase in GO-related proteins in both genotypes. A significant reduction in
mitochondrial quality control genes and a decreased citrate synthase and
complex Il activities was observed in hearts of WT but not cKO HFrEF mice.
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Conclusions: TFEB affects the baseline expression of metabolic and mitochondrial
quality control genes in the heart, but has only minor effects on the metabolic shift
in LVH and HFrEF in mice. Deletion of TFEB plays a protective role in HFrEF but does
not affect the course of LVH. Further studies are needed to elucidate if TFEB affects
the metabolic flux in stressed cardiomyocytes.

KEYWORDS

TFEB, left ventricular hypertrophy, heart failure with reduced ejection fraction, metabolic
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Introduction

Pathological left ventricular (LVH) and

remodeling often cause heart failure (HF) with reduced ejection

hypertrophy

fraction (HFrEF), which increases morbidity and mortality of
affected patients (1). Pathological LVH is an inappropriate
response of the heart to various stress stimuli, such as pressure
overload (PO) due
that is cardiomyocyte
hypertrophy, interstitial and perivascular fibrosis, and metabolic

to aortic valve stenosis or arterial

hypertension  (2) accompanied by
remodeling (3-6). At a molecular level, PO leads to an increase
in cardiac stress markers, such as atrial natriuretic factor (ANF/
NPPA), B-type natriuretic peptide (BNP/NPPB), and a-skeletal
actin (ACTS/ACTAI) as well as a switch from the alpha myosin
heavy chain (o-MyHC/MYH6) to the beta MyHC (B-MyHC/
MYH?) isoform (3). Importantly, cardiac energy metabolism that
is required for effective ATP production is greatly disturbed in
LVH and HFrEF (7). ATP is essential to maintain contractile
function, ion-homeostasis, and signal transduction in
cardiomyocytes. To generate the high amounts of ATP the heart
needs to enable its proper and continuous function as well as
adaptations to changes in workload, the heart predominantly
uses free fatty acids (FFA) and to a smaller extend glucose,
lactate, ketone bodies and amino acids to generate ATP (7).
These substrates are utilized in fatty acid B-oxidation (FAO) and
glucose oxidation (GO) to produce acetyl coenzyme A (CoA)
that is used by the tricarboxylic acid (TCA) cycle to produce
NADH, which then undergoes oxidative phosphorylation
(OXPHOS) in mitochondria. Specifically, complexes I-IV of the
electron transport chain (ETC) transfer electrons from NADH to
oxygen that causes a proton electrochemical gradient across the
inner mitochondrial membrane, which is used by the ATP
synthase to generate ATP. In LVH, a substrate shift from FAO to
GO, known as metabolic remodeling (8, 9), leads to a less
efficient ATP production that contributes to cardiomyocyte
hypertrophy and cardiac dysfunction (10). The ATP content of
the heart is relatively small and exhausts rapidly. Because cardiac
function depends on efficient ATP production its impairment
almost immediately causes a functional decline. The substrate
shift in LVH is characterized by a decrease in FAO and a
transient up-and subsequent downregulation of GO (7, 11-13)
and increases the reliance of the heart to glucose (10). Because
peroxisome proliferator-activated receptor o. (PPARo, encoded
by PPARA) and PPARo coactivator lo. (PGC-la, encoded by
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PPARGCIA)
OXPHOS-related genes, both transcriptional regulators are

regulate the expression of FAO-, GO- and

central to energy homeostasis and metabolic remodeling (14, 15).
For example, the downregulation of PPARo in HFrEF causes a
decrease in FAO (16). Likewise, cardiac ATP production of
Ppara knockout mice depends on glucose, which is enabled by
an increased glucose transporter type 4 (GLUT4) expression
enhancing glucose uptake (17, 18). A decrease in PGC-lo. was
associated with a reduced ETC activity and an impaired
OXPHOS-mediated ATP production. The expression of both,
PPARGCIA (19) and PPARA (19, 20) as well as carnitine
palmitoyltransferase I (CPT-1), the rate limiting enzyme in long-
chain FAO, and GLUT4 is regulated by transcription factor EB
(TFEB). TFEB is also involved in mitochondrial biogenesis and
mitophagy indicating that it plays a role in cardiac energy
homeostasis (20, 21). Previously we showed that cardiomyocyte-
specific TFEB-overexpression by AAV2.9-mediated gene transfer
caused HFrEF and excessive interstitial fibrosis when these mice
were subjected to pressure-overload (22). However, the effects of
TFEB overexpression on metabolic remodeling were not
investigated. We also reported that TFEB binds to well
conserved E-box elements of the human TRIM63-promoter that
increases its expression and that this effect is inhibited by class
ITa histone deacetylases (HDAC4, HDAC5, HDAC?7). The
protein kinase D (PKD)-family members PKD1, PKD2, and
PKD3 attenuated this effect (23, 24). However, it has not been
shown if the activity of TFEB towards the PPARGCIA
promoter is regulated by the PKD/HDAC
Additionally, we and others reported that the PKD- (25) and
HDAC-families (26-29) are involved in pathological LVH.
Prkdl knockout
show less hypertrophy and myocardial remodeling in response

also axis.

Specifically, cardiomyocyte-specific mice

to PO, B-adrenergic stimulation with isoproterenol, and
Angiotensin II treatment (25). In contrast, cardiomyocyte-
specific overexpression of PKDI caused cardiac hypertrophy
and heart failure. Also, deletion of Hdac5 and Hdac9 (28, 29)
sensitizes the heart to stress signals. Because the PKD-family
and class Ila HDACs regulate the activity of TFEB we
hypothesized that the PKD/HDAC/TFEB-axis controls the
expression of metabolic genes such as PPARGCIA and thus
affects metabolic cardiac remodeling during stress. Therefore,
we tested the hypothesis that TFEB in cardiomyocytes regulates
PO-induced

remodeling and functional deterioration.

changes in proteins involved in metabolic
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Materials and methods
Animal model
The Landesamt fiir Landwirtschaft, Lebensmittelsicherheit und

(LALLF,
approved the animal studies (permit number: 7221.3-1.1-014/18).

Fischerei Mecklenburg-Vorpommern, — Germany)
The investigation conforms to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of
Health (NIH Publication No. 85-23, revised 1985), as well as
the current version of German Law on the Protection of

Cardiomyocyte-specific Tfeb knockout mice (cKO,

bloxP/loxP; +/+

Animals.
Tfeb'®/1oxPs +eMHC-CRE) yere generated by breeding Tfe
and aMHC-CRE transgenic mice (30), that conditionally express
CRE recombinase under the control of a cardiomyocyte-specific
oMHC promoter enabling cardiomyocyte-specific deletion of
Tfeb. Genotyping was performed using primer pairs shown in
Supplementary Table S1. Tfeb'""** mice were kindly provided
by Prof. A. Ballabio and Prof. C. Settembre (19). Mice from
Tfeb'XPox®s +/+ and TfeploxPloxPs +/aMHC—CRE oo dings were
born in Mendelian distribution according to their genotype and
no perinatal mortality of cKO mice was detected. During the
observation period in the laboratory (approximately 42 weeks),
WT and ¢KO mice did not show any differences in growth and
weight or overall lifespan. No phenotypic differences were
noticed between male and female mice. To induce PO, 8-week-
old male mice were subjected to transverse aortic constriction
(TAC), introducing a 27G stenosis as previously described (25, 31,
32). 21 days and 56 days of TAC were used to induce
compensated LVH and HFrEF, respectively. The effectiveness of
TAC was confirmed by pulsed-wave Doppler imaging from the
left and the right carotid arteries [TAC vs. Sham mice; peak aortic
valve (AV) velocity > 4,000 mm/s] as recently published (31, 32).
Sham mice were treated identical for 21 days and 56 days,
respectively, except for the ligation of the thoracic aorta. The
number of animals was as follows: 21 days (TAC: cKO: n=19
21,2%); WT: n=19 (51,1*); Sham: cKO: n=10; WT: n=10); 56
days (TAC: cKO: n=17 (61,5%); WT: n=17 (7t,4*); Sham: cKO:
n=38 WT: n=10) [t =died before the end of the experiment, * =
A peak AV velocity (mm/s) of >4,000 was not achieved].

At the experimental endpoint, mice were anesthetized with 2%
isoflurane for echocardiography and sacrificed thereafter during
anesthesia by i.p. injection of a lethal dose of thiopental (200 mg/
kg, Inresa Arzneimittel GmbH, Germany) and subsequent
cervical dislocation. During necropsy, the integrity of the aortic

TABLE 1 Calculated echocardiographic parameters.

10.3389/fcvm.2023.1323760

banding was confirmed by inspection of the surgical constriction
in TAC mice. Hearts, lungs, and livers were harvested and
weighted. Body weight, organ weights, and tibial length were
measured, and organ weights [mg] were normalized to tibia
length [mm] and are shown as organ weight to tibial length
ratios [mg/mm)].

Transthoracic echocardiography

Two-dimensional  transthoracic  echocardiography  was

performed as previously described (25, 31-35). Mice were
anesthetized with 2% isoflurane and kept warm on a 37°C heated
platform. Core body temperature, heart rate and rhythm were
continuously  monitored a  rectal and

using probe

electrocardiography, respectively. For echocardiography a
VisualSonics Vevo 2,100 High-Resolution Imaging System with a
high-resolution (38 MHz) transducer was used. The examiner
was blinded for genotypes and treatments. Following parameters
were measured: thickness of left ventricular posterior wall
(LVPWth; s, LVPWth; d), thickness of left ventricular anterior
wall (LVAWth; s, LVAWth; d) and septum (IVSth; s, IVSth; d) at
systole (s) and diastole (d),
(LVEDD) and end-systolic (LVESD) dimensions.

parameters are summarized in Table 1.

left ventricular end-diastolic
Calculated

Histological analyses

Hearts were formalin-fixed and embedded in paraffin. A rotary
microtome (Microm HM 340 E, Thermo Fischer Scientific Inc.,
MA, USA) was used to prepare 6 um thin myocardial cross-
sections, which were stained with Hematoxylin and Eosin (H&E),
Picrosirius Red (PSR), and Periodic acid-Schiff (PAS) (25, 33,
35). H&E: Histological sections were deparaffinized in xylol (Cat.
9713.1, Carl Roth GmbH, Karlsruhe, Germany)
rehydrated in a descending ethanol dilution series (i.e., 100%,
96%, 80%, 70%). They were then stained with hematoxylin (Cat.
no.: 3816.2, Carl Roth GmbH) and eosin (Cat. no.: 7089.1, Carl
Roth GmbH), dehydrated with 95% and 100% ethanol (Carl
Roth GmbH) followed by xylene treatment, and mounted with

no.: and

coverslips. PSR: histological cross-sections were fixed in xylol
(Carl Roth GmbH) and hydrated with a descending ethanol
dilution series (i.e., 100%, 96%, 80%, 70%, 50%, 30%). Sections
were then stained in Picrosirius Red F3BA (Cat. no.: NC9039835,
Polysciences Inc., PA, USA), dehydrated with xylol and mounted

Label _Descpton uws b

LVESV Left ventricular end-systolic volume
LVEDV Left ventricular end-diastolic volume
LVSV Left ventricular stroke volume

LVEF Left ventricular ejection fraction
LVES Left ventricular fractional shortening
Cco Cardiac output

LVM Left ventricular mass
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[7.0/(2.4 + LVESD)]*LVESD?

pl [7.0/(2.4 + LVEDD)]*LVEDD?

ul LVEDV—LVESV

% 100*[(LVEDV—LVESV)/LVEDV]

% 100*[(LVEDD—LVESD)/LVEDD]

wl/min HR*LVSV

mg 1.053*[(LVEDD + LVPWd + IVSd)*—LVEDD?]
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with VectaMount®™ permanent mounting medium (Cat. no.:
101098-068, Vector Laboratories Inc., Newark, State, USA). PAS:
To stain the glycogen content, sections were stained with
periodic acid (Cat. no.: 3257.1, Carl Roth GmbH), washed, and
then stained with Schiff's reagent (Cat. no.: X900.1, Carl Roth
GmbH). Nuclei were stained with hematoxylin (Carl Roth
GmbH). Wheat Germ Agglutinin (WGA) staining: sections were
deparaffinized in NeoClear (Cat. no.: A538.1, Carl Roth GmbH)
and rehydrated in a descending ethanol dilution series (i.e.,
100%, 96%, 80%, 70%), washed with 1x phosphate buffered
saline (PBS) and blocked with 5% donkey serum for 1 h.
Sections were then stained with WGA-FITC (Cat. no.: FL-1021,
Vector Laboratories Inc.) for 2 h at room temperature (RT).
Sections were covered with Ibidi mounting medium (Cat. no.:
50001, ibidi GmbH, Grifelfing, Germany) and stored at —20°C
until analyses. Images were acquired using a Keyence BioRevo
BZ-9000 Deutschland GmbH,
Germany). Myocardial fibrosis, glycogen content, and myocyte
cross-sectional areas (MCSA) were quantified using Image]
software 1.52 (http://rsb.info.nih.gov/ij).

imaging system (Keyence

RNA isolation, cDNA synthesis, and
quantitative real-time PCR

Total RNA was isolated from the interventricular septum and
left ventricle using TRIzol® reagent (Cat. no. 15596026,
InvitrogenTM, Life Technologies Corp., CA, USA), and cDNA was
synthesized using the SuperScript® first-strand synthesis kit (Cat.
no.: 10684803, Invitrogen) as published previously (24, 36, 37).
Quantitative real-time polymerase chain reaction (qQRT-PCR) was
performed using power SYBR® Green PCR master mix (Cat. no.:
A25778, Applied Biosystems, Thermo Fischer Scientific Inc.) and
self-designed primers (for primer sequences see Supplementary
Table S2) on a QuantStudio 3 (Applied Biosystems, MA, USA)
using the standard curve method as described previously (33, 36,
38, 39). Gene expression was normalized to the expression levels
of the stably expressed reference gene glyceraldehyde-3-phosphate
dehydrogenase (Gapdh).

Protein extraction and western blot
analyses

BeadBlaster™ 24 Microtube
Scientific, Sayreville, NJ, USA) was used to homogenize heart

Homogenizer (Benchmark
tissue in Micro Packaging Vials with 2.8 mm Precellys ceramic
beads (PEQLAB Biotechnology GmbH, Germany) in UT-buffer
(8 M urea, 2 M thiourea). Lysates were cleared by centrifugation at
17,000 g for 30 min at 4°C and protein content was quantified
using Bradford assay (BioRad, Munich, Germany). After adding
Laemmli buffer (final concentration: 300 mM Tris-HCl, pH 6.8;
6% (w/v) SDS; 0.05% (w/v) bromophenol blue, 10% (v/v) glycerol
and 15% (v/v) B-mercaptoethanol), samples were heated for 5 min
at 95°C and afterwards proteins were resolved by SDS-PAGE and
transferred onto nitrocellulose membranes (Cat. no.: GE10600001,
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GE Healthcare, Munich, Germany). Membranes were blocked with
5% bovine serum albumin (BSA) in TBS-T (20 mM Tris, 150 mM
NaCl, 0.1% Tween 20; pH 7.6) for 1h. Following primary
antibodies were used: affinity-purified rabbit anti-TFEB antibody
A303-673A (RRID: AB_11204751, 1:1000, Bethyl Laboratories,
Hamburg, Germany), monoclonal anti-B/slow myosin heavy chain
(B-MyHC) (RRID: AB_297734, clone: NOQ?7.5.4D, mouse, 1:1,000,
Merck KGaA, Munich, Germany). Anti-glyceraldehyde-3-
phosphate dehydrogenase (RRID: AB_2756824, GAPDH, D4C6R,
mouse, 1:10,000, Cell Signaling, MA, USA) was used as loading
control. Horseradish peroxidase (HRP)-linked IgG goat anti-mouse
(RRID: AB_330924) and goat anti-rabbit (RRID: AB_2099233,
both 1:10,000, Cell Signaling) were used as secondary antibodies.
Proteins were visualized with a chemiluminescence
(ChemiDoc MP Imaging System, Bio-Rad).

system

Spectrophotometric measurement of
complex Il and citrate synthase activity

Enzyme activity for (ETC) complex (C) II was quantified
according to a previously published protocol (40). Briefly,
measurements were performed at RT using an UV/Visible
(UV-1600PC, VWR International
BVBA, Leuven, Belgium), and in technical triplicates. Heart tissues

spectrophotometer Europe
were homogenized in ice-cold homogenization buffer (20 mM Tris,
40 mM KCl, 250 mM sucrose, 2 mM EGTA, pH 7.4) using a tissue
grinder. For CII activity 5 pg of protein homogenate was added to a
1 ml cuvette containing potassium phosphate buffer (0.5M, pH
7.5), fatty acid-free BSA (0.75mM), KCN (10 mM), succinate
(20 mM) and 2,6-Dichlorophenolindophenol (DCPIP, 80 uM).
Samples were incubated for 10 min at 37°C. After baseline
measurements (OD 600 nm) the reaction was primed by adding
decylubiquinone (50 pM) and the changes in OD 600 nm (A40D)
were recorded for 3 min. The malonate-insensitive CII activity was
determined simultaneously by adding the CII inhibitor malonate
(I M) into the reaction mixture. For the citrate synthase activity
(CS) activity assay 5 ug of protein homogenate was added to a 1 ml
cuvette containing 100 mM Tris, pH 8.0, 0.2% (vol/vol) Triton X-
100, 5,5-Dithiobis (2-nitrobenzoic acid) DTNB (100 uM), and
Acetyl-CoA (300 uM). The baseline OD was read at a wavelength
of 412nm for 3 min. The reaction was started by adding of
oxaloacetic acid (10 mM), and the increase in absorbance at OD
412 nm was monitored for 3 min. Enzyme activities were calculated
using extinction coefficients (e; mmol ™! em™) (CIl e =19.1, CS €
=13.6). In the calculation’s CS and CII activities measured in
proteins from hearts of WT Sham mice, respectively, were set to
100% and all other activities were related to that.

Cell culture, cDNA expression plasmids,
transfection, and luciferase reporter assays

COS-7 cells (RRID: CVCL_0224) were cultured in Dulbecco’s

modified eagle medium (DMEM; 4.5 g/l glucose, L-glutamine,
10% fetal bovine serum, and penicillin/streptomycin) (23, 24).
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Cells were transfected with ¢cDNA expression plasmids, vector
control, and Hs_PPARGCIA_GLuc-ON (GeneCopoeia Inc., MD,
USA) reporter construct, as indicated, using FuGENE®6
(Promega, Madison, WI, USA) transfection reagent according to
the manufacturer’s protocol. To control transfection efficacy
20ng of pCMV lacZ (RRID: Addgene_31124, CLONTECH
Laboratories GmbH, Heidelberg, Germany) was co-transfected in
each sample. Cell pellets were lysed in 100 ul cell lysis buffer
(Cat. no.: 16161, Merck KGaA). 20 pl of cell culture supernatant
was used for quantification of luciferase and B-galactosidase
activity in an Infinite M200 Pro spectrophotometer (Tecan,
Maennedorf, Switzerland). The Gaussia luciferase glow assay kit
(Cat. no.. 16161, Merck KGaA) was used to quantify the
expression of the reporter gene constructs. Luciferase activity was

normalized to fluorescence measured with the FluoReporter™

lacZ/galactosidase quantification kit (Cat. no.: F2905, Invitrogen).
The plasmids used for cDNA expression (pcDNA3.1-TFEB-N-
FLAG, pcDNA3.1-TFE3-N-FLAG, pcDNA3.1-PKD1-CA-N-
MYC, pcDNA3.1-PKD2-CA-N-MYC, pcDNA3.1-PKD3-CA-N-
MYC, pcDNA3.1-HDAC4-MYC, pcDNA3.1-HDAC5-MYC,
pcDNA3.1-HDAC7-MYC, pcDNA3.1-C-MYC, pCMV lacZ) were
recently published (23-25, 41, 42).

Mass spectrometric analysis

For preparation of each sample, five ug of protein extracted
from the cardiac apex was utilized (6 bioreplicates per condition,
ie, WT Sham, WT TAC, cKO Sham, cKO TAC). For nucleic
acid degradation we added 0.625 U benzonase before reduction
(2.5mM DTT ultrapure, Cat. no.. 11568736, Invitrogen, for
15 min at 37°C) and alkylation (10 mM iodoacetamide, Cat. no.:
11149, Merck KGaA, for 30 min at 37°C). Proteolysis with LysC
(Cat. no.: VA1170, 1:100 for 3h at 37°C) followed by tryptic
digestion over night at 37°C (Cat. no.. VA9000, both from
Promega) and purification of peptides was performed with a
bead-based protocol (43). Desalted peptides were analyzed by
LC-ESI tandem mass spectrometry on an Exploris 480 mass
spectrometer (Thermo Electron, Bremen, Germany) in data
independent acquisition mode (Supplementary Tables S3A,B).
Peptide and protein identification were carried out using a
directDIA algorithm with an Uniprot database limited to
murine entries  (02/2021)
(v. 14.10.201222.47784,
We extracted quantitative data by Spectronaut™ based on MS2

implemented in  Spectronaut

Biognosys, Schlieren, Switzerland).
peak areas. Missing values were parsed using an indexed
retention time (iRT) profiling strategy (minimum Q-value row
selection = 0.001). Only non-identified precursors were parsed
with a Q-value>0.001. Ion values were parsed when at least 25%
of the samples contained high quality measured values. Peptides
were assigned to protein groups and protein inference was
resolved by the automatic workflow implemented in
Spectronaut™., We considered only proteins with at least two
quantified peptides for further analyses. Protein intensities were
calculated as MaxLFQ values. Data have been median normalized

on ion level before statistical analysis was carried out on peptide
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level after exclusion of peptides with oxidized methionine using
the algorithm ROPECA (44). Binary differences were identified
by application of a reproducibility-optimized test statistic (using
the ROTS package). Multiple test correction was performed
according to Benjamini-Hochberg. Variance within the data set
was visualized by principal component analyses and differences
in the protein pattern by Volcano plots.

Ingenuity pathway analysis of proteomics
data

For functional classification and analysis of proteins displaying
significantly altered levels Ingenuity® Pathway Analysis (IPA®,
QIAGEN Redwood City, www.qiagen.com/ingenuity) was used.
(g-value) of <0.05 was
statistically significant. The IPA upstream regulator analytics
based on the
observed changes in the protein abundance in the dataset. The

An adjusted p-value considered

identifies upstream transcription regulators
results of the calculation are shown as activation z-score, an z-
score >2 represents a significant activation and a z-score <—2

represents a significant inhibition of a protein or pathway.

Statistical tests

In comparisons of two groups of histological staining’s from
mouse samples were analyzed by an unpaired t-test. Differences
of p<0.05
comparisons of two groups, mRNA and Western blot data were

were considered statistically significant. In
analyzed by multiple t-tests with FDR adjustment [two-stage-
step-up method of Benjamini, Krieger and Yekutieli (45)]. In
comparisons of four groups, data were analyzed by One-way
ANOVA with Tukey’s post-hoc test. For echocardiography of
21 days of TAC, all time points were analyzed by Two-way
ANOVA with Tukey’s post-hoc test. Echocardiography of
baseline and 56 days of TAC were analyzed using linear mixed
effects models. We included measurement time point (weeks),
genotype (cKO vs. WT), and surgery type (TAC vs. Sham) as
fixed effects and animal-ID as random factor. We included all
possible 2-way and 3-way interactions terms in the initial full
model and used a backward elimination algorithm to get rid of
unnecessary interaction terms. All statistical were performed
using R version 4.2.2 with packages -lmerTest-, -car-, and
-emmeans-. Post-hoc comparisons were calculated based on the
final model per echocardiography parameter using consecutive
pairwise comparison between the different time points in each
treatment combination.

Pairwise comparisons between the resulting four treatment
groups (WT Sham, WT TAC, cKO Sham, cKO TAC) were
done at each time point. All values are shown as mean +95%
CL. The to a=0.05. Model
assumptions were ensured by visually checking QQ-plots for

significance level was set

normality of residuals and residual-vs.-fitted plots for
homoscedasticity. Differences of ¢<0.05 were considered

statistically significant. Two-tailed Pearson correlation analyses
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among variables of log, ratios WT_TAC/WT_Sham and
cKO_TAC/cKO_Sham or ¢cKO_TAC/WT_TAC or cKO_Sham/
WT_Sham were performed. Data are presented as box-and-
whisker plots showing all data points and boxes showing
median and interquartile range (IQR) and whiskers indicating
minimum and maximum values. Plots and statistics were
performed using GraphPad Prism® 8.3.0 program (GraphPad

Software, Boston, MA, USA; version 8.3.0).

Results

TFEB-mediated PPARGCI1A expression is
controlled by class lla histone deacetylases
and the protein kinase D family

The metabolic shift from FAO to GO in LVH is controlled by
PGC-1a/PPARGCIA, regulator
biogenesis and FAO (46, 47). TFEB was shown to increase the
expression of PPARGCIA and PPARA (20, 48). Previously, we
and others reported that the PKD family (25) and class Ila
HDACs (26-29) are involved in pathological LVH and that the
PKD/HDAC axis regulates the activity of TFEB towards the
human Hs_TRIM63/MuRF1 promoter (23, 24). If TFEB-
mediated PPARGCIA expression is controlled by class Ila
HDACs and PKD was not known.

Using luciferase assays, we confirmed that TFEB increases the
expression of PPARGCIA in a dose dependent manner
(Figure 1A). Co-transfection of HDAC4 (Figure 1B), HDAC5
(Figure 1C), and HDAC?7 (Figure 1D) dose-dependently inhibited
TFEB-induced PPARGCIA-expression. Previously, we reported
that PKD1 and PKD2 associate with, phosphorylate, and
facilitate 14-3-3-mediated nuclear export of HDAC4, HDACS,
and HDAC?7. This relieved the inhibition of TFEB towards the
human Hs_TRIM63/MuRF1 promoter (23, 24). In the luciferase
assay, we observed that the repressive effects of HDAC4
(Figure 1E), HDACS5 (Figure 1F), and HDAC? (Figure 1G) on
TFEB-induced PPARGCIA-activity was reversed by PKDI1
(Figures 1E-G, left panels), PKD2 (Figures 1E-G, middle panels),
and PKD3 (Figures 1E-G, right panels), respectively. These data
indicate that the PKD family converges on HDAC4, HDACS,
and HDAC7 to control TFEB-induced PPARGCIA expression.
Because TFEB and TFE3 have partially redundant functions (23,
49, 50), we investigated if TFE3 also increases the expression of
PPARGCIA. Indeed, TFE3
PPARGCIA in a dose dependent manner (Supplementary

a master of mitochondrial

increased the expression of
Figure S1A), which was reduced by HDAC4 (Supplementary
Figure S1B), HDAC5 (Supplementary Figure S1C), and HDAC7
(Supplementary Figure S1D). These repressive effects were
reversed by co-transfection of PKD1 (Supplementary Figures
SIE-G, left panels), PKD2 (Supplementary Figures S1E-G,
middle panels), and PKD3 (Supplementary Figures S1E-G, right
panels). Our data indicate that both TFEB and TFE3 increased
the expression of PPARGCIA and that both transcription factors
are regulated by class Ila HDACs and the PKD family.
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Deletion of Tfeb is accompanied by
increased cardiac stress and remodeling as
well as a reduced cardiac function

To test the hypothesis that TFEB is involved in PO-induced
regulation of metabolic genes in cardiomyocytes, we generated
cardiomyocyte-specific Tfeb knockout mice (Tfeb'**P/10xs *MHC-CRE,
cKO) and wused wildtype littermates (Tfebl"XP/loxp; WT) as
controls. Baseline analyses confirmed a decrease in TFEB mRNA
expression (to 24%; Supplementary Figure S2A) and protein
content (to 25%; Supplementary Figure S2B) in ¢KO compared
to WT hearts. A compensatory increase in Tfe3 and Mitf
expression was not observed in cKO hearts (Supplementary
Figure S2A). No differences in heart (HW/TL), lung (Lw/TL) and
liver (Li/TL) weight-to-tibia length ratios were found between
cKO and WT mice (Supplementary Figure S2C). Transthoracic
echocardiography revealed a decrease in LV ejection fraction
(LVEF) (FS) in
(Supplementary Figure S2D). Analysis of hematoxylin-eosin
(H&E) cross-sections
morphological both
(Supplementary Figure S2E). Quantification of myocyte cross-
sectional areas (MCSA) on WGA-stained histological sections
S2F)
cardiomyocyte size between cKO and WT mice (Supplementary

and fractional shortening cKO  mice

stained  histological showed no

differences  between genotypes

(Supplementary ~ Figure revealed no differences in
Figure S2G). The expression of the cardiac stress markers Nppa,
Nppb and Myh7 was increased and Myh6 was decreased in
of ¢KO to WT mice
Figure S2H). Western blot analyses showed a significant increase
of B-MyHC in cKO compared to WT hearts (Supplementary

Figure S2I). Picrosirius Red (PSR) staining of histological cross-

hearts compared (Supplementary

sections showed a trend towards interstitial fibrosis (p =0.054)
(Supplementary Figure S2J), which was paralleled by an
increased expression of the extracellular matrix proteins Collagen
alpha-1(I) chain (Collal) and Fibronectin (Fn) whereas Collagen
alpha-1(III) chain (Col3al) and connective tissue growth factor
(Ctgf) remained unchanged in cKO compared to WT mice
S2K). These data that
cardiomyocyte-specific TFEB-deletion is accompanied by a

(Supplementary ~ Figure show
reduced cardiac function as well as an increase in cardiac stress

and fibrosis markers.

Tfeb cKO leads to a dysregulation of genes
involved in energy homeostasis

The expression of the known TFEB target genes Ppargcla,
Ppara, and Cptlb was significantly reduced in hearts of cKO
compared to WT mice (Supplementary Figure S3A) indicating
that TFEB is involved in their baseline expression. PGC-la is a
nodal factor in mitochondrial biogenesis and quality control (51).
Once activated, PGC-1o. increases nuclear respiratory factor-1
(Nrfl) and its canonical downstream target mitochondrial
stimulate mitochondrial

(51).

transcription factor A (Tfam) to

biogenesis and mitochondrial energy metabolism
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TFEB-induced PPARGCIA expression is regulated by class lla HDACs and PKD. (A) Luciferase assays performed with cell extracts of COS-7 cells
transfected with Hs_Ppargcla-Luc and increasing amounts of FLAG-TFEB (TFEB; 50, 100, 200, and 400 ng) as indicated or control (-) plasmid.
Luciferase activity was normalized to expression of CMV-LacZ and expressed as fold increase. Data are represented as mean + SD. Two-tailed t-
test; *p<0.05, **p<0.01, ***p<0.001 vs. transfection with TFEB only. (B—D) Luciferase assays performed with cell extracts of COS-7 cells
transfected with Hs_Ppargcla-Luc, FLAG-TFEB (TFEB; 400 ng) and increasing amounts (50, 100, 200, and 400 ng) of MYC-HDAC4 (HDAC4),
MYC-HDACS5 (HDACS5), or MYC-HDAC7 (HDAC?) as indicated or control (-) plasmid. Luciferase activity was normalized to expression of CMV-LacZ
and expressed as fold increase. Data are represented as mean + SD. One-way ANOVA g <0.0001 for (B); ###q < 0.001 vs. control transfection
with pcDNA3.1; *q<0.05; **q <0.01; ***q <0.001 vs. transfection with TFEB only. (E-G), COS-7 cells were transfected with expression plasmids
encoding FLAG-TFEB, (E) HDAC4-MYC, (F) HDAC5-MYC, or (G) HDAC7-MYC, or constitutively active (ca) PKD1 (left panel), caPKD2 (middle panel),
and caPKD3 (right panel) proteins, as indicated, together with the Hs_Ppargcla-Luc reporter construct. Values were normalized to expression of
CMV-LacZ and calculated as the fold increase in luciferase/CMV-LacZ ratio compared with the reporter alone. Data are represented as mean +
SD. One-way ANOVA g < 0.0001 for (E-G); *q <0.05; **q <0.01; ***q<0.001. n = 5.
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To investigate if the reduction in Ppargcla expression has an effect
on its downstream targets, we quantitated the Nrfl and Tfam
expression and found a trend towards a reduction in hearts of
cKO mice (Supplementary Figure S3A). We also analyzed the
expression of the orphan nuclear receptors estrogen related
receptors o, B, and y (Esrra, Esrrb, Esrrg) that cooperate with
PGC-1la to increase the expression of FAO and OXPHOS genes
in the heart (52-54). Further, Esrra is also regulated by TFEB
(55). We observed a significant reduction of Esrra expression in
hearts of cKO compared to WT mice, whereas Esrrb and Esrrg
remained unchanged (Supplementary Figure S3B). Because PGC-
lo. regulates mitochondrial biogenesis we quantified the
expression of ETC related genes (Supplementary Table S4) and
found transcripts of Sdha and Sdhb (CII), Ugcrc2 (CIII) and
Atp5al (CV) to be

(Supplementary Figure S3C). However, the expression of fission

reduced in hearts of cKO mice
1 (Fisl), dynamin-related protein 1 (Drpl), and mitofusin 1
(Mfnl) and Mfn2 that are also regulated by PGC-lo and that
regulate

unchanged between hearts of cKO and WT mice (Supplementary

mitochondrial fission and fusion (47) remained
Figure S3D). In terms of glucose metabolism, we found a
reduction in Slc2a4 (encoding GLUT4) and hexokinase-2 (Hk2)
expression that mediates glucose degradation whereas glycogen
synthase 1 (Gysl) that mediates glycogen synthesis, and the
glucose transporter Slc2al (GLUT1) remained unchanged in cKO
compared to WT mice (Supplementary Figure S3A). PAS
staining indicated that the glycogen content was reduced in
of c¢KO to WT mice

Figure S3E). The changes in gene expression between ¢KO and

hearts compared (Supplementary
WT hearts are illustrated in Supplementary Figure S3D. Overall,
our data indicate that TFEB is involved in baseline expression of

metabolic genes in cardiomyocytes.

Cardiomyocyte-specific deletion of TFEB
augments cardiac stress response but has
no effect on cardiac function during PO-
induced LVH

Because metabolic remodeling genes were decreased and
cardiac stress markers were increased in hearts of cKO mice,
we reasoned that ¢cKO mice would be more susceptible for PO-
induced myocardial stress. To test this hypothesis, we subjected
male cKO mice (Sham: n =10, TAC: n=15) and WT littermate
controls (Sham: n =10, TAC: n=13) to 27G TAC- or Sham-
surgery for 21 days to induce LVH. PO did not affect the
expression of Tfeb, Tfe3, or Mitf (Supplementary Figure S4A)
in WT or
echocardiography showed a continuous increase in LV mass
(Supplementary Figure S4B) and a decrease in LVEF, FS, SV,
and CO (Figure 2A; Supplementary Table S5) in WT and ¢KO
TAC mice compared to their respective Sham group without

cKO mice. Weekly performed transthoracic

differences between the genotypes. Following 21 days of TAC
an increase in HW/TL ratio was observed in both WT (+29%
vs. WT Sham) and cKO (+36% vs. cKO Sham) mice, whereas
Lu/TL and LiW/TL ratios remained unchanged (Figure 2B).
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Analyses of H&E- (Supplementary Figure S4C) and WGA-
stained (Figures 2C,D) histological cross-sections showed
enlarged MCSA (Supplementary Figures S4D-G) in TAC
compared to Sham mice without differences between both
genotypes. Nppa and Nppb expression was increased in cKO
TAC, whereas only Nppb expression was elevated in WT TAC
mice compared to their Sham groups. Nppa expression was
significantly higher in cKO compared to WT TAC hearts
(Figure 2E). The expression of Myh6 was decreased and Actal
(WT: g=0.054, cKO: ¢<0.0001) was increased in WT and
cKO TAC mice (Figure 2F). Myh7 mRNA expression (WT: g =
0.13, cKO: ¢ < 0.0001) and B-MyHC protein contents (WT: g =
0.16, cKO: g <0.01) were increased in response to TAC, which
was only significant in ¢cKO hearts. The increase in Myh7
mRNA and B-MyHC protein was significantly higher in ¢KO
TAC compared to WT TAC mice (Figure 2G). PSR staining
revealed an increased interstitial fibrosis in hearts of cKO but
not WT TAC mice (Figure 2H). The expression of Collal and
Col3al was increased and the expression of Fn (q¢=0.11) and
Ctgf (9 =0.08) showed a trend towards an increase in WT TAC
compared to WT Sham mice. The expression of Collal,
Col3al, Fn, and Ctgf was significantly higher in cKO TAC than
in cKO Sham mice. Collal and Ctgf expression was
significantly higher in ¢cKO TAC compared to WT TAC mice
and Col3al (q=0.08) and Fn (q=0.07) showed a trend
towards a higher expression in cKO TAC mice (Figure 2I). In
summary, these data reveal that cardiac stress response and
remodeling is more pronounced in cKO compared to WT
hearts in response to PO-induced LVH, which however did not
affect cardiac function.

Absence of TFEB in cardiomyocytes has
minor effects on metabolic remodeling
genes in LVH

After 21 days of TAC, Ppara (WT: g <0.0001, cKO: g <0.05),
Cptlb (WT: ¢<0.01; cKO: q=0.078) and Ppargclb (PGC-1B,
WT: ¢=0.055, cKO: q<0.001) were downregulated or showed a
trend towards downregulation in WT TAC and ¢KO TAC mice
compared to their respective Sham group (Figure 3A). The
expression of Ppargcla and Cptlb was significantly lower in cKO
compared to WT TAC mice (Figure 3A). We found a
significantly lower Esrra expression in ¢KO Sham compared to
WT Sham and mice. TAC caused a significant reduction in Esrra
expression in WT TAC compared to WT Sham hearts but did
not affect Esrra expression in ¢cKO TAC compared to cKO Sham
hearts (Figure 3B). The expression of most ETC genes, such as
MT-NdI (WT: q=0.10, cKO: q<0.05), MT-Nd4 (WT: g<0.05,
cKO: ¢<0.05), Sdha (WT: ¢<0.0001, cKO: ¢<0.001), Sdhb
(WT: ¢<0.05, cKO: q=0.05), MT-Cytb (WT: q<0.0001, cKO:
q<0.0001), Cox4 (WT: q=0.06, cKO: n.s.), MT-Col (WT: g<
0.01, cKO: ¢=0.07) and Atp5al (WT: q<0.05, cKO: n.s.) was
reduced in WT TAC and ¢KO TAC mice compared to their
Sham group (Figure 3C). However, only the expression of Sdhb
was significantly lower in ¢cKO TAC compared to WT TAC mice
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FIGURE 2

Tfeb cKO under pressure overload-induced LVH does not alter cardiac function. (A) Kinetics of left ventricular ejection fraction (LVEF), fractional
shortening (FS), stroke volume (SV) and cardiac output (CO) as determined by echocardiography at indicated time points after Sham and TAC

surgery, respectively, of WT and cKO mice (* = WT_TAC/WT_Sham,

"= cKO_TAC/cKO_Sham, & = cKO_TAC/WT_TAC). (B) Heart, lung and liver

weights of WT and cKO mice after 21 days of Sham or TAC surgery, normalized to tibia length. (C—D) Wheat Germ Agglutinin (WGA) stained
histological cross-sections of hearts from WT and cKO mice after 21 days of Sham or TAC surgery. (D) Myocyte cross-sectional area (MCSA)
measured from on WGA stained sections with Image J. Scale bar, 100 um. Quantitative real-time polymerase chain reaction (QRT-PCR) analysis of
Nppa and Nppb (E) and Myh6, Myh7 and Actal (F) expression from WT and cKO mice after 21 days of Sham or TAC surgery as indicated. mRNA
expression was normalized to Gapdh. (G) Western blot analysis with anti-B-MyHC and anti-GAPDH antibodies. GAPDH was used as loading
control. Bar graph showing the ratio of the relative densities of B-MyHC and GAPDH protein contents. (H) Representative images of Picrosirius
Red stained (PSR, left) heart cross-sections of WT and cKO mice after 21 days of Sham or TAC surgery; scale bar, 1 mm. Fibrotic area (right) was
measured with Image J. (I) gRT-PCR analysis of Collal, Colla3, Fn, and Ctgf from WT and cKO mice after 21 days of Sham or TAC surgery as
indicated. mMRNA expression was normalized to Gapdh. Data are presented as mean + SD (WT Sham: n =10, WT TAC: n =13, cKO Sham: n =10,
cKO TAC: n=15; "*¥q <0.05, **q < 0.01, ***q < 0.001, ****q < 0.0001).
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FIGURE 3
Deletion of TFEB has minor effects on energy homeostasis in LVH. Quantitative real-time polymerase chain reaction (QRT-PCR) analysis of indicated
metabolic genes (A-B) and genes involved in OXPHOS (C) and mitochondrial fission and fusion (D) from WT and cKO mice after 21 days of Sham or
TAC surgery as indicated. mMRNA expression was normalized to Gapdh. (E) Representative images of PAS stained heart cross-sections of WT and cKO
mice after 21 days of Sham or TAC surgery; left: overview, scale bare 1 mm; middle: higher magnification (corresponding to inset from left), scale bar
100 pm, right: quantification of glycogen content with Image J. Data are presented as mean + SD (21 days, WT Sham: n =10, WT TAC: n =13, cKO
Sham: n =10, cKO TAC: n = 15; *q < 0.05, **q < 0.01, ***q <0.001, ****q < 0.0001).
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(Figure 3C). The expression of Fisl and Mfn2 was significantly
higher in cKO TAC compared to WT TAC mice (Figure 3D).
Gysl was decreased in WT TAC compared to WT Sham and
Hk2, Slc2al, and Slc2a4 remained unchanged in all groups
(Figure 3A). PAS staining revealed an increased glycogen content
in response to TAC in both genotypes (WT: g < 0.05, cKO: g=
0.09) but the glycogen content was lower in cKO TAC compared
to WT TAC hearts (Figure 3E). These data are suggestive for an
increased glycogen consumption in ¢cKO compared to WT hearts
in response to PO-induced LVH. Our results indicate that a
metabolic gene switch occurs in the heart during LVH and that
TFEB contributes to the expression of genes that are involved in
myocardial energy homeostasis.

Deletion of TFEB has beneficial effects in
PO-induced HFrEF

Because cKO mice showed an enhanced cardiac stress response
and remodeling after 21 days of TAC without changes in cardiac
function, we hypothesized that such effects would occur during
PO-induced HFrEF. We subjected 8-weeks old male ¢cKO (Sham:
n=8, TAC: n=6) and WT (Sham: n =10, TAC: n=6) mice to
56 days of TAC or Sham surgery. The expression of Tfeb
increased and Mitf decreased in WT TAC compared to WT
S5A).  Tfe3
increased in ¢cKO TAC compared to ¢cKO Sham mice but

Sham mice (Supplementary Figure expression
remained unchanged in WT hearts (Supplementary Figure S5A).
Echocardiography revealed a continuous increase in LV mass
(Supplementary Figure S5B) and a reduction in LVEF, FS, SV,
and CO (Figure 4A; Supplementary Tables S6A,B) in WT TAC
and cKO TAC mice compared to their respective Sham group.
Cardiac function of cKO TAC mice as assessed by LVEF (2.8%),
FS (1.4%), CO (1.14 pl/min) and SV (4.2 pyl; trended; p=0.10)
was slightly improved in cKO TAC vs. WT TAC mice (Figure 4B;
Supplementary Tables S6A,B). ¢<KO TAC mice showed a 24%
lower increase in HW/TL ratios (68%) compared to WT TAC
(107%) mice (Figure 4C). The Lu/TL ratio was higher in WT
TAC compared to WT Sham mice and showed a trend towards
an increase in c¢cKO TAC vs. ¢cKO Sham mice (q=0.08,
Figure 4C). The Li/TL ratio remained unchanged over all groups
(Figure 4C). H&E staining (Supplementary Figure S5C) and
MCSA measurements (Figures 4D,E) uncovered cardiomyocyte
hypertrophy in WT TAC and cKO TAC mice compared to their
respective Sham group. However, this increase was significantly
smaller in cKO TAC compared to WT TAC mice (Figure 4E and
Supplementary Figures S5D-G). The expression of Nppa, Nppb,
and Actal was increased in WT and cKO TAC mice compared to
their Sham groups (Figures 5A,B). The expression of Myh6 was
only decreased in WT but not cKO TAC mice. Myh7 mRNA
expression (WT: ¢ <0.0001, cKO: g=0.06) and B-MyHC (WT: ¢
<0.0001, cKO: g<0.01) protein contents were increased in
response to TAC in both genotypes. However, this increase was
significantly lower in cKO compared to WT TAC mice
(Figures 5B,C). PSR staining revealed interstitial fibrosis in WT
and cKO TAC mice without differences between the genotypes
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(Figure 5D), which is in line with the expression of the ECM
genes Collal, Col3al, Fn, and Ctgf (Figure 5E). In summary,
deletion of TFEB in cardiomyocytes is associated with a reduction
in cardiac and cardiomyocyte hypertrophy and an improved
cardiac function in HFrEF.

Deletion of TFEB has minor effects on the
expression of metabolic remodeling genes
in HFrEF

Fifty-six days after surgery, the expression of Ppargcla,
Ppargclb, Ppara, and Cptlb was reduced in hearts of WT TAC
compared to WT Sham mice (Figure 6A), whereas only Ppargcla
expression was decreased in hearts of cKO TAC compared to
Sham mice. No differences were found between genotypes. Tfam
was significantly reduced in hearts of WT TAC but not cKO
TAC mice compared to their Sham groups. Additionally, Esrra,
Esrrb, and Esrrg were significantly lower in hearts of WT TAC
but not cKO TAC mice compared to their respective Sham mice
(Figure 6B). The expression of most ETC genes, such as MT-Nd1I
(WT: g<0.01, cKO: g <0.001), MT-Nd4 (WT: g <0.01, cKO: g <
0.01), Sdha (WT: g<0.0001, cKO: q<0.0001), Sdhb (WT: g<
0.0001, cKO: g=0.11), MT-Cytb (WT: g <0.001, cKO: g<0.05),
Cox4 (WT: q<0.0001, cKO: q<0.05), MT-Col (WT: ¢q<0.0001,
cKO: ¢<0.001) and Atp5al (WT: g<0.0001, cKO: g<0.05) was
reduced in WT TAC and ¢cKO TAC mice compared to their
Sham group (Figure 6C). However, only the expression of Sdha
was significantly lower in ¢cKO TAC compared to WT TAC mice
(Figure 6B).

To investigate if the observed changes in mitochondrial gene
expression are associated with variations in mitochondrial content,
we performed spectrophotometry (40) to measure the activity of
citrate synthetase (CS) in protein lysates from hearts of WT and
cKO mice. CS activity was lower in WT TAC compared to WT
Sham mice, but remained unchanged ¢KO TAC compared to cKO
Sham mice (Figure 6D). We next measured CII activity to evaluate if
the reduced Sdha expression between WT and cKO mice at baseline
and its decrease in response to HFrEF in both genotypes has any
effects on CII function. CII activity was comparable between WT
Sham and cKO Sham hearts. However, CII activity was reduced in
hearts of WT TAC compared to WT Sham mice but remained
unchanged in cKO TAC compared to ¢cKO Sham mice (Figure 6E).

The expression of Fisl, Drpl, Mfnl, and Mfn2 was reduced in
WT TAC compared to WT Sham mice. This reduction was not
observed in ¢cKO TAC compared to cKO Sham mice except for
Mfnl (Figure 6F).

Hk2 and Slc2a4 were decreased in WT TAC compared to WT
Sham and Gysl and Slc2al remained unchanged in all groups
(Figure 6A). Myocardial glycogen content was higher in c¢KO
TAC, but remained unaffected in WT TAC mice when compared
to the respective Sham group (Figure 6G). No differences in
glycogen contents were found between cKO TAC and WT TAC
mice. In summary, these data indicate that deletion of TFEB in
cardiomyocytes has only minor effects on the expression of genes
involved in cardiac energy homeostasis in HFrEF.
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Deletion of TFEB improves cardiac function in pressure overload-induced HFrEF. (A) Kinetics of left ventricular ejection fraction (LVEF), fractional
shortening (FS), stroke volume (SV), and cardiac output (CO) as determined at indicated time points after Sham and TAC surgery, respectively, of
= cKO_TAC/cKO_Sham, & = cKO_TAC/WT_TAC). (B) Cardiac function as measured in (A) after 56
days of Sham or TAC treated WT and cKO mice. (C) Heart, lung, and liver weights of WT and cKO mice after 56 days of Sham or TAC surgery,
normalized to tibia length. (D) Wheat Germ Agglutinin (WGA) stained histological cross-sections of hearts from WT and cKO mice after 56 days of
Sham or TAC surgery. (E) Myocyte cross-sectional area (MCSA) measured from on WGA stained sections with Image J. Scale bar, 100 um. Data
are presented as mean + SD (56 days, WT Sham: n =10, WT TAC: n=6, cKO Sham: n=8, cKO TAC: n=6; “"®q<0.05, **q<0.01, ***q<0.001,

The absence of TFEB has only minor effects on
the cardiac proteome in response to HFrEF

To investigate if the absence of TFEB in cardiomyocytes leads

to changes in the cardiac proteome in response to HFrEF we
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performed mass spectrometric analyses of proteins isolated from
cardiac apex of 56-day TAC- and Sham treated WT and cKO
mice. Only few proteins were differentially regulated (DRP; 158
down- and 119 up-regulated) between WT Sham and cKO Sham
mice (cKO_Sham/WT_Sham; Figure 7A). TAC resulted in
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Deletion of TFEB reduces cardiac remodeling in pressure overload-induced HFrEF. Quantitative real-time polymerase chain reaction (QRT-PCR)
analysis of Nppa and Nppb (A) and Myh6, Myh7, and Actal (B) expression from WT and cKO mice after 56 days of Sham or TAC surgery as
indicated. mRNA expression was normalized to Gapdh. (C) Western blot analysis with anti-B-MyHC and anti-GAPDH antibodies. GAPDH was used
as loading control. Bar graph showing the ratio of the relative densities of B-MyHC and GAPDH protein contents. (D) Representative images of
Picrosirius Red stained (PSR, left) heart cross-sections of WT and cKO mice after 56 days of Sham or TAC surgery; scale bar, 1 mm. Fibrotic area
(right) was measured with Image J. (E) gRT-PCR analysis of indicated genes from WT and cKO mice after 56 days of Sham or TAC surgery as
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pronounced changes in the cardiac proteome of both WT
(WT_TAC/WT_Sham: 894 down-, 398 up-regulated; Figure 7B)
and cKO (cKO_TAC/cKO_Sham: 605 down-, 364 up-regulated;
Figure 7C) mice. However, fewer proteins were differentially
regulated and also to a lower degree in cKO TAC when compared
to WT TAC mice (cKO_TAC/WT_TAC; Supplementary
Figure S6A). For example, ANF (WT TAC: 49.5-fold, cKO TAC:
7.7-fold) and B-MyHC levels (WT TAC: 37.0-fold, <KO TAC:
8.5-fold) were higher in WT TAC compared to ¢cKO TAC mice.
Ratios of DRP in WT TAC (WT_TAC/WT_Sham) and ¢cKO TAC
(cKO_TAC/cKO_Sham) hearts showed a strong correlation (r=
0.928, p=0.0001, Supplementary Figure S6A) supporting the
similarity of the TAC effect independent of the genotype
(Figure 7D). The scatter plot in Supplementary Figure S6A shows
the lower extent of changes in cKO hearts. Correlation analysis of
DRP between cKO_TAC/WT_TAC and WT_TAC/WT_Sham

Frontiers in Cardiovascular Medicine

13

indicated that the absence of TFEB partially reversed the TAC
effect (r=-0.622, p=0.0001, Supplementary Figure S6B), which is
in line with our gene expression data. The correlation of DRP
between  cKO_Sham/WT_Sham and WT_TAC/WT_Sham
indicated that the deletion of TFEB on one hand and TAC on the
other lead to similar DRP pattern (r=0.7187, p=0.0001,
Supplementary Figure S6C) suggesting that the deletion of TFEB
per se is associated with cardiac stress.

Further analyses of DRP by Ingenuity Pathway Analysis (IPA)
uncovered the known TFEB target genes Ppargc1a/PGC-1a, Ppara/
PPARa, and insulin receptor (IR) as well as Krueppel-like factor 15
(KLF15) as potential upstream regulators. The activity of these
proteins was predicted as significantly inhibited (z-score <—2) in
cKO Sham compared to WT Sham mice (Figure 7E) indicating
that TFEB contributes to their baseline expression. Their
comparable inhibition in response to TAC in both genotypes
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Deletion of TFEB has minor effects on metabolic remodeling and energy homeostasis in HFrEF. Quantitative real-time polymerase chain reaction
(gRT-PCR) analysis of indicated metabolic genes (A-B) and genes involved in OXPHOS (C) and mitochondrial fission and fusion (F) from WT and
cKO mice after 56days of Sham or TAC surgery as indicated. mRNA expression was normalized to Gapdh. (D) Citrate synthase and (E) complex Il
activity in protein lysates from hearts of WT and cKO mice after 56 days of Sham or TAC surgery. (G) Representative images of PAS stained heart
cross-sections of WT and cKO mice after 56 days of Sham or TAC surgery; left: overview, scale bare 1 mm; middle: higher magnification
(corresponding to inset from left), scale bar 100 pym, right: quantification of glycogen content with Image J. Data are presented as mean + SD (56
days, WT Sham: n =10, WT TAC: n =6, cKO Sham: n =8, cKO TAC: n =6; *q <0.05, **q <0.01, ***q <0.001, ****q <0.0001).
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(Figure 7E) suggests a minor role for TFEB in HFrEF-induced
downregulation of these proteins.

IPA that the metabolic pathway FAO
(z-score < —2.3, Figure 7F) and NAD signaling were inhibited
(z-score < —2.5, Figure 7G) and OXPHOS showed a trend
towards inhibition (z-score<—1.2) in hearts of cKO Sham

also revealed

compared to WT Sham mice. However, a similar inhibition in
FAO (WT: z-score < —4.2, cKO: z-score < —4.2), TCA cycle (WT:
z-score < —3.8, cKO: z-score < —4.0), OXPHOS (WT: z-score <
—8.1, cKO: z-score <—8.5), mitochondrial L-carnitine shuttle
(WT: cKO: Acetyl-CoA
Biosynthesis (WT: z-score< —2.2, cKO: z-score<—2.2), and
cholesterol biosynthesis (WT: z-score < —2.0, cKO: z-score < —2.0)
was observed for WT TAC and ¢cKO TAC hearts compared to
their
(Figure 7F). IPA analyses of activated and inhibited canonical

z-score < —2.4, z-score < —2.4),

Sham group without differences between genotypes
signaling pathways are shown in Figure 7G. A similar inhibition
in PPARo/RXRao activation (WT: z-score < —2.7, cKO: z-score <
—2.4) and NAD signaling pathway (WT: z-score <—4.0, cKO:
z-score < —3.9) was observed for WT TAC and cKO TAC hearts
compared to their Sham group. No difference in PPARo/RXRo
activation was observed between genotypes. The NAD signaling
pathway displayed a higher activity in ¢<KO TAC (z-score > 2.0)
compared to WT TAC mice (Figure 7G). Actin cytoskeleton
signaling was only activated in hearts of cKO TAC but not WT
TAC mice compared to their respective Sham group. NRF2-
mediated oxidative stress response was higher in ¢KO TAC
compared to WT TAC hearts (Figure 7G). The proteins
contained within the respective metabolic pathways showed a
similar abundance in hearts of WT TAC and ¢KO TAC mice
compared to the respective Sham controls (Supplementary
Figures S7A,B). KEGG pathway analyses of proteins contained in
FAO (Supplementary Figure S7A) that are reduced in both, WT
TAC and cKO TAC,
enzymatic steps of this pathway from the fatty acid palmitic acid

revealed an inhibition of almost all

to acetyl-CoA (Supplementary Figure S7C).

Opverall, these proteomics data are in accordance with our gene
expression analyses (Supplementary Figures S6D,E) and suggest a
metabolic remodeling in response to HFrEF indicative for an
inhibition of FAO, OXPHOS, and TCA cycle in the heart. They
also show that cardiomyocyte-specific deletion of TFEB inhibits
FAO related proteins at baseline but only slightly in HFrEF.

Discussion

Here we show that the deletion of TFEB in cardiomyocytes is

associated with an increased cardiac stress response and
remodeling, and affects the expression of genes involved in
cardiac energy metabolism, which was associated with a reduced
cardiac function of unstressed hearts. In LVH, the loss of TFEB
increased cardiac remodeling but did not affect cardiac function.
In contrast, deletion of TFEB attenuated cardiac remodeling and
improved cardiac function in HFrEF. The deletion of TFEB only
slightly affected the expression of metabolic genes in HFrEF

hearts. Our data suggest that TFEB has different effects on
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cardiac remodeling and function in cardiomyocytes under
physiological conditions, LVH and HFrEF. They also indicate
that TFEB plays only a minor role, if any, in metabolic
remodeling that occurs during PO-induced LVH and HFrEF in
the heart.

We used TAC-induced PO for 21 days to provoke LVH, which
is accompanied by an activation of the fetal gene program, an
increased interstitial fibrosis, and a metabolic shift from FAO to
GO (6, 25, 56, 57). We also used 56 days of PO to induce
HFrEF (31) that is characterized by a decrease in LVEF, LV
dilatation, and a reduced LV wall thickness as well as an
excessive interstitial and perivascular fibrosis and metabolic
remodeling (56, 57). Functional, morphological, and molecular
data confirmed that both models were suitable to induce LVH
and HFrEF, with the
morphological, and molecular changes.

respectively, expected functional,

The effects of TFEB on cardiomyocyte stress response were
previously investigated by gain- and loss-of-function experiments.
Song et al. (2021) showed that a moderate 2-fold over expression
of TFEB in the heart of male mice resulted in an improved
cardiac function, a reduced fibrosis, and lower expression of
cardiac stress markers in response to 56 days of 27G TAC when
compared to controls (58). These data indicated that an early
activation of TFEB could be useful to prevent pathological
cardiac remodeling. Consistent with these data, we found that a
deletion of TFEB in cardiomyocytes leads to an increased
expression of cardiac stress, remodeling and fibrosis markers and
a reduced cardiac function. However, we did not observe a
further deterioration in cardiac function in response to PO-
induced LVH in ¢KO mice. In contrast to the results of Song
et al. (2021), we recently reported that cardiomyocyte-specific
TFEB-overexpression by AAV2.9-mediated gene transfer followed
by TAC surgery (27G, 28 days) caused HFrEF whereas control
mice developed compensated LVH (22). Specifically, TFEB
overexpression was associated with increased heart weights,
exaggerated interstitial fibrosis, higher expression of stress
markers and remodeling genes in response to TAC (22). In line
with our data are findings from Kenny et al. (2021), who showed
that TFEB overexpression at higher levels (8-fold increase in
TFEB)
hypertrophy, suppressed mitochondrial and activated pro-fibrotic

in cardiomyocytes promoted pathological cardiac
pathways (59). Trivedi et al. (2020) used a loss-of-function
approach to investigate the role of TFEB in the heart (60). They
found that the absence of TFEB predominantly caused changes
in non-canonical TFEB-pathways that are involved in energy
metabolism (e.g., lipid metabolism and transport, fatty acid
biosynthesis, glycogen metabolism) whereas minor effects were
found for canonical TFEB-pathways, such as ALP. In line with
our data, they showed that PPARo was decreased in myocytes
lacking TFEB, suggesting a decrease in FAO in cKO hearts. They
concluded that a loss of TFEB perturbs metabolic pathways in
cardiomyocytes and increases the susceptibility of the heart to
nutrient overload-induced injury. A further study reported that
knockdown of TFEB was accompanied by an increase in ANF
and B-MyHC in neonatal rat ventricular cardiomyocytes
(NRVCMs) (58). The data of both groups are in line with our
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observations showing an increase in cardiac stress markers and
remodeling genes in unstressed cKO hearts.

To assure a continuous ATP production, the heart can switch
between different substrates, such as FFA, glucose, lactate, amino
acids, and ketone bodies, and is therefore known as a metabolic
Under physiological the heart
predominantly uses FAO to generate ATP (62). Stress-induced

omnivore (61). conditions
changes in substrate utilization from FAO to GO is known as
metabolic shift (63). This metabolic shift is mediated by multiple
factors (7), but transcriptional regulators like PPARa, PGC-lo,
and ERRo are primarily involved (14, 52, 64). PPARo increases
the expression of genes related to FA uptake and FAO, and is
highly expressed in the myocardium. PGC-la and PGC-1§ are
essential regulators of mitochondrial biogenesis but require co-
activating PPARs or ERR to function properly (52, 53, 65). In
HFrEF, FAO decreases (13, 66) and glucose uptake and glycolytic
rates increase, which is not accompanied by a concomitant
increase in GO (66-68). The shift from FAO to GO is
accompanied by a down-regulation of FAO enzymes but the FA
uptake remains unchanged. The disturbed FAO together with a
FA  uptake lipid
cardiomyocytes that have lipotoxic properties (69, 70) and cause

continuous causes accumulation  in
mitochondrial ~dysfunction and apoptosis contributing to
progression of HFrEF (71, 72). In the later stages of HFrEF
myocardial insulin sensitivity is reduced (73, 74), which impairs
cardiac glucose uptake and subsequent ATP production (75).
Therefore, the decline in FAO cannot be compensated by GO in
HFrEF. We here show an increase in myocardial glycogen
content in response to PO, suggestive for a perturbed glucose
utilization. We also observed changes in gene expression
indicative for a metabolic shift and a severe impairment of
energy homeostasis in our experimental models, revealing an
inhibition of FAO, TCA cycle, and OXPHOS. In hearts of HFrEF
mice, this was accompanied by a suppression of the PPARa/
RXRo pathway. As a nutrient-sensitive transcription factor, TFEB
increases the expression of PPARa, PGC-1a, and ERRa and can
thus regulate FAO and OXPHOS (55, 76). In turn, an increase in
PGC-la. activates Nrfl and its downstream target Tfam to
stimulate mitochondrial biogenesis and mitochondrial energy
the deletion of TFEB

cardiomyocytes was shown to reduce PPARa expression and to

metabolism (51). Accordingly, in
impair FA utilization (60). These data are in line with our
observation that the
mitochondrial biogenesis (i.e., Ppargcla, Nrfl, Tfam), FAO (i.e.,
Ppara, Cptlb) and OXPHOS (i.e., Sdha, Sdhb, Uqcrc2, Atp5al)
was reduced in hearts of cKO mice. Our proteomics analyses

showed an inhibition of FAO related proteins in hearts of cKO

expression of genes involved in

mice and thus also support these observations. These data and
previously published work (22, 58) suggest an involvement of
TFEB in stress-induced metabolic remodeling during LVH and
HFrEF. Although, PGC-1o. has been shown to be involved in
regulation of mitochondrial quality control we did not observe
any differences in the expression of Fisl, Drpl, Mfnl and Mfn2
that are associated with mitochondrial fission and fusion (47) in
hearts of cKO mice. However, further studies are needed to
investigate possible changes in this pathway in response to TFEB
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deletion and myocardial stress. The reduction in Ppara and
Cptlb expression, as well as ETC subunits in hearts of WT LVH
and WT HFrEF mice pointed towards a metabolic shift in
response to stress. However, only few (LVH) or no (HFrEF)
differences for genes and proteins related to mitochondrial
biogenesis, energy homeostasis and OXPHOS were found
between WT and cKO mice. These data indicate that the absence
of TFEB in cardiomyocytes has only minor effects on proteins
involved in metabolic remodeling, mitochondrial biogenesis,
energy homeostasis, and OXPHOS in LVH and HFrEF.

Although a switch from FAO to GO occurs in response to
cardiac stress it does not mean that this shift is pathologic. In
fact, a switch from FAO to GO can also be beneficial under
certain circumstances, such as ischemia/reperfusion (77). Under
physiological conditions the heart uses FFA over glucose as fuel.
FFA through FAO provide the
cardiomyocytes. Although FAO generates more ATP molecules
the GO-dependent ATP production rate is faster. This could be
important during stress situations when a higher and continuous

majority of ATP for

ATP supply is needed. Also, FAO needs more oxygen for ATP
production than GO, which becomes meaningful for the heart
during PO where left ventricular wall tension that reduces
myocardial perfusion is increased or myocardial ischemia where
perfusion in general is limited. In fact, it has been shown that a
switch to GO can be beneficial in reperfusion injury (77). Under
stress FAO is also associated with an increased production of
toxic lipid intermediates and reactive oxygen species (ROS),
which may cause lipotoxicity and mitochondrial damage (10),
respectively. In contrast, GO does not cause accumulation of
toxic lipid intermediates and is associated with lower ROS
production, which could be beneficial for mitochondrial as well
as cardiomyocyte function. Therefore, a switch from FAO to GO
may also have favorable effects for the heart.

Under physiological conditions, the deletion of TFEB was
accompanied by an increased expression of stress markers,
cardiac remodeling, a decreased cardiac function, and
downregulation of genes involved in energy metabolism and
ETC. We therefore hypothesized that deletion of TFEB would
increase the susceptibility of the heart to LVH and HFrEF, which
however could not be confirmed. The MIT/TFE family of
transcription factors recognizes unique E-box motifs within the
proximal promoters of its target genes and regulates cellular
catabolism and nutrient-dependent lysosomal activity (24, 48).
TFEB and TFE3 have partially redundant functions, and activate
the ALP in non-myocytes (78-80). Pastore et al. (2017) showed
that both overexpression of TFEB in Tfe3-KO mice and
overexpression of TFE3 in liver-specific Tfeb cKO mice reversed
high-fat diet-induced obesity. This experiment illustrated partially
redundant functions of TFEB and TFE3 (50). Because TFE3 has
many overlapping functions with TFEB (50, 81), we assume that
TFE3 compensate the of TFEB (82)
cardiomyocytes and that the deletion of both TFEB and TFE3 is
necessary to obtain a noticeable phenotype in LVH and HFrEF.
This is supported by our observation that both TFEB and TFE3
increase the expression of PPARGCIA/PGC-lo. and that the

activity of both transcription factors is controlled by class Ila

can for loss in
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HDACs and the protein kinase D family (23, 24). Although the
of Tfe3 was
physiological conditions and LVH, it was increased in HFrEF
cKO but not in HFrEF WT mice. Interestingly, a 24% lower
heart weight, a reduced LV mass and a smaller myocyte size

expression reduced or unchanged under

were observed in HFrEF cKO mice when compared to WT mice.
This was paralleled by a slightly improved cardiac function
(LVEF, FS, and CO) and a weaker increase in f-MyHC mRNA
and protein level in HFrEF cKO mice. Whether this phenotype is
related to the compensatory increase in TFE3 expression is not
clear. In summary, our observations suggest that TFE3 may
compensate for the loss of TFEB in response to PO-induced
HFrEF in Tfeb cKO mice. However, this hypothesis warrants
further investigation.

Limitations

Pressure-overload is frequently used to induce pathological
LVH and interstitial remodeling in rodents (3, 83). The degree of
these responses depends on the severity of aortic constriction
and its duration (3). TAC is also used to persistently increased
afterload and model the transition from LVH to HFrEF (31). We
have recently shown that 28 days of a 27G TAC leads to LVH
(32) and that 56 days of 27G TAC causes LVH that transitions
into HFrEF (31). In an treatment approach, we used these
models to confirm that the soluble guanylyl cyclase activator
Riociguat is effective to treat PO-induced HFrEF and the
accompanying myocardial remodeling (32). Due to the different
timepoints (21 days of TAC (LVH) vs. 56 days of TAC (HFrEF))
it is difficult to compare molecular changes between these two
cardiac stress models. However, because our primary aim was to
assess the effects of TFEB deficiency in cardiomyocytes in
response to PO-induced LVH and HFrEF, respectively, we think
that the comparisons of changes in gene expression patterns
within each model are also informative. Although a higher
afterload could have been chosen to induce HFrEF after 28 days
(i.e., 28G TAC) we used a longer time frame to provoke HFrEF
as this model shows a phase of LVH; reflecting the transition of
LVH to HFrEF, which may be comparable to patients with long
term arterial hypertension or aortic valve stenosis.

We here investigated changes in gene expression and contents
of proteins that are important for myocardial energy supply and
that play a role in GO, FAO and OXPHOS. However, analyses of
enzyme activities, metabolite levels and metabolic flux assays are
needed to functionally characterize the metabolic shift in LVH
and HFrEF.
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